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1 WORKSHOP OVERVIEW AND INTRODUCTION 

On February 18, 2010, the United States, the States of California and Oregon, PacifiCorp, tribal 
nations, and a number of other stakeholder groups signed the Klamath Hydroelectric Settlement 
Agreement (KHSA). The KHSA lays out the process for additional studies, environmental 
review, and a determination by the Secretary of the Interior regarding whether removal of four 
dams owned by PacifiCorp on the Klamath River (i.e., Iron Gate, J.C. Boyle, Copco 1, and Copco 
2 dams) will advance restoration of the salmonid fisheries of the Klamath Basin, and is in the 
public interest (which includes effects on local communities and tribes).  
 
The KHSA includes provisions and detailed actions (called Interim Measures) for the interim 
operation of the dams and mitigation activities prior to removal of the dams or the termination of 
KHSA. One of the measures–Interim Measure 10 (IM 10)–states that PacifiCorp shall provide 
one-time funding to convene a basin-wide technical workshop to evaluate approaches for 
improving water quality in the basin. The Klamath River Pollutant Reduction workshop 
(hereafter called workshop) will inform decision-making for IM 11, with a focus on nutrient 
reduction approaches in the basin including constructed wetlands and other treatment 
technologies and water quality accounting. The workshop is a joint effort, with PacifiCorp 
meeting its IM 10 commitment, the California Coastal Conservancy providing matching funds 
and project oversight, and the California Water Board Academy providing the workshop venue 
and logistics. 
 
PacifiCorp, the North Coast Regional Water Quality Control Board (NCRWQCB), and Oregon 
Department of Environmental Quality (ODEQ), have formed a steering committee (project 
Steering Committee) to guide workshop development, including the format, agenda, composition 
of expert panels, and follow-up activities. The purpose of the workshop is to identify the 
technologies and strategies that will provide a clear working framework to reduce nutrient and 
organic matter loads to the Klamath River and improve water quality conditions within the 
Klamath Basin. Based upon the outputs from the workshop, highly ranked options and projects 
will subsequently be presented in a planning level document as a conceptual level feasibility 
analysis, which will serve as a guide for further development of more formal engineering 
feasibility analyses. While the number of potential solutions to water pollution challenges in the 
Klamath Basin is large, the project Steering Committee has chosen to evaluate a subset of 
possible solutions for the workshop; projects within this subset represent technologies and 
improvement strategies that have demonstrated success in other systems challenged by nutrient 
pollution and that would be applied at a similar scale in the Klamath Basin.  
 
This pre-workshop information packet provides background information on the basin necessary 
to inform the design of water quality improvement projects, criteria for evaluating projects, and 
brief descriptions of large scale pollutant removal technologies to be evaluated at the workshop. 
For broader context, a summary of relevant nutrient reduction programs that have been applied 
either regionally or nationally, as well as estimated costs of these large-scale programs, are 
provided in Appendix A. 
 
Invited experts and workshop participants are strongly encouraged to review the information 
presented in this information packet prior to the workshop. Invited experts are also encouraged to 
bring to the workshop additional nutrient reduction alternatives. Some of the invited experts will 
be asked to prepare presentations on pollutant reduction scenarios and related topics. Following 
the presentations by experts, workshop participants will be organized into small break out groups 
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that will be charged with evaluating and ranking the different project types and, ultimately, using 
different project types to design a basin-scale pollutant removal system as part of “design 
charrette” (i.e., a collaborative session in which a group of experts drafts a solution to a design 
problem and then shares the outcome with the larger group to facilitate broader dialog). 
Outcomes of the small group evaluations and the design charrette will help inform potential 
funding decisions regarding future development of engineering feasibility analyses.  
 

2 PROJECT EVALUATION CRITERIA 

Project evaluation criteria for the workshop have been developed in an attempt to provide a 
consistent basis for evaluating and ranking water quality improvement projects selected for 
conceptual-level consideration by the Steering Committee. Pollutant reduction project evaluation 
criteria are relatively simple due to the following:  

• IM 10 is the first step in a multi-step project development process; 
• the candidate project information is somewhat limited and may not uniformly support 

complex evaluation queries; 
• time and effort that can be reasonably asked of volunteer experts;  
• some of the proposed projects are innovative, with few comparable examples.  

 
Context is extremely important when anticipating the degree of future success of any proposed 
solution to poor water quality conditions. The ultimate performance of the water quality 
improvement projects considered in this workshop is necessarily linked to the reach-scale or 
water-body-specific locations. Each nutrient reduction strategy will be evaluated and ranked at 
these locations (i.e., Upper Klamath Lake, Keno Reach) within the Klamath Basin. It is likely that 
the current state of the science and our understanding of the water quality conditions, dynamics 
and improvement potential in the Klamath Basin will be the limiting factors in the evaluation 
process.  
 
Evaluating pollution control strategies is a challenge that can be met using multiple criteria 
analysis (MCA), which is “a framework for ranking or scoring the overall performance of 
decision options against multiple objectives.” See Hajkowicz and Collins (2007). Stated simply, 
MCA rates various ‘solutions’ against project objectives, and delivers a ‘score’ that enables a 
rational and defensible decision. MCA analysis proceeds by creating a matrix of potential 
solutions or decision options transposed against a set of evaluation criteria. Structurally, the 
approach lends itself well to a simple spreadsheet format. 
 
Evaluation criteria are typically derived from project objectives, with workshop objectives 
including the following: 

• Reduce seasonal concentrations of nutrients (nitrogen, phosphorus) 
• Improve overall water quality (e.g., dissolved oxygen, pH, temperature, turbidity/ total 

suspended solids) 
• Allow the system to support designated beneficial uses 

 
Evaluation criteria can be qualitative or quantitative. An example of an explicit quantitative 
criterion is cost per unit nutrient removed. The units, and the overall rank for any given 
quantitative criterion, should be consistent and explicitly expressed across technology 
comparisons. The advantage of quantitative criteria is the inherent numeric ranking reflected in 
the results. However, workshop participants should avoid spending valuable discussion time 
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discerning the small, and often meaningless, difference between exact numerical values, since the 
criteria are necessarily derived using a set of assumptions possessing some degree of uncertainty.  
 
Alternatively, qualitative metrics such as ‘improved’, ‘no change’, or ‘de minimis’ may be more 
appropriate, especially when the criteria are more global and less easily quantified. For the 
purposes of the workshop, the Steering Committee has more often chosen a semi-quantitative 
scoring approach using high/medium/low (H/M/L) rankings, or a simple +/-/0 ranking. Though 
this scheme does not provide numeric rankings, it does allow for clear differentiation between 
water quality improvement projects and supports the streamlined group discussions envisioned 
for the workshop breakout sessions.  
 
Individual evaluation criteria are rarely equally important to the overall project rank and therefore 
must be appropriately weighted. Both subjective and objective factors affect the weighting. For 
example, improved sucker recruitment may be a strongly weighted criterion for individuals 
focused on improvements to fisheries populations, while reduced nutrient concentrations would 
be higher for individuals focused more directly on water quality improvements, even though both 
criteria are related in the ecosystem. There are a variety of methods that can be used to assign 
weights to individual criteria. The approach adopted for the workshop is to tabulate and analyze 
the raw results, with a possible weighting step imposed later by the Steering Committee with 
expert input. 
 
Finally, we recognize that decision is ultimately a human judgment that can be informed, but not 
replaced, by an MCA approach. There are inevitably relevant issues that a matrix decision 
making approach cannot adequately capture or address. To address this, the Steering Committee 
has provided an ‘other’ category for unforeseen or unique project qualities that have no explicitly 
stated criterion. The Steering Committee has also included a short set of open-ended questions 
that encourage brief narratives to more fully explain project qualities, identify bias, and assist 
with weighting results. Some of the open-ended questions may not be in the expert’s fields or 
may be uncomfortably subjective; participants may skip these questions if they wish.  
 
As with all decision-making frameworks, the process is iterative and the journey through 
evaluation and ranking will almost certainly identify new possible solutions, approaches and 
values.. To conserve effort, the pre-workshop background information provides objective 
performance data for a subset of possible evaluation criteria, which limits the number of 
qualitative criteria evaluations. 
 
The first project objective, nutrient reduction, can be evaluated with objective and quantitative 
criteria. Estimated nutrient reduction performance is provided in Sections 4.1 to 4.6 and can be 
used by workshop participants provided the units of removal are the same. For example, a 
particular treatment wetlands option might provide an anticipated removal rate of 1.9 metric tons 
(MT) phosphorus over the lifetime of the project. Workshop participants can question the 
derivation of these values and provide their own confidence intervals and narrative explanations, 
as needed. 
 
For the second objective, improvement of overall water quality, the criteria are subjective (e.g., 
overall effect on dissolved oxygen, pH, water temperature, total suspended solids [TSS]/turbidity 
algal growth,) and can be ranked as high/medium/low. Participants can refine responses to 
subjective criteria through narrative expansion. In this way, attendees can address the more 
subjective criteria in the workshop, and help the Steering Committee assign appropriate weights 
to criteria. 
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The third objective, support of existing beneficial uses, has objective and subjective elements that 
can be handled in a manner similar to the second objective. Participants can provide objective 
metrics about the effects on existing beneficial uses and/or provide explanatory comments, which 
will provide more focus and improve the overall evaluation under this objective. 
 
Some other important concerns are globally applicable to the objectives (e.g., what it costs, how 
fast it can be implemented, etc.). The Steering Committee has considered a set of ‘Global 
Criteria’ that allow workshop participants to take a broader view of a particular technology, 
outside of the workshop objectives. As mentioned above, a set of open-ended questions will 
invite a narrative response from each working group. These narratives will be useful to capture 
unexplored aspects of a project and other considerations that are tangential to the core project 
objectives, for example, what is the ‘green score’ of the chosen technology? The global 
considerations and narrative sections are in some ways duplicative of the more targeted 
evaluation criteria, but they offer a summary view of the technologies and projects and can assist 
the Steering Committee in collating results and weighting individual concerns. Criteria 
considered by the Steering Committee are presented in Appendix B and will be further refined 
prior to the workshop. 
 

3 BASIN OVERVIEW 

3.1 Geographic and Physical Setting 

The mainstem Klamath River traverses approximately 409 km (254 mi), originating in Upper 
Klamath and Agency Lakes within the Cascade Mountains of Southern Oregon and flowing 
southwest through the Northern California Coast range, to its terminus at the Pacific Ocean 
(Figure 1). With an overall watershed area of 40,720 km2 (approximately 15,722 mi2), the 
Klamath River is second only to the Sacramento River on the basis of annual flow volume in 
California (Kruse and Scholz 2006). It supports important runs of anadromous fish species 
including coho and Chinook salmon and steelhead trout, as well as resident rainbow trout (NRC 
2004).  
 
The Klamath River is unique to the Pacific Northwest region because the upper-most portion of 
the watershed is comprised of a low-relief volcanic plateau, while the lower portion of the 
watershed traverses steeper, mountainous terrain. The Upper Klamath and Agency Lake system, 
Oregon (collectively referred to as the Upper Klamath Lake system), is located in the uppermost 
portion of the Klamath River Basin in the Cascade Mountains, where it drains an interconnected 
series of marshes and streams from a catchment of approximately 9,842 km2 (3,800 mi2). Much 
of the upper basin is covered with volcanic pumice deposits derived from the formation of the 
Crater Lake caldera (Johnson et al. 1985). The area is also dominated by basalt flows and north to 
north west-trending fault lines which have formed large, shallow, graben lakes (i.e., formed by 
tectonic faulting) such as Upper Klamath Lake (Dicken 1980). 
 
The Upper Klamath Lake system serves as a focal point of the Klamath River Basin due to its 
function as the receiving body of water for upper watershed areas, and as the headwaters for the 
Klamath River proper. Major tributaries to the Upper Klamath Lake system include the Wood, 
Williamson, and Sprague rivers (Figure 1). Link River Dam is located at the outlet of Upper 
Klamath Lake and controls water elevation in the lake (FERC 2007). From Link River Dam, 
water flows through the short stretch of Link River (1.9 km [1.2 mi]) and into Lake Ewauna and 
the Upper Klamath River at the Keno Impoundment.  
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Downstream of Lake Ewauna, the mainstem Klamath River has five major dams, including Keno 
Dam, J.C. Boyle Dam, Copco 1 and 2 Dams, and Iron Gate Dam. These dams are part of the 
Klamath Hydroelectric Project (see Section 3.5). The Klamath River downstream of Iron Gate 
Dam and extending to the Klamath River estuary is unregulated. The largest tributaries to the 
mainstem Klamath River in the lower basin are the Shasta, Scott, Salmon, and Trinity rivers 
(Figure 1). 
 

3.2 Climate and Climate Change 

Annual precipitation in the Klamath Basin ranges from 15–150 inches per year, with drier 
conditions (15–40 inches per year) at the higher elevations of the upper basin  (i.e., greater than 
1,219 m [4,000 ft]) and wetter conditions (40–150 inches per year) at lower elevations and in 
coastal areas of the lower basin (Figure 2). The upper basin receives rain and snow during the late 
fall, winter and spring, with most winter precipitation falling as snow. The Upper Klamath Lake 
system freezes over intermittently from November through February, and can remain frozen for 
several months duration. Midwinter rains can occur in the lower-elevation areas (i.e., 914–1,219 
m [3,000–4,000 ft]) of the upper basin, but due to a rain shadow effect of the Cascade Mountains 
annual rainfall is variable throughout this portion of the Klamath Basin (Risley and Laenen 
1999), and ranges from a mean annual precipitation (1961–1990) level of 166.1 cm (65.4 in) at 
Crater Lake National Park in the Cascade Range to 34.3 cm (13.5 in) at Klamath Falls (Gannett et 
al. 2007) (see also Figure 2). 
 
In the lower basin, precipitation is also variable, although it tends to be dominated by rainfall 
during winter months, except at the higher elevations of the Klamath and Siskiyou mountain 
ranges where wintertime snowfall occurs. Throughout the basin, peak stream flows generally 
occur during snowmelt runoff periods in late spring/early summer. After the runoff period, flows 
decrease in the late summer/early fall.  
 
Climate change is expected to result in a wide variety of effects in the Klamath River Basin. In 
general, climate model predictions for the Pacific Northwest and Northern California include the 
following (Barr et al. 2010, OCCRI 2010, USBR 2011a): 

• Increased average ambient air temperature  
• Increased number of extreme heat days  
• Changes to annual and seasonal precipitation, including increased frequency and length of 

drought, diminished snow pack and more winter rain 
• Increased heavy precipitation 
• Changes to annual stream flow and groundwater hydrology 
• Changes in water quality  
• Vegetation changes  

 
Numerous climate change models predict that air temperatures in the Pacific Northwest and the 
Klamath Basin will increase over the next 50–80 years at a rate of 0.04 to 0.06ºF per year, such 
that by the end of the 21st century, average annual air temperatures will increase by 4–7ºF (USBR 
2011a, OCCRI 2010, Barr et al. 2010) (see also Appendix C, Figure C-1). Mean precipitation is 
also projected to change gradually from existing precipitation averages. By the mid-21st century 
(2035–45), annual precipitation projections in the Klamath Basin exhibit a wide range, from an 
11% reduction to a 24% increase overall, depending on the climate model (Barr et al. 2010). 
Changes in seasonal precipitation are anticipated to result in winter rain replacing winter snow, 
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and earlier and higher winter and spring (December–March) stream flows and lower late spring 
and summer (April–July) stream flows (Barr et al. 2010, USBR 2011a). Simulated changes in 
projected decade-mean runoff in the Klamath Basin follow this same pattern, but vary by sub-
watershed (USBR 2011a). Projected changes to groundwater hydrology under climate change 
may also decrease late summer stream flows in the Klamath River Basin, including alterations of 
the timing and amount of recharge, increases in evapotranspiration, lowering of the groundwater 
table, and increased pumping demand (OCCRI 2010, USBR 2011a). 
 
As with stream flow predictions, groundwater effects are expected to vary by sub-watershed 
(USBR 2011a).  
 
Changes to air temperatures and precipitation and flow patterns will result in changes to water 
temperatures in the Klamath Basin. Increasing air temperatures and decreasing summer flows in 
the Klamath River Basin would be expected to cause general increases in summer and fall water 
temperatures on the order of 3.6–5.4°F for the period 50 years into the future (Bartholow 2005, 
Perry et al. 2010).  
 

3.3 Vegetation 

Forestland covers much of the Klamath Basin (Figure 3). In the upper basin, vegetation is 
predominantly forest (~70%) and scrub/grassland vegetation types (~14%), with the latter often 
used as rangelands (Figure 4). Relatively large extents of cultivated croplands occur in low-lying 
former wetland areas that surround much of the present Upper Klamath Lake system (see also 
Section 4.1.1), including the Wood River, Lost River, and Upper Klamath River downstream of 
Upper Klamath Lake. Cultivated croplands also occur in valleys along the Shasta River and Scott 
River in the lower Klamath Basin (Figure 3).  
 

3.4 Land Use and Ownership 

The largest area of current land use in the Klamath Basin is private and public forest (ODEQ 
2002). Other major land uses include rangeland and agriculture, with relatively smaller extents of 
urbanized (developed) areas, the primary one being the city of Klamath Falls on the southeastern 
shore of Upper Klamath Lake (Figure 4). In the upper Klamath Basin as whole, agriculture 
currently occurs on roughly 5% of the drainage (ODEQ 2002); however, the extent of agricultural 
land use in the Lost River sub-basin is much greater, and in the case of the Wood River, 
agriculture is the primary land use (Figure 4).  
 
Historical land use activities included agriculture, ranching, logging, wetland draining and water 
diversions, all of which have altered seasonal stream flows and water temperatures, increased 
concentrations of nutrients (nitrogen and phosphorus) and suspended sediment in watercourses, 
and degraded other water quality parameters such as pH and dissolved oxygen concentrations. 
Historical diking and draining of wetlands has been extensive in the Klamath Basin; 
approximately 80% of the natural wetlands have been lost to other land uses, including 
agriculture. The current extent of wetlands surrounding Upper Klamath Lake and Lower Klamath 
Lake is significantly diminished over historical conditions (Figure 5). In the lower Klamath 
Basin, historical hillslope and in channel gold mining and extensive logging have also occurred, 
affecting water quality in many of the lower tributary basins.  
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Figure 1. Klamath Basin major rivers, lakes, and Klamath River dams. Source: National Hydrography Dataset/USGS, 

Bureau of Transportation, National Atlas, USFWS.  
 
 
 
 
 
 
 
 

 
Figure 2. Klamath Basin average annual precipitation. Source: PRISM, National Hydrography Dataset/USGS, 

Bureau of Transportation, National Atlas, USFWS. 
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Figure 3. Klamath Basin vegetation. Source: National Hydrography Dataset / USGS, Bureau of Transportation, 

National Atlas. 

 
Figure 4. Klamath Basin land use. Source:  USDA NRCS, USGS, National Hydrography Dataset / USGS, Bureau of 

Transportation, National Atlas, USFWS.  
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Figure 5. Historic Upper Klamath Lake (UKL) and Lower Klamath Lake (LKL) vs. current Upper 
Klamath Lake and LKL wetlands. Source: USBR (2005).  
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Currently, land ownership in the Klamath Basin is predominantly private and United States Forest 
Service (USFS). In the Upper Klamath Lake drainage, private lands account for roughly 42% and 
USFS accounts for 53% of the land area, respectively (see Figure 6 in ODEQ 2002). National 
Park and National Monument land accounts for roughly 3% of the total basin area, primarily 
Crater Lake National Park at the northern-western edge of the basin, but also Redwood National 
Park at the Klamath Estuary. Several National Wildlife Refuges make up just under 1% of land 
area, all of which are owned and managed by US Fish & Wildlife Service (USFWS). The Bureau 
of Land Management (BLM) and Tribal lands comprise 0.5% or less of the total basin area 
(Figure 6).  
 

3.5 Irrigation and Hydroelectric Project Infrastructure 

Water supply to the Klamath River is affected by historical conversion of wetlands to agricultural 
land uses, irrigation diversions, and importation of water from other basins (Hardy 1999, Hecht 
and Kamman 1996). During the spring and summer months, a significant amount of water from 
the Klamath Basin upstream of J. C. Boyle Dam is diverted for irrigation purposes by the USBR 
Klamath Project. The USBR Klamath Project supplies irrigation water for over 200,000 acres on 
approximately 1,400 farms locally in Oregon and California, and it includes a large network of 
irrigation canals and pumps as well as multiple dams and reservoirs ( 
Figure 7).  
 
Computer models and historical data indicate that the construction and operation of the USBR 
Klamath Project has had a substantial effect on Klamath River flows (NMFS 2010). For example, 
at Iron Gate Dam for the 1961–2006 period, USBR calculated that the Klamath Project reduced 
median April flow from approximately 3,300 cfs to approximately 2,200 cfs (roughly 30% 
reduction), and median July flow from approximately 1,400 cfs to approximately 700 cfs 
(roughly 50% reduction) (NMFS 2010). 
 
The Klamath Hydroelectric Project (Project), owned by PacifiCorp, is located within the high-
gradient reaches of the downstream portion of the Upper Klamath Basin and generates an average 
of 716,820 megawatt-hours of electricity annually through the operation of a series of dams 
(FERC 2007). These dams include Keno Dam (River Mile [RM] 233.0), J.C. Boyle Dam (RM 
224.7), Copco 1 (RM 198.6) and Copco 2 Dams (RM 198.3), and Iron Gate Dam (RM 190.1) 
(Figure 8). These dams were developed largely for hydropower generation and provide limited 
storage capacity, mainly in Copco 1 and Iron Gate Reservoirs (total capacity 1.09x108 m3 [88,160 
acre-ft], active capacity 1.45x107 m3 [11,749 acre-ft]) (FERC 2007). 
 

3.6 Hydrology 

The primary sources of water to the Klamath River and the Upper Klamath Lake system are the 
Williamson River (including its major tributary, the Sprague River) and the Wood River (Figure 
1). The Williamson River and its tributaries provide between 46–53% of the total water inflow to 
the lake, and the Wood River contributes approximately 16–20% of the inflow and drains directly 
into the northern end of Agency Lake (USACE 1982, ODEQ 2002, Kann and Walker 1999, 
Walker et al. 2012). The Sprague River has larger flow seasonal fluctuations than the Wood and 
Williamson rivers (Figure 9). The remaining hydrologic inputs are from precipitation on the lake 
surface, springs, and inflows from several smaller streams and canals; Appendix C provides a 
detailed accounting of annual average inflows and outflows to Upper Klamath Lake over the 
1992 to 2010 period (data from Walker et al. 2012). Season hydrological attributes for the Upper 
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Basin are contained in Walker et al. 2012). Groundwater dynamics are discussed in detail in 
Gannett et al. (2007). 
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Figure 6. Klamath Basin land ownership. Source: OR BLM, California Resources Agency, National Hydrography 

Dataset / USGS, Bureau of Transportation, National Atlas. 

 
Figure 7. Network of irrigation canals in the USBR Klamath Project. 
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Figure 8. Klamath Hydroelectric Project from Link Dam to Iron Gate Dam. Source: PacifiCorp. 
 
Natural streamflow patterns into and out of Upper Klamath Lake have been significantly altered 
by irrigation and hydroelectric power diversions, irrigation returns, deforestation, and by the 
construction of the Link River Dam at the lake outlet. Water is released from the dam for 
hydropower production, to provide flows for the Link and Klamath Rivers, and for irrigation uses 
through the A-Canal (see Figure 7). Concurrent with the construction of the Link River Dam, 
channels cut into the natural basalt sill at the outlet of Upper Klamath Lake (Figure 10) allow 
greater lake level fluctuation and use of additional water volume to supply irrigation water to 
USBR Klamath Project farmland. Unlike typical dams which increase water level and storage, the 
Link River Dam does not increase the maximum pre-dam elevations, but permits greater control 
over storage by allowing higher lake elevations to be maintained longer into the early summer 
period, and allows lake levels to be lowered below pre-dam natural elevations (see Appendix C, 
Figure C-2). 
 
There are numerous agricultural diversions and drains along Keno Reservoir (Figure 7). The two 
primary drains returning water to Keno Reservoir are the Klamath Straits Drain (KSD), which 
operates year-round, and the Lost River Diversion Channel, which diverts flow away from the 
reservoir during irrigation season but discharges to the reservoir for the remainder of the year. 
These drains carry irrigation return flows from agricultural lands in the Lost River watershed, 
including the Lost River, Tule Lake, and Lower Klamath Lake (Figure 7). Water is also diverted 
from the Klamath River into the North and Ady Canals (Figure 7).
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Figure 9. Box plots showing mean flows by month for hydrologic years 2000-2010 for key locations in the Upper Klamath Basin. In box 

plots, negative values indicate diversions from the Klamath River. In map, mainstem Klamath River and tributaries are blue, 
diversions are red, and link thickness is approximately proportional to mean May through September flow. Data from Walker 
et al. (2012), USGS gages, and USBR. 
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Figure 10. Photo of Link River Dam looking upstream towards Upper Klamath Lake showing the 
natural rock reef and two artificial channels that were cut through the reef to allow 
Upper Klamath Lake to be lowered below the historic reef elevation. Source: USFWS 
2008. 

 
 
With the exception of the J.C. Boyle bypass reach where water is temporarily diverted into a 
canal before being returned, the Klamath River’s flow increases with distance downstream of 
Keno Dam due to tributary inputs and a lack of substantial mainstem agricultural diversions. The 
river receives water from Spencer Creek in J.C. Boyle Reservoir, high-volume springs below J.C. 
Boyle Dam, and other tributaries including Shovel, Jenny, and Fall creeks. Many additional 
tributaries enter the river between Iron Gate Dam and the Pacific Ocean. Some of these 
tributaries, including the Shasta, Scott, and Trinity rivers, have major water diversions while 
other tributaries are more pristine such the Salmon River and the many smaller streams that flow 
primarily through U.S. Forest Service lands (Figure 1). 
 

3.7 Water Quality 

The water quality concerns in the Klamath Basin are predominately distributed nonpoint sources 
of pollution rather than discrete point source pollution (ODEQ 2002). The following is a brief 
summary of reach-scale water quality summaries for the reaches that are the focus of the 
workshop. 
 

3.7.1 Reach-scale water quality summaries 

3.7.1.1 Upper Klamath Lake and major tributaries (Wood, Williamson, and Sprague 
Rivers) 

Water quality in many tributaries to Upper Klamath Lake does not meet Oregon water quality 
standards (ODEQ 2002). Water temperature, pH and dissolved oxygen issues are related to 
riparian vegetation disturbance that reduces stream surface shading, channel widening (increased 
width to depth ratios due to factors such as loss of riparian vegetation), reduced flow volumes 
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(chiefly from irrigation) or increased high temperature discharges, disconnected floodplains 
which prevent/reduce groundwater discharge into the river, and increased erosional/nutrient 
inputs (ODEQ 2002). 
 
Water quality in Upper Klamath Lake is poor during the summer and early fall, with large algal 
blooms that lead to high pH and un-ionized ammonia concentrations, depressed dissolved 
oxygen, and problematic levels of algal toxins. Land use within the tributary watersheds and 
management of lakeside wetlands has substantially increased the input of phosphorus into the 
lake, providing an essential nutrient for algal proliferation (ODEQ 2002). Anthropogenic land use 
activities are estimated to have contributed 38% of the lake’s total external phosphorus load from 
1992–1998 and 31% from 2008–2010 (Walker et al. 2012). The following paragraphs provide 
additional detail regarding nutrient inputs and water quality in Upper Klamath Lake, and further 
information is available in Appendix C. 
 
By surface area, Upper Klamath Lake is one of the largest freshwater lakes (~267 km2 [~66,000 
ac]) in the western United States (Colman et al. 2004). It is also extremely shallow. The 
maximum depth of Upper Klamath Lake (ca. 17.7 m [58 ft]) occurs in a narrow trough extending 
along the west central shoreline of the lake between Eagle Ridge and Howard Bay; however, the 
mean summer depth of the lake is approximately 2 m (7 ft). Agency Lake is connected to Upper 
Klamath Lake at the north by the Agency Lake narrows and areas flooded during recent wetland 
restoration projects (Figure 11). The maximum depth of Agency Lake is ~4.5 m (~15 ft) (USACE 
1982). The broad, shallow morphology affects water quality in the Upper Klamath Lake system, 
since it affects water temperatures, circulation, and vertical mixing patterns. 
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Figure 11. Wetland restoration activities on the Williamson River Delta allowing for greater 

connectivity between Agency Lake and Upper Klamath Lake. 
 
Upper Klamath and Agency Lakes are hypereutrophic and are seasonally dominated by large 
blooms of the nitrogen-fixing cyanobacterium Aphanizomenon flos-aquae (AFA) (Kann 1998, 
Kann and Smith 1999). Numerous studies have documented that recurring algal blooms and their 
decline (Figure 12) are associated with periods of elevated pH, toxic levels of un-ionized 
ammonia, and depressed dissolved oxygen concentrations (Kann and Smith 1999, Perkins et al. 
2000, Loftus 2001, ODEQ 2002, Kann and Welch 2005, Wood et al. 2006, Hoilman et al. 2008, 
Lindenberg et al. 2009, Kannarr et al. 2010, Kann 2011, Kann 2012a). Based on exceedances of 
water quality standards for dissolved oxygen, pH, and chlorophyll (algal biomass) (e.g., Loftus 
2001), both lakes were designated as water quality limited for resident fish and aquatic life. More 
specifically these conditions have been linked to large die-offs and redistribution of the federally 
listed shortnose (Chasmistes brevirostris) and Lost River (Deltistes luxatus) suckers (Perkins et 
al. 2000, Kann and Welch 2005, Wood et al. 2006, Banish et al. 2009). 
 
Eutrophic conditions in Upper Klamath Lake were described by observers in the 19th century and 
from an early limnological survey in 1913 (Kemmerer et al. 1923); however, increased 
eutrophication has occurred since that time (Bortelson and Fretwell 1993). Paleolimnological 
evidence indicates that AFA (as indicated by AFA akinetes preserved in lake sediments) did not 
appear in Upper Klamath Lake until the latter part of the 19th century and increased substantially 
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after that time (Bradbury et al. 2004, Eilers et al. 2004). During the past approximately 75 years, 
AFA has dominated the summer phytoplankton (Phinney et al. 1959, Miller and Tash 1967, Bond 
et al. 1968, Gahler 1969, Klamath Consulting Service 1983).  
 
Watershed activities beginning in the late 1800s and accelerating though the 1900s included: (1) 
timber harvest, (2) drainage of wetlands, (3) agricultural activities associated with livestock 
grazing and irrigated cropland, and (4) hydrologic modifications such as water diversions and 
channelization (Snyder and Morace 1997, ODEQ 2002, Bradbury et al. 2004, Eilers et al. 2004). 
These activities are the main causes for the increased erosion and loading of nutrients 
(particularly phosphorus) from the watershed that are generally contemporaneous with the 
increase in Upper Klamath Lake’s trophic state and shift to dominance by large blooms of blue-
green algae (ODEQ 2002).  
 

