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INTRODUCTION 
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1.1 BACKGROUND 

Upper Klamath Lake (UK-L) is a large shallow lake which has been historically very 
productive and is currently classified as hypertrophic. The lake experiences massive algal 
blooms that lead to poor water quality in the form of high pH, low dissolved oxygen and high 
ammonia. It has been hypothesized that the poor water quality has contributed to the decline of 
endangered sucker fish. Recreational activities in the lake have diminished due to the bad 
odors and overwhelming concentrations of algae in the water. 

In the ~ast eigh~y years, approximately 3~,OOO acres of wetlands along the lake's perimeter 
has been dIked, draIned, and converted to agncultural use. At the same time considerable 
changes have occurred in the upstream watershed as large areas of land surrounding the major 
lake tributaries have been converted to agricultural and grazing land. 

These trends have reduced the extent and diversity of habitat available for native fish 
species and waterfowl. Restoration of wetlands has been cited as a means to remediate the 
poor water quality and habitat conditions in the lake. A working group has been established to 
study the endangered sucker fishes including evaluation of the role and contribution of marsh 
systems to nutrient filtering, buffering, algae reduction, and habitat. Preliminary evidence 
suggests that aquatic emergent vegetation may be important to for the protection and survival of 
the endangered fish during juvenile life stages. The Klamath Basin is also a major staging area 
for bird migration along the Pacific flyway and the U.S. Fish and Wildlife Service has 
identified marsh restoration as desirable in the North American Waterfowl Management Plan. 

Several federal agencies, state agencies, user organizations, and research groups and 
consultants have been involved in specific aspects of this problem over the last twenty years. 
This history of activity has to some degree established value laden concepts and polarized 
points of view. This report strives to establish scientifi~ integrity and objectivity in re
evaluating the conditions and causes of the water qualIty problems In UKL. 
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1.2 STUDY OBJECTIVES 

The Bureau of Reclamation is interested in expioting opportunities for improving water. 
quality conditions in UKL. These opportunities include using constructed wetlands and 
wetland restoration to reduce nutrient loading to the lake. 

Thus the objective of this study is to examine the role, effectiveness and application of 
constructed or restored wetland systems for these purposes. The feasibility to achieve both 
immediate and long term objectives will be subjected to a multiple criteria analysis including: 

I. improvement of water quality to a local or greater extent; 
2. ability to provide or improve endangered fish habitat; 
3. ability to provide or improve appropriate waterfowl habitat; and, 
4. increasing water retention and storage in the lake. 

In order to evaluate the effectiveness of wetland restoration, a problem statement has been 
developed to summarize the research results to date. This statement evaluates the annual 
phosphorus and sediment mass loads to the lake, as well as the current hydrologic balance. 
This mass balance has been used to predict the impact of various management practices on the 
primary productive potential in UKT '. 

Existing eutrophication control methods have been analyzed with respect to the feasibility, 
effectiveness and cost of application in the UKL watershed. Source control methods, their 
effectiveness, feasibility and costs, were performed. A literature review of the effect of 
wetlands on water quality has been compiled, with an emphasis on phosphorus removal and 
retention. The benefits of wetland restoration for wildlife in the Upper Klamath Basin, 
particularly waterfowl, has been evaluated. The status of the endangered sucker species have 
been thoroughly reviewed with an emphasis on the role of restored wetland in their recovery. 
Water storage functions have been evaluated and the inter-relatedness of proposed watershed 
strategies to the four criteria listed above has been analyzed. 
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1.3 METHODOLOGIES 

The approach of this study included both a review of written literature, and an assessment 
of research currently in progress. Pertinent information was obtained from groups in the 
UpI?e~ Klamath Basin that were identified as having an interest in the problems listed above. 
Indl~ldual rese3fchers were interviewed, and where possible, preliminary results were 
obtamed. Considerable effort was put into informal and formal discussions with the interested 
u~~r groups associated with UKL and its watershed. The Wood River Ranch project was 
VIsited and several meetings were attended. Individuals from our research group accompanied 
the Klamath Tribes on their routine lake sampling activities. One member of our team 
accompanied ~ureau of Reclamation water quality researchers on several trips to Hanks Marsh, 
and began an mdependent thesis on periphyton communities in the marsh. 

Our first objective was to obtain and review all published and unofficial research 
documents concerning water quality in UKL, including its tributaries. Information was 
analyzed both quantitatively and qualitatively, with an emphasis on particular water quality 
data. Where sufficient data existed and appeared relevant, the data was analyzed graphically 
andlor statistically to assess possible spatial or temporal trends. For phosphorus and flow 
data, all data sources were combined to create the most comprehensive picture of phosphorus 
loading currently possible. 

Data was also assessed from a quality point of view. Methodologies and detection limits 
were noted and an overall judgment was made as to the quality of the research. In many cases, 
the studies were missing key elements or statements of methodology. Many either failed to 
measure key parameters, such as suspended solids; or measurements were so limited in 
duration or location that trends were difficult to identify. 

A steady state lake model was developed to show the relationship. between loading rates, 
settling rates, and annual average in-lake total phosphorus concentrations. 

An annual phosphorus loading model and a water bud~et was c0!lstruct~d usin,g the most 
current and comprehensive information. Phosphorus loadmgs associated with varlOu~ land 
uses in the watershed were quantified using both literature values and local wat~r .quahty ~ata, 
where available. A phosphorus allocation ~odel was develop~~ J:>ased. ul?on ~IS mformatlOn 
with management practices identified for different land use actlYltles wlthm different 
watersheds. Capital and maintenance costs were devel?ped for each of the m.anagement 
practices. An econometric model was developed showmg the total cost and time to reach 
various in-lake total phosphorus levels. 
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SECTION 2.0 

ENVIRONMENTAL SETTING 
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2.1 HISTORY OF DEVELOPMENT 

The 

Humans have inhabited the Klamath Basin from early post-Pleistocene times to the 
present, with most settlements concentrated around the wetland areas of UKL and its 
tributaries (Akins 1970). 

When the first white explorers arrived in the Northwest, the homeland of the Klamath 
Basin people included over 20 million acres. The Klamath, Modoc, and Yahooskin Band 
of Snake Indians (collectively referred to as the Klamath Tribe) reside in this basin in South 
Central Oregon. The Klamath Basin is defined ethnographically as that area occupied by 
the Klamath-Modoc Indians at the time of European contact, and archaeologically, as that 
area drained by the Klamath River drainage system. As non-Indians began to settle within 
the Klamath Basin, confrontations erupted between the settlers and native people which 
usually ended in bloodshed. 

In 1864, the Klamath and Modoc Tribes, and Yahooskin Band of Snake Indians met 
with U.S. government officials to sign the treaty of 1864. The tribes, who were hence 
forth identified as the "The Klamath Tribes", agreed to relinquish more than 19 million 
acres of their traditional homeland for non-Indian settlement. The Klamath Tribes reserved 
for themselves about 2.5 million acres which became known as the Klamath Indian 
Reservation. Eventually, this amount of land was vastly reduced by an erroneous land 
survey commissioned by the U.S. Government. The treaty of 1864 specified the 
Klamath's exclusive right to hunt, fish, and gather on Klamath Indian Reservation lands. 
These rights were not given to the Klamath by the federal government, but rather, were 
intentionally retained by the Klamath Tribes. The treaty specified that the land would 
belong to the Tribes for the rest of time. 

In August 1954, the U.S. Congress passed Public Law 587, The Termination Act, 
which terminated the trust relationship between the United States and the Klamath Tribe, 
and abolished the reservation. As a result, all federal programs previously provided to the 
tribes and individual tribal members ofthe tribes were discontinued. 

In 1974, in a case against the Oregon State Department of Fish and Wildlife, the 
Federal Court ruled that the right of the Klamath People to hunt, fish, trap, and gather 
survived the Tennination Act, and that enrolled members could exercise their treaty rights 
free of State regulation within the boundary of the fonner feset-vation. 

European Settlement 

About 1820, the Hudson Bay company, represented by Peter Skene Ogden, explored the 
area for the purpose of fur trapping. John C. Fremont led two military expeditions to the area 
in the 1840s; and in 1855, a railroad survey party, led by Lieutenants Williamson and Abbott, 
arrived from the Sacramento Valley. The Williamson report contains what is probably the 
earliest comments on water quality in UKL. 

When the California Gold Rush began io diminish in the I 860s, many miners were 
attracted by the prospect of beef ranching in the prime grazing lands around the Upper Klamath 
Basin (Akins 1970). For a time, hostilities between white settlers and Native Americans 
slowed the development of the Basin. Soon, however, the Klamath Indian Reservation was 
established by the Treaty of 1864. At that time the Reservation included the Wood River 
Valley east of the Wood River, the embayment wetlands on the east side of UKL, the Klamath 
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Marsh. the Winema Forest. and the Sprague River Valley west of Beatty. It was not until the 
bitter Modoc Indian War of 1872 that open hostilities between Indians and whites were 
eliITljnated (A_kjns ! 970). Thereafter. iITl_T!ljgration to the Ba.in increa.ed a.Tld the first leasing of 
Indian lands to white settlers occurred in 1884. The General Allotment Act of 1887 allowed 
lands to pass into private ownership resulting in the transfer of prime grazing lands to white 
ownership. Grazing developed in the embayments on the west side of UKL and the 
WilIiamsonRiver Delta. where natural hay was cut on the margins of the marshes (Akins 
1970). 

In 1867 a store and ferry were established at the southern end of UKL which grew into the 
first town in the basin. Linkville. Some time prior to this. water rights were established for 
irrigation along the.sprague River (SWRB 1971). Irrigation in the Wood River Valley began 
in 1883 when a van Brimmer irrigation ditch was dug. 

In 1889. farmers began diking and draining some of the wetland embayments around the 
margin of UKL. For example. the Algoma Marsh and 1000 acres of Hanks Marsh were diked 
and drained in 1914; 7000 acres of the Woclis and Caledonia marshes were diked and drained 
in 1916; and 2300 acres south of Pelican Bay were diked and drained between 1889 and 1905 
(Akins 1970). 

The Reclamation Act. which provided for federal development and control of reclamation 
projects. was passed in 1902. Modoc Point irrigation system was established in 1903; and in 
1905, acts passed by the Oregon and California Legislatures ceded to the Federal Government 
rights in Tule, Lower Klamath and Upper Klamath Lake. In that same year the Water Users' 
Association was incorporated and a contract was awarded to construct the A Canal. Private 
farming, consisting mostly of potatoes, developed slowly due to the short growing season and 
the lack of cheap transportation out of the area. 

Construction of the Southern Pacific Railroad through the Klamath area was completed in 
1907. In 1915 the Klamath Project, later known as the Klamath Irrigation District, was 
approved by the Klamath Water Users Association. The State of Oregon then authorized the 
United States to lower the water level in UKL and partially drain Lower Klamath Lake (USDA 
1985). The most rapid growth in the Basin occurred during the period from 1910 through 
1930, when the development of the Klamath Project was underway. 

Automated logging began in 1863 when the first sawmill was built by the U.S. Army to 
supply lumber to the Indians. By 1918, large quantities of the timber on the Reservation began 
to be sold to private parties. Several saw!!lills were in operation by tl'te time t.he Link Fiver 
Dam was constructed. By 1920, annual harvest rates had increased to 120 million board feet 
(USFS 1994). Peak lumber production occurred in 1941 when 22 lumber mills processed a 
total of 80S.6 million board feet within the Basin (SWRB 1971). The Winema National Forest 
was created in 1961 from the former Klamath Reservation, the Rogue River, Deschutes and 
Fremont National Forests (USFS 1994). 

In 1925, the Upper Klamath Refuge was established in the Pelican Bay area on the 
northern periphery of UKL. The Klamath River Basin Compact, created to control the 
distribution of water resources in the Klamath Basin, became effective on September II, 1957. 
The Klamath Indian Reservation was sold to private and public interests in 1960, (USDA 
1985). A chronology of events important to the development of the Upper Klamath Basin is 
presented in Appendix A. 
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2.2 WATERSHED CHARACTERISTICS 

Watershed Boundaries :;l A .,-,t\ll' (,0": 

The UKL wate~shed (Figure 2.1) lies in the south central porti~f Oregon just east of the 
Cascades. The basin encompasses an area of approximately 3820 square miles and is divided 
into 3 su~-basins: the WilIi.amson River Sub-Basin (1450 square miles), the Sprague River 
Sub-Basm (1580 square mJies) and the UKL Sub-Basin (790 square miles) (lilian 1970) The 
UK!- wate;shed lies wi,th~n part of a larger hydrologic unit known as the Upper Klamath' 
Basm. ThIS larger Basin IS bound by the Wood Ri ver Valley to the north, the fault 
escarpments along UKL to the east; the Lava Beds National Monument and the Modoc 
National Forest on the south; and the Rogue River National Forest and the Cascades on the 
west. T~e UKL watershed does not include the area south of Klamath Falls, or the Lost River 
Sub-BasI,n. Although Crater Lake is arbitrarily included in the watershed, the direction of its 
le~~ge, IS ~nknown (Miller and Tash. 1967). The UKL watershed is basically a long flat plain 
withm a PleIstocene lake bed. The entIre area is above 4000 feet elevation. 

Ecosystems 

Provinces 

The Upper Klamath Basin lies in a boundary area between two physiographic provinces, 
the Cascade Mountains Province and the Basin and Range Province. The Cascade Mountains 
Province encompasses the western portion of the Basin and is characterized by snow-capped 
volcanic peaks, rough steep slopes, and a heavy growth of high-grade timber (SWRB 1971). 
Small streams and springs of high water quality are common along the bases of the Cascade 
slopes. . 

The Basin and Range province comprises the majority of the Upper Klamath Basin and has 
a valiety of terrain formed by roughly parallel block faulting of large land masses (SWRB 
1971). Pumice plains and marshes occur in the northern and western parts of the basin. At 
higher elevations, the uplands and broad flat valleys support pine timber. Natural areas in the 
lower elevation valleys in the northern portion are generally devoid of timber and are covered 
with native grasses and sagebrush. The eastern portion of the basin is mountainous and well 
timbered with both pine and fir. The Basin encompasses a wide variety of habitat types, 
including sagebrush plains on the southeastern side, yellow pine forests on the western edge of 
UKL, and a variety of wetland types which occur throughout the Basin. 

Forest 

Approximately 69 percent of Klamath County is forested land (at least 10 percent tree 
cover) and 80.6 percent of the UKL watershed is forested. In ~lamath County, the Wine~a 
National Forest manages 30 percent of forested lands, other natIonal forests 35 percent, pnvate 
industry owns 25 percent, the Bureau of Land Management manages 9 percent ,and t~e State 
of Oregon 1 percent. In the Winema Nat!onal F?rest, only II percent (94,~00 acres) IS 
considered prime forestlands. Most of thIS land IS located on the western SIde of the watershed 
on the eastern slopes of the Cascade Range and is considerabl~ more mOi.st and fertile than . 
most forested lands in Klamath County (USFS 1994). The Wmerna NatIOnal Forest containS 
nearly 550,000 acres of old growth forest. 
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Figure 2.1 Upper KJamath Lake watenhcd boundaries. 
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Wetlands 

The U.S Fish and Wildlife classification of wetlands was used by Akins (1970) lO describe 
the four wetland ecosystem types prevalent in the Klamath Basin. They are distinguished by 
shallow, deep, and open fresh marshes and fresh meadows. 

1. Shallow fresh marshes occur on the edges of standing water areas and in the 
regUlarly flooded flats along river valleys. Shallow margins of UKL, and some 
river flats host these wetlands. They are characterized by waterlogged soil 
during the growing season, and may be covered with up Co 6 inches of standing 
water. Vegetation includes sedge species (Carex). grasses, spikerush 
(Eleocharis.,palustris), smartweed. cattails and bulrushes. 

2. Deep fresh marshes are found in the embayments of UKL and to some extent in 
Klamath Forest Marsh. During the growing season, their soil is covered with 6 
inches to 3 feet or more of standing water. Vegetation includes emergents such 
as cattail and bulrush, eXlensive growths of submerged pondweeds, and 
floating species such as duckweeds and pond lilies, many of which provide 
important food and cover for waterfowl. 

3. Open fresh marshes occur in the open central water areas of UKL and the 
seasonally flooded basins or flats. which are common in early spring after a 
winter of deep snow. These: wetlands have limited value to wateIfowl due to a 
lack of variety of habitat and vegetation types. Since they include open water 
areas, they provide critical habitat for aquatic species including fish, 
invertebrates, some reptiles and amphibians, and certain waterfowl such as the 
western grebe and American pelican. 

4. Fresh meadows are transitional zones between upland and shallow marshes. 
They are without standing waler but their soil is waterlogged fairly close to the 
surface. Various sedge species and spikerush are the dominant plants in these 
wetlands which occur in river overllow areas such as the Klamath and Sycan 
Marshes and on the periphery of larger basins. 

Riparian Corridors 

A major habitat system critical to wildlife is the terrestrial riparian habitat which provide 
corridors between major ecosystems. According to the Winema National Forest FEIS: 

"Associated with all aquatic habitats are terrestrial riparian habitats. They occur 
as inclusions or corridors through aU major forest ecosystems. WhiJe these 
areas do not comprise a very large portion of the land base (only about 50,000 
acres), wildlife use them disproportionately more than any other type of habitat. 
Of the 368 species of wildlife known to occur on the Forest, 289 either directly 
depend on riparian areas or make extensive use of them. Other than the truly 
aquatic-oriented species like beavers or waterfowl. the mule deer and bald eagle 
are probably the most visible inhabitants that rely heavily on riparian habitats." 
(USFS 1994). 

Climate 

Weather patterns in the UKL watershed are characterized by hot, dry summers and 
moderately wet winters with moderate to low temperatures. The lakes freeze over 
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intermittently during the winter. Based on data collected from 1942 through 1971, record 
temperatures in the area ranged from -28 degrees at Chiloquin in 1937 to 105 degrees at 
Klam:l:Ih Falls in 1911. Average daily maximum temperatures in Klamath Falls, Oregon, were 
38 degrees in January. the coldest month. and 84 degrees in July, the wannest month. Warm-
days of 90 degrees or above average 15 days per year in the valleys and 5 days per year in the 
mountains. KJamath Falls could expect to have a temperature below zero I year out of 2 
(USDA 1985). 

A verage annual precipitation ranges from IOta 15 inches in the valleys, 16 to 25 inches in 
nearby hills. and 30 to 40 inches at (he lower levels in the cascades to the west (USDA 1985). 
Basin-wide precipitation averages 22 inches per year, of which 80 percent is returned via 
evaporation, transpiration or consumptive use. Approximately 44 percent of the moisture in 
the vicinity occurs in winter. 22 percent in spring, 8 percent in summer, and 26 percent in faU. 
There is a secondary peak of rainfall in May just prior to the dry summers. Usually about 70 
percent of annual precipitation is from snow between October and March (Sorenson et al. 
1991 ). 

AI Klamalh Falls, approximalely 130 days per year are clear, 90 are partly cloudy, and 
145 cloudy (USDA 1985). The sun may shine as much as 90 percenl oflhe lime during July, 
and only in January does it shine as little as 33 percent (Bond et 31. I 968J. Afternoon low 
values of relative humidity range from 26 to 33 percent in summer to 62 to 74 percent in 
winter. Lake evaporation is 36 to 42 inches annually, of which 80 percent occurs from May 
Ihrough Oclober (USDA 1985). 

Prevailing winds are from the west to southwest, November through July, with nonherly 
winds prevalHng during late summer and fall. Monthly wind velocities generally average 4.5 
[0.1.5 mph. Wind conditions are calm approximately J 7 to 33 percent of the rime (USDA 
1985). On UKL, prevailing winds are southerly during the wet season and northerly at other 
times. Wind velocities average about 5 miles per hour but frequently exceed 15 miles per hour. 
The lake may become rough enough during storms to capsize boal.:; (Bond et aI. 1968). 

Major Hydrological Components 

Hydrologic Overview 

Of the Jand draining into UKL, there are extensive broad, flat, poorly drained plains. 
valleys, and pumice marshlands in the north and central portions of the basin. The eastern 
portion is mountainous and timbered, and drains via major river systems. The western portion 
is relatively smaIl consist of mountainous, densely forested areas of the Cascades. 

The hydrology of the UKL watershed is relatively complex with numerous springs. 
streams. lakes, and rivers (direct seasonal drainage) as well as poorly drained marshes, 
wetlands. plains and depressions. The north and east contribute most of the drainage. The 
Williamson River system discharges into Klamath Marsh above the Williamson's confluence 
with the Sprague River. There is usually no discharge from the marsh during the sununer, 
when Spring Creek maintains the Williamson River below the marsh and above the confluence 
(Figure 2.2). The Sprague River, which drains an area in the easIern portion of the basin, 
maintain a relatively high base flow and has. a runoff pulse in April or May (Figure 2.3). The 
canal system to the north directs the flows of several streams and springs. Flow control 
devices allow area ranchers "a wide degree of flexibiliry" in directing canal water for irrigation 
and drainage during the spring and summer. Sevenmile Canal flows into Agency Lake. while 
Founnile Canal flows inlo Ihe Nalional Wildlife Refuge (NWR). 
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Figure 2.2 USGS flows for the Williamson River at Chiloquin (1913-93), Spring Creek, and near 
Klamath Agency (1992-93). Klamath Agency lies between the Klamath Marsh and 
Spring Creek. 
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USGS flows in Sprague River near Chiloquin for a low water year (1991-92), an above 
normal water year (1992-92), and for the period of record (1991-93). 
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Springs and subsurface seeps stabilize the inflow to the system and are especially important 
during the late summer and early fall. Most of the groundwater recharge in the watershed 
occurs on the Cascade side, which contains pumice and fragmented volcanic rocks. Perched Or 
shallow groundwater created springs along the base of the slopes. particularly on the west 
shore and the NWR (Harriman, Rocky Point, Malone. Crystal, Mare's Egg). Infiltration to 
deeper confined zones moves laterally beneath the Jake valley and discharges to the norrh and 
east of the lake. These springs form the headwaters of the Wood River, Crooked Creek, and 
Spring Creek (Leonard and Harris 1974). The chemical composition of Big Springs Creek 
and Spring Creek on (he western boundary of the Williamson River drainage are strikingly 
different than springs in the eastern headwaters of the Williamson and Sprague (Perdue et al. 
1981). 

Since 1917, the southern outiet of the lake has been controlled through the Link River 
Darn. The dam. owned by the USBR. is operated by Pacific Power and Light Company. 
primarily for summer irrigation and sustained hydropower generation, and occasionaJly flood 
control. The operation strategy is to first accumulate winter and spring runoff unti1 eJevalion 
reaches 4.143 feet. Beginning in about May, releases for irrigation and power begin. Levels 
are then maintained. after depletion. to below 4.140 feet in early winter to provide flood 
control. Active storage is approximately 500,000 acre·feet, with passive storage at 350,000 
acre-feet. 

The A Canal branches out of the lower lake and winds through Klamath Falls and out into 
the Lost River and Klamath valleys. The canal withdraws wafer during the summer irrigation 
season, and the outlet structure is closed during the winter months. The 1981 season had the 
highest recorded summer irrigation withdrawal. 

The Hubbard hydrologic budget. based on water years 1965-1967. included smaller 
tributaries. irrigation pumps and return irrigation flows. Based on an annual surface outflow 
of 1,566,000 acre-feet, a mean annual lake elevation of 4,141.3 feet and a volume of 620,000 
acre-feet. the lake's mean hydraulic residence time was determined to be 0.4 years (USGS 
1968). An updated hydrologic budget is included in this report. The relative contributions to 
the lake calculated in this updated budget are shown in Figure 2.4. 

Streams 

Available infonnation on streams is limited primarily to those on USFS and BLM lands. 
The Winema National Forest estimales that there are roughly 600 miles of streams on the 
forest , and that about half of those are intermittent, and about one third are fish-bearing. The 
stream density is low, averaging less than 0.4 miles of stream per square mile. whereas 
neighboring Fremont National Forest has 2.6 miles of streams per square mjJe (USFS 1994). 
The Winema National Forest estimates that of about 700,000 acre-feet per year of surface 
runoff generated on the forest, 9S percent of that flows toward UKL. 

Rivers 

The three major river systems in the UKL watershed are the Williamson, Sprague and 
Wood (Table 2.1). About 49 percent of the inflow to UKLis delivered by the Williamson 
River, which averages 732,700 acre-feet per year at its mouth. The Williamson River arises 
from large springs located at Yamsi Guard Station in the northeastern portion of Klamath 
County, travels north through rangeland and then west before 
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Figure 2.4 Relative inflow contributions to Upper Klamath Lake, based on annual average 
for the period of record 1929 through 1993. 

Table 2.1 Runoff in major tributaries to Upper Klamath Lake, Oregon (ac-ft I year). 
Sources: Oregon State Water Resources Board (1971) and Miller and Tash (1969) 

Station Average Maximum Minimum 

Williamson River near Klamath 
Agency 160,000 339,500 68,600 
Williamson River below Sprague 732,700 1,0\2,000 159,000 
Sprague River near Beatty 218,600 467,100 112,400 
Sprague River near Williamson 732, 700 1,587,000 400,000 
Wood River at Fort Klamath 163,300 232,600 102,000 
Estimated Springs 376,060 
Agricultural drainage 110,650 
Creeks 96,040 
Canals 168,810 

entering the Klamath Marsh (Klamath Consulting Service, Inc. 1983). After exiting the marsh, 
it flows south where it is joined by its second largest tributary, Spring Creek. Spring Creek 
originates from groundwater, southeast of the Klamath Marsh and has a relatively constant 
flow of about 330,000 acre-feet per year (Perdue et al. 1981). 

The Sprague River joins the Williamson near the town of Chiloquin, contributing 
approximately 401,800 acre-feet per year. The Sprague River headwaters are on the western 
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slopes of Coleman Rim and Gearhart Mountain in the eastern extremity of the Basin. It flows 
some 90 river miles, mosdy through grazed pastureJand. in a westerly direction. It is joined in 
the central portion of the Sprague River Valley by a major tributary, the Sycan River. The 
Sycan River originates in the extreme northeastern comer of Klamath County, flows 
nonhwes[eriy through the Sycan Marsh, and then flows southwesterly to its confluence with 
the Sprague River. 

The Wood River originates from a series of springs in the Jackson F. Kimball State Park 
southeast of Fort Klamath (USBR 1993). The Wood flows through he3vi ly gT3Ud 
pastureland at approximately 163,300 acre-feet per year measured at Fort Klamath. Three 
major tributaries contribute to the Wood, Annie Creek, which originates in Crater Lake 
National Park, Fort Creek and Crooked Creek. Part of the Wood River is diverted for 
irrigation of pastureIand. A significant component of the Wood River in spring and summer is 
pumpage from pastureland, panicuJarly from fields at lower elevations near Agency Lake. 

There are numerous creeks, springs and canals in the watershed that contribute to runoff. 
particularly on the eastern and northeastern portions of the UKL Sub-Basin. These include but 
are nOt limited to Crooked Creek, Rock Creek, Varney Creek, Moss Creek, Denny Creek, . 
Fourmile Creek. Sevenmile CanaJ. FounniJe Canal, Central Canal, and Modoc Point Canal. 
Sevenmile Canal is the largest of these tributaries and has a flow rate of approximately 70 to 
200 cfs (Hazel 1969). 

Lakes and Marshes 

Upper Klamath Lake has the greatest surface area of any lake in Oregon. It is the largest 
lake (by area) in the United States. It occupies approximately 120 '0 130 square miles in a 
3820 square mile watershed. Upper Klamath Lake is of rather recent origin and is a fault block 
basin enclosed on both sides by infacing escarpments and lies in a graben which runs 
northwest to southeast (Smith and Greenup 1939). It is the only tectonic basin in the region 
with external drainage. Drainage from the lake is through the short Link River and Lake 
Ewauna to the Klamath River which travels 236 miles to the Ocean. The average flow rate · 
from the lake is between 1400 and 2500 cfs (Hazel 1969). The variable volume and surface 
area (Table 2.2) is controlled by the Link River dam at the southern-most end of the lake. 
Historically, a natural reef existed at this outlet, but the reef was removed in order to increase 
the lake's storage capacity. The lake is currently operated between elevations of 4143 and 
4137 feet. 

The UKL system, including Agency Lake (AL), is 25 miles long with a mean width of 4 
miles (UKL) and 2.6 miles (AL). Shoreline length is approximately 86 miles. At mean 
summer elevation of 4,141.3 feet the lake surface area is 77,500 acres with a mean depth ot8 
feet. Little or no thennal stratification has been observed in the lake. Surface algal masses are 
wind-driven and concentrated into relatively sheltered areas such as Eagle Ridge, Shoal water 
Bay, and Howard Bay. 

In general, the lake is quite shallow with a deeper trough (depth 40 feet) running along the 
western edge of the lake between Eagle Ridge and Squaw Point (Klamath Consulting Service, 
Inc. 1983). A second deep area (23 to 25 feet) lies just north and west of Eagle Point. Vincent 
(1968) suggests that the major flow pattern in the lake is from the Williamson River along the 
east Eagle Ridge channel south toward the lake outlet. The area along the Rocky Point and the 
National Wildlife Refuge tends to be isolated from this flow pattern during periods of low wind 
activ ity. In addition, the frequency of moderate to strong winds and the shallowness of the 
lake maintain a fairly well-mixed condition with little evidence of thermal stratification (Hazel 
1969; Klamath Consulting Service, Inc. 1983). There is horizontal mixing as well , although 
some of the bays may remain somewhat hydraulically isolated from Ihe main body of the lake. 
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Table 2.2 Physical characteristics of Upper Klamath Lake. Oregon. 

Watershed Area 
Surface Area 
Volume 
Mean Depth 
Dimensions 
Shoreline Length 
Hydraulic Residence Time 

3.820 square miles 
60.000 • 90.000 acres 

350.000·875,000 acre· feet 
5.8·9.7 feet 

25 miles long by 4 miles wide 
95 • 105 miles 

0.48 years 

Although many of the original wetlands in the UKL watershed have been diked and 
drained, there remains significant tracts of various wetland types within the watershed 
boundaries. The largest of these is the Klamath Marsh (preViously the Klamath Forest M""h), 
a broad 60,000 acre basin underlain by pumice. Wetlands within this basin vary from wet 
meadows to deep water ponds. Presently 37,()(X) acres are preserved as a federal wildlife 
refuge most of which is currently preserved as a federal wildlife refuge (fable 2.3). The m""h 
has developed along the sloughs and channels of the upper portion of the Williamson River, 
with the most valuable wetland areas occupying the central 25,000 acres (Akins 1970). 
Groundwater enters the Klamath Marsh basin from both the east and west. Springs and 
artesian wells are common in the area (perdue et aI. 1981). In addition to the habitat values 
provided by Klamath Marsh. it also functions as an upstream storage site for water from the 
Williamson River. 

The second largest wetland is the Sycan Marsh. which lies in the 2S,{)(X) acre Sycan Flat 
lowland due east of the Klamath Manh. About 23,000 acres were purchased by the Nature 
Conservancy in 1980. This wetland acts as a catchment basin for streams entering the Sycan 
River from the Winter Rim to the east and tile buttes and ridges to the west (Akins 1970). The 
Nature Conservancy is conducting "biohydrology" studies in order to better understand how 
the biotic communities and hydrologic regime of the wetland are related (Kathy Mcdonald, 
personal conununication). 

Significant wetlands exist in the bays and shallow margins of UKL and along the lower 
reaches of its tributaries. Hanks Marsh, a small emergent wetland on the eastern edge of the 
lake is typical of the type of littoral wetlands which were originally present around the lake. 
The eastern side of Agency Lake, presently known as the Williamson River Delta, ~nce hosted 
a marsh about 12,000 acres in size (Akins 1970). Shoalwater Bay. Squaw Point. WocusBay 
and other small remnant marshes lie on the west side of the lake. 'The largest lakeside wetland 
is Upper Klamath Marsh, a federal wildlife refuge which lies on the northwestern edge of 

-------~UKL-:-Ttrlnefuge-is-the-remains-of-an-emergenrand-open-water-m""h-system-tharoriginally----

covered 60,000 acres of the Wood River Valley (Akins 1970). Some remnant wetlands exist 
in the Sprague River Valley. primarily as a result of spring flooding. 

Table 2.3 Present lakes IIJ\d wetlands oflJI(L watershed 

Site Area Volume Management 

(""") (103 ",,·feet) 
___ -------Upped(!amathLili'---'60,~,OOO' ____ 350~525 __ SlaWFeder.U, _______ _ 

Crater Lake 13.200 not available Fcdenll 
Aspen Lake 3,000 not available Federal 
Upper Klamath Marsh 14.700 Federal 
Sycan Marsh 24.300 Nature Conservancy 
Shoal water Bay 1.320 Slate 
Squaw Point 365 Slate 
Klamath Forest Marsh 31.317 Federal 
Wood River Marsh 100 Slate 
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Groundwater 

Groundwater discharge areas contribute significantly to the existence of marshes in the 
watershed. Wells provide most of the drinking water supplied in the watershed and a 
Significant portion of the irrigation. particularly in the Sprague River Valley. In general. the 
quality of ground water from wells is high, with the exception of hot water springs, which are 
high enough in total dissolved solids that they are unsuitable for some uses (USDA 1985). 

Three main groundwater systems: local. intermediate and regional, were delineated by llIian 
(1970) on the basis of size, flow distances and common water characteristics. Local systems 
such as the Sycan Marsh and Williamson River Springs. are fed by shallow groundwater flow. 
Intermediate flows. represent most of the water pumped from wells in the Klamath Basin. 
Regional flows include the Cascades and may move 10 depths greater than 10,000 feet below 
sea level. Groundwater in the regional system resurfaces in the vicinity of Lower Klamath 
Lake and due to longer travel times, has higher dissolved solids. Based on the 1970 
groundwater budget by lilian, the Williamson River Sub-Basin recharged 900,000 acre-feet per 
year to the groundwater systems. The Sprague River Sub-Basin recharged an estimated 
650,000 acre-feet per year and the UKL Sub-Basin 800,000 acre-feet per year. 

Soils 

General Description 

Soil types in the Upper Klamath Basin range from coarse, porous pumices to poorly 
drained histosols. The Winema National Forest soil inventories grouped soils into pumice and 
non·pumice. Pumice groups are subdivided based on increasing depth of their pumice mantel. 
Pumice and ash soils have coarse textures, very rapid infiltration rates and low fertility levels. 
They are easily displaced and lateral soil movement is often brought about by heavy logging 
equipment (USFS 1994). Most precipitation infiltrates into these soils and does not result in 
surface run off. 

Non-pumice soils are formed from weathered basalt, andesite. breccia, pyroclastic and 
sedimentary rocks. They generally have finer textures. a slower infiltration rate and higher 
fertility than the pumice and ash soiJs. These soils are susceptible to compaction. Other soils 
arc: derived from volcanic and sedimentary materials along old fault systems. Another type of 
soi} is derived from ash. andesites. basalts. and pyroclastics. There are also soils derived from 

_______ glacialJiILandxolcanic_mudfloJ"s.~ _____ ~ ______________ ~ __ 

Soil Conservation Service (USSCS) (1985) has also completed an extensive soH survey of 
the southern portion of Klamath County. Their analyses contains infonnation on the soils of 
the Wood River Valley and Williamson River Valley, which were excluded in the USFS 
survey. These soils are dominated by moderately deep or very deep, moderately well drained 
to very poorly drained soils (USSCS 1985). There is a significant portion of the UKL 
watershed. mostly on private lands. that have not had extensive soil surveys. 

-------Erosion~l'ot.nti.I----------------------------~ 

The Winema NatiQnal Forest identifies tractor logging on pumice soils as the primary soil 
displacement problem on the Forest. The relatively low strength. low nutrient pumice soil 
moves easily under mechanical force and is a problem where slopes are steeper than 25 percent 
(about 10 percent of the Forest)(USFS 1994). Approximately 5 percent of the Forest has 
slopes exceeding 35 percent, and the potential for increased natural erosion is greatest [here. 
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According to the Winema National Forest FEIS (USFS 1994). most of the forest has a low 
risk of erosion. with the exception of a few areas such as gullies and streambanks. In these 
riparian areas, where drainage is restricted, water availability leads to excessive cattle use 
which compacts the soil. destabilizes streambanks and prevents the reestablishment of 
vegetation. Although an estimated 2 percent of Forestland is comprised of roads. few are 
located on Sleep slopes or near drainages where erosion could be a risk (USFS 1994). 

According to the Oregon State Water Resources Board (1971), however, over 73 percent 
of the land in the Upper KJamath Basin is subject to severe erosion: 

"Serious erosion and sedimentation problems have been caused by logging and 
road building Pf3Clices which have not provided for soil stabilization in the Upper 
Klamath Basin. Some of these practices have eliminated vegetative cover from 
much of the volcanic ash and pumice type soils, which when exposed or disturbed 
are highly susceptible to erosion. Improper farming methods. overgrazing of 
rangeland, and poor water management also have been responsible for erosion. 
The resulting sedimentation deposits have caused problems in irrigation structures. 
canals, waterways, and reservoirs and accelerate the eutrophication process in 
streams and lakes. Many salts and nutrients, especially phosphorous are added to 
the surface waters. These salts and nutrients are contained in the soils and are 
dissolved during heavy sediment loading. 

Sedimentation of fish habitat was also noted as an impact Additionally, the Fremont National 
Forest Plan named accelerated erosion as the most widespread watershed problem. Sources of 
the erosion were primarily timber access roads. spur roads, skid trails, and landings (USFS 
1993). The Bureau of Land Management stated that. although its soils are stable with gentle 
slopes, the Klamath Basin watershed is "sensitive due to the CUmulative impacts of timber 
harvesting and agriculture" (USBLM 1990). 

Wildlife 

The Upper KJamath Basin (including the Lost River Sub-Basin) supports an excellent 
wildlife population and attracts hunters from allover the state. Big game incJude mule and 
black-tailed deer. elk. pronghorn antelope. black bear. and cougar (OSWRB 1971). Bird 
species of interest to the sportsman inetude mourning dove, ring-neck pheasant, valley quail, 
mountain quail. blue grouse, ruffed grouse, sage grouse, Hungarian partridge, chukar 
partridge, and wild turkey (Ibid). Ruffed and blue grouse are generally found in the Cascade 

--------ponion-of-lhe-Basin;-dove-and-sage-grouse-in-tile-north-central-and-south-central-sections~-and----
valley quail and pheasant in the south central section (Ibid). About 85 percent of the land in 
the Basin support black-tailed deer for at least part of Ibe season. Small game species include 
IO species of upland game birds as wen as the silver gray squirrel. The east side of the 
Cascade mountains physiographic range, which comprises a major portion of the UK!.. 
watershed, supports 390 species of wildlife (USFS 1994). 

The Winema National Forest, which comprises a significant portion of the watershed. has 
documented 244 species of birds. 12l of which are year-round residents. The Forest aJso 

--------s"u"'pC'Opo~r1~S~n species of ampfiilJians. IS species of reptiles. 2 species oflamprey anij-r9 species..----
of fish. According to t)le OSWRB (1971), agricultural practices can affect species community 
composition: 
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"Populations of upland species vary significantly. generally coinciding with 
land-use patterns. Increases occur in areas of new cropland development. 
Generally, decreases occur as dry fanned lands are converted to alfalfa and 
potato production." 

Approximately 80 percent of the waterfowl in the Pacific Flyway pass through, rest, or 
feed in the Upper Klamath Basin during spring and fall migrations. During November, which 
is the period of greatest concentration. waterfowl numbers often exceed 5 million. including 
about 50 percent of the goose population in the Pacific Ayway (Ibid). Other non-game 
waterfowl are present in the Basin in large numbers. Some examples are white pelican. 
cormorant. heron, egret, sandhill crane, sandpiper. and grebes. 

. . 
Fur-bearing animals constitute an important part of the Basin's wildlife and some species 

also contribute to the local economy. Their populations concentrate along the mmhy areas of 
the Williamson. Sprague. and Upper Klamath Lake areas (Ibid). Some of these include 
beaver. otter, mink, muskrat. raccoon, marten, skunk, fox, wildcat,. and coyote. The nutria 
Myocaster coypus, a large South American rodent, was mistakenly introduced to the U.S. as a 
fur animal. It is considered a pest because it tunnels through dikes and forages crops. It also 
feeds on floating succulent plants. such as duckweed and water hyacinth leaves and is already 
widely distributed in the southern portions of the Upper Klamath Basin. 

Fisheries 

Early surveys of fishery resources in the UKL system documented 13 native fish species 
and 8 endemics (Cope 1879; Gilbert 1898). The most recent survey offish in the UKL system 
(Table 2.4) was perfonned by Logan and Markle (1993). which documented 17 species of 
native fishes. 8 of which are endemic. Many of the exotics were introduced by Oregon 
Department of Fish and Game and USFWS as game fish. The original source of the minnows 
is unknown, but most likely came from fishermen releasing their bait. Rainbow trout is listed 
under both native and exotic categories because non-native strains were stocked at the rate of 
two million per year (HuUI964). 

Threatened and Endangered Species 

In the Upper K1amath Lake Basin. seven species have been extenninated: the wolf. grizzly 
bear. lynx. Chinook salmon. silver salmon. st""lhead trout and Miller Lake lamprey (USFS 
1994). The Endangered Species Act of 1973 provides that all listed species will be protected 

-------lfrom-Federal·Govemment-activities·that would·jeopardize·theircontinued·exislenceo-. -------
Accordingly. all Federal agencies are required to consult with the U.S. Fish and Wildlife 
Service to ensure that any activities they authorize, finance, or conduct are not likely to 
jeopardize or destroy a species' critical habitat. 

There are numerous sensitive. threatened and endangered species in the UKL watershed. 
A recent review of these was included in the Winema National Forest PElS. and is the SOUIl:'C 
for Table 2.5. Only species that have been documented in the area, as opposed to suspected. 

_______ -.are~ .. in .. c1uded in TabJe 2.5. Additionally. it is suspected that the California wolverine. the 
peregrine falcon. ana-theNonh- American lynx are present ilftlle Forest. 

Two species of catostomidae. the Lost River and shortnose suckers. have recently taken on 
great importance in the Basin with respect 10 water quantity and quality. Both species were 
listed as federal1y endangered in 1988 and this has led to a reevaluation of water distribution in 
the Upper Klamath Basin. A complete discussion of the sucker species and the associated 
issues is included in Section 3.4. 