 
Figure 12. Satellite photo of Upper Klamath Lake showing typical summer lake-wide blooms of 

AFA. Source: NASA Earth 
Observatory http://earthobservatory.nasa.gov/IOTD/view.php?id=1743. Inset photo 
credit: Jacob Kann. 

 
Excessive phosphorus loading linked to watershed development has been determined to be a key 
factor driving the massive AFA blooms that dominate Upper Klamath Lake. Based upon analysis 
of extensive water quality monitoring datasets and mathematical modeling of the lake 
phosphorus, algal bloom, and pH dynamics, the ODEQ (2002) determined that reduction of 
phosphorus loads from anthropogenic sources would be the most effective means of improving 
water quality conditions in the lake. This approach was supported by the elevated phosphorus 
concentrations and unit area phosphorus loads observed in discharges from pumped agricultural 
areas and tributary outflows, as compared with background levels observed in springs and 
tributary headwaters. This approach is further supported by recent pasture-level monitoring 
showing that first-flush irrigation events and storm events have the potential to export large 

http://earthobservatory.nasa.gov/IOTD/view.php?id=1743
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quantities of phosphorus from irrigated grazing land in the Upper Klamath Lake basin (Ciotti et 
al. 2010).  
 
While other researchers hypothesized that reduced humic substances associated with the loss of 
wetlands may also play a role in the shift to AFA dominance, they ultimately concluded that the 
ODEQ (2002) approach of reducing algal biomass and improving water quality through 
phosphorus reduction was complementary but not inconsistent with their hypothesis (Milligan et 
al. 2009). The more recent conclusion by Milligan et al. (2009) is in contrast to the NRC (2004) 
who proposed the humic hypothesis as a distinct competing alternative to land-use mediated 
changes in the phosphorus environment and subsequent dominance by AFA.  
 
Given the importance of phosphorus in controlling the severe algal blooms and adverse water 
quality conditions, phosphorus budgets (mass balance accounting of the various external 
phosphorus sources, outflows, storage, and net retention within the lake) have been computed to 
evaluate effects of land and water uses on water quality and to develop effective control programs 
for achieving water quality standards (Kann and Walker 1999, ODEQ 2002, Walker et al. 2012). 
The historical phosphorus budgets and phosphorus mass balance model were utilized by ODEQ 
(2002) to establish management targets for lake phosphorus concentrations and external 
phosphorus loads consistent with achieving  lake water quality standards for algal biomass 
(expressed as chlorophyll a), and pH, as required under the Total Maximum Daily Load (TMDL) 
regulations established under the Clean Water Act. Achieving the loading target (109 metric 
tons/year of TP) would require a 40% reduction in external phosphorus load relative to the 
historical baseline, which is assumed to be 66 ppb (the average value measured in springs and 
other relatively un-impacted sources in the watershed).  
 
Studies show that sediment recycling of phosphorus accounted for 61% of the total phosphorus 
loading to Upper Klamath Lake (Kann and Walker 1999, ODEQ 2002). Efforts to understand 
internal phosphorus recycling mechanisms have been made by a variety of researchers and 
indicates that mechanisms are a combination of algal translocation, diffusion, pH or anaerobic 
mediated release, microbial and macroinvertebrate metabolic cycling, bioturbation, and 
resuspension that operate at varying temporal and spatial scales (Barbiero and Kann 1994; 
Laenen and LeTourneau 1996; Kuwabara et al. 2007, et al. 2009, et al. 2012; Simon et al. 2009; 
Simon and Ingle 2011). Although this source of phosphorus plays an important role in driving 
AFA dynamics in Upper Klamath Lake, the ultimate sediment phosphorus source is watershed 
derived, reflecting prior loading inputs (Walker et al. 2012). Additional detail regarding sediment 
phosphorus recycling is provided in Appendix C.  
 
Hydrologic and nutrient balances for Upper Klamath Lake were recently updated, indicating that 
the three major tributaries to the lake (Wood River, Sprague River, Williamson River) each 
contribute roughly 20% of the lake’s external TP load, despite their relative differences in 
drainage area and somewhat lesser differences in flow volume to the lake (Figure 13). The 
updated hydrologic and nutrient balances provide context for nutrient management in the Upper 
Basin (Walker et al. 2012). These updated balances reflect watershed management and wetland 
restoration efforts including re-flooding of large drained wetlands on the periphery of Upper 
Klamath Lake (e.g., Wong et al. 2011, USBLM 2005, Carpenter et al. 2009, Duff et al. 2011) and 
watershed conservation projects to reduce water use and decrease nutrient export from grazed 
areas (e.g., GMA 2011a, 2011b). These updated balances indicate: internally generated TN loads 
(primarily atmospheric fixation of nitrogen by AFA) exceeded external inflow loads by more than 
3-fold on an annual basis; a one-year lag in the response of the annual outflow TP loads to 
variations in the inflow TP loads; large amounts of internal nutrient generation in June and July 
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reflect high rates of phosphorus recycling from bottom sediments and nitrogen fixation (N-
fixation) by blue-green algae; and, TP concentration ranges generally decreased in water years 
(WY) 2008–2010 and may reflect decreased transient nutrient releases from antecedent 
agricultural soils in the restored wetland areas (e.g., Wong et al. 2011). Walker et al. (2012) also 
show generally increasing flow-weighted-mean (FWM) TP concentrations from tributary 
headwaters to mouths that indicate anthropogenic loading (e.g., see Figure C-4, Appendix C), but 
also that several tributaries show a decreasing trend in the FWM TP during the 1992–2010 
period. Current trends also reflect an expected lag in the response time of nutrients to restoration 
efforts, especially lake peripheral wetlands for which restoration of function is incremental (e.g., 
Wong et al. 2011). Additional detail regarding nutrient and hydrologic budgets is provided in 
Appendix C. 
 

Figure 13. Relative contributions of tributaries and other sources to external total phosphorus 
(TP) load, inflow water volume, and drainage area to Upper Klamath Lake for 
hydrologic years 1992-2010. Data from Walker et al. (2012) Appendix E. 

 
Watershed concentrations of nitrogen tend to be very low leading to low total and bioavailable 
N:P ratios in inflows to Upper Klamath Lake (<1 for bioavailable forms) with increased ratios in 
the Upper Klamath Lake outflow due partially to N-fixation occurring in the lake (e.g., Kann 
2012b, Walker et al. 2012). More recent studies show that the range of N:P ratios in Upper 
Klamath Lake are clearly in the range (generally less than 10:1 by weight during the algal 
growing season for the total forms of these nutrients) that indicates dominance by N-fixing blue-
green algae should occur with subsequent control of algal biomass by phosphorus (Kann 1998, 
2011, 2012a; Lindenberg et al. 2009; Jassby and Kann 2010). Large net-negative retention of 
nitrogen in Upper Klamath Lake (especially during the summer bloom period; Walker et al. 
2012), low TN:TP and TIN:SRP ratios, as well as the seasonal timing of Upper Klamath Lake 
nitrogen increases, demonstrate the ability of AFA to overcome nitrogen limitation, and grow to 
large levels based on the amount of available phosphorus. Phosphorus limitation of the initial 
AFA bloom has been indicated by a variety of lake studies (Kann 2012a, Hoilman et al. 2008, 
Lindenberg et al. 2009).  
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It is generally during the influx of available nitrogen (chiefly ammonia; see Appendix C for 
additional detail) occurring when the initial AFA bloom declines that the non-nitrogen fixing 
blue-green alga Microcystis aeruginosa appears in Upper Klamath Lake (Eldridge et al. 2012). 
Although never reaching the biomass levels of AFA, these secondary M. aeruginosa occurrences 
are responsible for production of the hepatotoxin microcystin in Upper Klamath Lake (Eldridge et 
al. 2012). Thus, N-fixation by AFA during the early summer appears to supply nitrogen for 
growth of toxigenic M. aeruginosa later in the summer.  
 
As is typical for many shallow lake ecosystems, the concentration of nutrients, their ratios, the 
underwater light climate, and climatic variables (e.g., temperature and wind speed) are important 
determinants of annual bloom dynamics of AFA in Upper Klamath Lake (e.g., Kann and Welch 
2005, Jassby and Kann 2010, Wood et al. 2006, Morace 2007, Kann 2012a). In addition, 
hydrodynamic modeling has shown the influence of wind-driven lake currents on algal and water 
quality spatial patterns (Wood et al. 2006, et al. 2008). Additional detail regarding nutrient algal 
interactions is provided in Appendix C. 
 
3.7.1.2 Link River to Keno Dam 

The internal nutrient dynamics of Link River have not been studied intensively, but available data 
indicate that most water quality constituents remain relatively unchanged though the reach, with 
the exception of dissolved oxygen which re-aerates towards (but not reaching) saturation when it 
enters the reach below saturation. 
 
The 20 mile long Keno Reservoir is the subject of ongoing investigations by the U.S. Bureau of 
Reclamation, USGS and Watercourse Engineering. Many available reports present water quality 
information (Sullivan et al. 2008, 2009; Watercourse Engineering 2003, 2011) including detailed 
characterization of organic matter in the reach (Deas and Vaughn 2006, Sullivan et al. 2010) and 
development of predictive water quality models (Sullivan et al. 2011).  
 
Dissolved oxygen concentrations are acutely low during the summer and fall throughout much of 
Keno Reservoir (Figure 14). pH can also exceed water quality standards during this period, 
increasing potential for ammonia toxicity. During the late spring and summer, huge quantities of 
blue-green algae are discharged from Upper Klamath Lake into Keno Reservoir. For unknown 
reasons, they do not fare well in Keno Reservoir and their biomass declines with increasing 
distance downstream of Link Dam (Sullivan et al. 2011). Particulate organic matter, derived from 
the upstream-generated blue-green algae that then die and decay, settles and becomes reservoir 
sediments. Modeling results indicate that sediment oxygen demand (derived from particulate 
organic matter settled in the current year) is the largest contributor to oxygen depletion in this 
reach, followed in importance by suspended particulate organic matter and dissolved organic 
matter (Sullivan et al. 2011) (Figure 15). 
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Figure 14. Water temperature and dissolved oxygen concentration near water surface at Miller 

Island in Keno Reservoir (RM 246). Data from U.S. Bureau of Reclamation. 
 
 

Figure 15. Simulated total annual dissolved-oxygen production consumption (sinks) in the Link–
Keno reach of the Klamath River, Oregon, for calendar year 2008. DOM, dissolved 
organic matter; POM, particulate organic matter; SOD, sediment oxygen demand. 
Figure from Sullivan et al. (2011). 

 
In the summer, labile particulate organic matter decays rapidly (80% of its oxygen demand was 
expressed in roughly 8 days during laboratory tests) (Sullivan et al. 2010). Particulate matter in 
winter, and dissolved organic matter throughout the year, is slower to decay. This slower decay 
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rate results in less oxygen demand over short periods, but it can also be transported downstream 
of Keno Dam and exert oxygen demand in the Klamath River (Sullivan et al. 2012). 
 
There are numerous drains flowing into Keno Reservoir (Section 3.6). These include the Klamath 
Straits Drain (KSD), which operates year-round, and the Lost River Diversion Channel, which 
diverts flow away from the reservoir during irrigation season but discharges to the reservoir for 
the remainder of the year. Relative to mainstem monitoring stations upstream (i.e., Link River 
and Miller Island), KSD outflow has substantially higher concentrations of total and dissolved 
forms of phosphorus throughout the year and further increases the already high phosphorus 
concentrations in the river. The water quality effects of the KSD and the Lost River Diversion 
Channel on the Keno Reservoir nutrient concentrations are variable by year, depending on their 
relative flow contributions, but their effect on dissolved oxygen is not nearly as great as that of 
Upper Klamath Lake (additional detail is provided in Appendix C). 
 
3.7.1.3 Keno Dam to upstream of Copco Reservoir 

Downstream of Keno Dam, the Klamath River enters a canyon and drops approximately 1,460 
feet in 30 miles (49 ft/mile, 1% gradient) before reaching Copco Reservoir. Within this overall 
steep reach, there are approximately 14.3 miles with lower (20–27 ft/mile) gradient, including the 
area impounded by J.C. Boyle Reservoir. J.C. Boyle Reservoir has a hydrologic residence time of 
approximately one day at an average flow of 1,600 cfs, and about 2.5 days at 700 cfs (PacifiCorp 
2004). Given its small volume and shallow depth, it does not thermally stratify, does not host 
substantial blue-green algal blooms, and has relatively little effect on nutrient concentrations 
(PacifiCorp 2006). Portions of the reservoir do experience hypoxia at times during the summer 
months (ODEQ 2010), and PacifiCorp is currently exploring engineered approaches for 
increasing dissolved oxygen levels.  
 
Water quality trends evident from Keno Dam to upstream of J.C. Boyle Reservoir include 
nitrification, continued reduction in phytoplankton and breakdown of organic matter (additional 
detail is provided in Appendix C). 
 
3.7.1.4 Iron Gate and Copco 1 Reservoirs 

Water quality in Iron Gate and Copco 1 Reservoirs has been intensively studied for many years 
by PacifiCorp and the Karuk Tribe. Available reports include nutrient budgets (Kann and Asarian 
2007; Asarian et al. 2009, 2010), water quality summaries (PacifiCorp 2004), phytoplankton 
community analyses (Kann and Asarian 2006, Asarian and Kann 2011), toxigenic phytoplankton 
species (discussed in Section 3.7.2), and annual monitoring reports (Raymond 2008a, 2008b, 
2009a, 2009b, 2010a, 2010b). 
 
Iron Gate and Copco 1 reservoirs thermally stratify during the warm summer months, with the 
deeper waters (hypolimnion) in both reservoirs having low levels of dissolved oxygen as well as 
high concentrations of ammonia and soluble reactive phosphorus (Asarian et al. 2009). During 
the stratified period, the upper water column layers (epilimnion) in both reservoirs host nuisance 
blooms of green algae and cyanobacteria and have elevated pH (Asarian and Kann 2011). High 
levels of microcystin also occur during summer months in Iron Gate and Copco 1 Reservoirs and 
have prompted the posting of public health advisories around the reservoirs and, during certain 
years, along the length of the Klamath River. 
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3.7.1.5 Iron Gate Dam to Klamath Estuary 

The Klamath River flows freely for 190 miles between Iron Gate Dam and the Pacific Ocean. The 
primary water quality concerns in this reach are those that affect anadromous salmonids in the 
summer, including high water temperature, low dissolved oxygen, and high pH. Another water 
quality issue in this reach is the presence of toxic blue-green algae during the late summer and 
early fall (discussed in Section 3.7.2 below). 
 
Data collected by the USFWS (unpublished) for 2001–2010 indicate that the highest daily mean 
water temperatures for the months of July and August occur in middle portion of the reach, near 
Happy Camp (RM 100), with lower temperatures near Iron Gate Dam and downstream of the 
confluence with the Trinity River. Photosynthesis and respiration by periphyton and macrophytes 
(rooted aquatic plants) cause diel (24 hour) cycles in dissolved oxygen and pH, with high pH 
during late afternoon and low dissolved oxygen during night and early morning (NCRWQCB 
2010) (see Appendix C for a summary of periphyton growth in the Klamath River). Dissolved 
oxygen and pH conditions generally improve (i.e., reduced daily minimum dissolved oxygen, 
reduced daily maximum pH, and reduced magnitude of diel cycles for both parameters) with 
distance downstream of Iron Gate Dam, although there are exceptions and variability within the 
overall pattern (HVTEPA 2008).  
 
On its path from Iron Gate Dam to the Klamath Estuary, nutrient concentrations in the Klamath 
River decline substantially, primarily due to dilution from several large tributaries and 
secondarily due to seasonal nutrient retention (Asarian et al. 2010). Potential mechanisms for this 
retention include temporary seasonal storage in periphyton biomass as well as permanent removal 
through microbial denitrification. 
 

3.7.2 Phytoplankton 

As noted above for Upper Klamath Lake, blue-green algae, also known as cyanobacteria, are 
plentiful in the Klamath River watershed. These algal blooms are often associated with fish kill 
events due to the oxygen demand of algal communities during dark respiration, and many 
cyanobacteria are also known to produce algal toxins (cyanotoxins) that can be harmful to 
animals and humans et al. (e.g., Carmichael 1994, Carmichael et al. 2000; Chorus and Bartram 
1999).  
 
One of the main aspects of longitudinal phytoplankton changes in the Klamath River system is 
the transition from AFA dominated Upper Klamath Lake to toxigenic Microcystis dominance in 
Copco and Iron Gate Reservoirs (Figure 16). Longitudinal increases in the amount of available 
nitrogen may to be responsible for the shift from the N-fixing AFA in Upper Klamath Lake to the 
non-N-fixing Microcystis in Copco and Iron Gate Reservoirs. For example, as noted in the Upper 
Klamath Lake section, N-fixation by AFA during the early summer appears to supply nitrogen for 
growth of toxigenic M. aeruginosa later in the summer, and these secondary non-dominant M. 
aeruginosa occurrences are responsible for production of the hepatotoxin microcystin in Upper 
Klamath Lake (Jacoby and Kann 2007, Eldridge et al. 2012). Such blooms consistently produce 
cell densities and microcystin toxin that exceed public health guideline levels (e.g., Jacoby and 
Kann 2007, Kann and Corum 2009, Raymond 2010), and that are associated with public health 
exceedances downstream of the reservoirs (e.g., Kann and Bowman 2011, Fetcho 2008), and the 
potential for bioaccumulation of microcystin in a variety of fish species and freshwater mussels 
(Fetcho 2006, 2011; Kann 2008, et al. 2010, et al. 2011; Mekebri et al. 2009, CH2M Hill 2009a, 
2009b; Prendergast and Foster 2010).  
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The ratios of N:P (the overall nutrient balance summary shows Upper Klamath Lake inflow 
TN:TP ratios of ~3) are very low in Upper Klamath Lake tributaries but a large influx of nitrogen 
occurs within the lake system (Kann and Walker 1999, Walker et al. 2012) causing both the ratio 
of TN:TP (~15) and the absolute concentration and load of total nitrogen to increase greatly in the 
outflow relative to the inflow. TIN:SRP ratios in Upper Klamath Lake tributaries are generally <1 
but increase to values >10 in the Upper Klamath Lake outflow (Kann 2012b). Analyses of 
nutrient and phytoplankton data in Copco and Iron Gate reservoirs show that the timing of 
Microcystis blooms is related to an influx of nitrate from the Klamath River that is tied to the 
timing of the Upper Klamath Lake AFA bloom and subsequent increase in outflow nitrogen 
(Kann and Asarian 2007, Asarian and Kann 2011). Although much of the nitrogen released from 
Upper Klamath Lake is either organic or occurs as ammonia, conversion to nitrate takes place 
prior to entering the reservoirs (Asarian et al. 2010).  
 
The presence of nitrate as well as increasing N:P ratios was a prerequisite for the transition from 
early season N-fixers such as AFA and Anabaena to Microcystis in Copco and Irongate 
reservoirs, likely explaining the increased presence and dominance of Microcystis in 
Copco 1 and Iron Gate reservoirs relative to Upper Klamath Lake upstream (Asarian and Kann 
2011). In addition both higher nitrate and higher SRP were associated with increased July 
dominance of Microcystis in Copco Reservoir, indicating that not only was nitrate necessary for 
the non-nitrogen fixing Microcystis to increase in importance, but that increased SRP was further 
associated with increased Microcystis dominance (Asarian and Kann 2011). In-reservoir control 
of Microcystis biomass by both nitrogen and phosphorus was also noted by Moisander et al. 
2009), who showed frequent co-limitation by these nutrients. Thus, while nitrogen clearly 
influences relative dominance, phosphorus control is still essential for reduction of overall algal 
biomass.  
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Figure 16. Aerial photo of Microcystis aeruginosa bloom in Copco (top) and Irongate (bottom) 
Reservoirs in September 2007. Photo Credit: Jacob Kann. 

 
Longitudinal trends show the importance of the Upper Klamath Lake and the downstream 
reservoirs for providing habitat conducive for growth of blue-green algae (Kann 2006, Kann and 
Asarian 2006). Although high algal biovolume dominated by AFA occurs in the outflow of Upper 
Klamath Lake during the summer months, phytoplankton biomass levels rapidly decline as the 
system changed from the lacustrine environment of Upper Klamath Lake to the riverine 
environment of the Klamath River (Kann and Asarian 2006). In general, diatoms increased in 
prevalence downstream before decreasing again in the Copco/Iron Gate Reservoir complex as 
blue-green algae again dominated (Kann and Asarian 2006). Riverine diatoms then tend to again 
dominate the phytoplankton below Copco 1 and Iron Gate reservoirs.  
 

3.7.3 Water quality effects on fish populations 

Water quality problems in Upper Klamath Lake negatively affect native fish populations, 
including the Shortnose sucker (Chasmistes brevirostris), Lost River sucker (Deltistes luxatus), 
and interior redband trout (Oncorhynchus mykiss ssp.) (ODEQ 2002). Both sucker species were 
listed as endangered in 1988, with excessive algal blooms and associated poor water quality (i.e., 
low dissolved oxygen, high pH, high ammonia) identified as primary factor in their declines 
(ODEQ 2002). Fish kills occurring in 1995-1997 in Upper Klamath Lake included high numbers 
of these three species, as well as native blue and tui chubs (Perkins et al. 2000). The Shortnose 
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and Lost River sucker species have experienced substantial declines in the abundance of 
spawning fish because losses from mortality have not been balanced by recruitment of new 
individuals (Hewitt et al. 2011; Janney et al. 2009).  Algal toxins may also negatively affect 
sucker populations in Upper Klamath Lake. During 2007 and 2008, USGS conducted a 
reconnaissance study in the lake to evaluate the presence, concentration, and dynamics of 
exposure to microcystin toxin by Lost River sucker and shortnose sucker. Water and juvenile 
sucker samples at multiple lake sites suggested possible exposure to microcystin and resulting 
gastro-intestinal lesions in the fish. The authors hypothesized that the lesions were caused by 
algal toxins, and that the route of exposure to toxins was an oral route through the food chain, 
rather than exposure to dissolved toxins at the gills (VanderKooi et al. 2010). However, there 
were other possible explanations for the lesions, including the potential for an undetected viral 
infection, and additional work to describe the observed pathologies is ongoing. Overall, degraded 
water quality resulting from algal blooms is a significant threat to the long-term viability of the 
endangered suckers and other aquatic life in Upper Klamath Lake, not only because of 
catastrophic mortality events, but also because of reduced fitness and survival as result of chronic 
stress (ODEQ 2002) and possibly exposure to algal toxins.  
 
Water quality problems also affect fish and other aquatic species living downstream of Upper 
Klamath Lake. In Keno Reservoir, poor water quality during summer and fall (i.e., mid-June 
through October), including high water temperatures and low dissolved oxygen, led NOAA 
Fisheries Service and the US Department of the Interior to prescribe interim trap-and-haul 
measures to transport primarily adult fall-run Chinook salmon past Keno Reservoir during 
periods when conditions would be harmful to salmonids. Currently salmonid access to Keno 
Reservoir (and ultimately Upper Klamath Lake) is blocked by the downstream dams (i.e., Iron 
Gate, Copco 1 & 2, J.C. Boyle); however these dams are being considered for removal.  
 
Numerous fish species use the Klamath River and tributaries during all or some portion of their 
lives, including salmonids, lamprey, sturgeon, suckers, minnows, and sculpin. Many other species 
are present in the Klamath Estuary. Of the five species of anadromous salmonids in the Klamath 
River (i.e., fall- [including late-fall] and spring-run Chinook salmon; coho salmon; fall-, winter-, 
and summer-run steelhead; and coastal cutthroat trout), all but coastal cutthroat have experienced 
significant reductions (i.e., greater than 50 percent) from historical numbers. Stress associated 
with high water temperatures can make cold water species more vulnerable to disease and 
parasites, and have been associated with fish kills in the Klamath River downstream of Iron Gate 
Dam during low flow periods in late summer (Hardy and Addley 2001). Seasonally low dissolved 
oxygen and high diurnal variation in pH downstream of the dams can also be stressful to fish. In 
Copco 1 and Iron Gate Reservoirs and the Klamath River downstream of Iron Gate Dam, the 
occurrence of microcystin toxin in fish and mussel tissue has been studied since 2005 (Fetcho 
2006; Kann 2008; CH2M Hill 2009a, 2009b; Prendergast and Foster 2010; Kann et al. 2011; 
Fetcho 2011). Results have been variable, with some results indicating microcystin in reservoir 
fish tissue (i.e., yellow perch), and salmonid (Kann et al. 2011) and mussel tissue downstream of 
Iron Gate Dam (Kann 2008).  
 

3.7.4 Summary of water quality and algae monitoring efforts 

There are many entities collecting water quality data in the Klamath Basin (Figure 17). The 
Klamath Basin Monitoring Program (KBMP, www.kbmp.net) is a multi-agency organization 
created to coordinate water quality monitoring in the Klamath Basin. KBMP members represent 
various organizations, including government agencies (federal, tribal, state, and local) as well as 
non-profit and for-profit entities. Member organizations conduct, fund, or have an interest in 
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water quality monitoring in the Klamath Basin. Most, but not all, entities collecting water quality 
data in the Klamath Basin participate in KBMP. 
 
Monitoring most relevant to workshop includes those efforts in the Upper Klamath Basin. One 
long-term dataset of particular note is the Klamath Tribes 1990 to present sampling of nutrients, 
phytoplankton, and zooplankton in Upper Klamath Lake (Kann 2010a) and nutrients in tributaries 
to Upper Klamath Lake (Kann 2010b). The ODEQ also has long-term monitoring sites with 
samples collected at least four times per year near Link Dam, Keno Dam, Klamath Straits Drain, 
and Lost River. In collaboration with the USBR, the USGS has done intensive research and 
monitoring in Upper Klamath Lake and adjacent wetlands as well as Keno Reservoir (project list 
and reports available at http://or.water.usgs.gov/klamath/). USBR also has its own water quality 
monitoring program including continuous water quality probes at between Link and Keno Dams 
(data available 
at http://or.water.usgs.gov/cgibin/grapher/graph_setup.pl?basin_id=klamath#step1). In addition, 
USBR is currently conducting a nutrient budget study in the Klamath Irrigation Project (R. 
Carlson, Physical Scientist, U.S. Bureau of Reclamation, Klamath Falls, Oregon, pers. comm., 
2012). The Nature Conservancy is monitoring nutrients and other parameters in the restored 
wetlands in the Williamson River Delta (Wong and Hendrickson 2011). U.S. BLM is monitoring 
water quality, vegetation, and peat accretion rates in the Wood River Wetland on Agency Lake 
(Hamilton 2012). Since 2001, PacifiCorp has collected nutrient (Raymond 2008a, 2009a, 2010a) 
and phytoplankton (Raymond 2008b, 2009b, 2010b) samples in the vicinity of the Klamath 
Hydroelectric Project. In the mainstem Klamath River and tributaries between Iron Gate Dam and 
the Klamath Estuary, the Karuk and Yurok Tribes have collected nutrient samples and operated 
continuous water quality probes since 2001 and sampled phytoplankton since 2005.  
 
Since 2009, USBR, PacifiCorp, Karuk Tribe, Yurok Tribe, NCRWQCB, ODEQ, and U.S. EPA 
have been collaborating in water quality monitoring under KHSA Interim Measure 15, funded by 
PacifiCorp (Watercourse Engineering 2011). 
 

http://or.water.usgs.gov/klamath/
http://or.water.usgs.gov/cgibin/grapher/graph_setup.pl?basin_id=klamath#step1
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Figure 17. Map showing locations and entities for water quality monitoring in the Klamath 

Basin for 2009. Parameters and frequency vary by site and entity. Figure adapted 
from Royer and Stubblefield (2010). 

 

3.7.5 Regulatory considerations 

3.7.5.1 Beneficial uses 

Beneficial uses of water in the Klamath River basin are designated by the Oregon Department of 
Environmental Quality, the California State and Regional Water Quality Control Boards, and the 
Hoopa Valley Tribe. Other tribal water quality programs, including the development and adoption 
of beneficial uses, are underway by the Karuk Tribe, the Resighini Rancheria, and the Yurok 
Tribe. These tribes have not yet completed processes for United States Environmental Protection 
Agency (USEPA) approved delegation under the Clean Water Act (CWA) (NCRWQCB 2010). 
There are numerous approved beneficial uses within the Klamath River basin including uses for 
aesthetics and cultural purposes, agriculture, commercial fishing, fish and wildlife habitat, potable 
and industrial water supply, navigation, groundwater recharge, and recreation.  
 
3.7.5.2 Water quality standards 

Water quality standards for fresh surface waters in the Klamath River basin have been established 
by ODEQ, NCRWQCB, and the Hoopa Valley Tribe to protect designated beneficial uses. Water 
quality objectives adopted by the Hoopa Valley Tribe establish water quality objectives for those 
portions of the Klamath and Trinity rivers under the jurisdiction of the tribe. The Yurok and 
Karuk Tribes have also adopted water quality objectives for the Klamath River, as has the 
Resighini Rancheria; however, the associated water quality plans have not yet been approved by 
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USEPA (NCRWQCB 2010). Adopted water quality standards for the Klamath River basin are 
available for download at the following links: 
Oregon: http://arcweb.sos.state.or.us/pages/rules/oars_300/oar_340/340_041.html 
California: http://www.waterboards.ca.gov/northcoast/water_issues/programs/basin_plan/ 
Hoopa Valley Tribe: http://www.hoopa-nsn.gov/documents/WQCP.pdf 
 
3.7.5.3 TMDLs 

Section 303(d) of the CWA requires states to identify water bodies that do not meet water quality 
objectives and are not supporting their designated beneficial uses. These water bodies are 
considered to be impaired with respect to water quality. ODEQ and NCRWQCB have both 
included the Klamath Basin and specifically, the Klamath and Lost Rivers on their CWA Section 
303(d) lists of water bodies with water quality impairments. In the upper Klamath Basin, where 
water from the Klamath River and its tributaries is heavily influenced by agricultural irrigation 
withdrawals and returns from southern Oregon and northern California, impairments include 
dissolved oxygen, chlorophyll a, water temperature, pH, and ammonia (ODEQ 2010). The entire 
Klamath River and its tributaries are currently listed as impaired under section 303(d) of the 
Clean Water Act for water temperature and organic enrichment/low dissolved oxygen (USEPA 
2010). Potential sources of impairment include hydroelectric operations, upstream impoundment 
and flow regulation, among others. The Lower Klamath River is also listed for sediment 
impairment from the Trinity River confluence (RM 40.0) to the estuary mouth (RM 0.0). Klamath 
River from Copco 1 Reservoir (RM 203.1) to Iron Gate Dam (RM 190.1) is listed as impaired for 
toxicity due to the presence of microcystin, a toxin produced by the blue green alga Microcystis 
aeruginosa present in the Project reservoirs (USEPA 2010). Because of potential concerns 
regarding these water quality impairments and for fish passage considerations, four PacifiCorp 
dams (Iron Gate, Copco 1 and 2, and J.C. Boyle) are being considered for removal from the 
Klamath River.  
 