19 



Table 2.4 Fish species in the Upper Klamath Lake watershed (Source: Logan and Markle 1993) 

Family 

Native Snecies 
Petromyzontidae 

Salmonidae 

Cyprinidae 

Catostomidae 

Cottidae 

Exotic Species 

Acipenseridae 

Salmonidae 

Cyprinidae 

Ictaluridae 

Centrarchidae 

Percidae 

Common Name 

Miller Lake lamprey 
Klamath River lamprey 
Pacific lamprey 
Pit-Klamath brook lamprey 

Rainbow trout 
chinook salmon 
coho salmon 
bull trout 

Blue chub 
tui chub 
speckled dace 

Kla.."n3th largescale sucker 
Lost River sucker 
shonnose sucker 

Slender sculpin 
Klamath Lake sculpin 
marbled sculpin 

white sturgeon 

rainbow trout 
cutthroat trout 
brown trout 
eastern brook trout 
Sockeye salmon kokanee, 
lake whitefish 

fathead minnow 
common carp 
goldfish 

brown bullhead 

Sacramento perch 
pumpkinseed 
bluegill 
green sunfish 
black crappie 
white crappie 
largemouth bass 
smallmouth bass 

yellow perch 
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Scientific Name 

Lamperra minima (presumed extinct) 
Lampetra similis 
Lamperra tridentata 
Lampetra lethophaga 

Oncorhynchus mykiss 
OncorhynChus rshawytscha 
Oncorhynchus kisurch 
Salve linus confluentus 

Giln coerulea 
Gila bicolor 
Rhinichthys osculus 

Catostomus snyderi 
Deltistes luxarus 
Chasmisres brevirostris 

Cottus tenuis 
Cottus princeps 
Cottus klamathensis 

Acipenser transmontanus 

Oncorhynchus mykiss 
Oncorhynchus clarki 
Salmo frolla 
Salve linus [ominalis 
Oncorhynchus nerka 
Coregonus clupea/onnis 

Pimephales promelas 
Cyprinus carpio 
Carassius aurarus 

Ameiuris nebulosus 

Archoplites interruptus 
Lepomis gibbosus 
Lepomis machrochirus 
Lepomis cyanel/us 
Pomoxis nigromaculafus 
Pomoxis annulari! 
Microprerus salmoides 
Micropterus dolomieui 

Perea F/avescens 



Table 2.5 Documented threatened, endangered, and sensitive animals in the Winema 
National Forest and adjacent areas (Source: USFS 1994). 

Common Name Species Designation Occurrence 
Klamath Linmephilan Limnephilus alconura Fedelll! candidate C2 Streams 
caddistly R-6 sensitive 

Fischer's caddistly Lepidostomajischeri Fedelll! candidate C2 Springs, bogs. 
R-6 sensitive 

Redband trout Onchorhynchus mykiss Fedelll! candidate C2 Streams 
R-6 sensitive 

Bull trout Salve linus confluentus FedeIlI! candidate C2 Headwaters, pristine 
R-6 sensitive streams 

Klamath large· scale Catostomus snyderi Fedelll! candidate C2 UKL, lower Williamson 
sucker and Sprague Rivers 

Lost River Sucker Deltistes luxalus Fedelll! endangered UKL; lower Williamson 
and Sprague Rivers 

Shortnosed sucker Chasmistes breviroslris FedeIlI! endangered UKL, lower Williamson 
and Sprague Rivers 

Slender sculpin Cottus tenuis FedeIlI! candidate C2 Streams 
R-6 sensitive 

Nonhwestem pond tunle Clemmys marmorata Fedelll! candidate C2 Klamath County, lower 
mannorata R-6 sensitive Williamson, Wood and 

Klamath Rivers 

American white pelican Peleeanus erythrorhyehos R-6 sensitive Winema National Forest 

Ferruginous hawk Buteo regalis FedeIlI! candidate C2 Grasslands, open glades 
R-6 sensitive 

Nonhem bald eagle Ra/weelUs /eucoeepha/us Fedelll! threatened Nests along margins of 
Klamath Marsh, UKL, 
Sprague and upper 
Williamson Rivers 

Greater sandhill crane Grus canadensis tabida R-6 sensitive Upper Williamson River & 
Klamath & Sycan Marshes 

Long·billed curlew Numenius americanus Fedelll! candidate C2 Klamath Basin 
R-6 sensitive 

Nonhem spotted owl Stm oecidentalis eaurina Fedelll! threatened Nests in Winema Forest 

Yellow rail Leueostiete arcotoa atrata R-6 sensitive Wet meadows and 
marshes adjacent to 
Agency Lake. 

Pacific western Pleeotus townsendii Fedelll! candidate C2 Feeds over water in big· 
eared bat townsend£'i R-6 sensitive Forest 
Spotted frog Slate threatened 
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Vegetation 

Terrestrial 

The Winema National Forest contains a variety of forest, brush and meadow plant 
communities that are typical of south-central Oregon. Forty percent of the Forest is inhabited 
by ponderosa pine associations; thirty percent by lodgepole pine associations; and fifteen 
percent by the mixed conifer type found along the east slope of the Cascades. Three percent of 
the Forest is meadow, with three plant associations: the moist hairgrass meadow, the moist 
bluegrass meadow, and the dry meadow. In addition to these classifications, the Forest is 
estimated to have 550,000 acres of old growth. The definition used by the Winema to classify 
the old growth is that it contains: mature and over mature trees in the overstory, a multi-layered 
canopy and trees of several age classes, and standing dead trees and down material. 

The Sycan Marsh contains some areas of original grassland communities that have been 
preserved. Although the area has been grazed by livestock for the past 100 years, natural 
barriers have prevented cattle from certain areas of the marsh. At least two areas remain that 
are thought to represent original tufted hairgrass (Deschampsai caespitosa) and Cusick's 
bluegrass (Poa cusickii) communities which were fOimerly widespread throughout the East 
Slopes Cascades Physiographic Province and to some degree over an even larger area (Nature 
Conservancy 1985).-Since 480 acres of these grass communities are inaccessible to the cattle, 
the Nature Conservancy is studying the effects of cattle grazing on the adjacent vegetative 
communities and its hydrology. 

Aquatic 

Deep water marshes, characterized by water depths of 4 to 6 feet, are present in many of 
the UKL embayments and in the Klamath Marsh. Submerged pondweeds such as 
Potamageton crispus are dominant in deeper marshes such as Pelican Bay on the western 
shore. Slightly shallower marshes are typically inhabited by wocus (Nuphar polysepalum), a 
floating plant which has been a food staple of the Klamath people. According to Akins (1970): 

"The wocus (Nuphar polysepalum) became a staple of the Indian diet. The 
seeds were taken from the plant or the water and ground by a variety of tools 
into a flour. The gathering of wocas became such an important part of the 
Klamath culture that special tools were developed for its collection and 
processing, and seasonal migration of entire villages occurred to the various 
n ..... ~ ... C'I nP4nC'! TI.. .............. ..-: ......... 1 ................ ." .......... " ......... h ... Tl"l ... n·vlt'h. ~Jr'o::n·t"h ":109'1,.1 th ... 1 .... ,,,,,.. .. 
"V'-'U03 "" .... ~. ""1,,", ,l.I.lllJ\ .... '}JQI, "v""'~ Q.I .... g.:JI "'I. .... "I .... ... .,.,.U ...... .lU4 .. ll .... 'J ... ~~lI <4 •• '" .... '" "V"""''' 

Sprague and Williamson river valleys. Other uses of wetland vegetation include 
the utilization of tule (Scirpus lacustris) and the cattail (Typha ladlolia) in 
basket-making. Common cane (Phragmites phragmites) was used in the 
compound arrow and as a food source." 

Slightly shallower areas are dominated by emergent vegetation such as cattails (Typha 
latifolia), burreed (Sparganium eurycarpum) and various species of bulrush (Scirpus). 
Shallow fresh marsh type contains various sedges, grasses, spikerush, smartweed, and the 
cattails and bulrushes. River valley flats such as Klamath and Sycan marshes are occupied by 
various sedge species (Carex) and spikerush (Eleocharis palustris). Sago pondweed 
(Potamogeton pectinatils) is an opportunistic species that readily colonizes disturbed areas and 
is used is this regard in the lower refuge areas as a introductory species for reclaimed 
agricultural land (Jim Hainline, personal communication). 
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Sensitive Plant Species 

As of 1994, there are no federally threatened or endangered vascular plants that are known 
to exist in the Klamath Basin (USFS 1994). There are, however, plants designated Oregon 
threatened and "sensitive". According to the USFS (1990) sensitive plants are "vulnerable to 
activity impacts or habitat alterations". Species that have been documented in the Basin are 
listed in Table 2.6. 

Table 2.6 Documented threatened, endangered, and sensitive animals in the Winema 
National Forest and adjacent areas (Source: Winema National Forest). 

-
Common Name 

Green-flowered ginger 

Pond moss 

Long-bearded U13J--1posa 
lily 

Species 

Asarum wagner; 

Calliergon lrifarium 

CalochorlUS 
Iongebarbatus 

Mount Mazama collomia Collomia mazama 

Designation 

Oregon sensitive 

Oregon threatened 

Federal C2. Oregon 
threatened 

Occurrence 

South end of Klamath 
Ranger DislriCI 

Sycan River and 
Teddy Powers 
Meadow 

Federal C2. Oregon eheny Creek 
threatened 

Key: Federal C2 - a species about which information is needed by the USFW Service before it is 
proposed as ~ndangered or threatened; Oregon threatened - a species that is likely to 
become endangered in the foreseeable future (from 5to 15 years). 
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2.3 SOCIAL, CULTURAL AND ECONOMIC CHARACTERISTICS 

Most of the current demographic and economic information relevant to the UKL watershed 
is organized around Klamath County boundaries. It should be noted that the area south and 
east of Klamath Falls, which contains both the greatest percentage of population and 
agricultural production, is not part of the UKL watershed. 

Demographics 

Klamath County contains 6.3 percent of the land area of Oregon but only 2 percent of the 
population. Alth0l!gh the County lost population during the 1 980s, the 1993 population was 
60,300, an increase from the 1990 population of 57,702 (Klamath County Planning 
Department (KCPD) 1994). One third of the County's population lives within incorporated 
areas, leaving close to 40,000 persons in unincorporated areas. Of the 22,000 persons 
considered rural residents, less than 2,000 live on farms. 

The median age in Klamath County has risen from 28 in 1970 to 35 in 1990 and by the 
year 2000, females are expected to outnumber males in the county. These changes indicated 
that the County is transitioning from a resource community to a regional service center (Ibid). 

Five percent of the population in Klamath County is Hispanic, an increase of about 70 
percent in the past decade. Native Americans represent a greater portion of the population than 
in the rest of Oregon, but representation of other racial minorities is well below state figures. 
The Native American population is composed primarily members of the Klamath Tribe, 34 
percent of whom live in the Chiloquin area (USFS 1994). By 1984 standards, more than 60 
percent of Klamath Indian households live well below the poverty line (Ibid). According to the 
Klamath County Health Department statistics, the median age at death is 39 for Klamath Tribe 
members, reflecting the severe health problems of tribal members. Many of the tribal members 
exercise their treaty rights to fish, hunt, trap, and gather within the boundaries of their former 
reservation lands. The custom of extended families gathering native foods is part of their native 
religion, rituals, art and customs of everyday life. The Tribe has recently expressed concern to 
the Winema National Forest staff over the continued abundance of these traditional food 
sources (Ibid). 

County wide, household size has consistently declined to an average of 2.54 persons per 
household. During the 1980s, households composed of related persons declined while non
familY househoids increased_ in 1990, 30 percent of ail househoids were non-famiiies. 
Households composed of single parents comprised 25 percent of all households with children 
in 1990. There are currently 42 percent more single fathers than in 1980 (KCPD 1994). 

Economics and Employment 

The agricultural and timber industries are the two most important income producers in the 
Basin, with recreation a growing contributor. Large cow-calf operations are typical in the 
Klamath Basin and contribute to a consistently higher value per farm compared to the statewide 
average (SWRB 1971). In 1964, approximately 27 percent of total cropland was devoted to 
alfalfa, with barley and oats consisting of 19 and 16 percent respectively. Clover hay, 
potatoes, small grains; and wild and other hay were grown as well. Although potatoes account 
for only 6 percent of land use, from 1959 to 1965 they were the most important crop in terms 
of the total value of sales. From 1990 through 1992, cattle and calves accounted for a greater 
value than any other single crop (Table 2.7; Figure 2.5) and potatoes have increased to 19.3 
percent of the total agricultural value. 
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Figure 2.5 

Table 2.7 Average agricultural commodities inventories and values in 
Klamath County for the period 1990-1992. Source: Oregon State 
University Extension Service, Economic Information Office. 
(Numbers have been rounded). 

Commodity 

Beef Cows 
Cattle 
Hogs and Pigs 
Sheep and Lambs 
Ewes 
Dairy Products 
Potatoes 
Sugarbeets 
Alfalfa 
Other Hay 
Hay Silage 
Grains 
Chicken Eggs 
Horses and Mules 
Wool 
Misc. Farm Products 
Misc. Specialty Crops 
Farm Forest Products 
Fee Hunting and Recreation 

Inventory 

47,000 head 
102,000 head 

430 head 
18,700 head 
13,100 head 

4600 head 
9,300 acres 
2,200 acres 

39,000 acres 
27,000 acres 

3,000 acres 
51,300 acres 
57,000 head 

3,500 head 
17,200 head 

18,340,000 board feet 
Not Available 

Agricultural Commodity Values 
Klamath County 1990-1992 

4.71% 

• • 0 
0 
&1 
IZI 
I5l 

Value of Product 

$ 0 
43,495,000 

180,000 
699,000 

o 
9,811,000 

21,808,000 
1,833,000 

18,846,000 
3,660,000 

570,000 
11,627,000 

820,000 
217,000 

58,000 

Cattle 

26,500 
3,162,000 
5,776,000 

65,000 

Dairy Products 

Potatoes & Beets 

Alfalfa 

Grains 

Other 

Fann Forest Products 

Percentages of Klamath County agricultural commodity values for the period 1990 through 
1992. Source: OSU Extension Service. 
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Retail, wholesale, services trades and nonwood products manufacturing are other economic 
activities in the Basin. One business of particular interest is Cell Tech Super Blue·Green 
Algae,iocated in Klamath Falls. This enterprise harvests, processes, markets and distributes 
the blue-green algae Aphanizomenonf/os aquae as a health food product. Cell Tech harvests 
approximately 200 million pounds of the algae from the A Canal each year. The business 
grosses an estimated $35 million annually and provides from 70 to 100 fulltime jobs. 

Throughout the 1980s, employment in lumber and wood products manufacturing in 
Klamath County feJl23 percent. Employment in other manufacturing, including both high and 
low tech, increased 77 percent; and services employment increased 7.4 percent. By the year 
2000, total wage and salary employment is expected to increase 9.6 percent to a total of 25,510 
employed persons. , The service and construcrion industries are expected to contribute the 
largest portion of this increase. The relative importance of various employment categories 
(Table 2.8) was summarized by the Regional Economic Infonnation System of the Bureau of 
Economic Analysis for the Winema National Forest FEIS (USFS 1994). 

In 1989 the median family income for Klamath County was $23,054, compared to a state 
median of $27,250 (KCPD 1994). This represents a 12.2 percent drop in real terms from 
1980 for County residents. Incorporated cities have lower median family incomes than 
unincorporated areas. The County's per capita income, which in 1991 ranked 33rd out of 36 
Oregon counties, did manage to keep pace with inflation. The discrepancy between the 
performance of per capita income and median household income indicates an increased polarity 
between rich and poor during the 1980s (KCPD 1994). In 1990, approximately 17 percent of 

Table 2.8 Source of personal income in Klamath County in 1987. 

Category and Subcategory 

Fann 
Ag Services, Forescry, Fisheries, Other 
Mining 
Construction 
Manufacturing 
Wood Products 
Other Products 
Transportation and Public Utilities 
Wholesale Trade 
Retail Trade 
Finance., Insurance. and Real Estate 
Services 
Government 
Federal Civilian 
Military 
State and Local 
Dividends, Interest, Rent 
Transfer Payments 
Retirement, Disability, Social Security 
Medical Payments, Medicare 
Income Mainlenance. SSI. AFOC, food stamps 
Unemployment Insurance 
Miscellaneous Payments (veterans, education. etc.) 

Percent of 1987 
Personal Income 

2.87 
0.63 
O.OS 
2.59 

17.44 
14.23 
3.21 
s.t! 
3.22 
7.46 
1.91 

to.69 
11.89 
2.9S 
0.22 
8.72 

17.13 
19.01 
11.45 
3.30 
1.11 
0.82 
2.33 

persons in the county were below the poverty level, an increase from 13 percent in 1980. In 
1990,68.4 percent of all female-headed households in the county with children under five 
were below the poverty level. 
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2.4 LAND USE AND OWNERSHIP 

Land Use 

Land use by watershed Sub-Basin was mapped for this project using USGS information 
(Figures 2.6 through 2.8). A summary of land use (Table 2.9) indicates that over 80 percent 
of the watershed is forested, with agriculture and rangeland providing 12.6 percent. The 
majority of the 0.2 percent urban, 3.6 percent open water and 2.6 percent wetland land is 
located in the UKL SUb-Basin. 

Table 2.9 Land use areas (hectares) by Sub·Basin in the UKL watershed. Source: USGS. 

Land Use Williamson Sprague Upper TOTAL Percentage 
River River Klamath Lake of Total 

Urban 392 246 889 1527 0.2 
Agriculture 20,763 18,733 19,282 58,778 6.0 
Range 11,506 48,419 6,097 66,022 6.7 
Forest 328,844 345,699 114,527 789,070 80.6 
Wa~ 6,463 551 28,208 35,222 3.6 
Wetlands 6,455 2,706 16,223 25.384 2.6 
Barren 1,603 282 709 2,594 0.3 
Tundra 247 0 0 247 0.0 
Snow and Ice 576 0 0 576 0.1 
TOTAL 376,849 416,636 185,935 979,420 100.0 

27 



LAND USE LEVEL 
Hue 18010201 

- 1m ~ (81, 8.l, 85: 14112 hal SCALE 1:375,000 

Figure 2.6 Landuse areas for the Williamson River Sub-basin. Data source: USGS 
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Figure 2.8 Landuse areas for the UKL Sub-basin. Data source: USGS 
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Land Ownership 

Land ownership information is available primarily for the Upper Klamath Basin (fable 
2.10) and Klamath County. Approximately 54 percent of the Basin is managed by the federal 
government. with the U.S. Forest Service responsible 'for the majority of this land area. 

Table 2.10 Land ownership in the Klamath Basin, Oregon, 1970. (Source: 
SWRB 1971 and USPS 1994). 

Percent 
Owncr Total Acres of Total Basin 

FEDERAL 
Forest Service 
Bureau of Land Management 
Other Federal 

STATE. COUNTY. MUNICIPAL 
and PRIVATE 

1.552.600 
273.600 
139.300 

1.231.100 

SEPARATE AND PRIVATE NON-TIMBER 
Land ownership 

LARGE TIMBER INDUSTRY 

TOTAL 

Native American 

440.000 

3.636.600 

42.7 
7.5 
3.8 

33.9 

12. J 

100.0 

HistOrically. the Klamath Tribe was the primary occupant afthe area along the southeastern 
shore of Klamath Marsh. the Jower WiUiamson River. the nom shore of Agency Lake, near 
the mouth of the Williamson River, along the shores of UKL. and on the Upper Sprague and 
Sycan Rivers. The tribe's population was estimated between 800 i,Uld 1,400 at the time of first 
white contact. They depended on fish. small game. waterfowl. and a variety of native plants. 
including aquatic species. for survival. The J 864 treaty established the Klamath Indian 
Reservation, reserving occupation. fishing and gathering rights for the tribe within the 
reservation in exchange for the remaining tribal lands and right-of-way across the reservation. 
The U.S. Government involved itseJf in the reservation by supplying investment capital and 
erecting a sawmill. flour mill and other buildings. In 1954. these controls were lessened by 
Congress. Of more than 2,000 members on the tribal roll. 78 percent voted to terminate the 
reservation. Thus in 1956, most of the reservation was sold, with a settlement of more than 
$40,000 issued to each tribal member who favored tennination. About 145,000 acres of the 
reservation were retained for those who had opposed the termination (USFS 1994). In 1974. 
the last of the reservation was disbanded. About 135,000 acres of forested land was then 
added to Ihe Winema National Forest and 10.000 acres were sold to the public. The 
approximately 500 triba1 members who initially opposed tennination received roughly 
$275.000 each as a result of the final tennin~tion (Ibid). 

National Forest System 

The Winema National Forest. the Bureau of Reclamation and the Fish and Wildlife Service 
together account for most of the public lands in the UKL watershed. Klamath County consists 
of 3.8 million acres of which 1.75 million are National ForeSi System Lands (Ibid). About 
1.040.000 acres are in the Winema National Forest. which was established in 1961 from the 
former Klamath Indian Reservation land and portions of lhree other national forests (Ibid). It 
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includes the mountains west of UKL, most of the Williamson River drainage. and the lower 
Sprague River. Approximately 720,000 acres of the Fremont National Forest lies in [he 
eastern portion of the Sprague River drainage (USFS 1989). 

During the period 1980 through 1990, an average of 165.7 million board feet per year were 
harvested by the Winema National Forest. About 65 percent of the harvests were processed by 
Klamath County mills (USFS 1994) In 1994, \37.7 million board feet were harvested from 
22,821 acres (USFS 1994). 

The Winema National Forest has nearly 358,000 acres of suitable range, primarily 
bitterbrush and meadows habitat types, divided into 2 t grazing allotments. In 1990, 18 of the 
allotments were active, representing about 1.5 percent of the total AUMs in Klamath County. 
In 1989, 11,353 cattle and 3,240 sheep animal unit months were actually grazed on the Forest 
(USFS 1994). In 1994, 18 allotments were again active. representing 11,691 cattle AUMs and 
3,240 sheep AUMs (USFS 1994). All allotments contain riparian habitat, stream bottoms 
adjacent to perennial streams, wet meadows, small intennittem streams, springs, or bogs. The 
Williamson River was fenced to exclude grazing in riparian areas, as were portions of the 
Sycan River. Some water developments has been used around springs to reduce trampling by 
domestic livestock and wildlife. According to the 1990 Winema National Forest FEIS (page 3-
53), "Additional water development and fencing are needed to redistribute livestock to meet 

J. more fully the objectives of current allotment management ; °ans." 

Approximately 6,400 miles of roads exist within or adjacent to the Winema National 
Forest, most are primiti ve dirt roads. The Forest constructs or reconstructs between 40 to 50 
miles of road annually, usually as suppon for timber harvest activities. The high number of 
roads on the Forest reflects the gentle terrain and relatively flat ground (USFS 1994). 

Bureau of Land Management 

The USBLM administers 166,000 acres of public domain lands and 46,000 acres of 
Oregon & California revested grant lands within the KJamath Falls Resource Area (USBLM 
1990). Most of the BLM-managed land is outside of the UKL watershed. 

National Wildlife Refuges 

Six National Wildlifc Rcfuges exist within the Upper Klamath Basin. Two ofthcse. the 
Upper Klamath and Klamath Forest National Wildlife refuges, lie within the UKL watershed. 

_______ --'UR~amath National Wildlife Refuge is 14,376 acres of marsh and o~n water accesslb'fle'-___ _ 
only by boat. The marsh provides excellent nesting and brood-rearing habitat for waterfowl 
and colonial birds. Hanks Marsh, which is considered part of the Upper Klamath National 
Wildlife Refuge. is a small freshwater marsh located on the southeastern edge of UKL. The 
marsh is primarily wocus (Nuphar polysepalum) and bulrush (Scirpus acutus) and is used by a 
variety of waterfowl, including large numbers of Western grebes which nest there (Jim 
Hainline. personal communication). Klamath Tribal member harvest wocus pods from Hanks 
Marsh each fall. 

---------The-K1amath-forest-National-Wildlife-Refuge,-located-on-the-Williamson-River~was ______ _ 
originally comprised of 16,377 acres which were obtained from the KJamath Tribe with 
revenues from Duck Stamps. In 1990, an additional 21,000 acres were purchased from local 
ranchers. Forty sandhill crane nests and more than 50 pairs of yellow rails. which are on the 
state sensitive list, have been located on the refuge, making this the highest population of 
yellow rails in Oregon and possibly west of Rocky Mountains. This refuge is currently 
undergoing rescoration efforts intended to increase waterfowl use and species diversity. 
Grazing has been severely reduced (from 50,080 to 977 AMU's) and the natural course of the 
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Williamson River is being encouraged by allowing nearby lowlands to remain flooded during 
spring runoffs rather than pumping them dry, as was previously done (Ron Cole, personal 
communication). 

State Government 

The Sun Pass State Forest, managed by the Oregon Department of Forestry (ODF), 
consists of 20,000 acres of timber north of Agency Lake. The ODF also manages 13,000 
acres of scattered forest land in Klamath County (William ICicr Associates 1992). Pacific 
Power and Light Company (PP&L), timber companies, and private landowners own additional 
timberlands. The 1971 Oregon Forest Practices Act, administered by the ODF, applies to all 
private a.'1d state forest land. The Act sets minimum standards for forest practices including 
reforestation, timber harvesting, chemical application, siash disposal, and road maintenance 
and construction. In 1987 the Act was amended to include a civil penalties system to support 
rule enforcement. More recently, the Act was amended to greater riparian protection such as 
mandatory buffer strips. 

There are also state-owned waterfowl habitat areas in the UKL watershed which enjoy 
protective status. Shoalwater Bay and Squaw Point are small (approximately 500 acres) littoral 
areas that lie on the western shore of UKL and are managed by the Oregon Department of Fish 
and Wildlife. These two sites are open to all uses and Western Pond Turtle nests have been 
observed on nearby uplands (Ralph Opp, personal communication). The Wood River Marsh, 
although not actively managed by the ODFW, is also a small littoral marsh, located at the 
mouth of the Wood River and Agency Lake. 

Private 

Approximately 650,000 acres of total forested lands in Klamath County are private timber 
holdings (USFS 1994). The largest privately owned wetland is the Sycan Marsh, described 
earlier. This Nature Conservancy holding is an important refuge for wildlife, particularly 
waterfowl, with as many as 130 active Sandhiii Crane tel1itories have been mapped in the area. 

33 



2.5 WATER RESOURCES JURISDICTION 

Water Rights Overview and the Klamath River Compact 

The State of Oregon uses an appropriative system of water rights based on seniority of 
application date, The Klamath Ri ver Basin Compact Between the States of Oregon and 
California (the Compact), which became effective in 1957. governs the conservation and uses 
of the waters of the Klamath River system. The purposes afthe act are: 1) to promote and 
control various uses of the waters; and 2) to encourage cooperation between the two states and 
the Federal government for equitable distribution of the water. 
The compact also Rrioritizes (he uses of the water a~ follows: 

1. Domestic use 
2. Irrigation use 
3. Recreational use, including use for fish and wildlife 
4. Industrial use 
5. Generation of hydroelectric power 
6 . Such other uses as are recognized under the laws of the state involved. 

The compact is governed by a commission consisting of a Chainnan appointed by the 
President of the United States (presently Anna Sparks), a representative of the California 
Department of Water Resources, and a representative of the Oregon Department afWater 
Resources. In addition, these individuals appoint an Executive Director who acts as secretary 
and custodian of the records. 

In the Upper Klamath Basin, water rights prior to the Compact are ranked in order of 
seniority; rights issued after the Compact are contingent upon priority of use (SWRB 1971). 
Adjudicated water rights and depletions from the surface waters of the Sprague River, Wood 
River, Annie Creek and their tributaries are also specified (see section on irrigation). The 
Compact also recognizes Obligations under the Migratory Bird Conservation Act. 

In addition to the Compact, several government entities have jurisdiction over various 
aspects of the waters of UKL and land uses of the watershed. These include but are not limited 
to: the Klamath Tribe. the U.S. Bureau of Reclamation (USBR). the U.S. Environmental 
Protection Agency (USEPA). the U.S. Anny Corps of Engineers (VSACE). the U.S. Fish 
and Wildlife Service (USFWS). the U.S. Forest Service (USFS). the U.S. Bureau of Land 
Management (USBLM). the Oregon Department ofWa1<r Reso"",es (ODWR). the Oregon 

-------~De"p""'artment offish and Wildlife (ODFW)-;tIieOregon Department ofErivlfonmental-Qu31:~ity~---
(ODEQ). the Land Conservation and Development Commission (LCDC). and the State Land 
Board, and Pacific Power and Light Company. Many entities and individuals have vested 
interest in the watershed, including the City of Klamath Falls, Klamath County. various 
irrigation districts, the California Department of Water Resources, the California Depanment of 
Fish and Wildlife, and the Klamath River Fisheries Task Force. 

Irrigation 

The U.S. Bureau of Reclamation (USBR) controls and distributes a major ponion of the water 
in the Upper Klamath Basin through the Kiamath Project. previously described. County-wide 
irrigation accounts for 93.2 percent of the total water consumption (Figure 2 .. 9): Outside of the 
project, significant quantities of water used for irrigation flow through the Williamson, 
Sprague and Wood Rivers and their tributaries (Table 2.11). 
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Threatened & Endangered Species . Sucker Needs 

The Biological Opinion issued by USt'w Service sets minimum and preferable UKL ieveis 
for the Lost River and shortnose suckers. The Opinion suggests 4139 feet as a desirable lake 
level and 4137 feet as an absolute minimum. The Klamath Tribe and other researchers have 
recommended that 4140 feet is the preferable minimum lake elevation (Klamath Consulting 
Service, Inc. 1983; Klamath Tribe 1994). A complete discussion of habitat requirements for 
the endangered suckers is included in Section 3. 

Regulatory Water Quality Issues 

Pollution control is addressed under Article VII of the Compact, giving the Compact 
Commission certain duties and powers: 

"to promote effective laws and regulations for abatement and control of 
pollution and recommend reasonable minimum standards; and to disseminate 
to the public information on the harmful and uneconomic results of such 
pollution. If sufficient cooperation is not occurring in pollution prevention or 
abatement between the two states, then the Commission, upon complaint by 
one state, can rnake its own investigation and hold a conference on the aHeged 
interstate pollution, after which the Commission shall recommend appropriate 
corrective action. The Commission can then petition the court to enforce the 
order or take other appropriate action. n 

Estimated Water Use 
in Klamath County 

Ell Industrial 
§ Municipal 
~ Ag iicultuie 

Figure 2.9 Relative water consumption in Klamath County. 
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Table 2.11 Summary of Klamath County irrigated acres based on water rights, claims and USBR 
Project information. Data source; USBR, OWRD, 1994. 

Upper Little 
Source Lost Klamath Williams. Sprague Deschut. Klamath TOTALS 

River Lake River River River River 

Surface 

Water Rights 52,550 61,123 34,132 25,644 2,230 182 175,861 

USBR Project 135,280 135,280 

Estimated Claims 25,000 25,000 50,000 

Sub-Total 187,830 61,123 59,132 50,644 2,230 182 361,141 

Groundwater 37,552 6,346 .4,430 13,805 22 0 62,155 

TOTALS 225,382 67,469 63,562 64,449 2,252 182 423,296 

The Oregon Department of Environmental QUality (ODEQ) is Ihe state agency responsible 
for protecting water quality Ihroughout Oregon. The Water Quality division at ODEQ conducts 
limited water quality monitoring of groundwater and surface water to evaluate whether 
beneficial uses are being supported by the body of water and whether dischargers are in 
compliance with their permits. Actual water quality monitoring performed within the UKL 
watershed was conducted periodically on Ihe Williamson River, UKL, Agency Lake, and 
Modoc Point. 

The State also began a Nonpoint Source Pollution (NPS) program over a decade ago under 
Section 208 of the Federal Clean Water Act. Initially, studies were performed which identified 
problems and potential management strategies associated with irrigation return flows, urban 
runoff, silviculture, streambank erosion, groundwater pollution and other activities. The 
Sprague River and other streams located in the Klamath Basin were identified as areas with 
NPS-related water quality problems. 

The Clean Water Act requires Oregon to update its water quality standards every three 
years. The starldards address water quality para.meters such a~ temperature, dissolved oxygen, 
pH, chlorophyll-a, coliform bacteria, and nitrates. Upper Klamath Lake, the Williamson 
River, and the Link River were classified as "water-quality limited" due to chlorophyll and 
dissolved oxygen concentrations (ODEQ 1993). 

Under a 1993 law, the Oregon Department of Agriculture (ODA) develops and implements 
water quality management plans for agricultural and rural lands. The ODA now has the ability 
to enforce plan requirements and to collect fees (ODEQ 1994). 

The Oregon Department of Environmental Quality also develops TMDLs (fotal Maximum 
Daily Loads) for entities engaging in point discharges of domestic or industrial wastes. The 
purpose of a TMDL is to allocate allowable loads among different pollutant sources so that 
water quality standards are achieved in specific areas of a water body. Thus, the TMDL takes 
into account periods of low flow, background sources, the combined effect of all discharges 
into the receiving water and a margin of safety. (TMDL's are currently being determined for 
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the Klamath River). These discharge limits are then incorporated into the NPDES (National 
Pollutant Discharge Elimination System) pennit. 

The Environmental Protection Agency has sponsored research in UKL under the Clean 
Lakes Program. The first study covered the period 1981-82 (Klamath Consulting Service, Inc. 
1983) and the second, which is currently in draft form, covered the period 1991-92. 

Instream Water Rights 

Oregon is seeking to adjudicate pre-1909 federal and tribal water rights in the Upper 
Klamath Basin. These proceedings were initiated by a petition filed in 1975 in Federal Court 
by the U.S. Department of Interior to secure sufficient water for the Klamath Forest Marsh on 
the Williamson River. Upstream diversion by irrigators were thought to be significantly 
affecting the quality of the marsh. In 1979, the Court decreed that both the USDI and the 
Klamath Tribe had water rights, but deferred quantification of those rights and others to later 
proceedings (William Kier Associates 1992). Since only pre-1909 water rights were affected, 
they were required to file a registration statement with the OWRD to protect their existing right 
from forfeiture. By the close of the filing date, 190 individual claims had been filed plus about 
95 claims for individual Indian allotments. Pacific Power & Light also submitted a claim for all 
of its existing water uses. The U.S. and Klamath Indian Tribe have challenged the State's 
; .... : ... ....t:"..: ........ "" •• t ..... "": ........ J.... ...... :h, .......... 'P .. .1 ... ""I....t hH th". 1"'\; ..... ;,.. r .... "rt tTh;rl\ 
JUl.J.lUl'-'UVU VUL UJ'-'J..I. "I,ltUVJH.J tT"-3 "'f:/l.H ... U.J. VJ LU", "-"'.lU'",,, _ ....... 'L \..1. .... , .... ,. 

The Klamath Tribe is a major party of interest in the State's Adjudication proceedings. In 
1983, the U.S. Supreme court upheld a lower court decision recognizing that the Klamath tribe 
retained sufficient water rights to support their fishing, hunting, trapping and gathering rights. 
The Tribe is seeking to secure sufficient streamflow to protect key fish habitats and as a result, 
federal authorities are gathering data and performing in stream flow needs studies (Ibid) 

In 1987, the Oregon Instream Water Right Act allowed for the application of instream 
rights to maintain water in streams for fish and their habitat. These water rights are assigned a 
priority date at the time of application, and are thus junior to most water applications. Instream 
water right applications have been filed by the Oregon Department of Fish and Wildlife for 
many tributaries throughout the UKL watershed, including most of the lengths of the 
Williamson and Sprague Rivers. 

The Fremont National Forest is also attempting to maintain instream flows by working 
cooperatively with the State of Oregon on adjudication decisions. Potentially. they may file 
protests with the OSWRD when applications are made that could adversely affect National 
Forest resources, inserting protection lueasUfeS into special uSe permits, or reaching formal 
agreements on uses. Purchases of water rights and installation of impoundments are also 
potential strategies. The Winema National Forest contains former Klamath Indian Reservation 
lands and may thus be affected by adjudication decisions, although their recommendations are 
more general in nature than those of the Fremont National Forest. 

The ODFW has applied for 1500 cfs instream rights in the Klamath River south of J.e. 
Boyle Powerhouse and the Oregon-California border (OWRD 1994). 

Klamath Basin Ecosystem Restoration Office (ERO) 

The Klamath Basin Ecosystem Restoration Office (ERO) was established in 1993 as a 
cooperative program between Federal, State, local, County, and Tribal governments and 
private landowners. ERO's missions is "Restoration of the function and health of the Klamath 
Basin ecosystem" (from the headwaters to the ocean). Ecosystem restoration efforts in the 
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Basin are being coordinated by ERO through voluntary participation and cooperation of a 
variety of agencies, private organizations, and individuals. Although a comprehensive list of 
issues are being identified by such sub-groups as the Klamath River Basin Assessment Team, 
their focus is on fisheries and aquatic issues. 

In fiscal year 1994, ERO funded about 35 projects totaling $1.3 million which were 
designed to improve water quality and quantity or enhance conditions for sensitive species. 

Klamath River Basin Fisheries Task Force 

On October 27, 1986, the Klamath Act (Public Law 99-552) was adopted by the U.S. 
Congress for the purpose of authorizing a 20-year long Federal and State cooperative effort, 
the Klamath River Basin Conservation Area Restoration Program (KRBCARP). The purpose 
of the KRBCARP is to rebuild the Klamath River system fish resources. 

The Act established a 14-member Klamath River Basin Fisheries Task Force to create, in 
cooperation with the Interior Department, the Klamath River Basin Conservation Area Fishery 
Restoration Program. The Task Force members are appointed by, and represent, the 
Governors of California and Oregon; the U.S. Secretaries of Interior, Commerce and 
Agriculture; the California counties of Del Norte, Humboldt, Siskiyou and Trinity; Hoopa 
Valley, Karuk and Yurok Indian tribal fishers; anglers and commercial fishermen. -

The Act also created an II-member Klamath Fishery Management Council to establish 
long-term management policies for in-river and ocean harvesting associated with the Klamath 
and Trinity River systems anadromous fish populations. The Council is comprised of 
essentially the same interests as the Task Force, with the exception of the four California 
county representatives. 

In January, 1991, the Task Force, with assistance from William M. Kier Associates, 
published the Long Range Plan for the Klamath River Basin Conservation Area Fishery 
Restoration Program. The report identifies the major habitat degradation in the KRBCA. In 
October, 1992, the same authors completed the draft Upper Klamath River Basin Amendment 
to the Long Term Plan. The amendment identified water quality problems in the Upper 
Klamath Basin and their effect on the anadromous fishery resources of the main stem of the 
Klamath River. 
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SECTION 3.0 

ANAL YSIS OF \-VATER QUALITY STUDIES 
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3.1 PHYSICAL CHARACTERISTICS 

Discharge and Lake Elevations 

Studies of most lake beds in the Great Basin show considerable fluctuations of water level 
(well over 100 feee) since the Pleistocene. Upper Klamath Lake (UKL), however, was not 
subject to such fluctuations and is thought to have varied by only 6 to 8 feet in depth (Akins 
1970). Thus Ihe valleys of the Sprague, Williamson and Sycan Rivers varied greally wilh 
post-glacial changes in climate, whereas the UKL graben and areas downstream remained more 
constant in response to stable water levels in the lake. Based on carbon~14 dating and water 
level studies, climate conditions approximating those afthe present began about 2000 years 
ago. 

The earliest water-related. studies in the UKL area were concerned primarily with water 
quantity, In 1902, the State of Oregon began efforts to regulate the water of UKL in order to 
provide a more constant supply of water for development (Boyle 1976). Mter the Link River 
Dam was planned, the need for diking and draining of lands surrounding the lake was 
assessed. The lake was to be controlled between a maximum sulfaee elevation of 4143.3 feet 
and a minimum of 4137 feet. In 1919. soundings were taken 400 feet apart to detennine the 
effects lowering and raising of the water level would have on adjacent lands. These soundings 
revealed that cenain lands would be flooded and some comrnerciallog ponds would be left dry. 

Rosborough (1917) reported on the effects of proposed water storage and drawdown 
conditions for Upper Klamath Lake. Prior to the dam construction, the maximum and 
minimum UKL high waler marks for the period 1906-16 were 4,143.3 feel and 4140.0 feel 
respectively. The average drawdown was about 2 feet The lake's area at high water mark 
was 104,850 acres and its'shoreHne length 134 miles. Low water area was 64,850 acres and 
shoreline length 116 miles. The greatest lake depth found was 2S feet 

Rosborough determined that many northern lake border lands would flood under proposed 
lake levels~ and that diking of some lands would be necessary: 

"The delta fanned by Wood River and also Williamson River have made great 
tlaclS of marsh land at the north end of the lake, and a great part of these are 
flooded al Ihe high waler period of Ihe lake. Over 30,000 acres (independent of 
Indian Projects) would come under such a plan ofreclamalion and this great 
traet of almost entirely waste marsh land would be capable of producing crops 

_____ ~ ___ 'ottimothy-and~alsikclover.-U1timately-aJLborderingmarshes-wi1Lbe _________ _ 
reclaimed, and by the eo-operation of all interested parties, this can be brought 
about within a short time. making water storage possible up to maximum high 
water mark." 

Cope et al. (1920) reported monthly lake elevations for the years 1904 through 1920 based 
on data generated by the Oregon Power Company. In genera1. lake elevations have been 
monitored since this time (Figure 3.1). 

---------ltawrencetI954)~provided~the-firsl-waler~budgel-for Ihe-*lamath-River-Basin-based-ont-----
runoff dala for Ihe Williamson and Sprague since 1911. Hubbard (1970) construcled a 
hydrologic budgel based on dala fOI Ibe period 1965-1967. He included smallertribularies, 
irrigation pumps and return irrigation flows. Based on 1,566,000 acre~feet annual surface 
water outflow. a mean annual lake elevation of 4. I 41.3 feet and a volume of 620,000 ar.re-feet, 
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Figure 3.1 Monthly lake elevations (ft.) for Upper Klamath Lake, Oregon for various water years. Source: 
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the lake's mean hydraulic residence time was determined to be 0.4 years (Hubbard 1970). 
Hubbard stated that the only long-term answer to keeping the surface level of the lake above a 
minimum of 4140 feet in elevation is to provide additional water storage and to set a new 
minimum lake level by federal legislation. However, commitments to agriculture and 
do~~stream fisheries releases make increased water storage difficult. As a possible solution, 
addItIonal storage was proposed at Aspen, Long or Round Lakes. Subsequent studies 
indicated that these sites were not suitable for water storage due to uncertainties about the 
underlying geology (U.S. Bureau of Reclamation 1987). 