For water bodies included on the 303(d)-list, total maximum daily loads (TMDLs) must be 
developed by the state with jurisdiction over the water body to protect and restore beneficial uses 
of water. TMDLs (1) estimate the water body’s capacity to assimilate pollutants without 
exceeding water quality standards; and, (2) set limits on the amount of pollutants that can be 
added to a water body while still protecting identified beneficial uses. ODEQ and the 
NCRWQCB cooperated on the development of TMDLs for the impaired water bodies of the 
Klamath Basin. Additional information regarding the Oregon TMDLs can be found on ODEQ’s 
website (http://www.deq.state.or.us/WQ/TMDLs/klamath.htm) and for the California TMDLs on 
the NCRWQCB website 
(http://www.waterboards.ca.gov/northcoast/water_issues/programs/tmdls). 
 

3.8 Water Rights 

Water rights are a critical factor in the consideration of pollutant reduction approaches in the 
Klamath River Basin. In Oregon, a water right is required for any project that would store water, 
which can include wetland restoration and/or treatment projects. According to the Oregon 
Division of Water Rights, storage occurs if a project includes a structure that does not have a 
permanent, open outlet at original natural grade and/or if the project’s -use of the water would be 
wetland enhancement or some other beneficial use. In California, if a project takes water from a 
lake, river, stream, or creek, or from underground supplies for a beneficial use, a water right is 
required. 

http://arcweb.sos.state.or.us/pages/rules/oars_300/oar_340/340_041.html
http://www.waterboards.ca.gov/northcoast/water_issues/programs/basin_plan/
http://www.hoopa-nsn.gov/documents/WQCP.pdf
http://www.deq.state.or.us/WQ/TMDLs/klamath.htm
http://www.waterboards.ca.gov/northcoast/water_issues/programs/tmdls
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The Upper Klamath Basin is fully allocated, meaning there are no available water rights to 
prescribe. The Klamath Basin Adjudication is an ongoing legal process whereby water rights that 
vested before adoption of Oregon's water code in 1909 are quantified and documented through an 
adjudication proceeding in the Klamath County Circuit Court. There are currently numerous 
water rights claims in the Upper Klamath Basin that have not yet been resolved. 
 

4 POTENTIAL WATER TREATMENT TECHNOLOGIES 

The following section provides summary information regarding a number of possible large-scale 
water treatment technologies and improvement strategies for the Klamath Basin. The 
technologies and strategies have been selected by the Steering Committee because they have 
demonstrated success in other systems similar in size and the degree of nutrient pollution. 
Additional technical detail for each technology is presented in Appendix C, as needed. 
Note that the units in this section are mixed (i.e., English and metric); this is because units are 
presented as encountered in engineering and planning (typically English units), regulatory (can be 
either unit system) or the scientific literature (typically metric units), whichever is most 
applicable. Since workshop participants will span the engineering, regulatory, and scientific 
disciplines, our objective is to present of the most “familiar” units where possible. Appendix D 
presents common unit conversions. 
 

4.1 Wetland Restoration 

4.1.1 Goals and capabilities 

Interest in wetland restoration typically stems from the fact that many of the ecosystem functions 
provided by wetlands in the U.S. and other parts of the world have been lost as humans have 
drained or otherwise negatively impacted millions of acres of these natural systems (Mitsch and 
Gosselink 2007). These functions include reductions in the peak hydrograph, carbon 
sequestration, nutrient transformation, supporting rich breeding grounds for waterfowl, and 
providing food and habitat for numerous species of fish and wildlife. In the Klamath Basin, 
approximately 80% of the natural wetlands have been lost to other land uses, including 
agriculture. Increasing the extent of wetlands is a recommended strategy for increasing resiliency 
to climate change in the built environment, the economy, and human and tribal systems in the 
Klamath Basin (Barr et al. 2010). 
 
In this context, wetland restoration refers to the rehabilitation of natural systems that are degraded 
and often involves reestablishing wetland hydrology and vegetation (Mitsch and Gosselink 2007). 
Wetland restoration goals generally include improving or re-establishing the following: 

• flood control 
• water storage 
• water treatment (wastewater, stormwater or non-point source pollution, surface water)  
• coastal habitat 
• fish and wildlife habitat 
• mitigation (replacement of similar habitat lost elsewhere) 
• research opportunities 
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If multiple goals are desired for a particular wetland restoration project, selecting a primary goal 
is important because it will largely dictate how the wetland is managed. Wetlands that are 
designed with the primary goal of water quality treatment are generally referred to as “treatment 
wetlands” and have specific design and operation criteria. These types of wetlands are a subset of 
general wetlands and are covered in more detail in Section 4.2. The remainder of this section 
focuses on wetlands restored/rehabilitated for water storage and fish and wildlife habitat, as these 
have been identified as important ecosystem functions in the Upper Klamath Basin. 
 

4.1.2 Similar applications 

Throughout the U.S., there are numerous examples of natural wetlands that are currently managed 
for water resources and/or wildlife habitat, and possess the secondary goal of water treatment. 
There are also several examples in the Upper Klamath Basin itself, including large, agency-
managed projects and smaller projects spearheaded by private landowners (Table 1 and Figure 
18).  
 
Table 1. Examples of previously drained and re-flooded or natural wetlands that are currently 

managed for water storage and/or wildlife habitat in the Upper Klamath Basin. 

Location Name 
Approximate 
wetland size 

(acres) 

Management 
entity Purpose Additional 

information 

Sprague River 

Ridgeway 
Project 257 Private Habitat Lev (2001) 

Sycan Marsh 30,539 The Nature 
Conservancy Habitat 

The Nature 
Conservancy 
website http://ww
w.nature.org/ourin
itiatives/regions/n
orthamerica/unite
dstates/oregon/pla
cesweprotect/syca
n-marsh.xml 

Williamson 
River 

Williamson 
River Delta 7,440 The Nature 

Conservancy 

Habitat + 
water 

storage 

David Evans and 
Associates, Inc. 
(2005), Wong and 
Hendrickson 
(2011) 

Klamath 
Marsh 

National 
Wildlife 
Refuge 

13,021 
(emergent) 
1,008 (open 

water) 
13,889 (sedge 

meadows) 

USFWS Habitat Table 3-2 of 
USFWS (2010) 

Wood River Wood River 
Wetlands 3,200 BLM 

Habitat + 
future 
water 

storage 

US BLM (1996), 
Hamilton (2012) 

Upper Klamath 
Lake 

Upper 
Klamath Lake 

NWR 
15,000 USFWS Habitat -- 

Barnes and 
Agency Lake 9,884 USFWS Water 

storage USFWS (2008) 

http://www.nature.org/ourinitiatives/regions/northamerica/unitedstates/oregon/placesweprotect/sycan-marsh.xml
http://www.nature.org/ourinitiatives/regions/northamerica/unitedstates/oregon/placesweprotect/sycan-marsh.xml
http://www.nature.org/ourinitiatives/regions/northamerica/unitedstates/oregon/placesweprotect/sycan-marsh.xml
http://www.nature.org/ourinitiatives/regions/northamerica/unitedstates/oregon/placesweprotect/sycan-marsh.xml
http://www.nature.org/ourinitiatives/regions/northamerica/unitedstates/oregon/placesweprotect/sycan-marsh.xml
http://www.nature.org/ourinitiatives/regions/northamerica/unitedstates/oregon/placesweprotect/sycan-marsh.xml
http://www.nature.org/ourinitiatives/regions/northamerica/unitedstates/oregon/placesweprotect/sycan-marsh.xml
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Location Name 
Approximate 
wetland size 

(acres) 

Management 
entity Purpose Additional 

information 

Ranches 

Lost River Circle 5 Ranch 1,011 Private Habitat Lev (2001) 

Lower Klamath 
Lake/Tule Lake 

Lower 
Klamath Lake 

NWR 

21,500 
(seasonal) 

5,500 (emergent) 
4,500 (open 

water) 

USFWS Habitat Areas are 
averages for 

2003–2005, from 
Table 2 of Risley 

and Gannett 
(2006). Tule Lake 

NWR 

1,700 (seasonal) 
2,000 (emergent) 

10,500 (open 
water) 

USFWS Habitat 

Keno Reservoir 
Miller Island 

Wildlife 
Refuge 

1,420 ODFW Habitat Table 1 of ODFW 
(2008) 

Note: The units in this table may be mixed (i.e., English and metric); however, the units are presented as typically 
encountered in engineering, planning, or regulatory areas, or the scientific literature, whichever is most 
applicable. Appendix D presents common unit conversions. 

 
 

4.1.3 Basic design elements 

Individual wetland restoration designs must be tailored to local conditions and constraints (i.e., 
seasonal range of water temperature, layout, key habitat to be provided, etc.). However, general 
design criteria for restored/rehabilitated wetlands include the following: 

• Wetland hydrology 
• Hydric soils 
• Gradual slope for maintaining low water velocity 
• Varied depth to support a variety of vegetation types and habitats 
• Inlet and outlet structures if hydrology is managed 

 
An additional emerging technique is the use of beavers as a cost-effective biological tool for 
promoting wetland restoration (Pollock et al. 2011). Beavers build dams that form ponds, create 
wetland habitat, elevate groundwater tables, reduce water velocity, increase floodplain 
connectivity, and promote sediment deposition within stream channels and floodplains (Pollock et 
al. 2011, Westbrook et al. 2011). Beavers and their ponds are present in the Klamath Basin 
(Friedrichsen 1996, USFWS 2010) and there may be opportunities to increase local beaver 
populations by encouraging landowner tolerance of beavers and their activities, including 
assistance to prevent and resolve beaver-human conflicts such as unwanted flooding. 
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Figure 18. Map showing wetlands surrounding Upper Klamath Lake and Agency Lake, Oregon, 
2006. Source:  Wood et al. 2009 

 

4.1.4 General siting requirements 

The following are siting requirements for wetlands that are expected to be generally applicable in 
the Upper Klamath Basin (Mitsch and Gosselink 2007): 

• Proximity to water body of interest (if the wetland will be used for water storage) 
• Elevation compared to water body of interest (if the wetland will be used for water storage) 
• Ground slope 
• Soil properties  
• Size 
• Presence of existing water control structures 
• Regulatory compliance 
• Land ownership 
• Existing vegetation 
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4.1.5 Treatment cost estimates 

The cost of wetland restoration/rehabilitation at a given site varies depending on a variety of 
factors, including size, site conditions and habitat requirements. General cost elements for 
wetland restoration are anticipated to include some or all of the following (Table 2): 

• Land acquisition 
• Permitting and water rights acquisition 
• Site investigation and engineering design 
• Construction 
• Perimeter fencing 
• Recreational/educational/research facilities  
• Operation and maintenance costs (O&M) 

 
Nutrient removal estimates are difficult to estimate for wetland restoration projects due to site 
specific variability in conditions such as hydrology (seasonal flow patterns), hydraulics (how 
water distributes/moves though the wetland), land acquisition costs, and operation and 
maintenance needs. Additional detail regarding cost assumptions is provided in Appendix C. 
 

Table 2. Summary of cost estimates for restored wetlands in the Upper Klamath Basin based 
upon general size, land acquisition, and construction costs for the Wood River and Williamson 

River Delta projects adjacent to Agency Lake/Upper Klamath Lake (additional detail in 
Appendix C). 

Cost considerations Cost estimates for project life  
Capital costs (construction and land acquisition) $15M–$27.5M 
O&M $16M–$128M 
Total cost over project life (50 yrs) $31M– $155M 
Unit cost TN removal ($ per kg) $1–$13 
Unit cost TP removal ($ per kg) $30–$480 

Note: The units in this table may be mixed (i.e., English and metric); however, the units are presented as typically 
encountered in engineering, planning, or regulatory areas, or the scientific literature, whichever is most 
applicable. Appendix D presents common unit conversions. 

 
 

4.1.6 Possible treatment locations/general opportunities and constraints 

4.1.6.1 Wood River 

The Wood River flows just 18 miles from its inception in natural springs in the Jackson F. 
Kimball State Recreation Site, to its confluence with Agency Lake. Its relatively small watershed 
consists of 220 square miles (570 km2) and is dominated by low gradient rural pasture lands and 
marsh. Historically, much of the watershed was seasonal or permanent wetlands. Currently, 
numerous agricultural canals criss-cross the landscape, including the 7-mile canal that flows from 
the northwest area of the watershed toward Agency Lake, and pockets of wetlands exist as 
seasonal wet meadows or permanently flooded areas in pastures (Figure 19). The Wood River 
contributes roughly 20% of inflow TP concentration to Upper Klamath Lake and 5% of TN 
(Appendix C, Table C-1). 
 
The general number, distribution, and size of land parcels located proximal to (i.e., within 1 to 3 
miles of) the Wood River are presented in Table 3. Potential opportunities for additional wetland 
restoration in the Wood River watershed include expansion of the current 3,200-acre Wood River 
Wetland project and partial or full conversion of other nearby parcels to wetlands. Given the prior 
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status of much of the low-lying areas in this watershed as wetlands, the general proximity of most 
parcels to the Wood River itself, the presence of multiple water conveyance structures (i.e., 
canals), and the presence of several large (> 1,000 acres) parcels that are likely to have a single 
landowner, this watershed appears to offer relatively good possibilities for further wetland 
restoration. It is assumed that wetland restoration projects involving water diversions during the 
irrigation season would require a water right. While conversion of agricultural water rights to 
wetland use is permissible in Oregon, further investigation of the status of existing water rights in 
the Wood River watershed is necessary to determine whether this represents a major constraint to 
wetland restoration opportunities in this tributary to Upper Klamath Lake. 

Figure 19. (A) Wood River watershed with Agency Lake and Wood River Wetlands in the lower 
right hand corner. (B) Meandering reaches of the Wood River flowing through areas 
with pockets of seasonal wet meadows or permanently flooded areas. (C) Numerous 
agricultural canals adjacent to the Wood River. Wood River shown by red arrows. 

 
Table 3. General parcel information for parcels located within 1 to 3 miles of the Wood River. 

 Within 1 mile of river Within 3 miles of river 
Total number of parcels 349 1,520 
Parcel size range < 1 acre to 7,102 acres < 1 acre to 19,903 acres 
Average parcel size 111.2 acres 85.4 acres 
Parcels ≥ 5,000 acres 1 5 
Parcels ≥ 1,000 acres 7 12 
Parcels ≥ 500 acres 8 21 

Note: The units in this table may be mixed (i.e., English and metric); however, the units are presented as 
typically encountered in engineering, planning, or regulatory areas, or the scientific literature, 
whichever is most applicable. Appendix D presents common unit conversions. 

 (A) (B) 

(C) 
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4.1.6.2 Williamson River 

Unlike the Wood River watershed, the 3,000-square mile Williamson River watershed is 
primarily comprised of forested uplands and mountainous terrain. Low-lying areas of the 
watershed cover roughly 15% of the total watershed area and include rangelands, wetlands, and 
urban areas. The Williamson River contributes approximately 45% of inflow TP concentration to 
Upper Klamath Lake and 55% of TN (Appendix C, Table C-1). 
 
Existing wetland areas include the Klamath Marsh National Wildlife Refuge (40,646 acres), 
which is currently managed for the conservation and recovery of endangered, threatened, 
sensitive species and their habitats and to provide and enhance habitat for fall and spring migrant 
waterfowl. The general number, distribution, and size of land parcels located within 1 to 3 miles 
of the Williamson River are presented in Table 4.  
 

Table 4. General parcel information for parcels located within 1 to 3 miles of the Williamson 
River. 

 Within 1 mile of river Within 3 miles of river 
Total number of parcels 2,213 3,472 
Parcel size range < 1 acre to 22,165 acres < 1 acre to 22,674 acres 
Average parcel size 144.5 acres 141.3 acres 
Parcels ≥ 5,000 acres 18 25 
Parcels ≥ 1,000 acres 24 31 
Parcels ≥ 500 acres 19 25 
Note: The units in this table may be mixed (i.e., English and metric); however, the units are presented as 

typically encountered in engineering, planning, or regulatory areas, or the scientific literature, 
whichever is most applicable. Appendix D presents common unit conversions. 

 
 
Potential opportunities for additional wetland restoration in the Williamson River watershed 
include expansion of the current Williamson River Delta project, expansion of the Klamath 
Marsh National Wildlife Refuge, and partial or full conversion of other nearby parcels to 
wetlands. Although several of the existing larger (>1,000 acre) parcels are already managed as 
wetlands, the relatively high number of larger parcels (24 within 1 mile of the river, and 31 within 
3 miles of the river for parcels > 1,000 acres) suggests that there may still be good possibilities 
for further wetland restoration along the Williamson River. Further investigation of specific 
parcels is needed, similar to that conducted by Mahugh et al. (2009). It is assumed that wetland 
restoration projects involving water diversions during the irrigation season would require a water 
right. While conversion of agricultural water rights to wetland use is permissible in Oregon, 
further investigation of the status of existing water rights in the Williamson River watershed is 
necessary to determine whether this represents a major constraint to wetland restoration 
opportunities in this tributary to Upper Klamath Lake. 
 
4.1.6.3 Sprague River 

The Sprague River (watershed 1,565 square miles) alternatingly flows through constrained 
reaches and small river valleys on its path to the Upper Klamath Lake. In the small valleys, the 
river is sinuous, containing multiple bends and oxbows (Rasmussen 2012). Here, given the flashy 
seasonal hydrology of the Sprague River (Section 3.6), the river has opportunities to overflow its 
banks and sustain seasonal wetlands and wet meadows, sequestering natural phosphorus 
transported downstream with sediments during snowmelt periods. The Sprague River contributes 
approximately 23% of inflow TP concentration to Upper Klamath Lake and 33% of TN (Table 1). 
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The general number, distribution, and size of land parcels located within 1 to 3 miles of the 
Williamson River are presented in Table 5. The moderate number of larger parcels (13 within 1 
mile of the river, and 16 within 3 miles of the river for parcels > 1,000 acres) suggests that there 
may be possibilities for further wetland restoration along the Sprague River. Further investigation 
of specific parcels is needed, similar to that conducted by Mahugh et al. (2009). Wetland 
restorations have taken place in the Sprague River watershed involving private landowners that 
converted existing agricultural lands to wetlands by allowing winter/spring time flooding of lands 
adjacent to the river banks (Table 1). In this type of situation, water rights may not be required by 
ODWR if the diversion takes place outside of the irrigation season. While summertime treatment 
largely does not occur in the wetlands due to seasonal drying, the converted land area is neither 
grazed nor farmed at any point during the year, reducing nutrient additions (nitrogen and 
phosphorus) and soil oxidation that would have taken place under the prior agricultural land use. 
Some oxidation and subsequent nutrient release can occur due to seasonal drying of these 
wetlands; however, based on related studies on other seasonally dried wetlands in the Upper 
Klamath Basin it is anticipated that the net effect is improved water quality on an annual basis 
(see Section 3.7.1.1). It is assumed that wetland restoration projects that require water diversions 
during the irrigation season would require a water right. 
 

Table 5. General parcel information for parcels located within 1 to 3 miles of the Sprague 
River. 

 Within 1 mile of river Within 3 miles of river 
Total number of parcels 4,113 7,530 
Parcel size range < 1 acre to 19,865 acres < 1 acre to 19,865 acres 
Average parcel size 72.6 acres 58.2 acres 
Parcels ≥ 5,000 acres 3 21 
Parcels ≥ 1,000 acres 13 16 
Parcels ≥ 500 acres 29 43 

Note: The units in this table may be mixed (i.e., English and metric); however, the units are presented as 
typically encountered in engineering, planning, or regulatory areas, or the scientific literature, 
whichever is most applicable. Appendix D presents common unit conversions. 

 
 
4.1.6.4 Upper Klamath Lake 

Several relatively large parcels of land along the shores of Upper Klamath Lake (e.g., Algoma, 
Caledonia Marsh, Wocus Marsh) are previously drained wetlands that are currently used for 
agriculture and/or grazing (Figure 18). In the long term, the reconnection of these wetlands to the 
lake would provide benefits in terms of restored habitat for larval and juvenile suckers, as well as 
the eventual restored function of nutrient sequestration through peat accumulation (Lindenberg et 
al. 2009). Based on preliminary review of the Oregon Division of Water Rights (ODWR) on-line 
water rights information system (WRIS) (http://www.wrd.state.or.us/owrd/pages/wr/wris.aspx, 
accessed 24 June 2012), these locations appear to currently possess surface water diversions for 
irrigation use and given landowner willingness, these sites may be eligible for water rights 
transfer to wetland use during the irrigation season.  
 
Expansion of the USFWS “walking wetlands” program is another potential opportunity to 
improve water quality in the Upper Klamath Basin using wetlands. This program is currently in 
use in the Lower Klamath NWR and involves rotating areas of agricultural production with areas 
of marsh and/or treatment wetlands on refuge lands. Program proponents indicate that higher crop 
yields are maintained in farmed areas with lower inputs of fertilizers and pesticides and at the 

http://www.wrd.state.or.us/owrd/pages/wr/wris.aspx
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same time, high-quality wetlands are available for wildlife. While the two land uses (i.e., 
agricultural and wildlife habitat) are traded, such that the net habitat area remains the same at any 
given point, the decrease in use of fertilizers and pesticides in the watershed would be an overall 
benefit to water quality. 
 
4.1.6.5 Hydroelectric Reach 

As part of the Klamath Facilities Removal Secretarial Determination studies, the Lead Agencies 
investigated restoration potential for wetland/riparian zones in the river reaches replacing the 
reservoirs as part of the reservoir area management plan, should the dams at J.C. Boyle, Copco 1 
and 2, and Iron Gate be removed in 2020. The analysis identified a total of 272 acres in J.C. 
Boyle, Copco 1, and Iron Gate Reservoirs that would be returned to wetland/riparian habitat 
following reservoir drawdown. In these areas, native wetland species would passively be allowed 
to re-vegetate and native riparian trees would be actively planted (USBR 2011b). Although not 
quantitatively examined in the reservoir area management plan, these wetland/riparian zones 
would be expected to provide fish and wildlife habitat, improve assimilatory capacity of upstream 
nutrients, and result in improvement of other water quality parameters such as water temperature 
and dissolved oxygen in the Hydroelectric Reach (USBR 2011b). 
 

4.2 Treatment Wetlands 

4.2.1 Goals and capabilities 

Treatment wetlands are natural or constructed wetlands designed to improve water quality by 
utilizing the natural physical, biological and chemical processes that occur in wetlands to remove 
or deactivate pollutants. Treatment wetlands have been shown to effectively reduce levels of a 
wide range of point and non-point source pollutants including total suspended solids [TSS], 
nutrients, metals, trace organic compounds including pesticides and herbicides, and pathogens 
(Kadlec and Wallace 2009). Due to their proven pollutant reduction behavior, relatively low 
maintenance cost, simplicity of operation, and aesthetic and ecological value, treatment wetlands 
are increasingly being used for water quality improvement in a variety of settings, including 
agricultural and urban applications (USEPA 2000a, 2000b). 
 
Treatment wetland performance is sensitive to particle settling dynamics for sediment-associated 
pollutants (i.e., TSS, biochemical oxygen demand [BOD], pathogens, total metals, total 
phosphorus), and to reaction time for biochemical oxidation and reduction processes (e.g., 
nitrification, denitrification), sorption of dissolved metals and trace organic compounds onto 
sulfide and/or mineral precipitates, and sorption and/or uptake of dissolved phosphorus. Thus, 
under typical operating conditions, estimated pollutant removals in treatment wetlands are 
generally based upon particle settling and hydraulic residence time (HRT) (Kadlec and Wallace 
2009). Depending on the pollutant removal desired, typical HRTs vary from a small number of 
days (2–3) for TSS, BOD, and bacteria, to 7–10 days or more for nutrients (i.e., nitrogen and 
phosphorus) (Kadlec and Wallace 2009). Inlet concentrations of pollutants also influence the 
treatment performance of a wetland, with greater inflow concentrations and mass loadings 
generally resulting in greater treatment efficiency. When inlet concentrations approach 
background concentrations of a particular pollutant, treatment wetland removal efficiencies 
approach zero. Further information regarding the removal mechanisms for each of the water 
quality parameters of interest can be found in Reddy et al. (2012), Kadlec and Wallace (2009), 
and USEPA (2000a, 2000b). 
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Treatment wetlands are a type of natural treatment system, and as such offer additional benefits 
including habitat creation and enhancement, groundwater recharge, aesthetics, recreation, and 
education (Kadlec and Wallace 2009). However, since the primary anticipated benefit is 
improved water quality, ecological impacts such as habitat creation and enhancement, while 
complementary, are usually secondary in importance. Treatment wetland design features tend to 
maximize water treatment, with dense stands of emergent vegetation rather than expanses of open 
water, where the latter would provide more suitable habitat for migrating waterfowl. However, 
this is not always the case; the Irvine Ranch Water District’s San Joaquin Wildlife Sanctuary in 
Irvine, CA, was constructed to maximize nitrate removal rates while maintaining 90% open water 
and episodically exposed shoreline for avian habitat. Given the required habitat components, 
enhanced nitrate removal was addressed through carbon enhancements consisting of seasonal 
plantings of barnyard grass (Fleming-Singer and Horne 2006). The habitat value of the IRWD 
system was estimated to be relatively high, with avian species richness ranging between 65 and 
76 species of shorebirds and waterfowl (65–83 birds per hectare per month) during April–October 
1999–2002, and 80% removal efficiency for total inorganic nitrogen (TIN) and 60% for total 
nitrogen (TN) (Fleming-Singer and Horne 2006). 
 
As with general wetland restoration, the ecological benefits of treatment wetlands are also 
expected to offset impacts of climate change. Carbon sequestration in the peat layers of 
constructed tule wetlands is being investigated as a mitigation strategy for agricultural soil 
oxidation, greenhouse gas emissions, and land subsidence in multiple locations, including the 
Sacramento-San Joaquin River Delta, California. Consideration of the potential benefits and risks 
of large scale treatment wetland use in the Delta indicated that these systems could result in total 
annual reductions in carbon and other greenhouse gas emissions and soil accretion could help 
improve levee stability through reducing hydrostatic pressure, improving water supply reliability 
and benefiting native wildlife species (Merrill et al. 2011).  
 

4.2.2 Similar applications 

There are numerous examples of treatment wetlands that have been used for nutrient and organic 
matter removal in the United States, including systems associated with a large river diversion 
and/or nutrient treatment at scales relevant to the Upper Klamath Basin. CH2MHill provided a 
review and short summary of several project examples in their recent draft report on approaches 
to treatment wetlands in the Upper Klamath Basin (CH2MHill, in prep). While the report is 
largely a theoretical boundary setting exercise for nutrient removal assuming significant diversion 
of water from the Keno Impoundment into treatment wetlands, Chapter 6 of the report provides 
short summaries of 13 treatment wetland examples that could be similar to those implemented in 
the Upper Klamath Basin. Several of these are listed below as examples. 

• Arcata Marsh and Wildlife Sanctuary, Arcata, CA 
• Albany-Millersburg Integrated Treatment Wetlands System, OR 
• Prado Wetlands, Santa Ana River, CA 
• New River Wetlands Project, Salton Sea, CA 
• Des Plains River Wetlands Demonstration Project, IL 
• Everglades Construction Project, FL 
• Mississippi-Ohio-Missouri Basin Nutrient Control Implementation Initiative, NCII 
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4.2.3 Basic design elements 

Individual treatment wetland designs must be tailored to local conditions and constraints (i.e., 
seasonal range of water temperature, layout, constituent to be removed, etc.). However, general 
design criteria for free water surface treatment wetlands (i.e., wetlands where water flows above 
ground) include the following: 

• Configuration supporting a tortuous flow path for water; 
• Gradual slope for maintaining low water velocity; 
• Varied depth to support a variety of vegetation types and related treatment functions; 
• Multiple cells to prevent short circuiting; and, 
• Inlet and outlet structures. 

 

4.2.4 General siting requirements 

The following are siting requirements for free water surface treatment wetlands that are expected 
to be generally applicable in the Upper Klamath Basin (Mahugh et al. 2009): 

• Proximity to water body of interest 
• Elevation compared to water body of interest 
• Ground slope 
• Soil properties  
• Size 
• Presence of existing water control structures 
• Regulatory compliance 
• Land ownership 
• Proximity to dredged soils disposal sites (if needed) 
• Existing vegetation 

 

4.2.5 Treatment cost estimates 

The cost of treatment wetland creation at a given site varies depending on a variety of factors, 
including size, site conditions and water treatment requirements. General cost elements for 
treatment wetlands are similar to those for habitat-focused wetland restoration and are anticipated 
to include some or all of the following: 

• Land acquisition 
• Permitting and water rights acquisition 
• Site investigation and engineering design 
• Construction 
• Planting 
• Perimeter fencing 
• Pre-treatment components, if needed 
• Recreational/educational/research facilities  
• Operation and maintenance costs (O&M) 

 
Summary costs are provided in Table 6. Additional detail regarding cost assumptions and 
estimates is provided in Appendix C.  
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Table 6. Summary of cost estimates for a treatment wetland (or series of wetlands) on the 
order of 1,000–2,000 acres in size, treating a 70-cfs flow, for approximately 60% TP removal 

and 90% TN removal, assuming a project life of 50 years (additional detail in Appendix C) 

Cost considerations Cost estimates for project life  
Capital costs (construction and land acquisition) $17M 
O&M $21M–$64M 
Total cost over project life (50 yrs) $38M– $82M 
Unit cost TN removal ($ per kg) $10–$48 
Unit cost TP removal ($ per kg) $47–$162 

Note: The units in this table may be mixed (i.e., English and metric); however, the units are presented as typically 
encountered in engineering, planning, or regulatory areas, or the scientific literature, whichever is most 
applicable. Appendix D presents common unit conversions. 

 
 

4.2.6 Possible treatment locations/general opportunities and constraints 

4.2.6.1 Upper Klamath Lake 

Existing wetland restoration projects along Upper Klamath Lake, Agency Lake, Lower Klamath 
Lake, and Tule Lake (Figure 18) are generally managed for water storage and/or wildlife habitat, 
with water quality improvement as a secondary, albeit important, management goal (see Section 
4.1.1.). Nutrient retention has been observed as a result of the Wood River Wetland restoration 
project (Hamilton 2012) and management of the Upper and Lower NWRs, and it may be possible 
to expand the footprint of these projects. It may also be possible to enhance water quality 
treatment potential in a portion of these wetlands through altered flooding regimes (e.g., flood 
frequency, water depth), changes in the ratio of open water to vegetated stands, and/or use of 
supplemental technologies to enhance nutrient removal. The primary advantage to enhancing 
water quality treatment potential in existing wetlands is that these systems already meet the 
majority (if not all) of the physical siting requirements for treatment wetlands and may not 
require additional land acquisition or water rights allocations. However, water storage and 
wildlife habitat benefits may be decreased with conversion of a portion of the existing wetlands to 
treatment wetlands and these potential impacts would need to be assessed prior to conversion. 
Consideration of rotating cells, similar to the USFWS Walking Wetlands program, whereby 
portions of the existing wetlands would be managed as water quality treatment wetlands then 
returned to use as water storage and wildlife habitat wetlands on a rotating basis, may be 
informative. 
 
Regarding the use of supplemental technologies to enhance water treatment in existing wetlands, 
CH2MHill provided a review and short summary of several potential options, including 
specialized biological features such as submerged aquatic vegetation (SAV) systems and 
periphyton treatment systems, chemical treatment approaches (e.g., alum, ferric chloride, and 
other soil amendment and dosing options), and hybrid wetland systems including pre-filtration 
cells (CH2MHill, in prep). For the most part, application of the specialized biological filters 
requires further research and pilot testing to determine efficacy in the Upper Klamath Basin. The 
same is true of the chemical treatment and soil amendments, which would require bench-scale 
tests to determine applicability and cost-effectiveness in the low-alkalinity, weakly buffered 
waters of the upper basin (CH2MHill, in prep). Consideration of the potential impacts to aquatic 
species (i.e., suckers) and wildlife through possible toxicity or floc build-up would also be needed 
if this approach is chosen. 
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4.2.6.2 Keno Reservoir 

CH2MHill conducted a theoretical boundary setting exercise for nutrient removal assuming 
significant diversion of water from the Keno Impoundment into treatment wetlands (CH2MHill, 
in prep). The draft report indicates that 20,000 acres of treatment wetlands would reduce 
phosphorus and nitrogen concentrations by 50% and 15%, respectively, assuming 100% diversion 
of the Klamath River at Link River Dam. As stated in their draft report, these assumptions are 
conservative and can be further refined based upon realistic expectations of flow diversions and 
nutrient reduction targets. Additional work is ongoing in that regard and, if available, the final 
report will be provided to workshop participants prior to September 2012. 
 
The USBR undertook the Keno Reservoir Wetlands Feasibility Study, Phase II project, which 
identified and described key site attributes for treatment wetlands on lands along Lake Ewauna 
and the Klamath River between the mouth of Link River and Keno Dam. The project assessed 
and prioritized potential pilot- and full-scale treatment wetland sites and included a pre-design 
wetland configuration evaluation at the selected priority site (Mahugh et al. 2009). Over 500 
parcels were included in the study area, encompassing more than 84,000 acres of predominantly 
agricultural lands. A number of general site attributes were considered, including whether or not 
the site was a degraded or former wetland, proximity to the Link River mouth and the Klamath 
River, soil chemistry and general properties, presence of existing water control structures, ground 
slope, elevation above the Klamath River, size, regulatory compliance (i.e., sites containing 
jurisdictional waters, such as wetlands and streams, that would require additional permitting), 
landowner willingness to participate, proximity to dredged spoils disposal sites, and 
presence/absence of existing vegetation (Mahugh et al. 2009). 
 
Based on the GIS analysis, 20 sites were identified as viable candidates for full-scale treatment 
wetlands in the vicinity of Keno Reservoir. Most high ranking full-scale wetland sites were 
located along an approximately north-south corridor adjacent to the Klamath River and Highway 
97 from near Wild Horse Butte in the south to the upper extent of the Miller Island Wildlife 
Refuge in the north (Figure 20). Properties ranged in size from approximately 100 acres to over 
1,420 acres. The largest parcel was Miller Island Wildlife Refuge (1,420 acres), located 
immediately adjacent to the river, approximately 5 miles from Link Dam (Figure 20).  
 
Ten sites were identified as viable pilot-scale sites, based on their smaller size and proximity to 
Link River. An expanded set of site attributes was applied to the potential pilot-scale sites, with 
some of the information provided through field verification (Mahugh et al. 2009). Two sites 
ranked favorably (i.e., a score of ≥ 8 out of 13 possible points), including a narrow 63-acre site 
located along the west shore of Lake Ewauna (Figure 20, “Pilot-scale Site 1” in Table 7), and a 
site containing multiple smaller parcels at the downstream end of the Keno Impoundment (Figure 
20, “Pilot-scale Site 6” in Table 7) . Additionally, as part of a preliminary feasibility assessment 
of treatment wetlands in the vicinity of PacifiCorp’s Klamath Hydroelectric Project, Lyon et al. 
(2009) identified two treatment wetland sites upstream of Keno Dam that could be used to treat 
water quality upstream of the Project reservoirs by removing nutrients before they are transported 
downstream (Sites 020 and 022 in Table 7).  
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Figure 20. Potential treatment wetland sites for Keno Reach. 



Technical Memorandum                                                                                Pre-Workshop Information Packet 

 
September 2012 Stillwater Sciences 

45 

Table 7. Potential treatment wetland sites identified between Link River Dam and Keno Dam. 

Site ID Features 
Water rights information 

Sources WRIS basic status Eligible for WRA or 
transfer? 

Pilot-scale 
Site 1 

• 63 acres 
• privately owned  
• some water conveyance structures (no pumps) 
• road access 
• configured favorably for linear treatment cells   
• supports wetland soils and plants  
• pre-design modeling exercise indicated 60-90% BOD reductions and 

50-70% TSS reductions using parallel treatment cells  
• total estimated design and construction cost = $252,400  

• located within a region of 
primary ground water 
diversions 

• proximal to a single surface 
water diversion for 
irrigation use 

pending adjudication Mahugh et al. (2009) 
WRIS 

Pilot-scale 
Site 6 

• 1,300 acres consisting of 11 individual parcels 
• privately owned  
• water conveyance structures  
• road access 
• supports wetland soils and plants  
• located near the downstream end of the Keno Impoundment 

• located within region of 
primary surface water 
diversions for irrigation 

pending adjudication Mahugh et al. (2009) 
WRIS 

Site 020  
Site 022 

• 600 acres each 
• located directly adjacent to the Keno Impoundment 
• water conveyance structures  
• supports wetland soils 

• Site 022 located within 
region of primary surface 
water diversions for 
irrigation 

• Site 022 pending 
adjudication 

• Site 020 existing 
primary surface water 
right for irrigation use 

Lyon et al. (2009) 
WRIS 

Site 4  
Site 9 
Site 10  
Site 15 

• total approximately 3,300 acres 
• achieve (in combination) the 1,600 to 3,100 acres recommended for 

60% reduction in TP and 90% reduction in TN from KSD flows 
• close proximity to Keno Impoundment permits possible augmentation 

of winter and/or spring flows in the wetlands to avoid seasonal periods 
of soil oxidation 

• located within region of 
primary surface water 
diversions for irrigation 

pending adjudication 
Mahugh et al. (2009) 
Lytle (2000) 
WRIS 

Note: The units in this table may be mixed (i.e., English and metric); however, the units are presented as typically encountered in engineering, planning, or regulatory areas, or 
the scientific literature, whichever is most applicable. Appendix D presents common unit conversions.
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4.2.6.3 Klamath Straits Drain 

Lytle (2000) summarized available water quality data during the period 1991–1999 and 
investigated the potential for treatment wetlands to effectively treat water in the KSD prior to 
entering the Keno Impoundment. Using a first order removal model, Lytle (2000) estimated 
required wetland treatment areas that range between approximately 1,600 and 3,100 acres in 
order to achieve a roughly 60% reduction in total phosphorus concentrations (0.4 to 0.2 mg/L) 
and a 90% reduction in total nitrogen including ammonium. Given the generally low TSS and 
high refractory DOC content of KSD flows (see section 3.7.1.4 above), treatment wetlands along 
the KSD would not be expected to improve water quality in the downstream Keno Impoundment 
with respect to TSS and DOC. Additionally, given the high seasonal flow variability in the KSD, 
with summer flows typically 300 cfs or more and winter flows less than 100 cfs, it may be 
necessary to impound or to manage flows so that treatment wetlands receive a more consistent 
seasonal flow and do not routinely dry out (Lytle 2000). 
 
While Lytle (2000) did not identify specific treatment wetland sites proximal to the KSD, a subset 
of the sites identified for the Keno Reservoir Wetlands Feasibility Study, Phase II project (see 
above section) near the mouth of the KSD and Keno Reservoir may serve as suitable locations for 
treating KSD water (Sites 4, 9, 10, and 15 in Figure 20 and Table 7). The sites identified by 
Mahugh et al. (2009) average 550 acres in size and combined they total approximately 3,300 
acres, achieving the roughly 1,600 and 3,100 acres recommended by Lytle (2000) for 60% 
reduction in total phosphorus and 90% reduction in total nitrogen from KSD flows. Given the 
proximity of these sites to the Keno Impoundment, it may also be possible to augment winter 
and/or spring flows in the wetlands when KSD flow is significantly lower, thereby avoiding 
seasonal periods of soil oxidation. Acquiring water rights for diversion of the Klamath River 
during the winter and/or spring season may not present significant challenges, since diversion 
would not occur during the irrigation season.  
 
4.2.6.4 Hydroelectric Reach 

As described above, PacifiCorp conducted a preliminary feasibility assessment of treatment 
wetlands in the vicinity of the Klamath Hydroelectric Project in order to improve water quality. 
Lyon et al. (2009) identified 10 sites for potential treatment wetlands ranging in size from 8 to 63 
acres and located in the Hydroelectric Reach from the upstream end of Iron Gate Reservoir to the 
downstream end of J.C. Boyle Reservoir that could be used to remove nutrients, organic matter, 
and algal cells from reservoir water. Most of the sites are currently owned by PacifiCorp. 
Potentially important design features for these sites include multiple-cell surface flow treatment 
wetlands using existing irrigation and river diversion canals, and, if necessary, alum treatment to 
enhance phosphorus and particulate removal (Lyon et al. 2009). Preliminary estimates of 
available acreage for these sites total 254 acres, accounting for berms, roads, and setbacks, and on 
the order of 150 cfs, or roughly 6–17% of the overall river flow (Lyon et al. 2009).  
 
Lastly, as part of the Klamath Facilities Removal Secretarial Determination studies, the Lead 
Agencies identified a total of 272 acres in J.C. Boyle, Copco 1, and Iron Gate Reservoirs that 
would be expected to be returned to wetland/riparian areas if the reservoirs were removed (see 
Section 4.1.5). Some portion of this area could be considered for treatment wetland development 
to enhance anticipated nutrient removal. Further consideration of these sites is pending the 
Secretarial Determination of whether dam removal should occur. 
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4.3 Decentralized (Diffuse) Source Treatment Systems 

4.3.1 Goals and capabilities 

The proven ability to remove pollutants in large-scale treatment wetlands (see Section 4.2) 
opened the door to the possibility of additional treatment occurring throughout a given catchment 
rather than at the bottom of the catchment or just prior to discharge into a large receiving water 
body. Subsequently, design and implementation of a network of small-scale diffuse source 
(decentralized) treatment wetlands has been undertaken in order to achieve the benefits of 
wetland ecosystem functioning in multiple locations throughout a watershed. 
 
The goals for diffuse source (decentralized) treatment systems include the following: 

• Reduction in peak hydrograph throughout the watershed  
• Reduced land subsidence and soil carbon oxidation throughout the watershed 
• On-site removal of sediment, nutrient, and herbicides/pesticides, particularly for first flush 

runoff events 
• Increase in extent of wetland habitat and associated wildlife (e.g., benthic 

macroinvertebrates, amphibians, fish, birds) throughout the watershed 
 

Figure 21. Basic schematic of a decentralized (diffuse) source treatment wetland. Top tile is a 
cross-section perpendicular to the direction of flow and the bottom tile is a cross-
section in the direction of flow. Widths and lengths for these small systems vary, 
but are typically on the order of 100-300 feet such that an individual wetland 
comprises roughly 1 to 2 % of the treated area. 

 

4.3.2 Basic design elements 

As decentralized (diffuse) source treatment systems are essentially small-scale wetlands (Figure 
21) scattered throughout the watershed, the basic design elements are similar to those presented 
for larger natural wetlands and treatment wetlands (Sections 4.1 and 4.2). However, rather than 
being sized based on treatment efficiency, as is often the case with larger-scale treatment 
wetlands (see Section 4.2), the decentralized (diffuse) source systems are designed to 
accommodate an estimated amount of stormwater runoff from the landscape or a particular HRT 
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given adjacent agricultural canal flow. Additionally, specific design elements are needed to allow 
these systems to function at a smaller scale in a setting such as the Klamath Basin. These 
elements are presented below for treating runoff 1) within pastures and agricultural fields and 2) 
adjacent to small drainage ditches. While these systems can also be used to treat wastewater and 
runoff from small-to medium-sized housing developments, these situations are not known to be 
prevalent in the Upper Klamath Basin. A possible exception to this is the City of Tulelake 
wastewater treatment plant, located in the adjacent Lost River watershed (see Figure 1), which is 
in the process of upgrading its treatment facility and has plans to include wetland treatment. 
 
4.3.2.1 Systems in pastures and agricultural fields 

Diffuse source (decentralized) treatment systems in pastures and agricultural fields are not 
intended to be continuous flow-thru systems. Rather, they are intermittent flow-through systems 
in that they possess a designated outflow while still mimicking the natural variability in water 
depth and areal extent that is expected in wetlands dependent on runoff. For this type of 
application, diffuse source (decentralized) treatment systems can be conceived of as vegetated 
detention basins, designed on the basis of estimated runoff. Given the importance of downstream 
water use in the Klamath Basin, it is assumed that these systems would not be designed as 
terminal wetlands, but rather they would treat on-site runoff such that there would be an outflow 
of water from each site. The required wetland area is determined using the following formula: 
 

 𝐴𝑤 = 𝐴𝑝×𝐼×𝐶
𝐸𝑇𝑤

× 𝑓  

  
Where  Aw = wetland area (acres) 
  I = annual rainfall (feet) 
  Ap = parcel area (acres) 
  C = watershed run-off coefficient assumed to be 0.25 
  ETw = wetland annual evapotranspiration (feet) = 0.7x ETpan 
  f = decimal fraction of desired total ETw loss is assumed to be 0.1  
 
The resulting wetland area tends to be on the order of 1 to 2% of the parcel area. 
 
Example calculations for a 100-acre parcel in the Upper Klamath Basin 
Assumptions:  

• I = 15 inches per year (1.25 feet per year) (see Section 3.2 for typical rainfall patterns) 
• ETpan = 60 inches per year (5 feet per year) for Klamath Falls (Western Regional Climate 

Center data accessed July 10, 
2012 http://www.wrcc.dri.edu/htmlfiles/westevap.final.html) 

 

𝐴𝑤 =
100 𝑎𝑐𝑟𝑒𝑠 × 1.25 𝑓𝑡 × 0.25

0.7 × 5 𝑓𝑡
 × 0.1 = 0.9 𝑎𝑐𝑟𝑒𝑠 

 
Additional design elements include the following: 

• Elevation—locate in naturally occurring depressions, low lying areas, or former wetland 
areas in a given parcel. 

• Earthen berms—generally to be avoided, since the site is likely to be wet and difficult to 
work with typical earth moving equipment. Berms should have two feet of freeboard and 
should be higher at the discharge end of the wetlands.  

http://www.wrcc.dri.edu/htmlfiles/westevap.final.html
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• Diversion structures—divert run-off from parcel using one or more vegetated swales from 
higher elevations to the lowest area in the field or pasture.  

• Level control structure—install at the lowest elevation in the field or pasture to maintain a 
maximum water depth of 2 feet in the small wetland. 

• Vegetation—primary treatment species (e.g., Typha spp., Scirpus spp., and Sparganium 
eurycarpum, Eleocharis spp.), secondary food and habitat species (e.g., Nymphae spp.).  

• Exclusion fencing—to keep grazing animals out of the wetlands. A 50-foot barrier is the 
suggested minimum. 

 
4.3.2.2 Systems located proximal to drainage ditches and agricultural canals 

By installing overflow weirs in appropriate locations, it is possible to divert periodic storm events 
and snowmelt runoff into low-lying areas adjacent to drainage ditches and agricultural canals. 
Small areas set aside for treating a portion of ditch flows are similar to those developed for in-
pasture or in-field wetlands (see above); however, the drainage ditch systems are designed to be 
continuous flow-through systems, in contrast to the intermittently flow-through in-pasture or in-
field wetlands.  
 
As with larger treatment wetlands, the required wetland area is linked to HRT (see Section 4.2). 
Although rather than designing based on pollutant removal efficiency, it is assumed that HRTs in 
these systems are typically on the order of 2–3 days, in order to reduce ET losses while still 
maintaining basic treatment and wildlife habitat value. 

𝐴𝑤 =
𝑄 × 𝐻𝑅𝑇

𝑑
 

Where  Aw = wetland area (acres) 
  Q = inlet flow (cfs)  
  HRT = hydraulic residence time (days) 
  d = average water depth (feet)  
 
Example calculations for a 0.01-cfs canal in the Upper Klamath Basin 
Assumptions:  

• Q = 0.01 cfs 
• HRT = 2 days 
• d = 2 feet 

𝐴𝑤 =
0.01 𝑐𝑓𝑠 × 2 𝑑𝑎𝑦𝑠 × 86,400𝑠

𝑑𝑎𝑦
2 𝑓𝑒𝑒𝑡

 = 864𝑓𝑡2 = 0.02 𝑎𝑐𝑟𝑒𝑠 

 
Additional design elements for these systems include the following: 

• Elevation—locate in naturally occurring depressions, low lying areas, or former wetland 
areas alongside drainage ditches or agricultural canals. 

• Overflow weir and diversion box—as flow increases in the ditch or canal, the water level 
should rise and flow out of the ditch and into the diversion box. The diversion box should 
have the ability to restrict the volume of flow into the wetlands and should be designed to 
shut off completely, if needed. 

• Distribution trench constructed at the head of the wetland—the trench should be designed 
so that water in the trench is 4 feet deep and at right angles to the direction of flow. 
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• Adjustable weir at discharge end of the wetland—water levels in the vegetated area of the 
wetlands should be maintained at 2 feet or less. Treated water is returned to the ditch at this 
point. 

• Earthen berms—if needed, see above note regarding earthwork.  
 

4.3.3 General siting requirements 

The following are general siting requirements for diffuse source (decentralized) treatment 
systems: 

• Remnant wetlands or low lying areas in pastures or agricultural areas that possess hydric 
soils and should readily return to wetlands if not drained, plowed, or grazed 

• Locations that support the use of gravity flow, rather than pumps 
• Existing drainage canals/ditches adjacent to or near the proposed site (i.e., within 0.25 

mile) 
• Existing flow control structures up-gradient from the wetland location that could be used 

for diversion 
• Locations that have a single land owner and where the land owner is amenable to the 

creation of wetlands and associated habitat in lieu of the loss of pasture or field  
• Locations where the land owner can readily see habitat benefits (i.e., not tucked away and 

forgotten) 
• Road access 
• Lack of pervasive shade—wetlands plants are typically phototropic and will not grow well 

in the shade. At the small scale of these systems, too much shade is problematic. 
 

4.3.4 Treatment cost estimates 

There are relatively few requirements and hence, relatively low costs, for building decentralized 
(diffuse) source treatment systems (Table 8). Unlike habitat and treatment wetlands, it is assumed 
that land acquisition is unnecessary as the wetlands can be located on a fraction of an existing 
parcel, assuming there is a willing landowner. 

• Site survey  
• Construction  
• Planting  
• Exclusion fencing  
• Operation and maintenance costs (O&M) 

 
Additional detail regarding cost assumptions and estimates is provided in Appendix C.  
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Table 8. Summary of cost estimates for decentralized (diffuse) source treatment 
systems, assuming a 100-acre parcel with a 0.9-acre in-pasture wetland and a 

project life of 50 years (additional details in Appendix C). 

Cost considerations Cost estimates for Project life (50 yrs) 
Capital costs (land acquisition and construction) $17,630 
O&M $11,700 
Total cost over project life (50 yrs) $29,330 
Unit cost TN removal ($ per kg) $4–$9 
Unit cost TP removal ($ per kg) $161–$322 

Note: The units in this table may be mixed (i.e., English and metric); however, the units are 
presented as typically encountered in engineering, planning, or regulatory areas, or the 
scientific literature, whichever is most applicable. Appendix D presents common unit 
conversions. 

 
 

4.3.5 Possible treatment locations/general opportunities and constraints 

Examination of Google Earth imagery for the three main tributaries to Upper Klamath Lake, the 
Wood River, Sprague River, and Williamson River, indicates possibilities for decentralized 
(diffuse) source treatment systems in all three watersheds. However, in the Wood River 
watershed in particular, the predominance of agricultural lands containing low-lying areas and 
former wetlands, and the preponderance of agricultural canals and drainage ditches crossing 
numerous land parcels (Figure 19), makes this watershed a potentially ideal location for this 
approach to water treatment. As discussed in Section 4.1.5, there are roughly 350 parcels in the 
Wood River watershed located within 1 mile of the creek, and the vast majority are less than 500 
acres in size (Table 3), providing potential opportunities for numerous <0.5 acre to 1 acre 
decentralized (diffuse) source treatment wetlands. The Sprague and Williamson Rivers also 
possess meandering reaches with potential for small decentralized (diffuse) source treatment 
wetlands to be supported (see Figure 22 for Sprague River example). There are roughly 2,200 and 
4,100 parcels in the Sprague and Williamson River watersheds, respectively, located within 1 
mile of the creek, and the vast majority are less than 500 acres in size (Table 4, Table 5). The 
large number of parcels provides potential opportunities for numerous <0.5 acre to 1 acre 
decentralized (diffuse) source treatment wetlands in these tributary watersheds, although a more 
focused investigation of individual parcels is needed.  
 
As with larger treatment wetlands (Section 4.2) and habitat wetlands (Section 4.1), water rights 
represent a general constraint for the implementation of decentralized (diffuse) source treatment 
wetlands. If water is diverted from combination irrigation and drainage ditches into the small 
wetland, then downstream users would likely need to agree. Although return flow from the 
wetlands is included as a design parameter, some water would be lost to evapotranspiration. 
However, since the majority of decentralized (diffuse) source treatment wetlands would likely 
store far less than 9.2 acre-feet, the projects would be eligible to apply for an “alternate-reservoir 
storage permit” in the state of Oregon, which receives expedited processing. 
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Figure 22. Example meandering reach along the Sprague River flowing through areas with 

pockets of seasonal wet meadows or permanently flooded areas. 
 

4.4 Algae/Biomass Removal from the Water Column via Filtration 

4.4.1 Goals and capabilities 

Algal biomass is biologically labile, meaning that when algal cells senesce or die, the organic 
material contained within breaks down rapidly and creates a pulse of bioavailable nutrients which 
can promote subsequent algal blooms (see also Section 3.7). Algal biomass removal from water 
bodies results in the reduction of phosphorus and nitrogen concentrations in the water column. 
While there can still be appreciable nutrient content in sediments and inflow waters, the 
continued harvest of algal biomass from the water column is a non-invasive (no chemical 
application) mechanism to remove nutrients from the system. Further, reductions in algae-
induced BOD and a potential source of cyanotoxins are recognized ecological benefits of this 
approach. The following are goals of direct removal of algal biomass from the water column of 
Upper Klamath Lake and other affected water bodies in the system:  

1. Nutrient removal 
2. Reduction in biological oxygen demand (BOD) associated with senescent algal blooms  
3. Reduction in cyanotoxin levels 
4. Improve habitat for aquatic species 

 
4.4.1.1 Currently available technologies 

Several technologies are currently available to remove algal biomass from waters of the Klamath 
River Basin. For the purposes of this discussion, the technologies presented here are all forms of 
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filtration or separation of algal biomass from water. While several technologies exist for algae 
removal from lakes and reservoirs, technologies such as bioreactors (Tanaka et al. 2001) that only 
decompose algal biomass and do not remove the associated nutrients are not included. Also 
omitted are technologies such as centrifugation, which have been proven to cause cell lysis and 
thus, could release cyanotoxins into the environment, and procedures which require massive 
chemical additives, such as magnetic filtration. The suitable technologies that remove both algal 
biomass and the associated nutrients include land-based filtration, land-based separation, and in 
situ filtration techniques. 
 
Land-based filtration 
Land based filtration via screen filters is currently a common practice on Upper Klamath Lake for 
the harvest of AFA for commercial sale as a dietary supplement (Carmichael et al. 2000). This 
process involves diversion of lake water through a canal where debris screens block passage of 
large debris into a series of algal screens. The algal screens capture algal biomass as water is then 
pumped over the screens (Figure 23). 
 

 
Figure 23. Schematic representation of land based algal filtration site (Cell Tech Inc.). Water 

flows down the A-canal to split into the B and C canals. In the C-canal, water is 
gravity fed over a series of screens. In the B-canal, water is pumped over a series of 
screens. At both locations, water is initially screened to restrict entrance of fish 
and debris into the site. Source: Carmichael et al. 2000. 

 
Rapid sand filtration is a proven technology that is often applied for removal of particulates from 
waste waters (Figure 24) and can be adapted to filter algal biomass from lake and reservoir water. 
The sand filter consists of a containment vessel with coarse sand overlying a gravel bed with 
drain panels. Water is pumped in over the sand filter and algal biomass is retained on the sand 
filter surface. To remove biomass, surface sand and biomass is scraped off. When compared to 
screen filtration, sand filtration is less efficient due to the added weight of sand removed from the 
filter when removing biomass and the tendency to lose filtration speed as pores clog with algae. 
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Another land based filtration mechanism is cross flow filtration (Figure 25) where lake water 
and algal biomass are passed over a membrane with specific pore size that allows passage of 
water but retains algal cells. This cross flow filtration technology is superior to screen filtration in 
that the cross flow movement of water continuously cleans the membrane from algal cell fouling, 
allowing for reduced maintenance of the filter apparatus. While this technology requires less 
mechanical assistance in screen cleaning, it is also more expensive and requires more 
infrastructure to implement. 
 

 
Figure 24. Schematic of rapid sand filtration unit for algal biomass removal. Source: Mountain 

Empire Community College, Virginia. 
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Figure 25. Schematic of cross flow membrane filtration. Source: Alting Membrane Filtration and 

Process Technology, http://www.alting.fr/en_US/produits/filtration-tangentielle. 
 
Land-based flotation/separation 
The final land based technique does not use filtration mechanisms, but rather uses the principles 
of flocculation and flotation to separate and remove algal biomass. The principle of flotation uses 
air, combined with flocculation, to bring the algal biomass to the surface of the water. Dissolved 
air flotation (Arora et al. 1995) uses a compressor to supersaturate the water with air, and then 
moves the medium into a pressurized chamber, where the air forms tiny bubbles adhering to algae 
cells to bring them to the surface. A similar process, suspended air flotation, uses surfactants to 
create tiny bubbles, making the process less expensive with less mechanical components, and 
using less energy than dissolved air; however, the addition of surfactants would degrade water 
quality and is therefore not considered further. Ozoflotation is another use of the flotation 
principle, in which the water is agitated with ozone to denature the algal toxins while floating the 
biomass to the surface for removal (Benoufella et al. 1994). All of these flotation technologies 
utilize pumps and aeration, combined with chemical flocculants to increase removal efficiency 
(up to 95%). A final version of this technology is the adaptation of the Jameson cell, a method 
utilized in industrial processing to separate particles from solution, to the removal of algal 
biomass (Yan and Jameson 2004). The premise is a gravity fed cell that induces air mixing via 
travel down an induction column to a mixing reservoir where algae then float to the surface for 
mechanical removal. This process also uses chemical flocculants but is 98% efficient in removing 
Microcystis cells.  
 
One significant drawback to all of the flotation techniques is the need for a chemical additive to 
aid flocculation. The potential exists for cyanobacteria to be removed with up to 90% efficiency 
without flocculation if algal cells are producing mucilage (Yan and Jameson 2004).  
 
In situ barge filtration 
The concept of in situ algal removal has been presented and utilized by private industry on Upper 
Klamath Lake for many years. Simplexity Health Inc. designed and constructed large floating 
harvesting barges (Figure 26) that can screen filter up to 200,000 lbs of wet algae per day. At 110 
feet wide, the harvester has nine rotating screens that filter out AFA for commercial resale as a 
dietary supplement. Several smaller vessels operated by other companies pump water up to a set 

http://www.alting.fr/en_US/produits/filtration-tangentielle
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of fixed screens onboard, which retain algal biomass and allow water to pass back into the lake. 
Some clear advantages of this technology include mobility, which enables maximization of 
incurring heavy bloom areas, and minimal land needs onshore for infrastructure.  
 
Because private industry has developed economical algae removal techniques and is utilizing 
cyanobacteria on Upper Klamath Lake, there is potential for a partnership with private industry 
for algae removal via cost structure per unit removal. This would negate expenditures for land or 
infrastructure and utilize resources and assets already in place. 
 
Coupling the filtration and subsequent removal of algal biomass with beneficial uses of the 
material provides benefits to both the economic and environmental aspects of this process 
(Spolaore et al. 2006). Several options for use or disposal of this material exist and are listed in 
order of decreasing economic and environmental benefits: 

1) Dietary supplement1  
2) Biofuels production (biodiesel, methane) 
3) Soil amendment (may need to be tested for algal toxins prior to soil application) 
4) Composting/landfill 

 

Figure 26. In situ algae harvesting barge. Note nine screen panels which rotate through water 
column to capture algae. Mechanical rakes then remove algal biomass and shunt 
algae to holding tanks within the barge. Source: Simplexity Health Inc. 

 
 
While harvest of algae, specifically AFA, for processing and sale as a dietary supplement is 
established commercially (Carmichael et al. 2000), it may be advantageous to utilize existing 
commercial entities to conduct harvesting year round for a fee or utilize the harvest model 
currently employed to remove additional algae from the system. Within the Klamath Basin, a 
system of algae removal credits could encourage intense harvest activity by private contractors 
and negate the need for investment in significant infrastructure. Also, the use of algal biomass in 
biofuels production can provide a steady, consumable market which may offset filtration and 
removal costs. 

                                                      
1  Commercial harvest and sale of algae from Upper Klamath Lake is an established private enterprise with 

an estimated $100M in annual sales (Carmichael et al. 2000). 
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4.4.2 Similar applications 

Land based screen filtration and open water vessel based screen filtration are both conducted 
routinely on Upper Klamath Lake by private industry who harvest AFA for refinement and sale 
as a human dietary supplement. Currently, private industry harvesting is conducted only 
intermittently, when conditions are optimal to produce a pure culture for subsequent human use. 
Expansion of the land based screen filtration and open water vessel based screen filtration to 
include all forms of algae for a variety of uses (i.e., dietary supplement, biofuels, soil amendment, 
composting/landfill) would presumably increase the amount of time spent harvesting and the 
associated nutrient removal and improvements to water quality and support of beneficial uses. 
 
Land based filtration by sand column is routinely used nationwide to reduce particulates in 
wastewater. Both the cross-flow filtration technique and the flotation techniques have been used 
in food preparation and industrial processes; however, only proof-of-concept pilot scale studies 
have been performed to confirm their utility in algal removal. These techniques have not been 
employed on lakes or reservoirs at scales relevant to the Klamath River restoration project needs. 
 