Klamath Consulting Service, Inc. (1983), sampled eight in-lake sites for fourteen months 
for a variety of water q~a~ity.constituents. The study period included a drought year and a year 
wllh above normal preclpllalion. The average measurements for all parameters during the 
summer months of juiy and August of both years Wefe compared in order to assess the effects 
of lake lowering on water quality. The authors argued that water quality was improved when 
the lake was maintained above 4140 feet elevation. The report recommended a variety of 
restoration measures, including maintaining the lake level at a minimum of 4140 feet; and 
implementation of improved watershed management practices, focusing upon erosion and 
sediment control, agricultural best management practices, site specific dredging, and land use 
controls. 

The U.S. Army Corps of Engineers (US ACE 1982) performed a hydrologic survey to 
determine if the Hubbard hydrologic budget was still valid. This updated hydrologic budget 
would then be used to calculate phosphorus loading from major tributaries. Water level 
recorders were installed on Wood River, CrOOked Creek, and Sevenmile Canal for the period 
November 1981 through June 1982. Flow data for the Williamson River was obtained from 
the U.S. Geological Survey (USGS). Together, 77 percent of total lake inflow and 88 percent 
of surface inflow is included. Data from the weather service, power company, and U.S. 
Bureau of Reclamation (USBR) were also used and estimates were determined for seasonal 
flows. The results of the updated budget were generally comparable to the 1965-67 Hubbard 
survey. 

Outflows from UKL are primarily through the Link River, which then flows into Lake 
Ewauna and the Klamath River. During the growing season, a portion of the discharge 
through the Link River is routed through A Canal for irrigation. County-wide, irrigation 
accounts for about 93 percent of documented water consumption (Figure 3.2). Since 1929, the 
average increase in annual withdrawals made thrpugh the canal have increased from 190,000 to 
290,000 acre-feet per year (Figure 3.3). 

Temperature 

According to the U.S. Environmental Protection Agency (USEPA), the aquatic life 
inhabiting a particular location has its species composition and activity regulated by water 
temperature (US EPA 1986). Most aquatic species are poikilotherms, thus water temperature 
regulates their metabolism and ability to surviv~ a~? reproduce effectively. Th.e USEPA water 
quality criteria states that there are three upper lImiting temperatures for. a localio~, based on the 
important sensitive spe,:ies found there. First, there may.be temp<;>rary Increases In temperature 
which threaten the species; or secondly, there may be an Incre!lSe In the w~ekly. averag~ 
temperature abo~e the vhysiological op~imum t~mpe~atu~. Finally, the~ IS a site-specific 
upper limit that IS necessary for preserving species diversity and preventing the appearance of 
nuisance organisms (Ibid). 

Temperature also effects other water qual~ty constituents .. For exampl~, oxy~en becomes 
less soluble with increasing temperatures, which would contnbute to anoxia during calm 
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periods in the lake. Temperature also affects the self-purification phenomenon in water bodies 
by accelerating biodegradation of organic material. When this is cOmpounded with decreased 
oxygen concentrations. there is greater likelihood of total oxygen depletion. The equilibrium 
between non-toxic ammonium (NH4+) and the toxic form ammonium hydroxide (NH40H) is 
shifted towards the toxic form with increasing temperatures (Goldman and Home 1983). The 
mean (95 percent confidence interval in parenthesis) 96-hour LC50 temperatures (the value at 
which 50 percent of the test individuals died after a 96-hour exposure) for Lost River and 
shortnose suckers were determined by Saiki and Monda (1993) to be 30.0 C (29.9 - 30.3 C) 
and 29.4 C (27.8 - 34.1 C) respectively. 

Lowered summer water levels. dam construction. the removal of littoral and streamside 
vegetation. and riparian channelizations which reduce summer streamflows. contribute to 
increases in summer water temperatures (National Research Council 1992). In the UKL basin. 
increasing temperatures during the warmer months may contribute to Aphanizomenon blooms. 
which are strongly correlated to temperature and do not reach maximum levels below 20 C 
(USACE 1982). Furthermore. Aphanizomenon blooms rarely develop at temperatures below 
15C (Ibid). 

Figure 3.2 

Estimated Water Use 
in Klamath County 
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Relative UKL water consumption. Data source: Oregon Water Resources 
Department and U.S. Bureau of Reclamation 
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Annual water releases to A-Canal for the period 1929 through 1989. 
Data source: U.S. Bureau of Reclamation 

Temperatures of Inflows and Outflows 

1989 

The Oregon State Sanitary Authority (OSSA 1960) monitored temperatures monthly at two 
locations on the Williamson River and one on both the Sprague and Link Rivers. The 
monitoring began in July, 1959 and continued through December 1960. The minimum 
temperature for the Sprague River near Chiloquin was 0 C and the maximum was 22 C (OSSA 
1960). The Williamson River one mile north of Chiloquin had a minimum of3 C and a 
maximum of 15C. Thus, during the study period, the maximum temperature in the Williamson 
above the confluence was significantly less than the Sprague's maximum. Below the 
confluence, the Williamson also had a minimum temperature of zero C and a maximum of 22 
C. The Link River ranged from 3 C to 22 C during the study period. 

The Oregon Department of Environmental Quality (ODEQ 1993) began !!.lnbient strea.'!! 
monitoring in the Klamath Basin in 1959. The Williamson River (at the Highway 97 bridge) 
and the Link River were monitored for temperature and other water qmtlity parameters. High 
temperatures usually occurred in July and ranged from 20 to 22C. 

Water quality in the Wood River Valley, the Upper Klamath National Wildlife Refuge and 
Agency Lake are currently being monitored through a cooperative study titled "Basin-Wide 
Optimum Aquatic Resource Management". The study is funded by the Bureau of Reclamation 
and its objective is "to develop a basin wide management plan to address all aspects of aquatic 
resource and environmental issues in the Klamath Basin" (Campbell 1993). The first phase of 
the project (FY91-93) dealt with water quality and hydrology research along the Wood River, 
Sevenmile, Fourmile, Crystal and Thomason Creeks. Temperatures taken at five stations 
along the Wood River and at Sevenmile and Fourmile Canals indicate a significant warming 
trend as the water moves downstream (Figure 3.4). 

Temperature and other water quality parameters were also measured by the USGS in 1992 
and 1993 at miscellaneous stations throughout the watershed. Sevenmile Creek, which flows 
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from the Cascades and is eventually diverted into Sevenmile Canal, shows a dramatic increase 
in temperature in a short distance, On July 29, 1992, Sevenmile Creek below Short Creek (at 
the base of the Cascades) had a temperature of 12,5 C whereas in Middle Sevenmile Ditch, a 
nearby diversion running parallel to Seven mile Creek, the temperature on that date was 23.0 C. 
The same comparison of 1993 data shows that on July IS, 1993, Sevenmile Creek was 6.0 C 
and Middle Seven mile Ditch was 12.0 C. On September 21,1993, Sevenmile Creek was 7.5 
C and Middle Sevenmile Ditch was 14.5 C. These temperature changes are probably due to the 
lack of shading, thus exposing large surface areas to solar radiation, and slower water 
velocities. Historically, these tributaries probably provided a source of cooler water to the 
lake. The extent to which these warmer tributary water temperatures have effected the lake's 
temperature is not known. However, cool summer inflows to Pelican Bay have been attributed 
to the relative absence of Aphanizomenon there and the use of this area as refugia by suckers 
during periods of stressful water quaiity (Hazel 1969). 
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Figure 3.4 Wood River, Sevenmile and Founnile temperatures from February 1992 

through December 1992. Data source: Campbell et al. 1993. 

In-Lake Temperatures 

Studies based on tourists' and residents' perception of the lake suggest that an upward 
trend in temperature, particularly during the growing season, decreases the lake's recreational 
value (Reiling 1970). 

In-lake temperature was first recorded by Kemmerer et a\. in 1923 on one occasion; and it 
was not routinely recorded until 1955 and beyond. Kemmerer sampled on July 29, 1923 
between Eagle Ridge and Bare Island and found temperatures of23.1 C, 19.2 C and 18.2 C at 
o meters, 3 meters and 5 meters respectively. 

In-lake temperatures were studied in by Hazel (1969), Klamath Consulting Service, Inc. 
(1983), Kann (1993a,b) and others. Hazel (1969) noted that the temperature ranged from 0 C 
to 24 C and that the lake generally freezes over the first of the year and thaws in late February 
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or .early March. Neither Hazel (1969) nor Klamath Consulting Service, Inc. (1983) found 
eVlde~ce of thermal stratification in the lake. Hazel, however, stated that when calm conditions 
prevailed. a small difference of 2 F existed from top to bottom. Klamath Consulting Service 
Inc. (1983) took monthly temperatures at several sites in the lake during 1981, a drought yea;. 
and 1982, a relatively wet year. A companson of those data indicate the effects of lake levels 
o~ the overall summer temperature of the lake (Figure 3.5). There is a statistically significant 
dIfference (Two-sample T -test, alpha = 0.0 I) between the summer temperatures of the low 
water year (mea.n summer temperatur~ ~0.6 C) and the wetter year (mean summer temperature 
1~.! C). ThIS difference spans the ITIlmmum temperature above which Aphanizomenon 
mltlates a bloom (20 C). 
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Figure 3.5 Temperalures for Ihree UKL siles during 1981 and 1982. Dala source: K1amalh Consulting 
Service, Inc. 1983. 

Agency Lake temperatures were measured in 1990. 1991 and 1992 (a drought year) with a 
Hydrolab Surveyor III multi-parameter probe and a Hydrolab submersible DataSonde multi
parameter probe (Kann 1993a,b). The probes recorded temperatures every half hour and at one 
meter depths at two sites in the lake. Daily temperature fluctuation were as high as 7.8 C but 
tended to be in the range of 1 to 3 C. In the Agency Lake south site, 1991 summer 
temperatures were about 2 degrees lower than in 1992. According to the author, these 
temperature differences may partially account for the lower algal biomass in 1991 (Kann 
1993a). Monitoring also revealed higher temperatures occurring earlier in the 1992 growing 
season than in 1990 or 1991. June 1990 and 1991 temperatures were 16 C whereas June 1992 
temperatures were 22 C. 

Kann (1995: 3-4) correlated the warming of UKL water to decreased water volume and the 
onset of Aphanizomenon blooms: 

"At low lake volume, warm late-spring and early-summer air temperatures can 
translate more directly to warmer water temperatures which in tum can cause 
early algal bloom development and faster algal growth rates. A regression of 
the lake-wide monthly mean absolute difference between air and water 
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temperature and mean depth shows a significant positive relationship between 
the two variables in July and August (R2=0.62, P=O.I for July; R2=0.58, 
P=0.08 for ~ugust). While these relationships are marginally significant, n is 
sm~1I (n=6) mcre~mg the chance of a Type II error. These relationships 
mdlcate that the divergence between air and water temperatures is less at lower 
me~n depth in July and August, implying that during significant warming 
pen ods the lake will more closely approximate air temperature at lower lake 
volumes." 

Water Transparency and Turbidity 
"I" •• _1..:..J: .... ! _ __ ,, _________ L"LL ____ I 1. '" • •• 

1 Ul U1UllY 1> " l1'''""un: Ul ,ue reouceo Iransparency or a water cOlUmn and IS expressed in 
NTUs (Nephelometric Turbidity Units) or FrUs (Formazin Turbidity Units). Water 
transparency can also be measured with a Secchi disk, where its disappearance at two meters or 
less suggests a eutrophic body of water. An oligotrophic lake may have a Secchi disk depth of 
40 meters. 

In the United States, the USEPA standard for drinking water is one NTU. Increased 
turbidity interferes with recreational and aesthetic uses of water (USEPA 1986) and can have 
adverse effects on aquatic life by limiting light penetration. Turbidity is usually increased by 
fine mineral or organic material suspended in the water column. Clays and silts in particular 
increase turbidity and may indicate surface runoff contributions due to erosion or resuspend 
bottom substrate due to turbulent flow. Decreased transparency may also be due to increased 
primary production, usually algal growth. Turbidity measurements are likely to be highly 
seasonal. 

Tributary Turbidityffransparency 

The OSSA (1960) measured turbidity for 18 months between 1959 and 1960 in the 
\Villiamson, Sprague aiid Link Rivers. The \Villiatllson was sampled both one rr.ile above 
Chiloquin, which is above its confluence with the Sprague, and at its mouth. There appears to 
be significantly less turbidity in the Williamson (above the confluence with the Sprague) than in 
the Sprague (Figure 3.6). The relationship between turbidity and discharge is statistically 
significant in the Sprague River, but not in the Williamson (Figure 3.7). This suggests that 
turbidity in the Sprague River is related to erosion and surface runoff. Turbidity in the Sprague 
is most likely associated with spring runoff. 

From June, 1990 through 1993, Campbell et aJ. (1993) measured turbidity and suspended 
solids at six locations on the Wood River. The monthly sampling was replicated and samples 
were collected across the stream and pooled. Figure 3.8 indicates that the mean turbidity along 
the Wood River approximately doubles between its headwaters (Dixon Road) and mouth 
(Agency Lake Dike). A one year comparison of these two canals with two "pristine" creeks 
from a similar area (Crystal and Thomason Creek) indicates that Sevenmile Canal is 
consistently more turbid than the undeveloped channels. 

Periodic turbidity measurements have not been made in most UKL tributaries. Such 
information would be very useful in identifying the location and timing of sediment loads to the 
lake. 

In-Lake Turbidityffransparency 

Kemmerer et aJ. (1923) took a single secchi disk reading of 0.9 meters in UKL in 1913, 
and neither Secchi disk nor turbidity were recorded again until 1959. In-lake Secchi 
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m,~a.surements w~r~, taken by. Bond et al. (1968) between 1964 and 1967. The results indicated 
a highly eutrophic water with readings as low as 0.5 meters, and 99 percent light extinction 
at one meter or less "due mostly to suspended Aphanizomenon ". 

Hazel (1969) observed that the lake was often very turbid from November through March 
due to the resuspension of bottom sediments. 

Secchi disk transparencies were measured at two locations in Agency Lake by Kann 
monthly for 19~0-91 (l993a).a~d 1992 (1 993b). In 1990, maximum transparencies of about 
2.1 m occurred In M.ay and minimums of 0.1 m occurred in August. The summer minimum 
for 1991 was 0.5 m In July; and the summer minimum for 1992 was 0.1 m in June. 
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Figure 3.6 Turbidity values for 18 months on the Sprague and Williamson River (both above the 

confluence). Data source: OSSA 1960. 

Suspended and Dissolved Solids 

~ 

Sediments (suspended solids) are a gravimetric measurement of particulate mass that does 
not pass through a filter of designated pore size (usually 0.45 microns) (Lind 1985). 
Suspended solids constitute a significant portion of the non-point source pollution load 
contributing to eutrophication (National Research Council 1992). Nutrients, particularly 
phosphorous, are often adsorbed onto mineral particles that wash into waterways during 
erosion (VVetzel 1989). Sediment concentrations are often used as a parameter to estimate 
nutrient loadings to a receiving water, as well as to show long term changes of a lake and its 
watershed (Davis and Larson 1976). Soil particles also transport other undesirable constituents 
such as heavy metals, pesticides, and organic matter (National Research Council 1992). 
Sediments can adversely affect the aquatic environment by interfering with light penetration, 
respiration, sight feeding, fish embryo survival and altering reproductive habitat. 
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Figure 3.7 Relationship between discharge and turbidity (log scale) in the Williamson River (above 
confluence) and Sprague River. Data source: OSSA 1960. 
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Figure 3.8 Mean turbidity (NTU) for various IDeations in the Wood River Valley calculated from monthly 
sampling between June 1990 and December 1993. Data source: Campbell and Ehinger 1993. 

Trends in tributary loads and concentrations of nutrients and suspended solids are generally 
difficult to document, especially when the loads are predominantly from non-point sources 
(Richards and Baker 1993). Over 80 percent of the UKL watershed is forested, with large 
tracts having been logged in the past 100 years. Logging activities are usually associated with 
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increased sediment loads into streams and rivers, particularly in areas of steep slopes and large 
surface area of roads (USEPA 1993). Unfortunately, no data exists to quantify forestry-related 
sediment ioads in the Klamath Basin. Basin-wide, there is very little data on suspended and 
total solids in smaller tributaries. 

Dissolved solids refer to material that passes through a filter, and in most fresh waters, is 
usually comprised of sodium, calcium, magnesium, chloride and sulfate ions that are in a form 
available for biological uptake. Dissolved solids usually increase when water has been used 
for irrigation, industrial, or domestic purposes, or when water remains in contact with mineral 
substrates, as with deeper groundwaters. 

Tributary Suspe.nded Solids 

Suspended solids and total solids were measured by OSSA (1960) monthly at two 
locations on the Williamson River and at one each on the Sprague and Link Rivers. The 
monitOring began in July, 1959 and continued through December, 1960 for a total of 18 
sampling events (Figures 3.9). During the study period, the Sprague River experienced 
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Figure 3.9 Suspended solids for 18 months on the Sprague and Williamson River (both above their 
confluence). Data source: OSSA 1960. 

significantly greater solids loads than the Williamson, which was relatively low in suspended 
solids. The Sprague River suspended solids concentrations are probably in response to some 
event in its watershed, most likely rainfall or runoff intensity. 

From June, 1990 through FY 1993, both suspended and dissolved solids were measured at 
six locations on the Wood River (Figure 3.10) (Campbell et a1. 1993). This monthly sampling 
was replicated and samples were coIIected across the stream and pooled. Both studies indicate 
highly variable suspended solids concentrations at the study sites (Table 3.1). 
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Figure 3.W Suspended solid means in the Wood River Valley. Data source: Campbell and Ehinger 1993; 

Campbell et al. 1993. 

In-lake Suspended Solids 

An in-lake sedimentation rate was first calculated by John C. Boyle (1976). The change in 
lake bottom at the lower end of Upper Klamath Lake was observed between 1905 and 1919 
and found to be 0.6 inches per year. Although the methodology was not reported" samples of 
water taken at various times indicated an average sediment content of about 2000 ppm by 
volume of water. 

Groundwater Dissolved Solids 

According to lllian (1970), groundwater from wells in recharge areas typically have total 
dissolved solids (IDS) contents of less than 100 ppm (mgIL). Regional flows, which may 
move to depths greater than 10,000 feet below sea level, have IDS of about 730 ppm. 
Intermediate flows, which represent most of the water pumped from weBs in the Basin, have 
TDS from 100 to 800 ppm. Most of the dissolved solids consist of sodium, chloride, sulfate 
and siiicate. 

Sediment Characteristics 

Bond et aI. (1968) sampled lake bottom sediments between 1964 and 1967. Bottom 
sediments consisted of sand to boulders in exposed areas, and peat to plant detritus in bays or 
near swamps. Most sediments sampled had a high organic content, with vascular plant fibers 
and diatom frustules being common. Wind velocities of 2 to 5 mph were estimated to cause 
sediments to resuspend, which made sediment-bound nutrients available to the water column 
almost daily during the ice-free period (Bond et al. 1968). Estimates of the organic content of 
bottom sediments were made using both hydrogen peroxide oxidation and a colorimeter, with 
results of 69.9 mglg dry weight and 197.8 mglg respectively. Sediment particle size 
distributions were also estimated for several locations. 
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Table 3.1 Suspended and dissolved solids statistics for various loeations. Data source: OSSA and Ehinger 
and Campbell. Dissolved solids values from OSSA were calculated as the difference between the 
total and suspended. 

LOCATION DISSOLVED SOLIDS SUSPENDED SOLIDS 
(mgll) (mgll) 

Wood River Range Mean Std Error Range Men Std Error 

Headwatelli 37-112 83.6 2.5 0-12 1.7 0.4 
Flo Klamath 11-111 82.1 2.9 0-11 2.9 0.5 
Loosely Rd. 11-117 83.9 3.4 0-12 2.5 0.4 
Weed Rd. 65-128 88.8 2.6 0-16 3.9 0.6 
Agency Dike 11-140 92.7 3.7 0-274 13.8 8.5 

Williamson River 
Upstream 77-135 103 5.2 0-22 7.4 1.7 
Downstream 73-159 104 7.5 0-28 11.4 2.0 

Sprague River 84-110 98 5.7 1-78 22.9 5.6 
4-Mile Canal 57-122 89 7.0 
7-Mile Canal 50-110 86 5.3 0-10 4.0 0.8 
Crystal Cr. 51-112 80 4.9 0-5 2.6 0.6 
Thomason Cr. 66·103 84 4.4 0-12 4.1 l.l 
Link River 0-154 62.4 7.8 1-69 28.2 5.0 

Hazel (1969) sampled sediments at six UKL locations with an Ekman Dredge. The 
average percentage of organic matter in the north and south zones were about 198 mglg. Hazel 
stated that "during ice-free months bottom sediments are probably in daily flux with the 
overlying water mass. A preponderance of this flow of particulate matter occurs in the lower 
three feet of the water column." Of the I 07 benthos samples collected by Hazel, 79 consisted 
of diatomaceous ooze. 
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3.2 CHEMICAL CHARACTERISTICS 

pH 

The pH of a solution is a measure of its hydrogen ion activity. An increase of one pH unit 
represents a tenfold reduction in the concentration of hydrogen ion (H+) and a tenfold increase 
in the concentration of hydroxyl ion (OH-). The pH of most natural waters is in the range of 
4.0 to 9.0 and more often in the range of 6.0 to 8.0 (Lind 1985). UKL frequently experiences 
photosynthetically induced summertime pH values above 10.0. Hydrogen ion activity also 
influences the relative concentration of other constituents such as ammonia and iron phosphate. 
These effects are discussed in their respective sections. 