4.4.3 Basic design elements 

Several design elements are common to all filtration options: 
• Identification of target algal bloom hot spots (dominant bloom locations) 
• Determination of target algal cell size / screen / filter size to capture multiple species of 

algae (i.e., would expand beyond the current focus on pure cultures of AFA to all nuisance 
blooms) 

• Selection of  criteria for exclusion of biota/ endangered species from filtration using fish 
barriers or fencing 

• Debris exclusion using debris fencing and floatable booms 
• Minimization of biomass compaction to avoid cell damage and subsequent algal toxin 

release 
• Utilization of air drying to dewater biomass 
• Biomass storage and transportation/ disposal/ secondary utilization 

 
There are also several specific design elements for each of the filtration options; these  are 
presented in Appendix C. 
 

4.4.4 General siting requirements 

The following are general siting considerations for land-based filtration or flotation/separation 
treatment options: 

• Close proximity to water body where treatment is to occur 
• Potential slope for gravity feed to minimize pumping 
• Size and land availability (existing holdings–public/private) 
• Existing water control and conveyance systems/structures 
• Proximity to disposal/secondary application 

 
The following are general siting considerations for in situ barge filtration options: 

• Existing commercial operations (no land acquisition necessary) 
• Dockage 
• Opportunities for biomass off -loading  
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• Proximity to disposal/secondary application 
 

4.4.5 Treatment cost estimates 

Several cost considerations are common to all filtration options: 
• Water body volume 
• Range and mean of algal biomass per unit volume 
• Algal nutrient concentration in biomass 
• Potential waste disposal issues if elevated algal toxin levels are present and would remain 

viable over time 
 
Specific cost considerations for in situ barge filtration are given below: 

• Vessel costs 
• Filtration unit costs and maintenance estimates per unit  
• Dockage facilities and biomass off-loading costs 

 
Cost considerations for land-based filtration and flotation/separation are presented in Appendix C, 
because cost estimates for these two technologies are still being developed. Additional 
information will be presented at the workshop, if available. 
 
4.4.5.1 Cost estimates 

In situ barge filtration 
Using information gathered from private enterprise harvesting algae on Upper Klamath Lake, the 
following cost estimates are provided for in situ barge based removal of algal biomass (Table 9). 
These estimates are expected to be viable for any of the possible treatment locations. Additional 
detail regarding cost assumptions and estimates is provided in Appendix C.  
 

Table 9. Summary of cost estimates for in situ barge filtration of algae/biomass 
from the water column assuming one barge unit operating for 100 days per year in 
Upper Klamath Lake with a filtration capacity of roughly 900 kg (2,000 lbs) per day 

(dry weight) (additional details in Appendix C). 

Cost considerations Cost estimates for project life 
Capital costs $300,000 
O&M $3.4M 
Total cost for project life (10 years) $3.7M 
Unit cost TN removal ($ per kg) $8 
Unit cost TP removal ($ per kg) $61 
Unit cost TN transportation and disposal for landfill ($/kg) $7 
Units cost TP transportation and disposal for landfill ($/kg) $53 

Note: The units in this table may be mixed (i.e., English and metric); however, the units are presented as 
typically encountered in engineering, planning, or regulatory areas, or the scientific literature, 
whichever is most applicable. Appendix D presents common unit conversions. 

 
 

4.4.6 Possible treatment locations/general opportunities and constraints 

Upper Klamath Lake, by far the largest water body in the basin, is the site of current active algal 
harvest (commercial) for dietary supplement products. Several private companies operate here 
due to the large size and seasonal abundance of AFA. The presence of significant water control 
structures in the lake is also beneficial with respect to possible retrofitting for filtration. Upper 
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Klamath Lake is also a prime location for in situ removal by filtration barges, given the large size 
of the lake and resulting ease of mobility for large watercraft. Keno Reservoir is also a prime 
location for application of these technologies, although given that algal blooms have been 
observed to originate in Upper Klamath Lake and senesce in Keno Reservoir, filtration and 
harvest of live algae as a dietary supplement is potentially a less attractive option. Several pre-
existing canals and water control structures are located in or proximal to Link River Dam (see 
Figure 10) and Keno Reservoir; these would be potentially available for co-location of land-based 
technologies. Finally, a history of seasonal Microcystis aeruginosa blooms in Copco 1 and Iron 
Gate reservoirs makes them prime locations for both land-based and in situ technologies. For any 
of the approaches (i.e., land- or water-based), potential hazardous waste disposal issues may need 
to be considered, such as batch testing of biomass, if elevated concentrations of algal toxins are 
present and would remain viable over time in materials to be landfilled. Similar considerations 
would likely apply for land application of biomass. 
 

4.5 Sediment Removal (Dredging) 

4.5.1 Goals and capabilities 

Dredging is the removal of accumulated lake sediments (i.e., muck) from lake bottoms with the 
goal of improving water quality, recreation, navigation or other uses (IEPA and NIPC 1998). 
Dredging can improve water quality by removing nutrient-rich sediments and decomposing 
organic plant matter, thereby reducing the amount of nutrients available. In some cases, dredging 
can improve water quality by deepening a lake or other water body enough to create thermal 
stratification and limit nutrient movement from the deeper areas to the upper waters. The entire 
lake bottom can be dredged or dredging can be conducted in certain zones where it may be most 
beneficial (e.g., areas with the thickest sediment layer or greatest concentration of nutrients).  
 
There are two primary methods used for lake dredging: mechanical dredging and hydraulic 
dredging. Dry mechanical dredging involves either partially or completely draining a lake to 
expose the sediments to freezing or drying conditions. Then earthmoving equipment, such as 
bulldozers, scrapers, backhoes and draglines, is used to remove the sediment and transport it to a 
disposal site. Wet mechanical dredging does not require draining the lake; in this type of 
dredging, backhoes, draglines or grab buckets are used to scoop sediment either from the 
shoreline or from a floating barge. Wet mechanical dredging typically causes severe sediment 
resuspension and turbidity. Mechanical dredging is generally not well-suited for removing lake 
sediments because of drawdown requirements (dry) and turbidity impacts (wet). 
 
Hydraulic dredging is the preferred method for dredging lake sediments because it does not 
require drawing down lake levels, is faster than mechanical dredging, creates less turbidity and 
can effectively remove loose, watery sediments. Thus, hydraulic dredging is the focus of this 
write-up. Two primary types of hydraulic dredges are horizontal auger dredges and cutterhead 
dredges. Horizontal auger dredges use vertical “knives” on a rotating auger, which is mounted on 
a boom at the front of the dredge hull. The dredge moves across the lake by a winch attached to a 
cable and loosens and cuts the sediments. This type of dredge works well for silty sediments, 
causing minimal turbidity, and can remove up to 120 yd3 per hour. The cutterhead dredge uses a 
rotating “basket” of smooth or toothed blades, mounted to a boom at the front of the hull, to 
dislodge sediments which are then sucked up a pipe using a centrifugal pump (Figure 27). 
Cutterhead dredges can dredge at deeper depths and remove higher quantities of sediments (150–
350 yd3 per hour) than horizontal auger dredges.  
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Hydraulic dredging requires the design and construction of a settling basin to which the slurry 
(sediment/water mix) is piped (Figure 28). There the sediments settle from the water column. In 
some cases the sediment slurry can be decanted prior to being transported to the settling basin, 
which significantly decreases the amount of land required for the basin (CDM 2011). After 
settling (and treatment, in some cases), the water is pumped back into the lake and the sediments 
are left in the basin to dry. Selecting a suitable site for these settling basins requires the 
consideration of many factors. Example factors include: 

• Land ownership and availability to accommodate the amount of material to be dredged 
(e.g., several acres to tens of acres) at an upland location 

• Amount of land to be cleared 
• Depth of water table below the surface (e.g., 4 feet or more) 
• Road access 
• Distance from actual dredging operations 

 
Ultimately the sediments are utilized or disposed of in a variety of ways, including agricultural 
soil augmentation, fill for planned projects or, if contaminated, hauled to a landfill.  

Figure 27. Configuration of a typical cutterhead dredge (IEPA and NIPC 1998). 
 

Figure 28. A typical hydraulic dredging set-up (IEPA and NIPC 1998). 
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Potential ecological and environmental impacts associated with dredging include impacts to 
sensitive aquatic species, loss of benthic organisms and submerged aquatic vegetation, temporary 
water quality impacts during dredging operations (e.g., increased turbidity) and temporary 
impacts to terrestrial systems due to noise and disturbance from operations (USACE 2009).  
Impacts to sensitive aquatic species can be avoided by selecting a dredge type that reduces 
entrainment and temporarily relocating less mobile organisms during dredging operations. 
Impacts to benthic organisms and submerged aquatic vegetation are unavoidable; however, muck 
does not provide a suitable habitat for desired species and nearby organisms are expected to 
recolonize the area following dredging operations. Adult fish generally avoid areas where 
dredging is taking place; however, dredging operations should be designed to avoid certain 
windows of time when fish are performing critical life history functions (e.g., spawning). 
Temporary water quality impacts can be lessened by using equipment that includes turbidity 
barriers (e.g., silt curtains) and selectively targets specific sediment layers. Finally, noise and 
other disturbances to wildlife are unavoidable, but will be temporary in nature.  
 
Dredging requires a permit from the U.S. Army Corps of Engineers (USACE). USACE consults 
with the National Marine Fisheries Service (NMFS) and the U.S. Fish and Wildlife Service 
(USFWS) on permit applications to ensure that species are protected; permits may include 
conditions to avoid, minimize and/or mitigate impacts to species. An “Incidental Take Permit” 
may be issued by the NMFS or USFWS for projects that may only incidentally “take” or harm 
species during the course of work (http://cms.oregon.gov/OWEB/docs/pubs/permitguide.pdf, 
Accessed July 2012).  
 

4.5.2 Similar applications 

Recent lake hydraulic dredging operations that may be similar to Upper Klamath Lake include the 
following: 

• Burnaby Lake, British Columbia 
• Lake Okeechobee, FL 
• Lake Trafford, FL  
• Vancouver Lake, WA 

 
Summaries of these projects are provided in Appendix C. In addition to providing information on 
basic design elements, siting requirements and treatment costs, several key lessons learned can be 
gleaned from these case studies, including (1) the benefits of conducting pilot dredging operations 
prior to full-scale application, (2) the potential to obtain equal or greater benefits at a lower cost 
by targeting certain areas, (3) the need to control external nutrient sources to fully address 
impacts and (4) the need for well-planned operations and maintenance (O&M) activities after 
dredging is complete to ensure long-term benefits. 
 

4.5.3 Basic design elements 

Large lake dredging operations, while having many characteristics in common, must be tailored 
to local conditions and constraints (e.g., thickness of sediment layer, presence of known 
contaminants, final means of disposal). General design considerations for large lake dredging and 
disposal of dredged material include the following:  

• Identification of area(s) to be dredged 
• Sediment composition 
• Presence of woody debris, which can inhibit hydraulic dredging 

http://cms.oregon.gov/OWEB/docs/pubs/permitguide.pdf


Technical Memorandum                                                                              Pre-Workshop Information Packet 

September 2012 Stillwater Sciences 
62 

• Transportation options 
• Selection of dredging methodology 
• Determination of presence or absence of contaminants 
• Siting of settling basins 
• Possibility of using gravity flow for sediment slurry transport 
• Sediment settling rates 
• Selection of dredged material disposal 
• Presence of endangered species; identification of species to be relocated during dredging 

operations  
• Selection of barrier material to minimize sediment resuspension 

 

4.5.4 General siting requirements 

In the instance that dredging an entire lake area is not feasible, certain areas where the potential 
benefit of dredging is greatest could be considered. The following are some general siting 
requirements for selecting dredge locations:   

• Presence of highest  nutrient concentrations  
• Presence of a thick target mud layer if nutrient concentrations are evenly distributed 
• Area generally free of debris and large obstructions 
• Presence/absence of contaminated sediments (could be problematic for disposal) 
• Location of sediment inputs (may want to conduct deeper dredging near input areas to 

create a sediment sink) 
• Areas with low presence of special status species and associated habitat 

 

4.5.5 Treatment cost estimates 

The following list includes information needed to estimate direct costs of dredging operations; 
this list does not include associated indirect costs (e.g., disposal costs) (Farnham 2010).  

• Volume of sediment to be removed 
• Selection of most appropriate dredging technology (hydraulic vs. mechanical) 
• Required dredging equipment (including dredge head) 
• Time required to remove total sediment volume 
• Required dredge operating hours 
• Dredge operating costs (i.e., fuel, personnel, routine maintenance and repairs, production 

rates and equipment depreciation)  
 
A summary of cost estimates is provided for sediment dredging in Upper Klamath Lake in Table 
10. Additional detail regarding cost assumptions and estimates is provided in Appendix C.  
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Table 10. Summary of cost estimates for sediment removal (dredging) of the top 10 cm 
of sediment in Upper Klamath Lake and Keno Reservoir (additional detail in Appendix 

C). These estimates do not include disposal costs. 

Cost considerations Cost estimates for project life 
Capital and O&M costs $5–15/yd3 
Total cost for project life (Upper Klamath Lake) $153M–$458M 
Total cost for project life (Keno Reservoir) $490,000–$1.5M 
Unit cost TN removal ($ per kg) Insufficient information to estimate 
Unit cost TP removal ($ per kg)* $110–$329 
*Assumes TP concentrations in sediments in Keno Reservoir are the same as those in Upper 

Klamath Lake (see also Appendix C). 
Note: The units in this table may be mixed (i.e., English and metric); however, the units are 

presented as typically encountered in engineering, planning, or regulatory areas, or the 
scientific literature, whichever is most applicable. Appendix D presents common unit 
conversions. 

 
 

4.5.6 Possible treatment locations/general opportunities and constraints 

4.5.6.1 Upper Klamath Lake 

Upper Klamath Lake traps coarse sediment (sand and coarser such that downstream 
impoundments (i.e., Keno, J.C. Boyle, Copco and Iron Gate) contain a very small proportion of 
coarse sediment and are dominated by silt and clay (Eilers and Gubala 2003, Stillwater Sciences 
2004). In addition, the water content of sediments in Upper Klamath Lake is considerably higher 
than the reservoirs, ranging from 84% to over 97% at the sediment-water interface (Eilers et al. 
2004). Sediment accumulation rates in Upper Klamath Lake have increased significantly during 
the 20th century, with an average accumulative rate of 22 g/m2/year for the upper 10 cm of 
sediment (Eilers et al. 2004).  
 
The primary intended ecological benefits of dredging Upper Klamath Lake are to reduce the 
lake’s nutrient (primarily phosphorus) loads concentrations and decrease associated algal blooms, 
which are severely degrading the lake’s water quality conditions. Two-thirds of the lake’s 
phosphorus load comes from internal sources, which include lake sediments (Simon and Ingle 
2011). Total phosphorus concentrations are highest in the top 1 cm of sediment; however, the 
total concentration of phosphorus per weight of sediment (median = 0.61 ± 0.19 mg/g) is actually 
lower than that of other lakes throughout the country (Simon et al. 2009). The issue with Upper 
Klamath Lake is the amount of phosphorus stored in its sediments. Given the large area of the 
lake (approximately 232 km2) and the median phosphorus concentration value, the calculated 
amount of phosphorus in the top 10 cm of sediment is approximately 1,392 metric tons (Simon et 
al. 2009). Simon and Ingle (2011) found that total phosphorus was highest in the northern 
portions, Howard Bay and the southernmost portion of the lake, whereas carbon and nitrogen 
concentrations were highest in the southern and northern portions of the lake. Based on the 
knowledge that total phosphorus is highest in the top layers of sediment and is spatially 
concentrated in certain areas of the lake, dredging operations could potentially target those areas 
and depths and reduce costs.  
 
Eilers et al. (2004) found elevated nitrogen (14N and 15N) concentrations in the upper sediment 
layers (i.e., 20% enrichment in the top 17 cm). Whereas phosphorus concentrations drop off 
considerably below 20 cm, nitrogen concentrations gradually taper off, such that N:P ratios are 
generally above 20 in the sediment layers below 17 cm and below 20 in the layers above 17 cm. 
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This indicates that deeper dredging may be required to remove additional nitrogen; however, 
more information is needed on the contribution of sediments to in-lake nitrogen loading.  
Disposal of dredge material from Upper Klamath Lake could involve in-basin or out-of-basin 
facilities. Studies conducted for the KHSA focusing on potential dredging opportunities in J.C. 
Boyle, Copco 1, and Iron Gate reservoirs can help inform potential disposal options for dredged 
materials from nearby Upper Klamath Lake. The KHSA studies indicated that the nearest 
landfills are at least 20 miles away from the hydroelectric reservoirs, posing a significant 
transportation and sediment disposal constraint (CDM 2011, Lynch 2011). Nearby settling basins 
are the preferred alternative for these reservoirs, particularly if the slurry can be decanted prior to 
transfer, thus reducing the amount of land required for disposal. This finding more than likely 
applies to Upper Klamath Lake as well. Thus, the working assumption is that all dredge material 
from Upper Klamath Lake would be utilized or disposed of within the upper Klamath Basin, and 
relatively proximal to Upper Klamath Lake. 
 
4.5.6.2 Keno Reservoir 

Studies of Keno Reservoir indicate that there are approximately 144,000 yd3of sediment, 46,000 
yd3 of which are sand and coarser and the remainder (98,000 yd3) is composed of silt and clay 
(PacifiCorp 2003). In their bathymetric study, Eilers and Gubala (2003) found that much of the 
reservoir was characterized by reflective, irregular substrate, indicating rock interspersed with 
depositional material. In the forebay (i.e., the deeper area immediately upstream of the dam) of 
Keno Reservoir, the study indicated significant quantities of soft, flocculent material (Eilers and 
Gubala 2003). Dredging was conducted in the forebay area in 2002 to remove approximately 
10,000 yd3 of sediment and enhance flow to the fish ladder intake (PacifiCorp 2004). 
 

4.6 Water Column Oxidation/Sediment Sequestration (Phosphorus Inactivation) 

Often the implementation of sediment phosphorus sequestration (inactivation) and 
aeration/oxygenation of a water column management have approaches that are in common or 
complimentary relative to achieving a specific water quality goal. Because of this shared 
potential, Section 4.6 is intended to address water quality objectives, sediment phosphorus 
sequestration and water column aeration/oxygenation. 
 

4.6.1 Goals and capabilities 

4.6.1.1 Sediment phosphorus sequestration (inactivation) 

Alum is the most widely used in-lake technique to inactivate sediment phosphorus and reduce 
internal phosphorus loading in lakes. There were 150 recorded alum treatments to lakes by 2005–
most of these occurred in the United States (Welch and Gibbons, NALMS 2005). There have 
been many more since and many more have presumably gone unrecorded. Alum is also the 
favored coagulant to remove phosphorus from wastewater and suspended solids from drinking 
water. 
 
Alum added to water forms an aluminum hydroxide (Al(OH)₃) commonly called “floc” onto and 
into which phosphorus is sorbed and this polymeric matrix settles out rather quickly (Figure 29). 
This polymeric matrix is incorporated into the sediment and sinks until it reaches a sediment 
depth of similar bulk density over time. This process does not form a sediment cap and is not a 
biological barrier. The appropriate alum dose to a lake is based on the quantity of mobile 
phosphorus in sediment and overlying water and is usually around 50-100 g/m² of lake surface 
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area (Cooke et al., 2005). The advantage of alum application is its insensitivity to redox 
conditions, such that phosphorus remains sorbed to aluminum hydroxide polymer even during 
seasonal periods of anoxia in the sediments and/or water column. The main precaution associated 
with alum use is the prevention of low pH (< 6.0) that can directly or indirectly (solubilize the 
free aluminum ion [Al³+]) and harm aquatic life. To maintain appropriate pH, sodium aluminate 
is added along with alum as a buffer. Any repeat or continuous phosphorus inactivation treatment 
would require buffering in the relatively low alkalinity waters of the Klamath Basin. 
 
Aluminum is one of the most abundant elements on earth. It is constantly solubilized from soil 
and bedrock through weathering by precipitation that is naturally acidic. However, calcium and 
magnesium are also naturally weathered, producing alkalinity and pH ranges in natural waters 
that render aluminum non-toxic. While some inorganic forms of aluminum can be toxic to aquatic 
animals at high and low pH, at circumneutral pH (6–8) and equilibrium conditions the insoluble 
and non-toxic form of aluminum prevails. Aluminum toxicity was an important reason that low 
alkalinity, poorly buffered lakes in the northeastern United States and Scandinavia became 
fishless due to strongly acid precipitation (i.e., relatively low pH).  
 
While toxic effects have been produced under laboratory conditions at concentrations from 1 to a 
few mg/L aluminum and circumneutral pH (USEPA 1988), these conditions do not prevail during 
or after a buffered alum treatment in natural waters. As opposed to laboratory conditions where 
exposure to continuous renewal of concentrations of aluminum over days artificially maintains 
aluminum concentration in the water, the alum floc forms quickly during treatment and settles to 
the lake bottom. This process removes aluminum from the water column. Alum treatments 
ranging from 5–26 mg/L, in which fish and aquatic life were studied before and after treatment, 
have shown very few negative, and usually positive effects, to aquatic biota (see Chapter 8 in 
Cooke et al. [2005]). This is because (1) residual aluminum concentration remaining in the water 
column are relatively low (0.1–0.2 mg/L); (2) pH remains above 6, due to buffering; (3) only a 
fraction of a given waterbody is treated each day allowing avoidance of the immediately treated 
area by fish and other non-benthic aquatic species, and; (4) much of the residual aluminum is 
likely to be chemically complexed with dissolved organic matter, which is abundant in eutrophic 
lakes, rendering the aluminum non-bioavailable and non-toxic (see Chapter 8 in Cooke et al. 
[2005]). None of the studied alum treatments resulted in fish kills. In fact, effects on benthic 
animals were usually beneficial, increasing diversity and abundance, because oxygen levels 
increased as a result of lower phosphorus and algal produced oxygen demand. A thorough review 
of alum effects on the treated aquatic environment is given in Cooke et al. (2005). 
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floc sorbs 
 

Al₂ (SO₄)₃ · 18 H₂O                    Alum      +     Water 
                
                       ↓                       ↓ 
 
Al³⁺ + 3H₂O ↔ Al (OH)₃ (s) + 3H⁺    Al hydroxide floc 
              
         ↓                       + 
 
Al (OH)₃ floc + (PO₄)3- + particulates    P, algal, detritus 
                  
         ↓                       ↓ 
                         
 sediment                sediment  
Fe-P + labile P + non-reactive labile org P →                                    
 Al-P  

Figure 29. Process of sediment phosphorous sequestration (inactivation). 
 
Alum treatments have increased over the past four decades, such that the procedure is now 
considered to be routine and one of the most frequently used in-lake methods of restoration. 
Monitoring of pH and dissolved oxygen at frequent intervals following application has indicated 
that these constituents remain in ranges safe to aquatic life and aluminum does not occur in its 
toxic form. Therefore, there is widespread consensus among lake scientists that alum is effective 
and safe at sequestering and inactivating phosphorus (Osgood et al., 2011). 
 
Effectiveness of sediment phosphorous sequestration (inactivation) 
Treatment effectiveness/longevity of sediment phosphorus inactivation using alum was evaluated 
in 21 lakes in 1999 (Cooke et al. 2005). Reduction in sediment phosphorus release rate (internal 
loading) initially averaged about 70% for the shallow, thermally unstratified lakes and 85% for 
stratified lakes. Summer total phosphorus (TP) concentration in the water was reduced by about 
half in stratified and unstratified lakes alike, and chlorophyll and the biomass fraction as 
cyanobacteria decreased similarly. Longevity of treatments varied, but usually about 10 years can 
be expected with effectiveness waning over time as the alum floc layer sinks and new sediment 
with un-complexed phosphorus settles and covers the alum layer. 
 
Alum injection 
Alum has been directly injected into inflows to lakes or into stormwater retention ponds on a 
continual basis in several states. While the published literature on the subject is sparse, the 
general opinion from users is that it can be effective. Injection into lakes through 
aeration/circulation systems is also an option. Doses are relatively low to avoid problems of low 
pH and accumulations of floc in flowing water, although a collection system may be necessary. 
Unless the water body is small, alum injection without aeration to inflows is usually not effective 
at inactivating sediments throughout a lake due to low sedimentation rates resulting in limited 
floc distribution. Injecting alum through an aeration system, creating a continuous micro-alum 
floc during certain times of the year, can be more effective at distributing alum to sediments 
throughout the lake while simultaneously inactivating phosphorus in the water column carried 
into the lake from external sources.  
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4.6.1.2 Aeration/oxygenation 

There are two principal techniques used to increase dissolved oxygen (DO) in lakes and 
reservoirs; 1) Complete circulation and destratification, which aerates/oxygenates the whole 
water body, and 2) Oxygenation of the entire hypolimnion, or only a horizontal layer of the water 
column (Cooke et al, 2005). Increasing the aerobic habitat is a goal with both techniques, as well 
as phosphorus reduction with hypolimnetic aeration, if iron is controlling phosphorus release 
from the sediments. However, phosphorus removal is usually not a principal objective with 
complete circulation because destratification and water column mixing can increase phosphorus 
availability to algae. 
 
Complete circulation 
The most frequently used aeration technique is the addition of compressed air through diffuser 
hoses placed along the lake bottom (Figure 30). The resulting unconfined plume of air bubbles 
rises through the water column causing the entrained water mass to circulate throughout the lake. 
Oxygenation occurs when the under saturated-mass is exposed to atmospheric exchange. 
Circulation has also been achieved with pumps or jets. 
 
In addition, to oxygenating the water column, complete circulation can cause light limitation and 
reduce algal biomass if the lake is sufficiently deep. Also, mixing can reduce cyanobacteria by 
neutralizing their buoyancy regulation. However, circulation poses a risk of even worse algal 
problems if the air flow rate is too low and only weak mixing of high nutrient water occurs 
(Cooke et al. 2005).  
 
Hypolimnetic aeration/oxygenation 
This technique is used to oxygenate only the hypolimnion while maintaining water column 
stratification. Hypolimnetic aeration/oxygenation can provide a cool-water habitat for cold-water 
fish, a daily predation refuge for zooplankton and a domestic water supply by adding oxygen to 
lake or reservoir bottom waters without mixing the water column. Oxygenation is achieved 
through either full or partial air lift units (Figure 30), or by injecting pure oxygen at depth with a 
pump (deep oxygen injection system–DOIS) or into water pumped through a down flow bubble 
contact system (DBCS). Also, hypolimnetic water can be pumped to the surface, where it obtains 
air bubbles, and then pumped back to the hypolimnion. Naturally oxygenated epilimnetic water 
can also be pumped into the hypolimnion to provide the needed oxygen. Hypolimnetic 
phosphorus and internal phosphorus loading from anoxic sediments are typically reduced with 
oxygenation if sufficient iron is available for complexation of phosphorus. Layer aeration can 
also reduce phosphorus (Figure 30). 
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Figure 30. Aeration schematics for complete circulation and non-mixing hypolimnetic aeration. 
 
The aforementioned aeration techniques have been widely applied to lakes and reservoirs 
throughout the world for over sixty years. Cooke et al. (2005) lists 51 cases of artificial 
circulation that were studied, mostly in the 1960s and 1970s, and 28 of hypolimnetic aeration in 
the 1970s, to 1990s. However, most aeration applications have gone unreported in the peer 
reviewed literature. 
 

4.6.2 Basic design elements 

Individual project designs must be tailored to local conditions and constraints. However, basic 
design consideration for phosphorus sequestration and water column aeration include the 
following outline. 
 
4.6.2.1 Sediment phosphorous sequestration (inactivation) 

Design of sediment phosphorus sequestration approach is based upon the five following basic 
design considerations: 

• The area of sediment and/or volume of water to be treated can directly define costs and 
implementation strategy; 

• The amount of material needed to inactivate or remove phosphorus (dose) defines both cost 
and approach;  

• The implementation strategy defines both effectiveness and longevity of management 
impact on phosphorus sequestration. Strategy has three basic alternatives. The first strategy 
is maintenance, which is a repeated treatment or continuous treatment, such as water –
column stripping of phosphorus or continuous injection of alum to remove phosphorus 
from the water column and build-up aluminum concentration to inactivate sediment 
phosphorus over time. The second strategy is sediment inactivation, which is directly 
adding a sufficient dose to both strip the water column of phosphorus and to provide a 
direct infusion of aluminum into the sediments to inactivate sediment phosphorus. The 
third strategy is interception of phosphorus before it is of available for biological uptake;  
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• Alum supply logistics both relative to transportation cost and amount of alum needed for 
the treatment; and, 

• Treatment preparation area availability and mitigation relative to treatment staging can be 
temporary or permanent depending upon the implementation strategy.  

 
The following summarizes the five basic design element considerations: 

1. Size of water body to treat 
2. Alum dose required (typically 50-100 gAl/m² of lake surface area) 
3. Application strategy ( maintenance–water column stripping or injection), sediment 

inactivation, or inception 
4. Logistical constraints posed by alum volume required and proximity to supply 
5. Availability/location of application staging area 

 
4.6.2.2 Aeration/oxygenation 

Aeration/Oxygenation design depends upon the water body morphological conditions that define 
both the water volume and the physical parameters to be addressed, volume and rate of air or 
oxygen needed to increase dissolved oxygen in the water column, the demand for oxygen that 
reduces the dissolved oxygen concentration in the water column, characteristics of the air or 
oxygen circulation system, the amount of air or oxygen needed to overcome both demand and 
distribution needs, and air or oxygen delivery system. The following summarize the design 
elements basic considerations: 

1. Water body area/width/depth 
2. Compressed air capacity for complete circulation method–adhere to criterion for air flow 

per area per time 
3. DO demand within the sediments and water column for hypolimnetic aeration/ 

oxygenation 
4. Hose length and pore size for air transport 
5. DO demand for hypolimnetic aeration/oxygenation and air/oxygen needed to exceed that 

rate 
6. Choice of air/oxygen injection device  

 

4.6.3 General siting requirements 

The following are general siting requirements for phosphorus sequestration and water column 
aeration: 
 
Sediment phosphorous sequestration (inactivation) 

1. Availability of appropriate staging area for alum storage and barge handling–depending on 
the size of the application this typically ranges from 5,000-10,800 ft2 but can be as large as 
100,000 ft2 

2. Barge/truck access to staging area 
3. Source of electrical power for pumps, injectors and compressor(s) 

 
Aeration/oxygenation 

1. Source of electrical power for compressor(s) 
2. Near shore space for compressor(s)/oxygenating device(s)–typically 500 ft2  
3. Iron (Fe) content of water is below 15:1 Fe:P, Fe will not control P concentration 

regardless of dissolved oxygen concentrations  
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4. Access for heavy equipment 
 

4.6.4 Treatment cost estimates 

The following are general items for which unit costs and counts are needed for estimating the 
treatment costs of phosphorus sequestration. Given available information, cost estimates are 
provided in Section 4.6.5. 
 
Sediment phosphorous sequestration (inactivation) 

1. Sediment phosphorus fraction analysis 
2. Water column phosphorus, alkalinity and pH  
3. Water body area, volume and depth 
4. Jar test data to determine application ratio of alum-to-sodium aluminate 
5. Alum and sodium aluminate cost 

 
The following are general information requirements for estimating the treatment costs of 
aeration/oxygenation of the entire water column, the hypolimnion only, or a horizontal layer of 
the water column. Given available information, cost estimates are provided in Section 4.6.5. 
 
Aeration 

1. Compressor(s) 
2. Airlines / supports 
3. Power 
4. Installation 
5. Maintenance of equipment 
6. Monitoring DO / temperature 

 

4.6.5 Possible treatment locations/general opportunities and constraints 

4.6.5.1 Application of sediment phosphorous sequestration to Upper Klamath Basin 
waters 

Upper Klamath Lake 
Treatment of the entire Upper Klamath Lake to inactivate sediment phosphorus is likely to reduce 
outflow TP by 50–70% during summer when 80% of phosphorus loading is internal. This 
estimate is based on studies of shallow lakes where internal loading rates are reduced 70% on 
average, despite low alum doses of 11-30 g Al/m² (Welch and Gibbons 2005). Doses determined 
from more recent sediment data are now higher; Green Lake, in Seattle, Washington, was treated 
in 2004 at 98 g Al/m². Thus, using a higher dose in Upper Klamath Lake may result in greater 
effectiveness than observed in previous cases.  
 
However, there are logistical and cost issues to treating Upper Klamath Lake itself. Until 2011, 
the largest known lake treated with alum is the 700-ha (1,730-acre) Grand Lake, in St. Marys, 
Ohio (Gibbons, 2012 unpublished data). Upper Klamath is 26,800 ha (66,000 acres), or roughly 
13 times larger than any treatment to date. The shallow lakes cited above ranged from 
approximately 45–140 ha (approximately 110–350 acre). Treating a large lake is possible by up-
scaling equipment (i.e., sizes and number of barges and storage tanks). Tetra Tech has supervised 
treating the middle 40% of a 5,000-ha (12,360-acre) shallow lake in Ohio with low doses in 2011 
and 2012 at a cost of $3.5 million per year. Tetra Tech recently estimated the cost of treating one 
third of the 233,000-ha (575,760-acre) Lake Okeechobee to be $274 million. Given that the 
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proposed treatment area of Lake Okeechobee was approximately 80,000 ha (approximately 
198,000 acres) or about three times the area of Upper Klamath Lake, and adjusting for current 
price of materials, alum treating of the entire Upper Klamath Lake would cost an estimated $91 to 
$180 million. The effective longevity of this type of phosphorus inactivation treatment in Upper 
Klamath Lake would be from 8 to 15 years, assuming that external loading would continue to add 
new phosphorus to the lake sediments. This means that Upper Klamath Lake would need to be 
treated 3 to 6 times in a 50 year period to meet management goals. This is equivalent to a unit 
removal cost of approximately $260 per kg phosphorus.  
 
Keno Reservoir 
A more cost-effective approach to reducing phosphorus concentrations downstream of Upper 
Klamath Lake and through Copco 1 and Iron Gate Reservoirs may be injection of alum into the 
Klamath River and Lost River Diversion canal prior to their entering Keno Reservoir or as it 
enters Keno Reservoir (Lake Ewauna). The reservoir would allow settling time and a deposition 
site for the alum floc and its sorbed phosphorus. This approach would direct treatment at the 
major source of phosphorus to downstream waters. Furthermore, there should be some benefit 
from the settled floc inactivating sediment phosphorus in Keno Reservoir. The settled inactivated 
Al-P would not be resolubilized in the anoxic waters of Keno Reservoir, because aluminum is not 
sensitive to low redox conditions. Such treatment should have the benefit of reducing Microcystis 
aeruginosa blooms in Copco 1 and Iron Gate Reservoirs, thereby reducing high summertime 
oxygen demand. An added benefit of employing alum injection through microfloc technology 
would be that it also uses aeration to create the microfloc, thus adding dissolved oxygen to the 
system. 
 
The cost of a microfloc injection system that would be operated from April through October 
would be approximately $5 to $8 million in capital costs for injection facilities and installation, 
with annual operation and maintenance including costs of $2 to $4.5 million per year for 
materials, electricity, and equipment maintenance, assuming a 20 year project life. This is 
equivalent to a unit removal cost of approximately $49 per kg phosphorus. 
 
4.6.5.2 Application of aeration/oxygenation to Upper Klamath Basin waters 

There are three water bodies where aeration/oxygenation techniques would be likely to increase 
seasonal dissolved oxygen concentrations and result in beneficial phosphorus reduction: 

• Keno Reservoir–complete circulation 
• Copco 1 and Iron Gate Reservoirs–hypolimnetic aeration / oxygenation  

 
The entire Keno Reservoir water column experiences anoxia, or near anoxic conditions, for 
approximately 8 miles during summer months when high inflow concentrations of TSS and 
nutrients originate largely from large seasonal algal blooms and internal loading of phosphorus in 
Upper Klamath Lake. Complete circulation of the water column at one or more points in the 
reservoir would increase dissolved oxygen during critical summer periods and may enhance 
phosphorus retention. Phosphorus retention using complete circulation will depend on how much 
iron is present in the water column and HRT of Keno Reservoir. If alum injection in the inflows 
to Keno Reservoir is employed, circulation may not be necessary to retain phosphorus. In that 
event, the benefit of circulation would be to enhance aquatic life and increase the decomposition 
rate of the high inflow BOD, which can be 10-20 mg/L.  
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Aerating or oxygenating the hypolimnion of Copco 1 and Iron Gate Reservoirs would increase 
dissolved oxygen concentrations in these waterbodies during critical summer periods and could 
also increase phosphorus retention. While available dissolved oxygen data indicate that anoxia is 
not consistently reached in bottom waters, concentrations do reach 1 mg/L in the bottom 10 m or 
so of Copco 1 and Iron Gates Reservoirs and surficial sediments may be anoxic enhancing 
internal loading under those conditions. However, since some release of phosphorus from the 
reservoirs can occur at times that may stimulate downstream periphyton growth (see Section 
3.7.1.4.1), retention of phosphorus in reservoir sediments due to hypolimnetic oxygenation may 
be beneficial.  
 
Circulation of Keno Reservoir appears to offer the most benefit for sequestering phosphorus and 
reducing BOD. Data on iron concentration is needed to determine the feasibility and benefits 
from circulation. 
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1 CHESAPEAKE BAY 

1.1 Overview 

The Chesapeake Bay is the largest estuarine system in the contiguous United States with a 
watershed area of nearly 64,000 square miles traversing the states of New York, Pennsylvania, 
Delaware, Maryland, Virginia, and West Virginia (Figure A-1). As a major resting ground along 
the Atlantic Flyway, it also supports more than 3,600 species of plants, fishes, and other animals. 
More than 500 million pounds of seafood are extracted from the Bay each year, and economists 
have estimated its overall value at more than $1 trillion (USEPA 2009). In addition, its 1,500 
square miles of wetlands provide valuable ecosystem services, such as critical habitat for fish, 
shellfish, and wildlife; filtration and treatment of residential, agricultural, and industrial wastes; 
and coastal storm and wave damage reduction (USEPA 2009). 
 

 
Figure A-1. Location of Chesapeake Bay and major tributaries. Source: ESRI. 
 

1.2 Identification of water quality problems 

In 1975, Chesapeake Bay became first estuary to be targeted for protection and restoration when 
Congress directed the USEPA to initiate a study investigating the causes of the observed 
environmental declines. In the process, the USEPA concluded that increased nitrogen and 
phosphorus loads were causing the Bay to become nutrient enriched, leading to excessive 
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seasonal growth of phytoplankton and algae followed by decomposition and prolonged anoxic 
conditions during the summer months, killing bottom-dwelling organisms such as oysters, clams, 
and worms (USEPA 2011). The main sources of nutrient pollution are agricultural, urban, and 
suburban runoff, wastewater outfalls, and atmospheric deposition. Agricultural land use covers 
approximately 8.5 million acres, or 25%, of the total watershed area and is, by far, the number 
one source of nutrient and sediment pollution to the Bay (USEPA 2009). However, pollution 
carried in urban and suburban runoff is of increasing concern due to the region’s continued 
population growth and related construction (USEPA 2009).  
 
Since 1983, the state-federal Chesapeake Bay Program has coordinated and conducted 
Chesapeake Bay watershed restoration efforts through a series of voluntary agreements from the 
partners–Maryland, Pennsylvania, Virginia, the District of Columbia, and the USEPA. However, 
not all of the states contributing to the water quality problems in the Bay signed on to the 
agreements and there was little in the way of consequences for not reaching the restoration goals. 
By 2009, water quality improvement had only reached 21% of the goals (USEPA 2009). After 
years of insufficient progress, continued impaired water quality designation, and an Executive 
Order by President Obama, the USEPA developed nutrient and sediment TMDLs for all six 
watershed states and the District of Columbia in December 2010. The Chesapeake Bay TMDL 
sets watershed limits of 185.9 million pounds of nitrogen (a 25% reduction), 12.5 million pounds 
of phosphorus (a 24% reduction), and 6.45 billion pounds of sediment (a 20% reduction) per year. 
In order to achieve these reductions, the USEPA requires documented “reasonable assurance” 
through the development of Watershed Implementation Plans (WIPs) and stop-gap measures that 
detail how and when each of the six states and the District of Columbia will meet their pollution 
allocations.  
 

1.3 Proposed solutions and challenges 

Both point and nonpoint nutrient sources have been targeted for reduction in the Chesapeake Bay 
watershed. Municipal and industrial wastewater treatment plant discharges currently contribute 
20% of the total nitrogen and phosphorus loadings to the system (USEPA 2009). Since 1985, 
these point sources have achieved a 32% reduction (26 million pounds per year) in total nitrogen 
being delivered to the Bay (Chesapeake Bay Program 2004). Three elements of the Chesapeake 
Bay Program's point source control strategy are responsible for the present-day reductions in 
nutrient loading:  

• Prohibition of consumer detergents containing phosphorus,  
• Wastewater treatment plant tertiary upgrades, and  
• Enforcement of permit requirement compliance.  

 
Because the majority of municipal treatment plants discharge into fresh waters where phosphorus 
is the limiting nutrient, nitrogen concentrations received little attention until recent years.  
 
Nonpoint sources of nutrients contribute about 50% of the total nitrogen and 75% of the total 
phosphorus that reaches the Bay, the largest single source originating from agricultural runoff 
(USEPA 2009). To address nonpoint sources of nutrients to the Bay, the following programs are 
underway: 

• Implementation of best management practices (BMPs). The Chesapeake Bay Watershed 
Initiative (CBWI) offers technical and financial cost-share assistance to landowners for the 
implementation of best management practices that reduce erosion and nutrient pollution. 
This includes fencing off streams, planting stream buffers, rotating crops and cattle, and 
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using manure management technology. However, to date, not all farmers have participated 
in the cost-share programs. Further, annual funding available for the voluntary cost-share 
programs is grossly insufficient to achieve pollution prevention goals, and those 
geographic areas and agricultural operations responsible for most of the nutrient and 
sediment load have not been the focus of available funding (Perez et al. 2009). 

• Wetland restoration and protection. Despite the valuable water quality, habitat 
improvement, and shoreline protection services wetlands provide, Bay states had, by 2009, 
achieved little more than half of the 25,000 acres restoration goal set to be completed by 
2010, with some states making more progress than others (Chesapeake Bay Foundation 
2010). Permitted losses of wetlands have slowed in recent years, likely due to the 
economic down-turn. 

• Conservation and restoration of riparian corridors, forest buffers, and resource lands. 
This includes, but is not limited to pavement removal, expansion of the urban tree canopy, 
preservation of undeveloped farm land and natural areas, stream buffer zones, and river 
restoration for channelized rivers. Many of the recent watershed-wide gains, particularly in 
Pennsylvania, have been due to the increased conservation dollars provided by the federal 
Farm Bill and the Chesapeake Bay Foundation (CBF) investments in restoration 
(Chesapeake Bay Foundation 2010). Conservation of resource lands has been very 
progressive in recent years, partially due to the slowed pace of development.  

• Urban stormwater management. This includes, but is not limited to, general sewer system 
upgrades to prevent combined sewer overflow into the waterways during storm events, 
bioswales for urban storm water management, and regulation of commercial fertilizer 
application and consumer lawn fertilizer formulation. Only those municipalities with the 
foresight and funding to tackle this management problem before regulatory requirements 
were in place made significant gains in this arena.  

 
To date, nonpoint source pollution reduction strategies have achieved less than 50% of the goals 
set by the voluntary Chesapeake Bay Program agreements (Perez et al. 2009). Identified reasons 
for this short-coming include gaps in the regulatory framework regarding controls on soil erosion 
from croplands, CWA permitting programs for livestock animals (dairy, beef, swine) and poultry 
operations, land application of manure, and the widespread use of agricultural chemical fertilizers 
(Perez et al. 2009). 
 
The Chesapeake Bay TMDLs require Watershed Implementation Plans (WIPs), with final phase 
II WIPs in place by March 30, 2012, and Phase III WIPs submitted by 2017. Each successive 
WIP provides increasingly more specific detail on load goals and actions to achieve those goals. 
All pollution control measures needed to fully restore the Bay and its tidal rivers are to be in place 
by 2025, with at least 60% of the actions completed by 2017. If the partner states do not meet this 
schedule, the USEPA has identified the following consequences that may include, but are not 
limited to the following: 

• Revising the draft or final pollutant WLAs in the Bay TMDL to assign more stringent 
pollutant reduction responsibilities to point sources of nutrient and sediment pollution 

• Objecting to state-issued CWA National Pollutant Discharge Elimination System (NPDES) 
permits 

• Acting to limit or prohibit new or expanded discharges of nutrients and sediments 
• Withholding, conditioning, or reallocating federal grant funds 
• Taking other actions as appropriate 
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1.4 Costs 

Available data from the Chesapeake Bay Foundation indicate that for the period 2007-2010, 
funding for the Chesapeake Bay Program from all sources (i.e., federal, state, non-governmental 
organizations [NGOs]) has been in excess of $3.8 billion, or approximately $950 million per year 
(ChesapeakeStat data accessed August 3, 2012 http://stat.chesapeakebay.net/?q=node/127). 
Roughly $2.8 billion or 75% of the total amount has been allocated to protecting and restoring 
water quality, with another roughly $550 million or 14% allocated to maintaining healthy 
watersheds. The states of Delaware, Maryland, New York, Pennsylvania, Virginia, West Virginia, 
and the District of Columbia have contributed approximately 72% of the total funding, the federal 
government has contributed 27%, and NGOs have contributed 1%. 
 

2 EVERGLADES 

2.1 Overview 

The original (pre-drainage) Everglades ecosystem covered approximately 11,000 square miles of 
south Florida, including the Kissimmee River watershed to Lake Okeechobee, the central 
Everglades marshes and the southern estuaries (Biscayne Bay, Florida Bay and the southwest 
Florida coast) (Figure A-2). Water flowed through the marshes as a sheet, a “river of grass,” 
driven by, generally seasonal, but regionally stochastic rainfall and periodic overflows from Lake 
Okeechobee. Draining of the Everglades for agriculture and development began in the late 1800s 
and early 1900s and culminated in 1948 with the Central and South Florida (C&SF) Project, an 
expansive water control system of levees and canals, designed to provide flood control and water 
supply for urban and agricultural development. These large-scale changes to the landscape 
severely altered the natural timing, distribution, quantity and quality of water in south Florida, 
and resulted in many negative consequences (e.g., overdrying/ponding in different areas, 
eutrophication, algal blooms, altered salinity regimes). The Comprehensive Everglades 
Restoration Plan (CERP) was initiated in 2000 to restore the Everglades ecosystem by 
reestablishing those hydrologic characteristics. This summary focuses on water quality in the 
central Everglades, including natural characteristics, primary issues and restoration methods.  
 

2.2 Identification of water quality problems 

The pre-drainage Everglades ecosystem was an oligotrophic system, with low total phosphorus 
concentrations estimated to be at or below 10 ppb. Prior to drainage for agricultural development, 
the primary source of water in the Everglades system was rainfall, with periodic overflow events 
from Lake Okeechobee and minimal groundwater input (NRC 2010). Rainfall is notably low in 
nitrogen and phosphorus, with phosphorus concentrations measured at 9–10 parts per billion 
(ppb) (Ahn and James 2001, Richardson 2008). With implementation of the C&SF Project and 
construction of a dike around Lake Okeechobee, sources of water to the Everglades changed 
significantly; water now flowed from the lake through canals and was supplied to the system 
through engineered means. Much of the water was directed through canals to the east and west 
coasts and released “to tide” into estuaries. Also, increasing agricultural development in the 
Everglades Agricultural Area (EAA) required large quantities of water, which took precedence 
over the ecosystem’s needs to the south. The EAA is a 700,000-acre area immediately south of 
Lake Okeechobee (27% of the historical Everglades) where sugar cane and winter vegetables are 
the dominant crops (Figure A-2). Nutrient runoff from the EAA and other agriculturally-
dominated basins is the primary source of phosphorus loading south into the central Everglades. 

http://stat.chesapeakebay.net/?q=node/127
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Such nutrient loading has resulted in water quality problems such as high phosphorus 
concentrations in the soil and expansion of phosphorus-limited cattails. Unnatural water levels 
exacerbate this problem by causing certain areas to dry out and phosphorus in the soils to be 
released. Areas considered phosphorus-enriched by the State of Florida have soil concentrations 
of greater than 500 ppb; these areas constituted 24% of the total area in 2005, with 49% of the 
area having concentrations over 400 ppb (Scheidt and Kalla 2007).  
 

Figure A-2. Pre-drainage and current Everglades system. 
 

2.3 Proposed solutions and challenges 

To address identified water quality problems in the Everglades ecosystem, several strategies have 
been implemented as part of CERP and other water quality programs.  

• Best Management Practices (BMPs): BMPs are applied to both agricultural and non-
agricultural lands north and south of Lake Okeechobee. Examples of BMPs include 
improved nutrient management practices, fencing cattle out of waterways, sediment and 
erosion control measures, use of conservation and riparian buffers, increased wetland and 
ditch water retention, improved irrigation management and controlled drainage. 
Implementation of the BMP program in the EAA has resulted in an average total 
phosphorus load reduction of 54% over a 14-year period (1996–2009), more than double 
the targeted goal of 25% (NRC 2010). 

• Stormwater Treatment Areas (STAs): STAs are constructed wetlands used to retain 
nutrients and other contaminants using vegetation and microbial communities (Figure A-
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3). Research has shown that such wetlands are most effective at removing inorganic 
forms of phosphorus and nitrogen, and less effective at removing organic forms of those 
nutrients (Kadlec and Wallace 2009). To date, a total of 65,000 acres of STAs have been 
constructed on former agricultural lands along the southern boundary of the EAA. Each 
STA consists of several cells, composed of plant communities, through which nutrient-
rich water is fed. Inflow and outflow rates are controlled and plant communities are 
managed to optimize nutrient removal. Between WY 1994 and 2009, the first six STAs 
reduced the load of inflow phosphorus by 72%; over this time period there was severe 
hurricane damage to the STAs, as well as three consecutive years of drought. Still, yearly 
performance efficiencies for phosphorus removal for this period ranged from 64 to 88%. 
The South Florida Water Management District (SFWMD) tries to keep the seasonal 
inflows as consistent as possible, but during extremely wet periods inflow loads have 
exceeded design loads and removal efficiencies have decreased (NRC 2010); however, 
outflows typically have low phosphorus concentrations. 

• Dispersed Water Management Program: North of Lake Okeechobee a program to 
retain water on private, public and tribal lands for water quality and storage benefits has 
been put in place. This reduces direct runoff and inflow into Lake Okeechobee and other 
waterways, thereby reducing the amount of water discharged to the canals and estuaries 
during the wet season. Detaining water also reduces nutrient concentrations in the runoff 
as it steadily flows across the landscape. A total of 131,500 acre-feet of storage is now 
provided through this method (SFWMD 2011a). 

 

Figure A-3. Aerial view of Stormwater Treatment Areas (STAs) in the Northern Everglades. 
Photo courtesy of USGS. 

 
Despite the progress that has been made to improve water quality conditions in the central 
Everglades, phosphorus loading continues to be a significant issue. An additional 50,000 acres of 
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STAs are in the planning stages, which will provide needed treatment and temporary storage; 
however, optimizing phosphorus removal efficiencies and managing inflow loads remain 
challenging (NRC 2010). Additionally, legacy phosphorus in Everglades peat soils and Lake 
Okeechobee sediments remains a significant source of loading. Studies on the efficacy of 
dredging Lake Okeechobee sediments and/or using alum to treat the lake’s water have found that 
such efforts would be very costly and time consuming and do not address the issue of limiting 
source inputs (EA Engineering Science and Technology 2002). Establishing more natural 
hydrologic regimes in the central Everglades to prevent overdrying and subsequent phosphorus 
release from the soils is a goal of restoration projects in the central Everglades; however, progress 
has been slow and impeded by lawsuits regarding the impacts of adding water that does not meet 
the 10 ppb phosphorus threshold. In summary, efforts to limit phosphorus inputs have been 
successful to varying degrees, but considerable work is still needed and the issue remains 
contentious.  
 

2.4 Costs 

To date (i.e., since approximately 2000), funding for the Everglades program from all sources has 
been in excess of $5.2 billion, or approximately $433 million per year over 12 years. Roughly 
$2.8 billion or 54% of the total funding has been provided by the federal government, including 
funds from the U.S. Department of Interior and U.S. Army Corps of Engineers (including the 
Herbert Hoover Dike Rehabilitation project to strengthen a 143-mile series of levees and 
structures surrounding Lake Okeechobee). The remaining $2.4 billion or 46% has been provided 
by the State of Florida (South Florida Water Management District) and has primarily been for 
land acquisition. 
 

3 SALTON SEA 

3.1 Overview 

The Salton Sea is the largest inland body of water in California. It is located on the San Andreas 
Fault at an elevation of more than 220 feet below sea level in between the Coachella and Imperial 
Valleys of southern California (Figure A-4). This is one of the most arid regions in the United 
States with an average annual rainfall of only 3 inches and more than 110 days of temperatures 
that exceed 100oF each year. The Salton Sea was formed during a breach of the Colorado River 
levee system in 1905. Prior to this event, the Colorado River periodically emptied into the 
northwest portion of the Salton Basin, forming the much larger Lake Cahuilla (USBR 2007). The 
current sea is a terminal lake fed by the New, Whitewater, and Alamo rivers, as well as various 
agricultural drainage systems and creeks (USBR 2007). Evaporative water loss has been 
estimated at 5.78 feet per year, and the surface area fluctuates around an average of 362 square 
miles, depending on inflow volumes (USBR 2000).  
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Figure A-4. Location of the Salton Sea, California. Source:  ESRI, U.S. Census Bureau Geography 

Division. 
 
Beginning in 1929, the California Department of Fish and Game (CDFG) introduced more than 
30 marine fish species to the Salton Sea; three of which, the sargo, Gulf croaker, and 
orangemouth corvina, adapted and became established (USBR 2007). Around 1965, tilapia was 
unintentionally introduced from agricultural drains, and by the early 1970s, it dominated the 
Sea’s fish community (USBR 2007). The only native fish to call the Sea home is the endangered 
desert pupfish, a key driver for restoration actions (USBR 2007). As part of the Pacific Flyway, 
the Salton Sea is also an important link that sustains the migratory cycles for many species of 
birds. It provides habitat for all seasons as an important way station for seasonal resting and 
feeding, wintering, spring conditioning, and breeding habitat (USBR 2007). The Salton Sea 
ecosystem currently supports more than 400 bird species, approximately 70% of all the bird 
species recorded in California (USBR 2007). 
 

3.2 Identification of water quality problems 

Tiled farmland drainage and wastewater treatment plant effluent contribute most of the nutrients 
and dissolved salts to the waters of the Salton Sea. With no outlet, evaporative losses of water 
concentrate these dissolved salts and nutrients, making the Sea hypereutrophic (USBR 2007). 
Increasing salinity and decreasing dissolved oxygen levels currently pose the greatest threat to the 
future of the Salton Sea ecosystem, although temperature fluctuations may become of increasing 
concern as water levels drop (USBR 2007). The salinity of the Sea has been recently measured at 
about 48,000 mg/L (USBR 2007). If the salinity reaches 60,000 mg/L, the majority of the existing 
fishery is projected to be lost (USBR 2007). Future water conservation, recycling, and transfers 
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are anticipated to further reduce water delivery to the Salton Sea, which will accelerate the rate of 
salinity increase, reduce the suitability of habitat for fish and wildlife, and expose a greater area 
of seabed playa. This leads to a human health concern when the high winds and arid conditions of 
the Salton Sea basin erode the exposed seabed playa and increase the concentration of airborne 
particles with a diameter of less than 10 microns (PM10) (USBR 2007).  
 

3.3 Proposed solutions and challenges 

The Salton Sea Reclamation Act of 1998 directed the Secretary of the Interior to study the 
feasibility of possible actions that would allow the continuation of the various environmental and 
recreational uses for this waterbody. Initial studies focused on options for reducing salinity and 
stabilizing the water surface elevation of the Sea. By 2007, under the direction of the California 
State Legislature, the California Department of Water Resources (DWR) released the Final 
Programmatic EIR which described the Preferred Alternative for the restoration of the Salton Sea 
(described below) based upon years of interagency collaboration and public comment. The 
Report identified the need for additional environmental data, the collection of which was to be 
completed by the Departments of Water Resources and Fish and Game, in coordination with the 
U. S. Geological Survey in 2008 (DWR 2011a). In 2011, the Army Corps of Engineers and the 
California Natural Resources Agency released a Draft EIS/EIR for the Salton Sea Species 
Conservation Habitat Project. This state project is intended to serve as a “proof of concept” for 
the restoration of shallow water habitat as described by the preferred alternative (DWR 2011b). 
Depending on funding, the project will create up to 3,770 acres of shallow water habitat, to be 
completed by 2015 (DWR 2011b). 
 
The Preferred Alternative, as described in the Final Programmatic EIR, includes a saline habitat 
complex and marine sea formed by barriers, air quality management facilities to reduce 
particulate emissions from the exposed playa, a brine sink for discharge of salts, conveyance 
facilities, and sedimentation/distribution facilities (DWR 2007). The alternative consists of a 
series of three concentric independent lakes separated by dikes, with deep pools, and habitat 
islands (DWR 2007). Each lake would receive water directly from the New and Alamo Rivers 
and would operate at increasingly higher salinities, with evaporation concentrating salinities from 
20,000 to 60,000 mg/L (DWR 2007). A brine pool would occupy the area of the innermost dike. 
The brine pools would be formed in the lakes at up to 20 feet in depth, enough to support a 
sustainable fishery (DWR 2007).  
 
Since the size of the sea would be reduced under all feasible alternatives, there is a concern that 
intense and persistent thermal stratification may result at depths exceeding 10 meters (USBR 
2007). This would cause the sea to shift from a system with several mixing events per year, to one 
that is mixed for a short period in the winter (USBR 2007). This stability coupled with the 
expected continuing eutrophication would make the hypolimnion of the sea anoxic for most of the 
year. During that time, hydrogen sulfide and ammonia concentrations could increase, reaching 
unprecedented levels (USBR 2007). The sudden redistribution of anoxia, hydrogen sulfide gas, 
and ammonia gas throughout the water column and their release to the air would likely occur 
during the single winter mixing event, potentially causing annual fish kills and odor problems 
(USBR 2007). The 2007 Restoration of the Salton Sea Summary Report describes five 
approaches aimed at reducing these risks: (1) reduce nutrient inputs, (2) avoid deep water to 
improve the efficiency of wind mixing, (3) mechanical circulation, (4) 
aeration/oxygenation/ozonation, and (5) pump water out of the Sea and treat it by 
ozonation/oxygenation before returning the treated water to the Sea.  
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In the interim, habitat values at the Salton Sea have continued to decline as salinity increased and 
water levels receded. To address these concerns, DWR and DFG are establishing the Salton Sea 
Financial Assistance Program, which will provide grants to eligible applicants for projects that 
conserve fish and wildlife habitat within the Salton Sea ecosystem. Further, the San Diego 
County Water Authority, the Imperial Irrigation District, and the Coachella Valley Water District 
have collaborated since 2003 to ensure the delivery of 165,000 acre-feet of water to the Salton 
Sea (San Diego County Water Authority 2011).  
 
In an effort to decrease the loads of suspended sediments, nutrients, selenium, and pathogens into 
the Salton Sea, numerous TMDLs have been developed in recent years. While the Salton Sea 
Nutrient TMDL is currently still being developed, the following TMDLs for tributaries to the sea 
are already in place:   

• New River Dissolved Oxygen TMDL (2010)   
• New River Trash TMDL (2007) 
• Imperial Valley Drains Sedimentation/Siltation TMDL (2005) 
• New River Sedimentation/Siltation TMDL (2003) 
• Alamo River Sedimentation/Siltation TMDL (2002) 
• New River Pathogen TMDL (2002) 

 
Additionally, two pilot treatment wetlands (Brawley and Imperial) were constructed on the New 
River in 2000, and their performance was monitored for several years (Tetra Tech 2006). The 
Imperial wetland receives water solely from agricultural drainage, and has a total area of 43 acres, 
22 of which are wetted (Tetra Tech 2006). It has two sedimentation basins, operating in parallel, 
followed by four wetland cells in series (Tetra Tech 2006). The Brawley wetland has a total area 
of 9 acres, of which 6 acres are wetted, and receives water solely from the New River (Tetra Tech 
2006). It has a single sedimentation basin and two wetland cells in series (Tetra Tech 2006). 
According to the 2006 Performance Evaluation report, “both wetlands were able to remove a 
substantial fraction of the influent load of the key contaminants monitored.”  They were found to 
remove more than 90% of influent suspended sediments and pathogens. Bioaccumulation of toxic 
chemicals, such as selenium, is a concern when using wetlands to enhance water quality in the 
region. The 2007 follow-up report concluded that, while the treatment wetlands pose some small 
level of ecological risk, they provide better habitat than the agricultural drains, the New and 
Alamo Rivers, and the Salton Sea (Tetra Tech 2007).  
 

3.4 Costs 

Available information indicates that for a 50-year lifespan, the total present worth cost of the 
Preferred Alternative is estimated to be between $241 and $262 million, based on an annual 
interest rate of 3.5%. The estimate breaks down as roughly $183 million in capital costs (i.e., land 
acquisition, engineering and design, permitting, biological and cultural surveys, and construction) 
and an estimated annual O&M and monitoring cost (present worth) of $1.2 to $1.6 million per 
year (Tetra Tech 2006).  
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The following are suggestions for project evaluation criteria developed by the Klamath River 
Pollutant Reduction Workshop Steering Committee. It is beyond the scope of the pre-workshop 
information packet to develop all of the information needed to apply the below criteria. Invited 
experts are encouraged to review the suggested criteria along with the technology summaries 
provided in Sections 4.1 to 4.6, and, based on their knowledge and experience, to bring any 
associated additional information to the workshop for broader group discussion. The set of 
criteria below will be further refined prior to the workshop.  
 