Previous fish studies indicate that the upper pH threshold for fish success in lakes may in 
general lie between pH values of9.5 and 10.0 (Kann and Smith 1993). Short-term, single 
variable toxicity tests were conducted on juvenile Lost River and shortnose suckers by Monda 
and Saiki (1993). The researchers found that the 96-hour LC50 values (and their 95 percent 
confidence intervals) for pH were 10.68 (10.52-11.03) for Lost River suckers and 10.5 (9.82-
11.0) for shortnose suckers. 

Phinney and Peek (1960) studied UKL water chemistry in order to determine possible 
causes of Aphanizomenon blooms. pH was observed to vary seasonally, and waS attributed to 
photosynthetic activity, timing of precipitation (late fall), and "heavy drainage of humic waters 
from the marsh areas" which raised the hydrogen-ion level. Phinney and Peek also noted that: 

"Except for Microysitis, the bloom algae do not flourish where the humate 
content is high. No Aphanizomenon has been observed in Klamath or Cycan 
Marshes. The population is low in the marshes around the north part of UKL. 
Lab studies showed that it is the low pH of this humic water that inhibits 
blooms, since addition of alkaline salts achieved fuJl fertilizing effects. " 

The authors believed that these humate materials may keep certain nutrient elements 
(particularly calcium, phosphorus and iron) in solution under conditions where they would be 
expected to become insoluble and unavailable to plants. Their own work indicated that the 
buffering capacity of the humates is important to organisms that are sensitive to pH changes. 

Finally, Phinney and Peak performed an algal assay which replaced one-fourth of an algal 
medium with Klamath Marsh water, resulting in the death of the test alga (Anabaena 
cylindrical. When the same experiments were repeated, but the pH raised with NaOH, algal 
growth was stimulated. Unfortunately, UKL water was not tested, nor was Aphanizomenon 
fios-aquae used as the test species. 

Hydrogen ion concentration was measured by Bond et al. (1968) in UKL between 1964 
and 1967. Summer pH ranged between 8.5 and 10.0 in open lake water and 6.5 to 7.0 in 
marsh areas. Hazel (1969) measured pH at various sites throughout the lake during 1965 and 
1966. He found that pH variation was correlated with temperature and the bloom of 
Aphanizomenon with a low of 6.2 in December and a high of 10.0 in July. Generally, pH 
was greater than 9.0 during July and August, with very little variation from top to bottom of 
the water column. According to Hazel (1969): 

"Inside marsh areas, pH varied from about 6.5 to 7.5 throughout the year. At 
Hanks Marsh on July 23, pH was 7.4 seventy-five yards inside the marsh, 9.4 
at its edge and 9.8 twenty-five yards into the lake" . 
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Klamath Consulting Service, Inc. (1983) measured pH at eight sites in the lake for a two
year period. including two sites which were monitored at various depths. The values were 
found to be quite variable seasonally and diurnally. A pH of 9.5 or above occurred in 
approximately 28 percent of the samples. The samples taken from the mouth of Howard Bay 
had the highest pH values while samples taken from the outlet of Agency Lake had the lowest. 
In sites that were sampled at different depthS, pH values tended to decrease very slightly with 
depth. 

Sanoris et aL (1993) began measuring various water quality parameters in Hanks Marsh, a 
500 hectare liuoral wetland on the east shore of UKL. During five Hanks Marsh sampling 
trips made between May 1992 and May 1994, mean pH ranged 6.9 to 7.8. On the last trip July 
12-13. 1994, howeyer. pH was elevated throughout most of the marsh, ranging from 7.5 to 
9.6 (mean 8.7) (Sartoris et al. unpublished data). At this time. the lake was experiencing poor 
water quality with an approximate pH of 10.5. 

Kann and Smith (1993) monitored pH with a Hydrolab Surveyor MuJtiparameter probe at 
various depths in Upper Klamath Lake. Ten sampling sites were monitored from June 1987 
through October 1992. In 1987 and 1988 samples were taken at monthly intervals except 
when prevented by ice cover and during 1989 to 1992. samples were taken biweekly or week1y 
during the ice-free season. Depth integrated samples were collected for phytoplankton and 
chlorophyll-a analysis. ObselVations made after 1400 hours were correlated to chlorophyll-a 
concentrations (Figure 3.11). That relationship (Equation 2) indicates that a chlorophyll-a 
concentration of93 ugIL would result in a mean pH of 9.5. 

pH = 7.107 + 1.1 12(log CHL), r2 = 0.73 (p<O.OOOl) (2) 

Probabilistic analysis of the pH values measured after 1400 hours predicts that a pH of 9.5 
would be exceeded 80 percent of the time if chlorophyll concentration in the water column is 
200 ugll... At a chlorophyll concentrations of 100 ugll.. and 50 ugll.., the threshold pH value of 
9.5 would be exceeded approximately 38 percent and 14 percent of the rime respecrively (Kann 
and Smith 1993). The management implications for this result suggest that any reduction in 
chlorophyU-a concentrations in the lake will decrease the likelihood of conditions toxic to fish 
and other aquatic organisms. 

Alkalinity 

Alkalinity is the measure of a water's capacity to buffer decreases in pH by accepting 
hydrogen ions. In most natural waters, alkalinity results from bicarbonates andlor carbonates. 
Upper KJamalh Lake is a poorly buffered lake, with low alkalinity values. 

Bond et a1. (1968) measured alkalinity in UKL between 1964 and 1967. Alkalinity ranged 
from 28.5 to 78.5 mg/l as ca1cium carbonate. Hazel recorded a similar range of between 28.5 
and 78.5 mg/l as calcium carbonate. 

Dissol ved Oxygen 

Dissolved oxygen (DO) concentrations in water is a result of the diffusion gradient at the 
air-water interface, distribution by wind-driven mixing, and the photosynthetic and repiratory 
activities of the biota in the water and benthos (Lind 1985). At a given altitude, temperature, 
and salinity, the DO concentration in a water will reach a saturation equilibrium by diffusion 
from the atmosphere. The ratio of the actual DO concentration and this theoretical saturation 
value is called the percent saturation. Supersaturated DO concentrations can result from intense 
photosynthetic activity. such as during an afternoon algal bloom. Supersaturation levels of 115 
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to 125 percenl can lethal for fish due to gas·bubble disease, which causes the formation and 
accumulation of fine bubbles in the tissues and vascular system of the fish (Tchobanoglous and 
Schroeder 1987). In general, 3 mg DOlL aT less is stressful (0 aquatic organisms. Monda and 
Saiki (1993) found that the dissolved oxygen 96-hour LDSO for juvenile Lost River and 
shortnose suckers (95% confidence inlervaJ in parenthesis) were 2.8 (1.6· 1.9 mg/L) and).5 
(0.6 - 2.4 mgIL). respectively. 

Bond et at (1968) measured dissolved oxygen between 1964 and 1967. Values ranged 
between 0.0 and 17.3 mg/I with most observations in the 6 (0 13 mgll range. Anoxic 
conditions usually occurred in confined bays (such as Howard and ShoaJwater) during algal 
decomposition. Bottom sediments were found to have a high oxygen demand, 

Hazel (1969) did not observe anaerobic conditions in UKL as he expected in a eutrophic 
lake, He found that concentrations were only slightly reduced near the bottom, and that only a 
small amount of stratification occurred during the warmer months. No dissolved oxygen 
monitoring was performed during ice cover, Apparently turbulence caused by the prevailing 
winds is essential to the maintenance of near saturation dissolved oxygen levels. Saturations 
greater than 100 percent were frequently observed during warmer temperatures. At the two 
stations in the southern part of the lake and at temperatures greater than 15.5 C, DO at a depth 
of one foot was supersaturated about 98 percent of the time. Supersaturation near the bottom 
occurred less frequently (Ibid), 

Klamath Consulting Service, Inc. (1983) monitored DO at eight sites in UKL for two 
years. Two of the sites were analyzed at various depths (Figure 3.12). A wide range of 
concentrations were observed. with supersaturation values as high as 247 percent occurring 
during sununer months. 

Sorenson and Schwarzbach (J 99 J) detennined that large algal populations in the UKL 
system result in low DO concentrations. a potential problem to all aquatic organisms. "During 
this study, dissolved oxygen was measured during the middle of the day when most water was 
supersaturated." Although DO was not measured during the night, Sorenson and Schwanbach 
postulated that respiration of the large algal community would cause significantly lower DO 
concentrations during the night The USBR reported seeing fish apparently gasping for air al 
the water surface in one project canal during the summer of 1989 (Ibid), 

Kann (1993b) measured DO at two sites in Agency Lake both synoptically and with a 
hydrolab during most of the period from 1990 through 1992. The Hydrolab took 

--------,mea:s(frernenrs-aCo1feme:terdepth~ itilerv-alsana-arh-alfh-o-unlmeintervals-:-Dis-solveal'o><x"y"'g"'en.-----

values were supersaturated in the ·late afternoons during much of the growing season, with 
highs ranging between 13 and 15 mgIL (180-200% saturated). Low DO values were less 
severe in 1992 than in J 990 and 1991, with infrequent values below 3,0 mgIL during early 
morning hours, DieI fluctuations were as much as 8,0 mgIL on several days. with shifts as 
great as 100 percent in a 24 hour period, 

Nitrogen 

Nitrogen is present is aquatic systems in several fonns, with the atmosphere acting as the 
uhimate source and sink of elemental N. Of the relatively few organisms that can fix 
atmospheric nitrogen, Aphanizomenonjlos aquae and other blue-green algae have been 
attributed with contributing large quantities of N to the systems they dominate. Once fixed, 
nitrogen is in the particulate·organic fonn. which decomposes by bacterial action to ammonia 
(Lind 1985). 
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Figure 3. 12 Dissolved oxygen percent saturation by depth in UKL. Data source: Klamath Consulting 
Service, Inc. 1983. 

In unpolluted waters, ammonia is usually less than I mgIL, but may reach 5 to 10 mgIL in 
polluted or highly eutrophic lakes. According to single variable toxicity tests performed by 
Monda and Saiki (1993), the Lost River sucker juvenile 96-hour LC50 values (95% confidence 
interval in parenthesis) for un-ionized ammonia (as NH3-N) were 0.70 mgIL (0.34-0.82 
mgIL). The 96-hour LC50 for the shortnose sucker yielded 0.34 mgIL (0.14-0.73 mgIL). In 
multiple variable tests, Lost River suckers 96-hour LC50 ranged from 0.45 mg/L to 0.88 mglL. 

Although the ammonium ion (NI-4+) is not toxic, its un-ionized form (NH3 gas or 
NI-40H) is toxic to aquatic organisms and the relative proportion of the toxic form increases 
with increased pH. At a pH of 7.0, the amount of the un-ionized form is negligible. At a pH 
of 9.5 and a temperature of 25 C, 46.4 percent of a freshwater ammonia solution will be un
ionized (Morgan and Turner 1976). At a pH of 10.0 and a temperature of 3OC, the 89 percent 
of the ammonia would be un·ionized (Ibid). For example, during the latter condition, an 
ammonia value reported as between 0.16 and 0.82 mg/L would be lethal to juvenile shortnose 
suckers. The ammonia toxicity of a given sample is, therefore, dependent upon the 
temperature and pH at the time the sample is collected. Monda and Saiki concluded 
that.oo"ambient summertime water-quality conditions in Upper Klamath Basin can be acutely 
toxic to juvenile suckers". 

If sufficient oxygen is present, ammonia may be nitrified by bacterial oxidation to nitrite 
and then nitrate. Organic nitrogen is usually determined by the Kjeldahl digestion procedure, 
with Total Kjeldahl Nitrogen (TKN) representing the sum of organic and ammonia nitrogen. 

Nuisance algae blooms in UKL have focused attention on nitrogen as a potentially limiting 
nutrient. The earliest attempt to sample both of these elements was by Phinney et aI. (1959). 
Unfortunately, no sampling or analysis methods are given for most of the constituents in this 
study. Nitrate and ammonia ranges are not dissimilar to those reported in later studies. 
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The OSSA (1960) measured nitrate and ammonia according to Standard Methods at two 
locations on the Williamson River and one each on the Sprague and Link Rivers. Sampling 
was perfollI1ed rnofithiy for eighteen months. Ammonia concentrations in the WiHiamson 
River (above the confluence) and the Sprague near Chiloquin are compared in Figure 3.\3. 

Miller and Tash (1967) measured nitrogen and several other parameters in an attempt to 
determine "the role of the watershed as a source of algal nutrients". Unfortunately, the origin, 
data is not available, leaving the locations and dates of individual samples unknown. The 
Nesslerization method in Standard Methods was used to determine ammonia nitrogen, which 
has a detection limit of 0.02 mg/L NH3-N. Nitrate and nitrite nitrogen were performed with a 
modified Brucine method. Organic-N was determined using the Kjeldahl method. Miller and 
Tash lumped their results into tributary classes including pristine springs, agricultural drainage, 
canals, springs, and major rivers. 

The results of the Miller and Tash inorganic nutrient budget showed a net loss of 1,860 
tons of nitrogen from the lake. No estimate for nitrogen fixed by blue-green algae was 
included, so this loss may be grossly overestimated (Miller and Tash 1967). The net inputs 
estimated total incoming nitrogen at 1,202 tons, with 702 tons from incoming rivers and 241 
tons attributable to agricultural drainage. Concentration ranges for nitrate nitrogen were 
hPtUlPpn n () in ~11 C!.l'\l1rrp.~ tn 1 ~ TnO' l\J() .. _NIT in ~rrM('0111h1M11 ilr!llin!llO'P Arn1'nnn1'20 n;tyonn.:.n 
.......... --............. _ ... v .................. .., ... - "."0'" ~-;J .. u ............. f) ...... _ ........... - --··-0-' .. ~.&.O. .................. ....... "'6"' •• 
ranged from 0.0 in most sources to 5.7 mg NH3-NIL in agricultural drainage. Organic 
nitrogen ranged from 0.0 in streams and rivers to 10.4 mg NIL in UKL. 
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Figure 3.13 Ammonia·nilrogen concenlrations in Williamson, Sprague and Link Rivers. Dara 
source: OSSA (1960). 

Perdue et al.(1981) conducted monthly analysis of several parameters at various locations 
along the Williamson and its tributaries, and at one location in UKL. Nitrate was the only 
nitrogen form measured in this two-year study. Values ranged from below detection to over 
0.4 mg/L N03-N (Figure 3.14). UKL nitrate concentrations were consistently greater than its 
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tributaries; and, although the medians of the three tributaries are similar, the Sprague 
eltperienced higher nitrate levels than the nearby Williamson. 

Gahler and Sanville (1971) measured nitrogen in the sediments and interstitial water of 
cores taken from various lake-bottom locations. Ammonia, nitrate, nitrite and TKN were 
monitored at three siles on nineteen dates, approltimalely monthly. Not only were seasonal 
variations monitored, samples were also analyzed at different sediment depths. 

Klamath Consulting Service, Inc. (1983) monitored ammonia and nitrate in UKL for two 
summers (1981 and 1982) and one winter. Ammonia concentrations typicaJIy increase from 
October through January, probably as a result of algal decomposition and lack of recycling by 
aquatic biomass. Qissolved nitrogen (NH3-N and N03-N) showed an inverse relationship 
with chlorophyll-a values and "suggests that nitrogen is a major rate-limiting factor of blue
green algal productivity" (USACE 1982). Both N forms were at or below detectable limits 
(<0.10 mg NIL) for the entire 1981 summer and again at the beginning of spring, 1982 (Figure 
3.15). At Geary Canal outflow into Howard Bay, very high chlorophyll-a levels (1,450 ugIL) 
were present simultaneous with moderate N03-N concentrations (0.11 mgIL) (USACE 1982). 

Hathaway and Todd (l993) monitored nitrate-nitrite and TKN in Annie and Sun Creeks 
from May 1991 through January 1993. The objective of their sEUdy was "ro idemjfy cultural 
activities by land use classification that may contribute to the nitrogen and phosphorus loading 
of the lake". Annie and Sun Creeks originate in Crater Lake National Park, flow through 
forested land and finally drain into the Wood River Valley where cattle grazing is the major 
land use. Results indicated that nitrate-nitrite-N eltceeded or were at detectable levels (0.01 
mg/L) in only 29 of 120 samples; and TKN were at or above detectable levels (0.1 to 0.2 
mgIL) in only 29 of 108 samples. Mean TKN for Annie and Sun Creeks pristine sites were 
0.16 and 0.14 mgIJ respectively. Mean TKN for Annie and Sun Creeks forest sires were 0.16 
mgll for both and mean TKN for grazed sites were 0.16 and 0.28 respectively. Thus TKN 
concentrations were similar for both creeks and all three land uses with the eltception of the 
Sun Creek grazed site, which had a mean TKN concentration twice that of the forest and 
pristine sites. 

Kann (1993b) monitored nitrogen in two locations in Agency Lake from February 1992 
through November 1992. Depth-integrated samples were collected and analyzed biweekly 
during the growing season and monthly at other times eltcept during ice cover. A highly 
significant linear relationship was found between chlorophyll a and total nitrogen (R2 = 0.95, 
p<.OOI) at both sites. The mean total nitrogen for June through September was 2.033 mgIL. 
Ammonia·N and nitrate-N increased in June, declined and remained low (below .01 mgIL) for 
the remainder of the growing season. 

Sartoris et a1. (1993) monitored nitrogen in wetlands and agricultural areas adjacent to the 
lake in 1992. Along the Wood River. ammonia concentrations were at or below the detection 
limit (0.01 mgIL); while in irrigation return flow canals and tributary wetlands, ammonia 
concentration ranged from 0.02 to 0.03 mg/L. A greater difference was found between sites 
for organic nitrogen, with marsh tributaries at from 0.07 to 0.08 mgIL and irrigation return 
flows at 0.04 mgIL. This result was attributed to the abundant macrophyte populations in the 
wetland stream channels and the accumulation of vegetative debris. 

Sartoris et al. (1993) conducted a three season study in Hanks Marsh, located on the 
eastern shore of UKL. The marsh was divided into four zones representing increasing 
hydraulic isolation from the lake. Zone I (Sites 9,10,12,13) lies along the marsh-lake 
interface, and Zones 3 and 4 are in the interior (Sites 1 through 6). In Hanles Marsh, NH3-N 
ranged from below detectable limits to 1.0 mgiL (Figure 3.16). The values varied significantly 
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Figure 3.15 Nitrate and ammonia nitrogen concenlrations near Buck Island in UKL from July. 1981 
through August. 1982. Ammonia-N values reported as "«>.01" were plotted as 0.005 and 
nitrate-N values reported as "<0.10" were plotted as 0.05. Data source: Klamath Consulting 
Service. Inc. 1983. 
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Figure 3.16 NH3-N in Hanks Marsh on six sampling dales. Dala source: Sartoris, el al. 
1993. 

by date. with some sites approaching 1.0 mg/L during August and October 1993, and July 
1994. Ammonia-nitrogen was not elevated during sampling trips in May and July 1992, June 
1993, or May 1994. Elevated values in sites influenced by the lake may be due to massive 
algal die-offs. whereas high values in the interior of the marsh are most likely due to 
macrophyte senescence. 

Phosphorus 

Overview 

An understanding of the various forms of phosphorus (P) and their laboratory analyses is 
important for evaluating P data. A complete discussion of laboratory analyses of P, and P
cycling in aquatic systems and wetlands is discussed in Section 5.2 (The Role of Wetlands in 
Improving Water Quality). In most freshwater systems, P concentrations and productivity are 
positively correlated (Wetzel 1989; Vollenveider 1968). The role ofP in nuisance algae 
blooms is discussed in Section 6 (see Eutrophication). 

Controlling P loading has been shown in many cases to reduce productivity in receiving 
waters, thus identifying sources and trends of P inputs is normally the first step in managing 
eutrophication (see Source Control). There is considerable natural variation in P 
concentrations, particularly in flowing waters which respond to temporal events such as heavy 
rains. In watershed with large sediment loads, a major portion of the annual P load can be 
delivered to a lake by the suspended sediments associated with one or two storm events. 
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In UKL. phosphorus was not routinely monitored until the late 1950s. at which time 
studies began to measure orthophosphate (OP). Early analyses techniques were not sensitive 
enough to measure P concentrations at levels considered to be limiting to growth. 

Oregon Department of Environmental Quality 

The ODEQ began ambient stream monitoring at one site on the WiUiamson River (at 
Highway 97 bridge) in July of 1957. This sampling has continued. although some years were 
omitted. through the p",sent. (The data is available on STORET.) During the earlier years. 
only OP analyses were performed (methodology not given). Since 1975. analyses has been 
performed on both total phosphorus (TP) and OP (Figure 3.17). Mean OP (±I standard 
deviation) over the"36 years (n= 103) was 0.074 ±0.063 mgIL; and mean TP (n=75) was 
0.127 ±0.141 mgIL. The average OP to TP ratio throughout the study was 0.660± 0.216. 
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Figure 3. 17 Total phosphorus and onhophosphate (rom Williamson River. 