Objective 1—Reduce nutrients 

• quantity per unit volume water 
• unit removal rate 
• seasonal variations in rate 
• nutrient form affected (e.g., total nitrogen [TN], ammonium [NH4+], nitrate [NO3-], total 

inorganic nitrogen [TIN], total phosphorus [TP], ortho-phosphorus [PO43-], soluble 
reactive phosphorus [SRP], particulate organic carbon [POC], dissolved organic carbon 
[DOC], total organic carbon [TOC]) 

• effective project life time 
• implementation time frame 
• cost per unit reduction 
• energy density per unit reduction 
• disposal cost 
• others 
 

Objective 2—Improve overall water quality  

For dissolved oxygen, pH, water temperature, total suspended solids/turbidity, chlorophyll-a, and 
algal toxins:  

• Change in parameter 
• Seasonal max/min 
• Steady state range 
• Cost per unit change 
• Energy per unit change 
• Implementation time frame 
• Effective life time 
• Other 
• Near shore water quality improvement (ocean)—factors changed (list), season of change 

(list), areal extent (shore miles) 
• Subjective water quality ‘improvement’—reduction in algae (%), aesthetic improvement 

(H/M/L), recreation opportunity (+/-/0), season of greatest improvement (months), 
durability of result (H/M/L) 

 

Objective 3—Support Designated Beneficial Uses 

• Fisheries—effects on salmonids, suckers, eulachon, lamprey, game fish, others (+/-/0) 
• Irrigation supply—surface water availability, surface water quality, ground water 

availability, ground water quality, return flow/ recharge, ET/consumptive use, other (+/-/0) 
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• Domestic Use—public entity/effect (name/effect), private entity/effect (name/effect) 
• Industrial Water Supply—entity/effect (name, size, effect) 
• Livestock Watering—entity/effect (name, size, effect) 
• Wildlife and Hunting —species/effect (name, effect), area (acres) 
• Fishing—tribal Harvest (species, effect), sport harvest (species, effect), commercial harvest 

(species, effect) 
• Boating—change in opportunity (+/-/0) 
• Water Contact Recreation—change in opportunity (+/-/0) 
• Aesthetic Quality—visual change (+/-/0), olfactory change (+/-/0), taste change (+/-0) 
• Hydro Power—change in flow regime (describe shift in average hydrograph), volumetric 

change (+/-/0), change in ramp rates (cfs/hour), change in fish passage (+/-/0), change in 
revenue (+/-/0), Federal Power Act compliance (+/-/0) 

• Commercial Navigation and Transportation—change in opportunity (+/-/0) 
• Overall ecosystem function—change (+/-/0), effects (list) 
• Others 

 

Global criteria 

Some concerns are globally applicable to all of the objectives (e.g., what it costs, how fast it can 
be implemented, etc.). The Steering Committee has considered included a set of ‘Global Criteria’ 
that allow workshop participants to take a broader view of a particular technology, outside of the 
workshop objectives. The global considerations are in some ways duplicative of the more targeted 
evaluation criteria, but they offer a summary view of the technologies and projects and can assist 
the Steering Committee in collating results and weighting individual concerns: 

• Demonstrable benefits to WQ, fisheries and T&Es (H/M/L) 
• Cost (H/M/L) 
• Energy use (H/M/L) 
• CO2 load (H/M/L) 
• Consumptive water use (H/M/L) 
• Speed/rate (H/M/L) 
• Effectiveness 

o Nutrient reduction (H/M/L), water quality improvement (H/M/L), support of BUs 
(H/M/L) 

o Legal feasibility (water rights, licensing and permitting, nuisance, insurance) (+/-
/0) 

o Engineering feasibility (technology well developed, Infrastructure feasibility 
(power grid, materials, technological barriers) (+/-/0) 

o Cultural/social effects (noise, odor, aesthetics, displacement, environmental 
justice) (H/M/L) 

o Potential for unintended consequences (H/M/L) 
o Compatibility/synergy—with other interim measures (+/-/0), with restoration 

measures (+/-/0), with dam removal (+/-/0) 
o Job creation—short term (+/-/0), long term (+/-/0) 
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Narrative questions 

A set of open-ended questions will invite a narrative response from each working group. These 
narratives will be useful to capture unexplored aspects of a project and other considerations that 
are tangential to the core project objectives, for example, what is the ‘green score’ of the chosen 
technology? 

• How will this technology/measure interact with dam removal, should there be an 
affirmative Secretarial Determination on the removal of J.C. Boyle, Copco 1 and 2, and 
Iron Gate Dams? 

• Is this technology/measure likely to facilitate improvement in juvenile sucker recruitment 
in Upper Klamath Lake? 

• Does this technology/measure provide an acceptable cost to benefit ratio? 
• Is this technology/approach a long-term solution or improvement? 
• Does this technology/measure address multiple water quality problems? Is it a global 

solution? 
• Are there readily identifiable legal constraints on this technology/measure? 
• Are there likely to be opportunities for funding for this technology/measure? 
• Are there readily identifiable political ramifications for this technology/measure? 
• How does this technology/measure ‘fit’ with other approaches? Is there a hybrid of several 

approaches that would enhance overall treatment effectiveness? 
• How ‘green’ is this technology/measure? 
• Others? 
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1 ADDITIONAL FIGURES FOR CLIMATE CHANGE AND 
HYDROLOGY 

 
Figure C-31. Projected changes in annual temperature and precipitation for the Klamath Basin. 

Climate change model: Ensemble average (half in a suite of international climate 
monitoring models project a greater amount of change, and half of the models 
project less change as compared to the 1951–1990 baseline average). Source: 
Climate Wizard. 
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Figure C-32. Upper Klamath Lake surface elevation time series; end of month elevations for 
Water Years 1905-2009. Data 
source: www.usbr.gov/mp/kbao/operations/water/korep1.cfm?lakeid = ukldata1 

 

2 REACH-SCALE WATER QUALITY SUMMARIES 

2.1 Upper Klamath Lake and major tributaries (Wood, Williamson, and Sprague 
Rivers) 

External phosphorus sources  in Upper Klamath Lake include: (1) fluvial inputs from streams 
draining the catchment, (2) runoff and irrigation-return waters pumped from agricultural areas 
adjacent to the lake and tributaries, (3) diffuse sources such as springs and marshes, and (4) 
atmospheric deposition. Lake and outflow phosphorus levels are driven by external phosphorus 
loads and “internal phosphorus loads” cycling between the water column and bottom sediments 
(ODEQ 2002). While “internal phosphorus loads” released from bottom sediments in early 
summer contributes to algal blooms, they ultimately reflect anthropogenic antecedent external 
phosphorus loads stored and recycled from the bottom sediments since the early 1900’s. Relative 
to the historical baseline, external phosphorus loads in Upper Klamath Lake have been increased 
due to anthropogenic activities (ODEQ 2002, Walker et al. 2012). Anthropogenic contributions 
were estimated to be 38% of the total external phosphorus load in 1992-1998 and 31% in 2008-
2010 (Walker et al. 2012). 
 
A phosphorus mass-balance model was subsequently developed for simulating the linkage 
between external phosphorus load, internal phosphorus cycling processes, and spatially-averaged 
lake water quality, expressed in terms of means and frequency distributions of total phosphorus 
(TP), chlorophyll-a, and pH (Walker 2001). The historical phosphorus budgets and model were 
utilized by ODEQ (2002) to establish targets for lake phosphorus concentrations and external to 
achieve lake water quality standards for algal biomass (expressed as chlorophyll a), and pH, as 
required under the Total Maximum Daily Load (TMDL) for Upper Klamath Lake (2002). In the 
TMDL the phosphorus-load was expressed in terms of a long-term-average under hydrologic 
conditions that occurred in that 7-year historical period of record (October 1991-September 

http://www.usbr.gov/mp/kbao/operations/water/korep1.cfm?lakeid
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1998). Achieving the loading target (109 metric tons/year of TP) would require a 40% reduction 
in external phosphorus load relative to the period of record loads. The average inflow TP 
concentration (66 parts per billion [ppb]) corresponding to the TMDL target was similar to the 
average value measured in springs and other relatively un-impacted sources in the watershed, 
which were assumed to represent natural background conditions.  
 
Similar to an earlier phosphorus budget effort by Miller and Tash (1967), who estimated sediment 
recycling of phosphorus (internal phosphorus loading) to be 57% of the total load, Kann and 
Walker (1999) and ODEQ (2002) estimated that phosphorus recycling from lake sediments 
accounted for 61% of the total phosphorus loading to Upper Klamath Lake, with much of this 
recycling occurring during the summer algal growing season. Efforts to understand internal 
phosphorus recycling indicate a consistently positive benthic flux for soluble reactive phosphorus 
(SRP) (Kuwabara et al. 2007, et al. 2009). Kuwabara et al. (2009) also concluded that diffusive 
flux alone could not account for water column phosphorus increases and concluded that sediment 
resuspension and bioturbation were also important mechanisms of nutrient release. Another 
recent study by Simon et al. (2009) confirm that measurable losses of phosphorus from surficial 
sediments of Upper Klamath Lake were a source of phosphorus during an algal bloom, but also 
indicate that the internal loading mechanisms they evaluated could not account for the total 
internal load of phosphorus in Upper Klamath Lake. Sampling of the benthic invertebrate 
community in the lake has revealed high densities of benthic invertebrates in the sediments 
(Kuwabara et al. 2012) that could contribute to internal loading through metabolic cycling as well 
as bioturbation. Simon et al. (2009) indicate that iron plays a role in SRP release (dissolution of 
phosphorus complexed to iron) at varying spatial and temporal scales; but also that this type of 
phosphorus loss could not account for all of the phosphorus release for the lake as a whole. 
Translocation of sediment phosphorus through AFA akinete migration also could not account for 
a majority of sediment phosphorus recycling in Upper Klamath Lake (Barbiero and Kann 1994).  
 
All of the above mechanisms can be enhanced through wind-driven resuspension in the shallow 
Upper Klamath Lake (Laenen and LeTourneau 1996). Notwithstanding the precise internal 
phosphorus loading mechanism (diffusion, pH or anaerobic mediated release, microbial and 
macroinvertebrate metabolic cycling, bioturbation), it is clear that many of the mechanisms 
operate at varying temporal and spatial scales and play an important role in driving AFA 
dynamics in Upper Klamath Lake. However, the ultimate sediment phosphorus source is 
watershed-derived, reflecting prior loading inputs (Walker et al. 2012).  
 
Watershed concentrations of nitrogen tend to be low leading to low total and bioavailable N:P 
ratios in inflows to Upper Klamath Lake (<1 for bioavailable forms) with increased ratios in the 
Upper Klamath Lake outflow due partially to N-fixation occurring in the lake (e.g., Kann 2012b, 
Walker et al. 2012). Although observations of nitrogen and phosphorus are unavailable for Upper 
Klamath Lake prior to ca. 1956, data suggest that water column N:P ratios have been low for a 
least the past 40 years (cf. Phinney et al. 1959, Klamath Consulting Service 1983). More recent 
studies show that N:P ratios in Upper Klamath Lake are clearly in the range (generally less than 
10:1 by weight during the algal growing season for the total forms of these nutrients) that 
indicates dominance by N-fixing blue-green algae should occur (Kann 1998, Kann 2011, Kann 
2012a, Lindenberg et al. 2009, Jassby and Kann 2010). While N:P ratio influences algal species 
composition, phosphorus concentration is a major factor controlling algal biomass (Kann 1998, 
Kann and Walker 1999, Lindenberg et al. 2009). Analyses indicate that when TIN and SRP ratios 
were less than 5:1 in Upper Klamath Lake, the percentage of AFA containing heterocysts (the 
specialized cells where N-fixation takes place) increased (Kann 1998). Large net-negative 
retention of nitrogen in Upper Klamath Lake (especially during the summer bloom period; 
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Walker et al. 2012), low TN:TP and TIN:SRP ratios, as well as the seasonal timing of Upper 
Klamath Lake nitrogen increases, demonstrate the ability of AFA to overcome nitrogen 
limitation, and grow to large levels based on the amount of available phosphorus. 
 
Seasonal patterns of low dissolved phosphorus during bloom growth, increasing dissolved 
phosphorus after bloom decline, and negative correlations between dissolved phosphorus and 
algal biomass provide evidence for early season phosphorus limitation (Kann 2012a, Hoilman et 
al. 2008). Potential phosphorus-limitation characterized by chlorophyll-a to phosphorus ratios 
greater than 1 were also observed during initial AFA blooms (generally in late June and early 
July), but to a lesser degree during late-season blooms (Lindenberg et al. 2009). In addition, as 
the season progresses, growth becomes increasingly restricted by light, as indicated by the 
increased attenuation coefficients and the decreasing water column light intensity during mid-
May to early July which coincides with the primary growth and increase in AFA biomass 
(Hoilman et al. 2008, Kann 2010a). USGS studies have also found a correlation between 
chlorophyll-a concentrations and photic zone depth (Hoilman et al. 2008, Lindenburg et al. 2009, 
Wood et al. 2006) and noted the potential for algal self-shading, especially at deeper sites 
(Hoilman et al. 2008, Lindenburg et al. 2009). There is some indication that a “clear water” phase 
may precede annual AFA increases and may serve to promote nitrogen fixation generally which 
generally has a high energy/light requirement (Kann 2012a).  
 
The typical seasonal pattern of nitrogen and phosphorus in Upper Klamath Lake is shown in  
 
Figure C-33 (Kann 2012a). The pattern in the amount of available nitrogen appears to influence 
bloom dynamics (higher levels in 2011 were associated with a depressed AFA bloom); and the 
pattern in SRP, which remains low even as algal biomass increases, indicates uptake of available 
phosphorus as the AFA blooms actively grow. Although the reason for the bloom decline is not 
clearly understood, both TIN and SRP increase as the bloom declines (crashes), indicating that 
these nutrients are not limiting algal growth during the bloom decline period (Figure C-33).  
 
The most recent Upper Klamath Lake hydrologic and nutrient balance computations that 
encompass water years 1992-2010 provide the context for nutrient management in the Upper 
Basin (Walker et al. 2012). For example, substantial research, water quality monitoring, 
watershed management, and wetland restoration management efforts have occurred since 
development of the WY 1992–1998 nutrient budgets (Kann and Walker 1999) that provided a 
baseline for the TMDL (ODEQ 2002). Several of the large drained wetlands on the periphery of 
Upper Klamath Lake are no longer grazed or farmed, and are in varying stages of restoration 
(e.g., Wong et al. 2011, USBLM 2005, Carpenter et al. 2009, Duff et al. 2011). Watershed 
conservation projects such as those implemented by the Klamath Basin Rangeland Trust (KBRT) 
in the Wood River and Sevenmile Creek drainages have sought to reduce water use and decrease 
nutrient export from grazed areas (e.g., GMA 2011a, GMA 2011b).  
 
The annual water and nutrient mass balances for the overall period are summarized in Table C-1; 
however, the interannual and seasonal trends are also of primary importance and these are shown 
in detail in Walker et al. (2012). Major conclusions include: changes in TP storage and net 
retention are highly variable from year-to-year but of lower magnitude than the inflows and 
outflows; the negative TN retention values primarily reflect atmospheric fixation of nitrogen by 
AFA and exceed the average inflow load by more than 3-fold; data suggest there is a one-year lag 
in the response of the annual outflow TP loads to variations in the inflow TP loads; large negative 
spikes in net retention occur in June and July and reflect high rates of phosphorus recycling from 
bottom sediments and N-fixation by blue-green algae; TP concentration ranges generally 
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decreased in WY 2008–2010 and may reflect decreased transient nutrient releases from 
antecedent agricultural soils in the restored wetland areas (e.g., Wong et al. 2011). 
 
Table C-1. Water and nutrient mass balances for water years 1992–2010. Source: Walker et al. 

2012.  
Upper Klamath Lake Water and Nutrient Balances, Water Years: 1992–2010 



Technical Memorandum                                                                              Pre-Workshop Information Packet 

 
September 2012 Stillwater Sciences 

C-6 

 
 

Figure C-33. Lake-wide mean chlorophyll, SRP, and TIN time-series for Upper Klamath Lake in 
2010 and 2011. Source: Figure 14 from Kann 2012a. 

 
Time series trend analyses from Walker et al. (2012) indicate: 

• increasing trends in the total inflow volume to Agency Lake and discharges from the Wood 
River basin;  

• increases in Wood River flows may be related to decreased agricultural withdrawals and 
management programs aimed at increasing Wood River flow;  

• an apparent decreasing trend in flow-weighted mean (FWM) concentrations in the Wood 
River likely reflect KBRT watershed management and grazing strategies aimed at reducing 
nutrient input in Agency Lake tributaries as well as implementation of wetland restoration 
projects (Agency Lake Ranch and Wood River Ranch);  
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• significant decreasing trends in FWM TP concentrations in discharges from the Williamson 
River excluding the Sprague River, lower Wood River (below Weed Road), pumped 
inflows, and in the total inflows;  

• no trends in FWM TP concentrations were observed in the upper Wood River (above Weed 
Road), Sevenmile Creek, or the Sprague River;  

• results for TN were qualitatively similar, with the exception that trend magnitudes were 
slightly lower; and 

• despite long-term decreases in the total inflow nutrient concentrations and loads, significant 
trends in outflow loads or net retention were not observed over the 1992–2010 period.  

 
In addition, apparent shifts in the monthly lake TP retention and concentration trends were 
observed where retention increased in June and decreased in July while lake concentrations 
decreased in June but increased in August and September indicating a forward-shift in the timing 
of internal loading and bloom dynamics consistent with Jassby and Kann (2010), who indicated a 
shift towards a later maximum in the timing of peak algal biomass (Walker et al. 2012).  
 
Estimates of TP load reduction in WY 2008–2010 relative to the TMDL baseline (31%) reflect 
both reductions in flow (22%) attributed to variations in precipitation and reductions in FWM 
concentration (11%) attributed to restoration and management efforts or other factors (Walker et 
al. 2012). Corresponding reductions in TN load and concentration relative to the TMDL baseline 
were 36% and 18%, respectively. The combined inflow TP concentration from external sources 
averaged 94 ppb in WY 2008–2010, as compared with 113 ppb in WY 1992–1994, 105 ppb in 
WY 1992–1998 (TMDL baseline), and the TMDL goal of 66 ppb (ODEQ 2002). Average TP 
loads in those periods were 124, 145, and 180 mt/yr, respectively, as compared with the TMDL 
goal of 109 mt/yr (Walker et al. 2012). 
 
Spatial gradients in TP and TN concentrations reflect cumulative impacts of anthropogenic inputs 
along each tributary (moving downstream from relatively un-impacted headwaters in each basin; 
Figure C-34. Spatial variations in FWM nutrient concentrations, WY 2002–2010. Source: Figure 
16, Walker et al. 2012.). Although changes in response to nutrient management are being detected 
in the 1992–2010 data set, increasing downstream FWM nutrient concentrations indicate the 
potential for additional management opportunities, and current trends also reflect an expected lag 
in the response time of nutrients to restoration efforts.  
 
For example, restoration of deltaic wetlands surrounding the mouths of the Wood and Williamson 
Rivers is ongoing, and maturation of vegetation, soil accretion, as well as wetland soil-water 
column equilibration occurs at varying timescales (Aldous et al. 2005, et al. 2007; Carpenter et al. 
2011; Duff et al. 2011; Elsroad et al. 2011; Graham et al. 2005; Kuwabara et al. 2012; Wong et 
al. 2009; USBLM 2005). Recent research indicates that phosphorus released from the Williamson 
River Delta restoration project initially increased after flooding, but declined rapidly to a fraction 
of the annual load prior to reconnection with the lake (Wong et al. 2011), and additional 
measurements in the wetland also indicated a declining nutrient flux (Wong and Hendrickson 
2011). 
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Figure C-34. Spatial variations in FWM nutrient concentrations, WY 2002–2010. Source: Figure 

16, Walker et al. 2012. 
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2.2 Link River to Keno Dam 

Relative to monitoring stations at the upstream end of this reach (i.e., Link River and Miller 
Island), the KSD has substantially higher concentrations of total and dissolved forms of 
phosphorus and carbon through the entire year; and total nitrogen concentrations are higher in the 
KSD except during July–September, and estimated particulate phosphorus (PP) and total 
inorganic nitrogen (TIN) concentrations are higher in January–June (Figure C-35). In contrast, 
chlorophyll concentrations in the KSD are lower (Figure C-35) indicating low levels of live algae. 
Limited available data from the Lost River Diversion Channel suggest that while this canal it has 
lower nutrient concentrations than the KSD, it has higher total phosphorus (TP) and soluble 
reactive phosphorus (SRP) concentrations than Klamath River mainstem stations (Figure C-35). 
The effect of these two drains on mainstem river nutrient concentrations is variable by year, 
depending on their relative flow contribution. For 1990–2000, the average monthly relative 
contribution of the KSD to the river during the irrigation season was 20% or less (Mayer 2001), 
but in August 2002, a year with very low mainstem flows, the KSD’s flow contribution was 52% 
(ODEQ 2010). Modeling indicates that the drains have relatively little effect on dissolved oxygen 
under current conditions because dissolved oxygen is already so low in the summer and fall, but 
that the drains could have a much larger effect in the future if the organic matter load from Upper 
Klamath Lake were to be reduced (Sullivan et al. 2012). 
 
As water flows through Keno Reservoir, there is a shift in the composition of nutrients and 
organic matter from particulate to dissolved forms (Figure C-35 through Figure C-37) for the 
July–December period. This is primarily due to internal processes (e.g., settling, decomposition, 
and release of dissolved nutrients from the sediments), but also due to inputs from the KSD. For 
January through September, concentrations of total phosphorus are higher at Keno Dam than Link 
River (Figure C-35 and Figure C-36) and similar for October–December. In December–June, 
total nitrogen concentrations rise slightly between Link River and Keno Dam, while the opposite 
generally occurs during the rest of the year (Figure C-35 and Figure C-37).  
 

2.3 Keno Dam to upstream of Copco 1 Reservoir 

Deas (2008) conducted a detailed study of the 4.7 mile reach between Keno Dam and J.C. Boyle 
Reservoir for the months of June–September in 2007. Total nitrogen and total phosphorus 
concentrations were nearly unchanged from the top and bottom of the reach, but there were 
substantial changes in form of nutrients and organic matter. The majority of ammonia was 
converted to nitrate through nitrification, chlorophyll decreased as phytoplankton cells died in the 
turbulent reach, and PO4 increased due to breakdown of organic matter. The same trends are 
evident in a monthly summary of data from the years 2000–2011 (Figure C-36 and Figure C-37). 
 
In the bypass reach between J.C. Boyle Dam and the J.C. Boyle Powerhouse, most of the 
Klamath River’s flow is diverted into a canal. Approximately 1 mile downstream of the dam, 
high-volume springs contribute to the Klamath River. Nutrient concentrations in these springs 
have never been directly sampled, but IFR and PCFFA (2009) estimated long-term average 
nutrient concentrations for these springs using mixing equations and empirical data and 
determined that the springs substantially dilute concentrations of dissolved and particulate 
constituents such as phosphorus, nitrogen, and carbon. The springs also cool the river in summer. 
 
The full flow of the Klamath River is returned at the J.C. Boyle Powerhouse. The river between 
the J.C. Boyle Powerhouse and Copco Reservoir is referred to as the “peaking reach” and the 
Klamath River’s flow fluctuates on a daily cycle due to hydropower peaking operations. In 
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conjunction with the springs upstream, these peaking operations result in high intra-daily 
variability in nutrient concentrations. Thus, depending on the timing of when samples are 
collected within the daily hydrograph, sampled concentrations can be either higher or lower than 
daily flow-weighted average concentrations, which should be taken into account during data 
analysis and interpretation. 
 
Water quality trends evident from Keno Dam to upstream of J.C. Boyle Reservoir (i.e., 
nitrification, continued reduction in phytoplankton and breakdown of organic matter) continue 
between J.C. Boyle Dam and Copco Reservoir (Figure C-36 and Figure C-37). In the summer 
months, the Klamath River upstream of Copco Reservoir exhibits the highest nitrate 
concentrations (and highest percent of total nitrogen in the form of nitrate) of anywhere on the 
mainstem Klamath (Figure C-37). 
 

2.4 Iron Gate and Copco 1 Reservoirs 

Nutrient budgets for Copco and Iron Gate Reservoirs are dominated by mainstem inflows and 
outflows, with other tributaries being only relatively minor contributors due to the combination of 
both lower flows and lower nutrient concentrations in the tributaries (Asarian and Kann 2009). 
Concentrations of total nitrogen (TN) are consistently lower in the Klamath River downstream of 
Iron Gate Reservoir than upstream of Copco Reservoir (Figure C-37), with occasional exceptions. 
This is likely due to 1) settling of organic matter and algal material, 2) nutrient storage in the 
water column and sediments of the reservoirs, 3) penstock intakes that draw water from 
intermediate depths where concentrations are lower, and 4) possible atmospheric losses through 
denitrification (Asarian and Kann 2009). On an annual basis, the reservoirs retain approximately 
12% of incoming TN load (Asarian et al. 2009). During the warmer months their effect is greater; 
for July–September, TN concentrations at Iron Gate Dam have been measured at 39% lower than 
the reservoirs’ combined flow-weighted inflow (Asarian et al. 2010). 
 
Relative to the Klamath River upstream of Copco Reservoir, total phosphorus (TP) 
concentrations in the Klamath River downstream of Iron Gate Reservoir are generally equal or 
lower from January through August or September (varies by year), but then exhibit an opposite 
pattern until approximately December (Asarian et al. 2011) (Figure C-36). On a seasonal basis, 
reservoir sediments can release phosphorus to the water column during periods of seasonal 
hypolimnetic anoxia; however, most of the phosphorus released from the reservoir sediments 
during the anoxic period appears to remain within the hypolimnion until the reservoirs begin to 
turn over in the fall, and therefore is primarily not released into the river during the summer 
period of peak primary productivity downstream. An exception to this is that in many years TP 
concentrations are higher downstream of Iron Gate Dam than upstream of Copco Reservoir 
during the months of August through October when peak in-reservoir algal blooms occur. The 
reservoirs retain approximately 13% of incoming TP load on an annual basis (Asarian et al. 
2009), and during the months of July–September TP concentrations at Iron Gate Dam are have 
measured at 13% lower than the reservoirs’ combined flow-weighted inflow (Asarian et al. 2010). 
 
During the late summer and fall when reservoir algal blooms senesce and the thermal 
stratification begins to break down, water with low dissolved oxygen is released into the Klamath 
River from Iron Gate Dam (PacifiCorp 2005, NCRWQCB 2010). The reservoirs also cause a 
thermal lag in which releases from Iron Gate Dam are cooler in the spring and warmer in the late 
summer and early fall than they would be without the reservoirs (PacifiCorp 2005, NCRWQCB 
2010, Perry et al. 2011).  
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Figure C-35. Box slots showing seasonal summary of phosphorus, nitrogen, carbon and chlorophyll 
parameters for three mainstem locations between Link and Keno dams as wells as two 
drains than enter Keno Reservoir. Data span 2000–2011 and are from USGS, ODEQ, USBR, 
and PacifiCorp. TP= total phosphorus, SRP=soluble reactive phosphorus, PP= estimated 
particulate phosphorus (calculated as TP minus SRP), TOC = total organic carbon, DOC = 
dissolved organic carbon, and POC = particulate organic carbon, TN= total nitrogen, TIN 
= total inorganic nitrogen, and BOD5= 5-day biological oxygen demand. Sample size 
varies by season (fewer samples in Oct–Dec and Jan–Mar), parameter (far fewer samples 
for POC), and location (far fewer samples at Lost River Diversion Channel). Link River 
combines several stations between Link Dam to the mouth of Link River, and Keno Dam 
includes stations upstream and downstream of the dam. 
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Figure C-36. Monthly summary of phosphorus, chlorophyll, and carbon parameters for five locations 

between Link and Iron Gate dams for 2000–2011. Data are from USGS, ODEQ, USBR, 
PacifiCorp, Karuk Tribe, and USFWS. TP= total phosphorus, SRP=soluble reactive 
phosphorus, PP= estimated particulate phosphorus (calculated as TP minus SRP), TOC = 
total organic carbon, DOC = dissolved organic carbon, and POC = particulate organic 
carbon. Values are medians by month (all years combined). Sample size varies 
(minimum=2, maximum=125) by month (far fewer samples during November–April than 
May–October), parameter (far fewer samples for POC), and location. Link River 
combines several stations between Link Dam to the mouth of Link River, and Keno Dam 
includes stations upstream and downstream of the dam.  
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Figure C-37. Monthly summary of nitrogen parameters for five locations between Link and Iron Gate 

dams for 2000–2011. Data are from USGS, ODEQ, USBR, PacifiCorp, Karuk Tribe, and 
USFWS. TN= total nitrogen, ON=organic nitrogen, NO3+NO2= nitrate plus nitrite, NH3= 
ammonia, TIN = Total inorganic nitrogen, and PN = particulate nitrogen. Values are 
medians by month (all years combined). Sample size varies (minimum=2, maximum=126) 
by month (many more samples during May–October than November–April), parameter 
(far fewer samples for PN), and location. Link River combines several stations between 
Link Dam to the mouth of Link River, and Keno Dam includes stations upstream and 
downstream of the dam. 
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2.5 Periphyton 

There have been almost no surveys of periphyton in the reach from Keno Dam to upstream of 
Copco 1 Reservoir. A substantial portion of the reach is confined with high gradient and less than 
ideal physical conditions for periphyton growth. In addition, it is likely that daily hydropower 
peaking operations reduce periphyton populations by scouring during peaking flows, drying 
during low flows, and reduced light availability (due to increased depth and turbidity) during 
peaking flows (PacifiCorp 2005b).  
 
Despite hydropower peaking and an overall steep gradient, several lines of evidence suggest 
active periphyton populations with this reach. The elevation loss between Keno Dam and Copco 
Reservoir is a relatively steep (1% gradient); however, approximately 10.7 miles of that length 
possesses lower (25–27 ft/mile) gradient, not including the area impounded by J.C. Boyle 
Reservoir (Karuk Tribe 2006). The lower gradient areas provide potential habitat for periphyton. 
The reach from Keno Dam to upstream of Copco Reservoir also exhibits higher absolute and 
relative retention rates for nitrogen and phosphorus on a per-mile basis than river reaches further 
downstream (i.e., between Iron Gate Dam and Turwar) (Asarian et al. 2010), and periphyton 
uptake is the most likely explanation for these high retention rates. In addition, continuous water 
quality probes deployed at the Klamath River upstream of Copco in 2000 (Watercourse 
Engineering 2003) and 2002 (USFWS, unpublished data) indicate diel cycles in pH and D.O. 
with similar magnitude to that observed at sites downstream of Iron Gate Dam such as Seiad 
Valley. These diel cycles are likely due to a combination of hydropower peaking and periphyton 
photosynthesis/respiration but it is extremely difficult to ascertain the relative contribution of 
each. 
 