Phinney et a1. 

Phinney et al. (1959) were among the fITSt to make in-lake phosphorous measurements. 
(no methodology given). The authors stated that sampling for chemical constituents failed to 
identify any nutrient mineral that might "explain the exceedingly high productivity" in the lake. 
They detennined that the lake water was low in calcium. extremely low in dissolved 
phosphorus. and quite high in chloride. Orthophosphate was "'poned as zero for all of the 
tributaries that were sampled in July 1956. Whe~as the majoriry of in-lake OP analyses also 
yielded "0.0 ppm". a few ranged as high as 0.6 ppm (0.6 mgIL). No tota! phosphorous 
analyses were performed. From the number of Significant figures used (0 report the results. it 
is likely that the method of phosphorus analysis was not sensitive enough to identify 
concentration ranges that would indicate nutrient enrichment (0.02 (0 0.30 mgIL) 
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Oregon State Sanitary Authority 

The OSSA (1960) also measured OP with the same sampling regime described under 
nitrogen. The Stannous Chloride method was used, which has a 0.003 mgIL lower detection 
limit (APHA 1981). Orthophosphate concentrations from sampling sites located on the 
Williamson River (above its confluence), below Chiloquin, and the Sprague River near 
Chiloquin ranged from below detectable limits to 0.28 mg P04L (0.091 mg P04-PIL). No TP 
analyses were performed. 

Miller and Tash 

Miller and Tash (1967) measured both OP and TP using the stannous chloride method with 
a persulfate digestion for TP. Miller and Tash reported ranges rather than the individual 
sampling results (Table 3.2). As previously mentioned, the Miller and Tash data is not 
available for review. Total solids are included in the table due to their relationship to 
phosphorous loading. Figure 3.18 illustrates the range of P concentrations from major sources 
in the watershed and their relationship to the boundary between eutrophic and hypertrophic 
status (Wetzel 1983). 

Gahler 

Gahler (1969) investigated sediment-water interchanges of nutrients in Upper Klamath 
Lake with artificial enclosures. A review of the sediment-P data is included under "Sediment 
Phosphorus". Gahler began his study by measuring nutrient concentrations at various 
locations in the lake in order to determine when and where nutrient interchange might occur. 
From January of 1968 through September of 1968, both surface and near bottom waters were 

Table 3.2 Total phosphorus and total solids for general sources in UKL watershed. Source: 
Miller and Tash, 1967. 

Concentration Lake Pristine Springs Major Agricultural 
(mgIL) Streams Rivers Drainage 

Total Solids 65 - 240 10 - 145 70 - 145 40 - 165 60- 3000 
TP 0.03- 2.00 0.0- 0.20 0.05 - 0.24 0.05 - 0.33 0.08 - 2.00 

sa.YJ1pled for OP and TP at va...';ous locations. Howard Bay, which receives significant 
agricultural runoff, and a location near the outlet of the lake were sampled approximately 
monthly during the study. A comparison of surface and near-bottom P concentrations at the 
two sites suggests that, in winter months, bottom P was significantly higher than surface P in 
Howard Bay (Figure 3.19). The location near the lake's outlet did not show the same 
difference between surface and near-bottom P concentrations (Figure 3.20). 

Perdue, Lytle, Sweet and Sweet 

Perdue et a1.(1981) conducted an extensive study of several parameters at locations 
along the Williamson and its tributaries. Phosphorous was analyzed by the stannous chloride 
method. The study methodology states that all samples were filtered through a 0.45 micron 
filter before analyses, which would have removed most particulate inorganic and organic 
nitrogen and phosphorus. This is unfortunate because, as previously mentioned, phosphorus 
is frequently adsorbed to particulate matter carried by flowing waters. Despite this statement, 
the ratio between soluble reactive phosphate (OP) and total phosphate is not dissimilar to ratios 
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Figure 3.18 Ranges of phosphorus concentrations of UKL and major tributaries. Data 
source: Miller and Tash 1967. 
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Figure 3.19 Phosphate and total phosphorus concentrations in surface and near bottom waters of Howard 
Bay from November. 1967 through September. 1968. Datasource: Gahler.1969. 
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Date 

Figure 3.20 OP and TP concentrations in surface water and near the lake bottom from 
January, 1968 through September, 1968 near the outlet of UKL. Data source: 
Gahler, 1969. 

from other studies in the area, casting uncertainty on whether the total phosphate samples were 
in fact, filtered. . 

This data provides, however, some information about the relative P concentrations and 
loads from the Sprague River, Spring Creek, and other sites along the Williamson River. 
Figure 3.21 indicates shows the probability of OP concentration at each site. The Williamson 
(above the confluence but below Spring Creek) and Spring Creek has relatively high and 
constant OP concentrations. The Sprague, on the other hand, has a higher concentration of TP 
(Figure 3.22) and contributes the greatest TP load during the study period (Figure 3.23). This 
indicates that 1) the OP in this part of the Williamson is primarily due to Spring Creek, and 2) 
the Williamson is relatively low in particulate-Po Conversely, the Sprague River contributes 
larger TP loads that are most likely sediment bound and occur during peak storm events 
(Figure 3.23). 

Figure 3.24 shows TP concentrations in three locations further up the Williamson River 
(numbers represent river miles with zero at the headwaters). Station WR 21 is upstream of the 
Klamath Marsh, station WR32 is in the Klamath Marsh, and station WR 56 is the first 
sampling location downstream of the marsh. 

Klamath Consulting Service, Inc. 

Klamath Consulting Service, Inc. (1983 ) conducted a fourteen month study under the EPA 
314 Clean Lakes Program. This study began during July, 1981, a drought year which resulted 
in lake elevations of 4137 feet and lake depths so shallow that many sampling locations could 
not be reached. The following year brought higher than normal rainfall and Jake levels were 
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Figure 3.21 Probability of OP concentrations (mgIL) in the Sprague River (SR65) the 
Williamson River (WRIO, WRSO) and Spring Creek (SC20) September 1977 
through September 1979. Data source: Perdue et al. 1981. 
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Probabiliiy of TP concentrations (mgIL) in the Sprague River (SR65) the 
Williamson River (WRIO, WRSO) and Spring Creek (SC20) September 1977 
through September 1979. Data source: Perdue et al. 1981. 
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Figure 3.24 TP loads calculated from concentrations and discharge in the Sprague River, the 
Williamson River (WR67) and Spring Creek for the period Sept. 1977 through 
Sept 1979. Data source: Perdue el al. (1981), 
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maintained near maximum. Eight sampling sites, all in UKL, were monitored for fourteen 
parameters, including OP and TP. At two sites, sampling was perfonned at different depths. 
Although the specific test methods are not given, the data suggests that the lower detection limit 
was 0.02 mglL as P. Unfortunately, this study also states that all samples were filtered (except 
chlorophyll-a) through glass fiber "to remove algae and other macro-particles". The filter size 
is not given, but it is likely that significant particulate-phosphorous was omitted, resulting in a 
significant underestimation of TP. 

U.S. Army Corps of Engineers 

The U.S. Anny Corps of Engineers (US ACE) published a Reconnaissance Report on 
UKL in 1979 and a follow-up report in 1982. The Reconnaissance Report (1979) found that 
eutrophication in UKL and Lake Ewauna was the priority water resource problem, particularly 
because excessive algal productivity, chironomid fly swarms, and macrophytes effected both 
environmental and recreational qUality. According to the US ACE (1982), of 49 lakes sampled 
in July 1971 during the National Eutrophication Survey, UKL reflected the third highest algal 
productivity and the highest concentration of total soluble P (0.33 mgIL) and organic nitrogen 
(0.99 mgIL). 

Figure 3.25 shows the lake-wide monthly OP mean j calculated from all the sites, TP 
concentrations at all sites were used to calculate a summer 1981 mean of 0.268 ± 0.082 and a 
summer 1982 mean of 0.122 ± 0.049. Thus the mean TP concentration was over twice as 
high during the low water year (two-sample t-test, alpha = 0.01 and P=O.OOO). The 
probability of exceeding a TP concentration of 0.2 mgIL was 80 percent during 1981 and 5 
percent during 1982 (Figure 3.26). A similar comparison between 1981 and 1982 chlorophyll
a concentrations is presented in the chlorophyll-a section. 

The 1982 report completed the first phase of Stage 2 in a planning process to enhance the 
environmental quality of Upper Klamath-Agency Lake. This report analyzed water quality data 
collected by Klamath Consulting Service, Inc. (1983) discussed above. Total phosphorus 
concentrations varied between 0.510 mgIL (June 1981) and 0.050 mgIL (May 1982). 
According to the USACE (1982): 

"Comparisons of mass inflow, outflow, and change in lake volume and 
concentration attributed declines in July-October to sedimentation of organic P 
(corresponding to concurrent declines in chlorophyll-a) and declines in Nov
April to high inflows and increase in lake volume." 

Orthophosphate concentrations were below detectable levels «0.020 mgIL) in June 1981, 
with values of 0.030 to 0.270 mgIL throughout the rest of the summer. The authors stated 
that: "It is difficult to ascertain whether ortho-P was ever limiting to algal growth, given the 
relatively high analytical limits of detection". The USACE (1982) also stated that the threshold 
levels for undesirable algal productivity are considered to be in the range of 0.010 to O.Q1S mg 
P04-PIL; and that there was not the pronounced inverse relationship with chlorophyll-a and OP 
as existed with nitrogen. 

The USACE (1982) constructed a phosphorus budget, based primarily on loading data 
from the 1967 Miller and Tash study. (The USACE researchers were also unable to locate the 
detailed data from the Miller and Tash study.) The budget was updated with the results of 30 
samples collected over a nine month period. Agricultural nutrient concentrations were not 
updated however, "due to budget constraints": 
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Figure 3.25 OP means for eigh! UKL sites from July, 198 1 through August 1982. Data 
source: Klamath Consulting Service. Inc. 1983. 
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Figure 3.26 Probability of summer TP concentrations in UKL for 1981 (a drought year) and 
1982. Data source: Klamath Consulting Service, Inc. 1983. 
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"Primary data on which tnese sununary results are based is not available for 
further review. but it was recalled that the Irreatest oercenta2e of amculturallv 
derived loading occurred during the spring drainage of fields and'pastures. it 
was believed that high spring runoff in the watershed was sufficient to dilute 
nutrient-rich agricultural discharge to ambient P levels of surface tributaries. 
During years of low spring runoff, the dilution/flushing action was less 
effective, resulting in higher vernal lake P levels and higher algal productivity." 
(USACE 1982) 

The authors used the Vollenweider model, modified by Dillon in 1975, and their P load 
estimates to predict,an in-lake TP concentration of 0.122 mgIL. (The observed mean TP was 
0.173 mgIL). If complete agricultural reductions were achieved, the resulting ambient lake P 
concentration (Dillon's loading model) would result in reductions from 0.120 to 0.90 mg/L 
(during high water years) and from 0.190 to 0.130 mg/L during dryer years. The authors 
concluded that: 

"In order to achieve a mean lake TP concentration that would be acceptable in 
averting eutrophic conditions (0.020 mg/L), the areal loading rate would have to 
be reduced to 0.24 gm P/m2-day (an 84 percent reduction in existing P 
ioading)." 

The authors argued further against P reduction: 

" ... although P reduction is a historical treatment for eutrophication, phosphorus 
does not appear to be presently limiting in UKL, although substantial loading 
reductions could make it so. However, the feasibility of full-scale P limitations 
in the lake is highly questionable." 

" ... From loading models, it was estimated that an 88 percent reduction of the 
present annual P loading of 505 tons would be necessary to avert eutrophication 
lake conditions. High external P loading is in large part attributable to naturally 
high ambient concentrations in area groundwater. This vector provides a 
minimum of 33 percent of total P loading through either direct spring 
discharge/subsurface seepage or indirect discharge via major tributaries and 
streams. No known source or geologic rationale for these concentrations has 
been identified." 

The USACE conclusions can be refuted by the foHowing: 

1. The 0.020 mg/L concentration represents an oligotrophic lake, a goal few 
would argue is attainable or desirable in UKL. 

2. The P value attributable to agricultural drainage in the Miller and Tash study 
is underestimated because it included only the waters that drained directly 
into the lake from its margins. A significant amount of irrigation return 
flow is routed through the Wood, Williamson and Sprague Rivers. 

3. More extensive data concerning ag drainage would be useful, however, 
sufficient data exists presently to warrant initiation of restoration and P
reduction measures. 
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4. Finally. the USACE report states that it is unlikely that farmers and ranchers 
would cooperate in efforts to reduce nutrient loads to the lake. Although 
this may have been true in the early 1980s, there is presently a more 
cooperative and ecologically minded attitude among local farmers and 
ranchers. 

Hathaway and Todd 

Hathaway and Todd (1993) measured TP along Annie and Sun Creeks. Annie Creek was 
monitored from June. 1992 through June. 1993 and Sun Creek was monitored from June. 
1992 to January. 1993. As previously described in the nitrogen section. sampling sites were 
selected to correspond with land uses: pristine. forested and agriculture. Mean TP 
concentrations for Annie and Sun Creek pristine sites were 0.063 and 0.049 mgll respectively. 
Mean TP concentrations for Annie and Sun Creek forest sites were 0.066 and 0.044 mg/l 
respectively and mean TP concentrations for grazed sites were 0.100 and 0.111 mgll. Thus. 
mean total phosphorus concentrations were significantly higher in both Annie and Sun Creeks 
grazed sites than in both forest and pristine. Agricultural TP concentrations tended to "spike" 
during the spring (Figures 3.27 and 3.28) and in Annie Creek. a TP concentration measured at 
the agricultural sampling site decreased in summer (Figure 3.27). 

Campbell and Ehinger 

A study of water quality and hydrology in the Wood River Valley was performed by 
researchers from the USER at Denver and the Washington State Department of Ecology. 
Water quality sampling was conducted from the headwaters of the Wood River (Dixon Road) 
to a point near the mouth (Agency dike). Replicated samples were collected with a Van Dom 
sampler at three locations across the river and pooled. Both OP and TP were analyzed 
according to USER procedures. Concentrations of both constituents increased from the 
headwaters to near the mouth (Figures 3.29 and 3.30); OP ranged from 0.043 to 0.106 mg/L at 
the headwaters to 0.072 to 0.188 mgIL near the mouth; TP ranged from 0.045 to 0.128 mg/L 
at the headwaters to 0.075 to 0.250 mgIL near the mouth (Table 3.3). 

Sartoris, Sisneros and Campbell 

Sampling performed by Sartoris et aI. (1993) during the spring and summer of 1992 
through 1994 indicate that phosphorus concentrations in Hanks Marsh. a 500 hectare littoral 
wetland on the east shore of UKL. are relatively high. The study is designed to determine 
whether incre~~ing hydraulic isolation from t.he lake is related to various water quality 
parameters. The low numbered sites (HM-l through HM-7) are toward the interior of the 
marsh. A few sites. HM-12 and HM-13 lie at the outer edge of the marsh-lake interface. The 
field drain contained agricultural pumpage from an adjacent field that was diked and drained 
several decades ago. Figures 3.34 and 3.35 indicate that both the OP and TP concentrations 
vary significantly over time and space. In general. P levels were higher in the interior portions 
of the marsh. with a noticeable TP spike in October. 1993. This late season increase may be 
due to very lower water levels. Although relatively high in phosphorus. interior sites in 
Hanks Marsh do not support Aphanizomenon blooms. 
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Table 3.3 Statistical summary of OP and TP concentrations along Wood River from headwaters to near the 
mouth from June 1990 - December. 1992. Data Source: Campbell and Ehinger (l993a and 1993b). 

OP (mg/L) TP (mg/L) OP:TP (ratio) 
Location n mean + 1 SD mean + 1 SD mean + 1 SD 
Dixon Rd. 33 0.072 ± 0.008 0.080 ± 0.030 0.916 ± 0.112 
Ft. Klamath 33 0.072 ± 0.009 0.082 ±.O.OJO 0.884 ± 0.088 
Loosely Rd. 33 0.079 ± 0.0 JO 0.091 ± 0.026 0.867 ± 0.112 
Weed Rd. 33 0.081 ± 0.013 0.095 ± 0.016 0.866 ± 0.100 
Agency dike 32 0.112 + 0.030 0.133 ± 0.041 0.865 ± 0.115 

Culverts 26 0.202 + 0.256 0.321 ± 0.353 0.695 + 0.233 
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Figure 3.27 TP concentrations in Annie Creek from May. 1992 through June. 1993 at the edge of Crater 
Lake National Park. in a forested site and in agricultural land. Data source: Hathaway and Todd. 
unpublished. 
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Figure 3.28 TP concentrations in Sun Creek from May, 1992 through January, 1993 at the edge of Crater 
Lake National Park, in a forested site and in agricultural land. Data source: Hathaway and Todd, 
unpublished. 

• Dixon Rd.-OP 
-0- Ft. Klamath-OP 
- 0- Loosely' Rd-OP 

....... Ween Rd-OP 
. .• Agency dike-OP 

~ 0.1 

! 
=o 

Figure 3.29 

.01 .1 1 5 10 2030 50 7080 9095 
Percent 

99 99.999.99 

Probability of OP concentration (mgIL as P) from the headwaters (Dixon Rd) to 
near the mouth (Agency Dike), June 1990 through December 1992. Data 
Source: Campbell ec al. 1993. 
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Figure 3.31. Probability of OP loads (kg/day) at headwaters of Wood River (Dixon Rd) and near mouth 
(Agency Dike), June J990 through December 1992. Data source: Campbell et aI. 1993. 
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Figure 3.33 TP and OP daily loads (kg) by date at headwaters of Wood River (Dixon Rd) and near the mouth 
(Agency Dike) June 1990 through December 1992. Data source: Campbell et aI. 1993. 
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Figure 3.34 Hanks Marsh OP by location for 6 sampling dates. Data source: Sartoris et al. 
1993 and unpublished. 
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Figure 3.35 Hanks Marsh TP by location for 6 sampling daies. Data source: Sartoris et al. 
1993 and unpublished. 
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Ehinger 

Culvert sampling in an area of the Wood River valley was begun in 1992 as part of a two 
year study to detennine P export from a discrete area of flood irrigated cattle pasture (Ehinger 
1993). Culverts, canals and ditches were sampled along the road from the intersection of 
Highway 62 and Weed Road to Loosely Road and back down Highway 62. A total of 26 sites 
were sampled for OP and TP, all on September 10, 1991. Both OP and TP concentrations 
varied greatly between sites. OP ranged from 0.020 mgIL to 1.075 mgIL with a mean of 0.202 
(Table 3.3). Total P ranged from 0.085 mgIL to 1.476 mg/L with a mean of 0.321. Figure 
3.36 and 3.37 show the probability and sample distribution of these concentrations. The 
elevated samples may indicate a period type of discharge such as field pumpage. 
Unfortunately, the ~ampling was very short term in nature and did not link the samples to a 
particular management activity. Additional information of this nature, in conjunction with 
corresponding land use information, would be useful in identifying sources of these elevated P 
loads. 

Kann 

Limnological data in Agency Lake were collected by Kann (1993a; 1993b) from January 
1990 through November 1991, as part of a USBR-Klamath Tribe cooperative agreement. The 
objective of the monitoring was to assess in-lake nutrient concentrations, phytoplankton 
composition and water quality parameters relevant to fish habitat needs. Both OP and TP were 
analyzed by the ascorbic acid method. 

Kann found TP concentrations in the spring of 1992 at approximately background levels 
(0.037 - 0.086 mg/L) and concentrations increased to greater than 0.600 mg/L during peak 
biomass levels which occurred in June (Figure 3.38). After this peak, TP levels declined and 
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Probability ofOP concentration in culverts in the Wood River Valley on Sept. 
10, 1991. Data source: Ehinger 1993. 
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Figure 3.37 Probability ofTPconcentration in culverts in the Wood River Valley on Sept. 
10. 1991. Data source: Ehinger 1993. 

remained low through September. The August through September TP mean at the Agency 
Lake South station was 0.072 mgIL in 1992. compared to 0.357 mgIL in 1991 and 0.240 mgIL 
in 1990. 

OP increased from background levels (0.005-0.030 mgIL) in spring to between 0.170-
0.220 mgIL in early July. The 1992 June through September OP mean at the Agency Lake 
South station was 0.061 mgIL. compared to 0.162 mgIL in 1991 and 0.099 mgIL in 1990. 

U.S. Geologic Survey 

The USGS sampled several UKL tributaries during the 1992 and 1993 water years. Both 
TP and OP analyses were performed; unfortunately. suspended solids analyses were not 
performed. These data represent some of the first nutrient analyses of smaller tributaries 
throughout the Sprague River Sub-Basin. Most sites were sampled twice during the 1991-92 
water year and approximately bi-monthly during the 1992-93 water year. A wide range of P 
values were found. In general. streams sampled closer to their headwaters. which were often 
located on National Forest lands. were lower in P concentrations than sites at lower elevations 
(Table 3.4). Background P levels appear to be quite low «(>.01 to 0.05 mg-PIL) in this Sub
Basin. with more moderate levels (0.06-0.09 mg-PIL) occurring around some areas of the 
North Fork Sprague. Elevated P concentrations occurred below reservoirs and sporadically 
throughout the watershed. No attempt was made to link P concentrations with land use 
practices. 
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Figure 3.38 TP and OP in Agency Lake during the 1992 growing season. Data source: 
Kann 1993b. 