Periphyton and macrophytes (rooted aquatic plants) thrive in the Klamath River from Iron Gate 
Dam to the Klamath Estuary due to an ample supply of nutrients and low stable summer flows. 
Relatively few periphyton samples have been collected in the Klamath River, but available data 
show a longitudinal shift in summer periphyton species composition. N-fixing periphyton species 
are absent or rare in the upper portion of the reach (i.e., from Iron Gate Dam to approximately 
Seiad Valley) but the periphyton community transitions toward domination by species capable of 
fixing nitrogen (e.g., diatoms in the genera Epithemia and Rhopalodia and cyanobacteria in the 
genera Calothrix and Rivularia) in the lower portions of the reach (i.e., from Orleans to Turwar) 
(HVTEPA 2008, Asarian et al. 2010). 
 
In addition to affecting dissolved oxygen and pH, periphyton also play a role in the life cycle of 
the parasite Ceratomyxa shasta, which causes the often fatal disease ceratomyxosis in salmonids. 
The actinospore stage of C. shasta infects salmonids and the myxospore stage infects the alternate 
host, a polychaete worm Manayunkia speciosa (Bartholomew et al. 1997). The Klamath River 
between the Shasta River and Seiad Valley is referred to as the “infectious zone” where high 
percentage of juvenile Chinook and coho salmon become infected with C. Shasta due to high 
concentrations of C. shasta actinospores in the water column (Bartholomew 2011). In the 
Klamath River, M. speciosa is often associated with two microhabitats: (1) sand-silt with fine 
benthic organic matter, and (2) Cladophora, a filamentous green algal periphyton species that 
thrives in nutrient-rich waters (Stocking and Bartholomew 2007). The presence of Cladophora 
allows M. speciosa to occupy higher velocity habitats (Stocking and Bartholomew 2007). The 
distribution of Cladophora in the Klamath River has not been systematically mapped. 
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3 POTENTIAL WATER TREATMENT TECHNOLOGIES 

The following is additional technical information for potential water treatment technologies 
considered for the Klamath River Pollutant Reduction Workshop. 
 

3.1 Wetland Restoration 

3.1.1 Treatment cost estimates 

Examples of wetland restoration costs from the general literature and those specific to the 
Klamath Basin are provided in Table C-2. Some of the costs are specific to habitat-focused 
wetland restoration, while others are based on costs developed for treatment wetlands. While 
there are likely many similarities in costs between the two types of wetlands, treatment wetlands 
are more engineered systems and may have higher design, earthwork, and hydrologic control 
costs due to the specific sizing and plumbing of treatment cells.  
 

Table C-2. General cost considerations and example cost estimates for wetland restoration 
projects. 

Cost element Cost estimates Source 

Land acquisition 

$750/acre for BLM Wood River 
wetland in 1992-1994 

A. Hamilton pers. 
comm. (2012) 

$700/acre for Agency Lake 
Ranch in 1998 

David Evans and 
Associates, Inc.)2005) 

$5,000/acre rough estimate for 
lands around Keno Reservoir 

Deas (2011) 

Permitting and water rights (if needed) Variable -- 

Site investigation and engineering design 
$7,500-$ 22,500 (assuming 15% 
of capital costs as a rule of 
thumb) 

Lyon et al. (2009) 

Construction: 
- Earthwork (e.g., berm construction, 

excavation) 
- Hydrologic control and diversion structures 

(e.g., weirs, diversion boxes, pumps) 
- Planting 

$50,000-$150,000 per acre  Lyon et al. (2009) 

$5,600 per acre (for pilot scale) Mahugh et al. (2009) 

$230-$2,500 per acre per year 
(average $1000). Note: unclear 
whether engineering/design is 
included in cost. 

SFWMD (2004) as 
cited in CH2MHill (in 
prep) 

Perimeter fencing (if needed) $5,600 per acre (for pilot scale) Mahugh et al. (2009) 
Pre-treatment components (if needed) Variable -- 
Recreational/educational/research facilities (if 
needed) Variable -- 

Operation and maintenance 

Variable, but median value for 
surface flow treatment wetlands 
= $800 per acre per year 

Kadlec and Wallace 
(2008) 

$60-$750 per acre per year 
(average $260)  

SFWMD (2004) as 
cited in CH2MHill (in 

prep) 
 
 
As another relevant Klamath Basin example, approximate costs for the Wood River Wetland 
Restoration project, located adjacent to Upper Klamath Lake (see Section 4.1), from 1992 
through 2006 are as follows (A. Hamilton, pers. comm., 2012): 

• Land acquisition $2,400,000 (1992–1994) (approximately $750/acre for 3,200 acres) 
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• Phase 1: pump station, new dike, meandered channels (1996–1997) $680,000 
• Phase 2: middle levee and settling ponds (1997) $540,000 
• Phase 3: Wood River stream channel restoration (1997–2000) $1,580,000 

 
Nutrient removal estimates are difficult to estimate for wetland restoration projects due to site 
specific variability in conditions such as hydrology (seasonal flow patterns), hydraulics (how 
water distributes/moves though the wetland), geology, and vegetation. One wetland restoration 
project in the Klamath Basin where nutrient reductions can be roughly quantified is the re-
flooding of the Williamson River Delta. Re-flooding the 3,200 acres on the north/west side of the 
Williamson River Delta (Tulana Farms) initially released 2 MT of phosphorus, but that is only a 
small fraction of the 21-25 MT of phosphorus loaded to the lake from the Delta annually prior to 
flooding (Wong et al. 2011), indicating that the re-flooding of wetlands fringing Upper Klamath 
Lake resulted in reduced loading to the lake even in the first year (i.e., 23 MT - 2 MT = 21 MT). 
The 21 MT of “avoided” phosphorus loading is not actually the amount of phosphorus removed 
or sequestered by the wetlands; rather, it is a comparison of phosphorus loading given wetland 
land use relative to the former land use (agriculture). The diked/farmed former wetlands around 
the lake were, and in some cases still are, the "hot spots" of phosphorus export to the lake (Snyder 
and Morace 1997). Nutrient concentrations in the Williamson River Delta wetlands have declined 
since the initial year, indicating the nutrient export from the wetlands is continuing to slow 
(Wong and Hendrickson 2011). 
 
Estimated unit removal costs for nitrogen and phosphorus in restored wetlands in the Upper 
Klamath Basin based on costs for the Wood River wetlands and the Williamson River Delta are 
presented in Table C-3. 
 

Table C-3. Cost estimates for restored wetlands in the Upper Klamath Basin based upon 
general size, land acquisition, and construction costs for the Wood River and Williamson River 

Delta projects adjacent to Agency Lake/Upper Klamath Lake. 

Cost consideration 
Cost scenario1 

Lower Higher 
Wetland area (acres) 3,200 3,200 
Project life (years) 50 50 

Capital costs (construction and land acquisition)2 
Per unit area ($/acre) $4,700 $8,600 
Sub-total Capital ($) $15,040,000 $27,520,000 

Operation and Maintenance (O&M) costs3 
Per unit area ($/acre/yr)  $100 $800 
Annual ($/yr) $320,000 $2,560,000 
Sub-Total O&M ($) $16,000,000 $128,000,000 

Total cost for Project life 

Capital + O&M ($) $31,040,000 $155,520,000 
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Cost consideration 
Cost scenario1 

Lower Higher 
Unit removal costs 

TN removal rate (mg N/m2/d) 100 50 
TP removal rate (g P/m2/yr) -- 0.5 
TP "avoided" loading rate (g P/m2/yr) 4 1.6 0.5 
Total TN removed for project life (kg) 23,634,480 11,817,240 
Total TP removed for project life (kg) 1,048,982 323,760 
TN unit removal cost ($/kg) $1 $13 
TP unit removal cost ($/kg) $30 $480 
1 Lower estimate is a "best case scenario" that includes lower capital and/or O&M costs coupled with 
higher removal rates. Higher estimate is a "worst case scenario" that includes higher capital and/or 
O&M costs coupled with lower removal rates. 

2 Per-acre land costs assumed to be $3,000 (i.e., mid-way between $700-750 cost for 1990s Wood 
River land acquisitions and the $5,000 current small-parcel estimate from Deas (2011). Lower 
estimate construction costs assumed to be $1,700/acre based on 2000-2010 construction costs for 
entire Williamson River Delta project (i.e., $10M/5,800 wetland acres = 
$1,700/acre) http://www.fws.gov/klamathfallsfwo/suckers/sucker_pub/oct08posters/RestoringWetl
ands-SternHendrickson.pdf. Higher estimate construction costs assumed to be $5,600/acre from 
Mahugh et al. (2009). See also Table C-2. 

3 Lower O&M costs are unknown, but assumed to be less than the average value from SFWMD (2004). 
Higher O&M costs are median value from Kadlec and Wallace (2009) (see also Table C-2). 

4 Re-flooding north/west side of the Williamson River Delta (Tulana Farms) initially released 2 MT of 
phosphorus (Wong et al. 2011), whereas previous annual phosphorus export to lake was 21-25 MT (Synder 
and Morace 1997), indicating 21 MT reduced loading to the lake in the first year. Release of phosphorus 
should be lower than 2 MT in subsequent years. 21 MT/yr/3,200 acres=1.6 g P/m2/yr. 

Note: The units in this table may be mixed (i.e., English and metric); however, the units are presented as 
typically encountered in engineering, planning, or regulatory areas, or the scientific literature, 
whichever is most applicable. Appendix D presents common unit conversions. 

 
 

3.2 Treatment Wetlands 

3.2.1 Treatment cost estimates 

Kadlec and Wallace (2008) provide an algorithm to determine capital costs for free water surface 
constructed wetlands based on empirical data (Table C-4). 
 

Table C-4. Capital cost for free water surface constructed wetlands as a function of wetland 
size, based on equation from Kadlec and Wallace (2008) derived from 84 wetlands in the United 

States (r2 value of 0.79). Total capital cost = 194 A 0.690, where A = wetland area in hectares. 

Wetland area 
(acres) 

Wetland area 
(ha) 

Total capital cost 
($) 

Capital cost per unit 
area ($/acre) 

10 4 $509,002 $50,900 
50 20 $1,545,286 $30,906 

100 40 $2,492,984 $24,930 
200 81 $4,021,890 $20,109 
500 202 $7,568,483 $15,137 

1,000 405 $12,210,109 $12,210 
5,000 2,023 $37,068,827 $7,414 

10,000 4,047 $59,802,527 $5,980 
20,000 8,094 $96,478,431 $4,824 

http://www.fws.gov/klamathfallsfwo/suckers/sucker_pub/oct08posters/RestoringWetlands-SternHendrixson.pdf
http://www.fws.gov/klamathfallsfwo/suckers/sucker_pub/oct08posters/RestoringWetlands-SternHendrixson.pdf
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Wetland area 
(acres) 

Wetland area 
(ha) 

Total capital cost 
($) 

Capital cost per unit 
area ($/acre) 

50,000 20,235 $181,555,261 $3,631 
100,000 40,469 $292,900,111 $2,929 

 
 
To estimate treatment costs per unit of phosphorus removed, we applied cost information 
presented in Table C-2 and Table C-4 to wetland sizing calculations developed for the Klamath 
Straits Drain (i.e., a treatment wetland 1,633 acres in size, treating a 70-cfs flow, for 
approximately 90% TN and 60% TP removal) (Lytle 2000) (see Table C-5). Two cost scenarios 
were evaluated assuming two different values for O&M costs: in the lower cost scenario, per-acre 
capital (construction and land acquisition) costs are based upon the scale-dependent regression 
equation in Table C-4 and O&M costs apply the median value from Kadlec and Wallace (2009). 
In the higher cost scenario, per-acre capital costs are also from Table C-4, but O&M costs are the 
average value presented in SFWMD (2004).  
 
Table C-5. Cost estimates for treatment wetlands in the Upper Klamath Basin based upon size 
and nutrient removal assumptions in Lytle (2000) for a system treating water from the Klamath 

Straits Drain. 

Cost consideration 
Cost scenario1 

Lower Higher 
Wetland area (acres) 1,600 1,600 
Project life (years) 50 50 

Capital costs (construction and land acquisition)2 
Per unit area ($/acre) $10,488 $10,488 
Sub-total Capital ($) $17,126,949 $17,126,949 

Operation and Maintenance (O&M) costs3 
Per unit area ($/acre/yr)  $260 $800 
Annual ($/yr) $424,580 $1,306,400 
Sub-Total O&M ($) $21,229,000 $65,320,000 

Total cost for Project life 
Capital + O&M ($) $38,355,949 $82,446,949 
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Cost consideration 
Cost scenario1 

Lower Higher 
Unit removal costs 

Average flow (cfs) 4 70 70 
Days operating per year 365 365 
Mean inflow TN concentration (mg/L) 4 1.35 1.35 
Mean outflow TN concentration (mg/L) 4 0.14 0.81 
Mean inflow TP concentration (mg/L) 4 0.41 0.41 
Mean outflow TP concentration (mg/L) 4 0.16 0.25 
Annual TN load removed (MT/yr) 76 34 
Annual TP load removed (MT/yr) 16 10 
Total TN load removed (kg) 3,800,000 1,700,000 
Total TP load removed (kg) 800,000 500,000 
TN unit removal cost ($/kg) $10 $48 
TP unit removal cost ($/kg) $47 $162 
1 Lower estimate is a "best case scenario" that includes lower capital and/or O&M costs coupled with 

higher removal rates. Higher estimate is a "worst case scenario" that includes higher capital and/or 
O&M costs coupled with lower removal rates. 

2 Per-acre capital costs based upon scale-dependent regression equation (Kadlec and Wallace 2009). 
3 Lower O&M costs are the average value from SFWMD (2004). Higher O&M costs are median value from 

Kadlec and Wallace (2009) (see also Table C-2). 
4 From Lytle (2000) for TP and TKN + NH3-N in KSD at Stateline Highway. 
Note: The units in this table may be mixed (i.e., English and metric); however, the units are presented as 

typically encountered in engineering, planning, or regulatory areas, or the scientific literature, 
whichever is most applicable. Appendix D presents common unit conversions. 

 
 

3.3 Decentralized (Diffuse) Source Treatment Systems 

3.3.1 Treatment cost estimates 

Cost assumptions for building decentralized (diffuse) source treatment systems are listed below.  
• Site survey—essential for accurately determining design water levels ($1,000–1,500) 
• Water control and diversion structures built into berms  

o Diversion box—$1,500–$2,500 
o Level control—$2,000–$3,000 

• Earthwork—generally to be avoided, since the site is likely to be wet and difficult to 
work with typical earth moving equipment. If earthwork is necessary, the following cost 
estimates generally apply: 

o Excavation—$2.50 per cubic yard 
o Berms (two -four feet high, 3:1 slopes, 3 ft top)—$5 per cubic yard. 

• Planting ($5,000–$10,000 per acre) 
o Primary treatment species (e.g., Typha spp., Scirpus spp., and Sparganium) 
o Secondary food and habitat species (e.g., Nymphae spp.)  

• Exclusion fencing—$1.23 per linear foot for three strand barbed wire around the 
perimeter of the system. Building directly adjacent to a canal can eliminate fencing on the 
canal side.  
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Using the above assumptions, cost estimates for a 100-acre parcel in the Upper Klamath Basin 
with minimal earthwork and full perimeter fencing for small (0.9 acre) in-pasture wetland are 
presented in Table C-6. 
 

Table C-6. Cost estimates for decentralized (diffuse) source treatment systems in the Upper 
Klamath Basin. 

Cost consideration 
Cost scenario 

Lower Higher 

Wetland area (acres) 0.9 0.9 

Project life (yrs) 50 50 

Capital costs (assumes no land acquisition needed) 
Site survey $1,500 $1,500 

Diversion box $2,500 $2,500 

Level control $3,000 $3,000 

Pumps $— $— 

Earthwork $250 $250 

Planting $9,700 $9,700 

Exclusion fencing @ $1.25 per foot $680 $680 

Sub-total capital costs $17,630 $17,630 

Operation & maintenance (O&M) costs 
Per unit area ($/acre/yr) $260 $260 

Annual ($/yr) $234 $234 

Sub-total O&M ($) $11,700 $11,700 
Total cost for project life 

Capital + O&M ($) $29,330 $29,330 

Unit removal costs 
TN removal rate (mg N/m2/d) 100 50 

TP removal rate (g P/m2/yr) 1 0.5 

Total TN removed for project life (kg) 6647 3324 

Total TP removed for project life (kg) 182 91 

TN unit removal cost ($/kg) $4 $9 

TP unit removal cost ($/kg) $161 $322 

Note: The units in this table may be mixed (i.e., English and metric); however, the units are presented as 
typically encountered in engineering, planning, or regulatory areas, or the scientific literature, 
whichever is most applicable. Appendix D presents common unit conversions. 

 
 

3.4 Algae/Biomass Removal from the Water Column via Filtration 

3.4.1 Basic design elements 

Design elements for land-based filtration units: 
• Prioritization of gravity-fed canal flow options 
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• Determination of diversion pumping capacity for current rotation screen methods 
• Identification of existing water control structures  
• Determination of retrofitting feasibility of existing water control structures 

 
Design elements for land-based flotation/separation units: 

• Evaluation of flocculants and chemical characteristics (cost & environmental impact) 
• Identification of water control structures with substantial infrastructure to house floatation 

cells 
• Calculation of pumping capacity and cell treatment volumes for lake scale filtration (up 

scaling) 
• Determination of biomass dewatering methodologies suitable for algal slurries 

 
Design elements for in situ barge filtration units: 

• Identification of fabricators/ engineers for barge production 
• Determination of efficient off-loading methods (dock vs. on-lake off-loading procedures) 
• Selection of dockage / storage options for harvest barges 
• Identification of potential indirect effect on private industry 

 

3.4.2 Treatment cost estimates 

Cost considerations for algae/biomass removal from the water column via filtration are listed 
below.  
 
Land-based filtration: 

• Retrofitting of existing structures 
• Filtration unit costs and maintenance estimates per unit volume 
• Disposal or secondary use (transport, storage) 

 
Land-based floatation/separation: 

• Land costs 
• Construction and operation costs 
• Retrofitting of existing structures 
• Chemical flocculation costs 

 
Using information gathered from private enterprise harvesting algae on Upper Klamath Lake, 
cost estimates for in situ barge-based removal of algal biomass are provided in Table C-7. These 
estimates are expected to be viable for any of the possible treatment locations.  
 

Table C-7. Cost estimates for in situ barge-based removal of algal biomass. 

Cost consideration Cost estimate 
Mole C per mole biomass 1                    120 
Mole N per mole biomass                       16 
Mole P per mole biomass                         1 
Barge filtration capacity (lbs wet weight/day)            200,000 
Barge filtration capacity (lbs dry weight/day)                 2,000 
Project life (yrs)                       10 
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Cost consideration Cost estimate 
Capital costs 

Filtration barge ($)          $250,000 
Off-load vessel (tender) ($)            $50,000 
Sub-total capital costs ($)          $300,000 

Operation & maintenance (O&M) costs 2 
Fuel for barge and tender ($/day)                  $400 
Maintenance for barge and tender ($/day)                  $125 
Personnel ($/day)                  $400 
Annual ($/yr)          $337,625 
Sub-total O&M costs ($)      $3,376,250 

Total cost for project life 
Capital + O&M costs ($)      $3,676,250 

Unit removal costs 
Biomass removed (lbs/day)                 2,000 
Carbon removed (lbs/day)                 1,699 
Nitrogen removed (lbs/day)                    264 
Phosphorus removed (lbs/day)                       37 
Total TN removed for project life (kg)            437,983 
Total TP removed for project life (kg)              60,614 
TN unit removal cost ($/kg)                       $8 
TP unit removal cost ($/kg)                    $61 

Transportation and disposal costs assuming landfill 
75% dewatered material (lbs/day)              50,000 
Landfill disposal ($/lb)              $0.010 
Transportation ($/lb)              $0.008 
Total landfill and transportation costs ($/day)                  $875  
TN unit transportation and disposal cost ($/kg)                      $7 
TP unit transportation and disposal cost ($/kg)                     $53 

1 Adjusted Redfield ratio (120:16:1) used 1) to provide conservative pricing; 2) to account for carbon in 
dead/dying algal biomass that has already lost some of the nitrogen and phosphorus due to 
senescence, but is captured in the harvest process, and; 3) Redfield ratio was originally developed for 
marine plankton and there is a wide range of ratios available in the literature for different algae. In the 
Upper Klamath Lake system, the ratio may drop below 100 based upon the excess nitrogen and 
phosphorus availability. 

2 Assumes maintenance of barge and tender = 5% total cost/year. Assumes 100 days of in situ filtration 
per year. 

3 Assumes natural dewatering (air drying) is 75% efficient. 
Note: The units in this table may be mixed (i.e., English and metric); however, the units are presented 

as typically encountered in engineering, planning, or regulatory areas, or the scientific literature, 
whichever is most applicable. Appendix D presents common unit conversions. 
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3.5 Sediment Removal (Dredging) 

3.5.1 Similar applications 

3.5.1.1 Burnaby Lake 

Burnaby Lake, a 398-acre glacial lake in Burnaby, British Columbia, recently underwent a 
dredging project to remove approximately 235,431 cubic yards of accumulated sediments that 
had reduced the overall depth of the lake (Burnaby Parks Recreation and Cultural Services 2011, 
Chow 2011). The process began with a pilot dredging operation in 1999 that removed 2,500 cubic 
meters of sediment and confirmed the feasibility of larger scale lake dredging (City of Burnaby 
Environment and Waste Management Committee 2000). Between September 2009 and May 2011 
the $20.5-million Burnaby Lake Rejuvenation Project dredged the lake sediments using the 
Model 5012 HP Versi-Dredge pump dredge (Tervita n.d.; IMS n.d.),. The following process was 
utilized: (1) isolating a series of dredge zones, (2) relocating sensitive aquatic species (e.g., 
turtles), (3) dredging (using double turbidity barriers to contain mobile sediments and separate 
species from dredging operations) , (4) transporting the “dredgeate” to the City of Burnaby’s 
clean fill depot (5) separating water from the sediments by centrifuge, (6) transporting and 
reusing the sediment as subgrade for a nearby future sports field, (7) treating the liquid stream 
and (8) returning the treated liquids to the lake (ACEC n.d.). 
 
3.5.1.2 Lake Okeechobee 

In 2002, a pilot dredging project was conducted for Lake Okeechobee, a 467,200-acre lake in 
south-central Florida, to determine the feasibility of removing approximately 200 million cubic 
meters of nutrient-laden sediments (EA Engineering Science and Technology 2002). A SEDCUT 
dredge head with a 6-inch mouth opening was used to successfully remove dredge slurry along 
discrete lanes with minimal resuspension; the technology was found to be suitable for larger-scale 
application by making modifications such as increasing the head width and adding more 
hydraulic pumps. Approximately 6,000 cubic yards of dredge material was relocated to a 
confined disposal facility (CDF) along the shore of the lake where it was allowed to settle, then 
the liquid fraction was skimmed from the top and treated to remove phosphorus. Full-scale 
application to remove the desired quantity of sediment would involve dredging, disposal and 
treatment over a 30-year time period at an estimated cost of $27 million per year ($813 million 
total). 
 
3.5.1.3 Lake Trafford 

Lake Trafford is a shallow, 1,600-acre lake in Immokalee, Florida that was dredged to remove 
muck that had accumulated as a result of high nutrient inputs and decomposing exotic plant 
material. The Lake Trafford Restoration Project was authorized by Congress in 1996 and was 
implemented by the South Florida Water Management District from 2006–2010. Dredging was 
implemented in three phases in 2006, 2007 and 2010 using a cutter suction 20-inch dredge L.W. 
(GLDDC n.d.); muck was initially removed from the central part of the lake (to a depth of 6 feet), 
followed by the littoral zone around the lake’s edges (to a depth of 2 feet). A total of 6.3 million 
cubic yards of sediment were removed and pumped to a CDF one mile north of the lake. The total 
cost of the project was approximately $21 million (SFWMD 2011b). 
 
3.5.1.4 Vancouver Lake 

In 1983 dredging of Vancouver Lake, a 2,600-acre lake in Vancouver, WA, was completed as 
part of the $17-million Vancouver Lake Restoration Project to improve the lake’s water quality 
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(Gorini 1987). A total of 9 million cubic yards of dredge material were removed using a 
modified, electrified 30-inch cutter suction dredge. The dredge material was used to construct an 
island at the west end of the lake, modify the shoreline of the lake and fill 600 acres of uplands. 
Unfortunately, operations and maintenance (O&M) activities were not executed as planned and 
the lake has since silted in a second time, necessitating additional restoration activities sooner 
than expected (USACE 2007).  
 

3.5.2 Treatment cost estimates 

Hydraulic dredging costs can vary greatly, from $5 to $15 per cubic yard (IEPA and NIPC 1998), 
which includes equipment operation and maintenance. Previous studies estimated hydraulic 
dredging cost per cubic yard at: $1.80–$2.50 (Lake Hancock; Madrid Engineering Group, Inc. 
2005), $3.02 (Lake Okeechobee; EA Engineering Science and Technology 2002), $4–7 
(Kohlman Lake; BARR 2007; higher than normal because of limited access to public right-of-
way) and $4–6 (Fountain Lake, BARR 2009). Mechanical dredging can be more expensive, 
ranging from $8–30 per cubic yard (including disposal) (IEPA and NIPC 1998). The Kohlman 
Lake Dredging Feasibility Study estimated mechanical dredging costs at $5–11 per cubic yard 
(BARR 2007).  
 
3.5.2.1 Upper Klamath Lake 

Given readily available information, the following are example calculations for potential dredging 
costs for the Upper Klamath Lake system. 
 
Lake Area—Area estimates vary depending on whether bordering wetlands and/or Agency Lake 
are included (for the purposes of this analysis, Agency Lake is included). In a prior investigation, 
USBR estimated the required dredging area for the Upper Klamath Lake system at 75,000 acres 
(J. Hicks, USBR, pers. comm. with M. Singer, Stillwater Sciences, June 6, 2012). However, a 
more recent study estimated the lake area at approximately 232 km2 (57,328 acres), including 
Agency Lake (Simon et al. 2009).  
 
Dredging depth—In a prior study, USBR estimated the required dredging depth for Upper 
Klamath Lake to be 3 feet (J. Hicks, pers. comm., June 6, 2012). However, more recent estimates 
indicated that phosphorus concentrations were highest in the upper 10 cm of sediments (see also 
Section 4.5.5 of the main report) (Simon et al. 2009).  
 
Dredging volume—The more recent dataset is used to provide cost estimates of required 
dredging volume: 57,328 acres x 10 cm (= 0.33 feet) = 18,918 acre-feet = 30,521,040 cubic yards 
 
Total costs—Assuming $5–15 per cubic yard, the total cost of dredging the entire Upper 
Klamath Lake/Agency Lake system to a depth of 10 cm is estimated to range from $153 million 
to $458 million.  
 
Unit removal cost for phosphorus—Based on the median phosphorus concentration value 
reported in Simon et al. (2009), the calculated amount of phosphorus in the top 10 cm of sediment 
is approximately 1,392 metric tons (see also Section 4.5.5). For a range of $153 million to $458 
million, this equates to $110 to $329 per kg TP. Additional information on the areal extent of 
elevated phosphorus concentrations in the regions mentioned above (northern, Howard Bay and 
southernmost areas) would allow further refinement to these estimates, and given the greater mass 
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of phosphorus removed per volume of sediment, would be expected to decrease the removal cost 
per metric ton of phosphorus in lake hotspots. 
 
3.5.2.2 Keno Reservoir 

The following information is available for Keno Reservoir: 
Reservoir Area—approximately 2,300 acres (Klinkenberg 2001) 
Dredging Volume—approximately 144,000 cubic yards (including sand and gravel), with 
approximately 98,000 cubic yards (silt and clay). 
Total Costs—Assuming $5–15 per cubic yard, the total cost of dredging 144,000 cubic yards in 
Keno Reservoir ranges from $490,000 to $1.5 million. Assuming the same TP content for Keno 
Reservoir sediment deposits as those of Upper Klamath Lake, the unit removal costs would be the 
same (i.e., $110 to $329 per kg TP) 
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Common Conversion Factors 

Multiply By To obtain 
Length 

inch (in.) 2.54 centimeter (cm) 
inch (in.) 25.4 millimeter (mm) 
foot (ft) 0.3048 meter (m) 
mile (mi) 1.609 kilometer (km) 
yard (yd) 0.9144 meter (m) 

Area 
Acre 4,047 square meter (m2) 
Acre 0.4047 hectare (ha) 
Acre 0.004047 square kilometer (km2) 
square foot (ft2) 0.09290 square meter (m2) 
square inch (in2) 6.452 square centimeter (cm2) 
square mile (mi2) 259.0 hectare (ha) 
square mile (mi2) 2.590 square kilometer (km2)  

Volume 
gallon (gal) 3.785 liter (L)  
gallon (gal) 0.003785 cubic meter (m3)  
million gallons (Mgal) 3,785 cubic meter (m3) 
cubic inch (in3) 16.39 cubic centimeter (cm3)  
cubic inch (in3) 0.01639 cubic decimeter (dm3)  
cubic inch (in3) 0.01639 liter (L) 
cubic foot (ft3) 28.32 cubic decimeter (dm3)  
cubic foot (ft3) 0.02832 cubic meter (m3)  
cubic yard (yd3) 0.7646 cubic meter (m3)  
cubic mile (mi3) 4.168 cubic kilometer (km3)  
acre-foot (acre-ft) 1,233 cubic meter (m3) 
acre-foot (acre-ft) 0.001233 cubic hectometer (hm3)  

Flow rate 
acre-foot per day (acre-ft/d) 0.01427 cubic meter per second (m3/s) 
acre-foot per year (acre-ft/yr) 1,233 cubic meter per year (m3/yr) 
foot per second (ft/s) 0.3048 meter per second (m/s) 
cubic foot per second (ft3/s) 0.02832 cubic meter per second (m3/s) 
cubic foot per day (ft3/d) 0.02832 cubic meter per day (m3/d) 
gallon per minute (gal/min) 0.06309 liter per second (L/s) 
gallon per day (gal/d) 0.003785 cubic meter per day (m3/d) 
million gallons per day (Mgal/d) 0.04381 cubic meter per second (m3/s) 
inch per hour (in/h) 0.0254 meter per hour (m/h) 

Mass 
ounce (oz) 28.35 gram (g)  
Pound  (lb) 0.4536 kilogram (kg)  
ton, short (2,000 lb) 0.9072 megagram (Mg)  
ton, long (2,240 lb) 1.016 megagram (Mg)  
ton per day (ton/d) 0.9072 metric ton per day 
ton per year (ton/yr) 0.9072 metric ton per year 
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Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows: 
°F=(1.8×°C)+32 
 
Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows: 
°C=(°F-32)/1.8 
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