Table 3.4 Selected USGS phosphorus sampling from the Sprague River Sub-Basin. Data source: 
USGS 1992; 1993. 

Site Location TP range (mglL) OP range (mgfL) 

North Fork Sprague above Dead Cow Creek 0.03-0.09 0.02-0.07 
Fivemile Creek above Swamp Creek 0.03-0.08 0.03-0.05 
Meryl Creek above North Fork Sprague 0.02-0.05 0.02-0.04 
Sycan River above Sprague 0.03-0.09 0.02-0.06 
Snake Creek above Sycan River 0.15-0.38 0.09-0.34 
Deming Creek near Gearhart Mountain 0.02-0.07 0.02-0.05 
Robinson Creek above Fishbole Creek 0.01-0.03 <om-om 
Pole Creek above Fishhole Creek <0.01-0.02 <O.oJ-O.Q2 
Fishbole Creek above Devil Lake 0.05-0.10 0.02-0.06 
Fishhole Creek at outflow of Holbrook 0.06-0.25 0.01-0.19 

Reservoir 

Sediment Phosphorus 

In eutrophic dimictic lakes (one that thermally stratify and tum over twice a year), a sudden 
release of ferrous iron and phosphate into the water occurs when anoxic conditions cause the 
redox potential to reach +200 millivolts (Wetzel 1983). In UKL, anoxic conditions appear to 
occur sporadically throughout the year rather than during winter. Low dissolved oxygen 
concentrations near sediments have been linked to periods of calm weather which reduces 
mixing and reaeration. Low dissolved oxygen may also occur after large algal die-offs. There 
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is also evidence that high photosynthetically induced pH values of 9 to IO cause the release of 
ferrous iron and phosphate to the overlying water (Kann 1995; USACE 1982). 

By contrast, the role of bacteria in moving P across the water-sediment interface is 
relatively minor comp.ared to ch~mical equilibrium processes (Wetzel 1983). It is increasingly 
significant, however, m productive lakes, where microbes tend to increase the P content of 
interstitial water. Sediment release of P from interstitial water may increase if the sediments are 
resuspended due to turbulence. It is unclear how this phenomenon operates in a lake where 
bottom sediments are nearly always resuspended. 

Miller and Tash (1967) conducted the first nutrient analysis of bottom sediments in UKL. 
Their analyses met~odology is not included in the report, nor are the sampling location(s). The 
rest.IJts state t~at about 1.6 x:n~g of total phosphate exists in the sediment. The authors reported 
sed~ment nutnent data that mdicated the quantity of N and P contained in the upper one inch of 
sediments was .equal to 60 years of external loading at present loading rates, adding that it 
would be very Important to know to what extent these nutrients become available to the water 
col~mn. Total ~itrogen range? from 4.6 to 13.0 m!1g in surf~ce sediments, with no strong 
vertIcal trend WIth respect to nitrogen. Carbon to mtrogen ratIos (7: I to 10: 1) were indicative 
of stabilized organic matter and the absence of pollutants. Interstitial water within the 
sediments was very high in both Nand P (0.02 to 10.5 mg-PIL and 1.3 to 86 mg-NIL as 
ammonia). Results suggested substantial sediment nutrient release to the overlying water 
column. Concentrations of soluble nutrients increased during the late summer and iron attained 
a concentration of 0.2 mg/L in interstitial water. 

Gahler (1969) conducted in-lake studies to investigate nutrient interchange between 
sediments and lake water. Four polyethylene pools were installed in the sediments of Howard 
Bay, about \0 meters from a dike. Two of the pools had plastic bottoms and two were 
bottomless. Each pool contained about 19,000 liters of lake water. Physical, chemical, and 
biological variables in the pool waters were observed from the surface to the bottom at least 
monthly and compared with surrounding lake water for about seven months. Dissolved 
oxygen in the pools was within 1.5 mg/l of the lake water at corresponding depths except 
during ice cover, when the water in the pools not exposed to the lake sediment contained 5.8 
mgll dissolved oxygen more than those exposed to sediments. In June, Oscillatoria floated to 
the surface with large chunks of sediment attached, representing a sediment-water nutrient 
interchange mechanism. Gas evolution also occurred in the pools open to the sediment, but 
nutrient contents of the gases were not determined. In May, 1968, phytoplankton crop was 
estimated with secchi depth readings and found to be less (157 em) in the plastic-bottomed 
pools than in the open pools or !he adjacent I~e waters (~ 15 ~m). Winter chemical data 
indicated that, although the sedIments were ITIlldly reducmg m nature (Eh = -0.1 to +0.3 volt), 
field tests for iron in the bottom waters were negative, and no increases in phosphorus, 
nitrogen forms, conductivity, or al~alinity were.observed. This n:sult was somew~at puzzling 
as the sediments have been deterrruned to contam 1 to 2 percent Iron on a dry basIS. Thus, 
chemical analysis did not reveal release processes in wi.nt~r u~der th~ ice. Gahler concluded 
that the iron-manganese-phosphate cycle appears to be mSIgmficant m Upper Klamath and 
Agency Lakes. 

The interstitial water from surface sediment samples taken in Howard Bay from June 
through October contained from 5 to 9 mg PII as o~hosphosphate and 20 to ~6 mg Nil as 
ammonia. In January and February 1968, farm dramage water was pumped mto the bay from 
an adjacent ranch. The high con~uctivity of the dr~nage (500 umh?s/cm) indicated that it 
flowed under the ice, and was still detectable 1.5 ITIlles past the dramage outlet. On March 2, 
1968, after melting of snow, conductivity of the drainage decreased to 255 umhos/cm. An 
analysis of the yellow-colored March drainage indicated the following concentrations in mgll: 
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Nitrate-N, <0.05; nitrite-N, <0.01; ammonia-N,<O.I; TKN-N. <3.2; ortho-P, 0.20; TP, 0.46, 
alkalinity, 68, soluble non-volatile organic carbon, 37; soluble silica, 7.0; calcium hardness, 
88; total hardness, 90; chloride, 4; sulfate, 22; sodium, 23; potassium, 2.3; pH, 7.1. 

Problems associated with the study included the inability of the plastic to withstand ice 
pressures and wind forces, the possible interference of attached organisms with nutrient 
concentrations, the inability to prevent lake water from splashing into the pools, the difference 
in effects due to currents in the lake, and the expense of installing and maintaining the 
structures. Gahler (1969) recommended that new methods be developed for future sediment
water nutrient interchange studies. 

Gahler and Sanyille (1971) measured OP and total soluble phosphate in the sediments and 
interstitial water of cores taken from various lake-bottom locations (Figure 3.39). Sampling 
occurred at three sites on nineteen dates, approximately monthly. Not only were seaso-nal -
variations monitored, samples were also analyzed at different sediment depths. Of ten 1.5 m 
deep sediment cores on which chemical analyses was performed, total P varied from 0.2 to 1.2 
mglg dry weight. Concentrations did not increase significantly with depth of water. 

Harrison (I970) studied the role played by microorganisms in phosphate release within the 
sediments of UKL. The solubilization, uptake and release of phosphates by micro-organisms 
were investigated in sediments from Buck Island and Howard Bay collected in September, 
1969 during the peak of an Aphanizomenon bloom. Harrison states that: 

"The exchange of phosphate involves a combination of a sorptive process and a 
biologically controlled exchange. The physico-chemical exchange reaction is an 
initial surface sorption that occurs at a rapid rate, followed by incorporation in 
to the clay lattice of the sediment. The biological process involves transport of 
inorganic phosphate across the cell membrane where it is held in a pool." 

All of the bacteria that acted as phosphate solubilizers were either aerobic or facultative aerobes. 
Facultative aerobes did not produce a clearing zone unless incubated at least 48 hours 
aerobically. 

"Since Aphanizomenon blooms decrease the levels of oxygen in the water, 
anaerobic conditions would develop, resulting in a discharge of phosphates. In 
addition, the lake has a high organic content which the bacteria degrade and 
further deplete the oxygen. As the bloom declines and the lake becomes 
aerobic, phosphates resulting from the dying blue-green algae or from 
zooplankton would be absorbed by bacteria. A cycle can therefore be 
established for phosphates based on the degree of aeration in the lake." 

Wildung et aI. (1977) studied the phosphorus con.tent of UKL sediment at thre.e I~ke sites 
on six dates between May, 1969 and April, 1971. Wlldung et al. concluded that slgmficant 
seasonal changes occurred in total sediment p, in particular in shallow bays where agricultural 
runoff encouraged increased surfac.e water biological a~tivity (Howard Bay!. WiId:mg et al. 
concluded as did Gahler and SanVIlle (1971), that at thIS shallow bay locatton, sediments lost 
substantial TP and inorganic P during the early summer in ~espo~se to utilization o~ OP by a 
heavy bloom of blue-green algae (Figure 3.39). Increases m sediment P and orgamc carbon 
followed cessation of the algal bloom in the late summer and fall, apparently due to the 
deposition of algal detritus. The marked differences in sediment ~ conte~t and releas~ in 
Howard Bay was attributed both to agricultural return flows and Its relalive hydrologiC 
isolation from the flushing action of the lake. 
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Total soluble phosphorus in sediment pore water at Howard Bay and neat Buck Island from 
June 1968 through October 1969. Data source: Gahler and Sanville 1971. 

Wildung et al. (1977) also found that the total inorganic P concentration in sediments from 
the Buck Island and Pelican Marina remained relatively constant over a two-year monitoring 
period during 1969 and 1970; whereas sediments from Howard Bay exhibited an increase in 
total sediment P and marked seasonal variations in inorganic P. 

"During 1969. inorganic P in Howard Bay sediments as measured by sulfuric 
acid extraction. decreased from 0.299 mg/g to 0.147 and 0.119 mg/g in June 
and July. respectively. However. by August. the inorganic P content had 
increased to levels of 0.441 mg/g. This suggests that initial reduction in 
sediment inorganic P resulted from biological demand for P in the surface water 
during the exponential growth of the lake phytoplankton. whereas increases in 
inorganic P in the fall resulted from the deposition and subsequent 
mineralization of detritus during the stationary and declination phaseS of 
phytoplankton growth ... 

The primary form of sediment P losses in the spring were likely present as hydrated iron 
oxides. Increases in sediment P were due principally to resorption of OP from solution 
(Wildung et al. 1977). 

The USACE (1982) also found that sediment profiles vary with location in the lake. 
Sheltered areas such as Ball Point and Howard Bay were deep. dense organic silt with no 
underlying layer at depths of 3 to 5 m. Coring stations in the main lake channel revealed sand 
or pumice layers underlying silt at sediment depths of 1.1 to 3 m. Nitrogen was much lower in 
the sand layers than in the silt. but total phosphorous was the same in both substrates. The 
authors concluded that: "Dredging to sand-levels may result in deepening benefits. but could 
not be concluded to result in sediment P limitation based on available data." 
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Summer sediment P release was determined from surficial sediments at four locations to 
range from 0.41 to 2.16 mg P/m'day, (average: 1.34 mg P/m'day). The authors believed that 
the rates are higher during wanner temperatures, low dissolved ox.ygen levels near the bottom 
or high pH (9 to 10) resulting from high primary productivity. Also, stirring sediments to 
simulate wave resuspension resulted in substantially higher release rates. 

The sediment deposition rate has increased with recent time. It took 3,000 years to deposit 
a 15 cm layer, a sedimentation rate of 0.05 mm/yr; but only 100 years at the 30-60 cm level, a 
rate of 3 nunlyr. USGS surveys found a mean sedimentation rate of 3.55 mmlyr at the 38-76 
cm layer. Recent sedimentation rates were not able to be determined, probablY due to 
resuspension and homogenization by wind-induced wave action. 

FilIos and Biswas (1976) reported that P conceOlrations of overlying water exert a dramatic 
inf1uence on release rates. Under aerobic conditions, the release rate was zero when the 
overlying water column dissolved P concentration was 0.003 mg/L, and that sediments sorbed 
P at the rate of 2-5 mglmlday when ambient P levels were 0.025 mgIL. Under anaerobic 
conditions, sediments acted as a source rather than as a sink for p. with release rates of 2-3 
mglm2day. They detennined that overlying P concentrations must be 1-2 mg/L before 
sediments will sorb rather than release P under anaerobic conditions. Sediments may aCI as a 
substantial P source only under intennittent anaerobic conditions or in the absence or demand 
of dissolved P in the water column due to high algal productivity. Also, high utilization of 
dissolved carbon by algal productivity will raise the pH in the lake to levels (9 to 10) that will 
substantially increase solubility of iron and aluminum phosphates, with correspondingly higher 
sediment P release. 

Chlorophyll 

Chlorophyll products, usually chlorophyll-a, is taken to represent the biomass of 
phytoplankton in a water, and is an indication of the trophic level of a body of water. The 
relationship between TP concentrations in lakes and their chlorophyll-a concenlrations is 
generally accepted (Wetzel 1983; Carlson 1977). Upper K1amath Lake maintains an extremely 

productive robust population of the filamentous blue-green alga Aphanizomenonjlos-aquae, 
throughout the summer (nearly 200,000 filaments per ml and chlorophyll-a values over 1,000 
ugIL) accounting for between 90 to 99 percent of the total biomass (Miller and Tash 1967). 

Klamath Consulting Service, Inc. (1983) measured total chlorophyll-a from July , 1981 
_______ .lhrough-~ugusU-~82._Chlorophyllca(angedJrom-2-ug/I.'-(I>ecembe'-I~8I>-ro_I ,400_ugIL.-,-~ ___ _ 

(June 1982) (Figure 3.40). The mean summer 1981 concentration was 230 ugIL. Comparing 
the two chlorophyll-a data sets for 1981 and 1982 (Figure 3.41) reveals that the median 
chlorophyll-a concentration for 1981 (a drought year) was 73 ugIL, while in 1982, the median 
chlorophyll-a concentration was 24 ug/L. 

The USACE (1982) attributed the luxuriant algal growth in UKL to several environmental 
conditions that result from the high surface area to depth ratio of the lake~ including 1) a high 
incidence of annual insolation; 2) a high percentage of algal suspension in the photic zone; and 

--------'3)-high-winds-that-keep-bouom-sediments-resuspended~Shallow-depths-and-the-absence-of-----
stratification maintain warmer summer water temperatures on the lake bottom, which promotes 
greater sediment nutrient release through increased biological activity. Temperature had the 
strongest positive correlation to algal growth rates during the period. monitored. 

83 



.c 

Figure 3.40 

1.5 . \ ....................... , ..................... L .................. ; ................. j. ...... ........ .... . 

2~~~~~~~_L~~~~_1~_~~_1_~~ 
100 200 3uu 400 5w ow 700 

Eagle Ridge chlorophyll·. (ugfL) 

Chlorophy!l-a al decreasing depths off Eagle Ridge during July of 1981 and 1982. Data 
source; Klamath Consulting Service, Inc. 1983. 

Kann and Smith (1993) related the concentration of chlorophyll in Agency Lake waters to 
the likelihood of exceeding a critical pH value. At 200 ugIL chlorophyll. a 9.5 pH would he 
exceeded 80 percent of the lime (see pH discussion). 

Iron 

Although micronutrients were not found to be limiting (Miller and Tash 1967), there was 
an indicated potential for indirect nitrogen limitation to nitrogen-fixing blue-greens through iron 
limitation (USACE 1982). Iron is an important cofactor in atmospheric fixation of nitrogen. 
The absence of algal productivity in Pelican Bay may be due to very low iron concentrations in 
spring samples (Miller and Tash 1967) and the ability of humic acids (rom marsh and wetland 
inflows to chelate available iron and render it unavailable to blue-greens (Perdue et al. 1981). 

Miller and Tash (1967) found that 1.4 times more iron flowed out of the lake that into it, a 
loss of 304 tons during the study period. The major sources of the inflowing iron loading 
were the river systems (687 tons), with pristine springs and streams the lowest (2 tons) and 
agricultural drainage and canals were 86 tons. Agricultural drainage represented a wide range 
of iron concentrations (0.0 to 5.5 mgIL) with rivers ranging from 0.0 to 2.7 mgIL 

Perdue et a1. (1981) attributed the initiation of blue-green activity in UKL to the cessation 
of highly colored, humate-rich outflow from the Klamath Marsh in the Williamson River basin. 

------~The-authors-stated-that:-"Such-outflow-was-able-tochelate-iron-loading-from-the-Sprague-River·~. ---
The concept is presently unsubstantiated but may have some application to localized restoration 
improvement in the north end of the lake." (Ibid). Chemically. the marsh appeaIW to alter the 
size of iron particles. Prior to going through the marsh, iron is transported primarily as >0.8 
mm suspended panicles, while after, it is primarily iron-aquatic humus complexes of a size 
<0.025 mm. 
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Figure 3.41 Probability of log of summer chlorophyll·a concentrations in UKL in 1981 and 1982. Data 
source: Klamath Consulting Service, Inc. 1983. 

Heavy Metals and Pesticides 

Sorenson and Schwarzbach (1991) conducted a study during 1988-1989 for the purpose of 
determining whether the irrigation water in the Klamath Basin is causing contamination that 
adversely affects humans, migratory waterfowl or other wildlife. The study area included the 
Klamath River drainage basins (including UKL and its tributaries the Wood, Williamson and 
Sprague Rivers). Five sampling sites were located in the UKL watershed. The report 
examined a wide range of parameters, particularly metals, in water, biological tissues and 
sediments. Sampling occurred, however, on only one date, in summer of 1988. Existing and 
potential environmental concerns identified were eutrophication, pesticide usage, and 
waterfowl diseases. Basin sampling sites were located upstream and downstream of 
impoundments and within irrigated areas. Water, sediments and various biological tissues 
were analyzed. 

In general, data showed that water is enriched with sodium and sulfate ions as it travels 
through the streams, irrigated fields, and canals in the basin, with the probable cause being 
evaporation of irrigation water that has leached them from soils. Trace elements were low in 
the UKL watershed area. Organochlorines were found in most samples, with DDE being the 
highest and most widespread. PCBs and DDTs approached the lower confidence limit of the 
USEPA guidelines for nonpolar organic compounds in sediment and were highest in the Tule 
Lake Area. An extensive lists of pesticides, their toxicity and their degree of use is included, 
but there is no indication where within the basin these pesticides are applied and how much 
contamination occurs it). the UKL watershed. 

According to Sorenson and Schwarzbach (1991), eutrophication in UKL is "believed to be 
accelerated by agricultural drainage". Avian cholera was first observed in the Klamath Basin in 
1955 and the area is one of four major focal points for avian cholera in waterfowl in the U.S. 
In 1988, 14,000 birds succumbed, mostly in January and February in flooded agriculture 
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fields. Avian botulism is caused by Clostridium botulinum which persists in spore fonn in 
wetlands. The disease is common during the summer on both Lower Klamath and Tule Lake 
refuges and is a major cause of waterfowl mortality. "Botulism outbreaks are related to die
offs of aquatic jnvertebrates which may result from water-level fluctuations, poor water " 
quality, or pesticides" (Ibid), 

The authors notc that contaminants may reduce disease resistance through immunological 
suppression. anemia. and other mechanisms. 

"High magnesium concentrations in water increase the survival of PastureJla 
multocida, the bacterium that causes avian cholera. Poor water quality in 
natural and.disttlrbed wetlands. as indicated by low dissolved oxygen and redox 
potential and high conductivity are strongly correlated with occurrences of 
botulism. however, a11 [he factors leading to an outbreak are not known." 

During this study. field crews noted the "near absence of benthic organisms at several 
sampling sites including Tule Lake" (they were simultaneously abundant at other locations). 
"Conversations with long-time residents indicated a near total absence of aquatic reptHes and 
amphibians that were once: abundant in the study area." 

A variety of compounds are mentioned in reJation to studies on waterfowl within me 
refugia. Eggshell thinning was found near UKL. It was concluded that DDE was "definitely 
having a direct adverse effect on productivity of specific pairs of bald eagles from UKL and 
other areas". Acrolein is used extensively throughout the basin to limit aquatic vegetation 
growth in canals. It is an irritant and important component of tear gas which is toxic to fish at 
concentrations of 1.0 mgIL. Typical Klamath concentrations are 4 to 5 mgIL and fish kills are 
"typical". The USFWS h~ fonnally stated that continued use of this substance is likely to . 
jeopardize the continued existence of the shortnose and Lost River suckers. 

Humic Acids 

In August 1854, an railroad exploration party reached Upper Klamath Lake and camped 
along the Jake near a "wide band ofmles". One party member wrote: 

"The water taken fonn the lake had a dark color and a disagreeable taste, 
occasioned apparently by decayed tulc ... the taste of the water was so 

___________ disagreeable that several vain attempts were made to discover a spring in the 
vic-inity:I' 

This observation has been interpreted to mean that UKL was historically dominated by 
dense Aphanizomenon blooms. During these blooms, however, the lake water is not dark in 
color, but is remarkably clear except for the grass blades which the algae fonn. The dark 
colored water was due to humic and other organic acids which have been observed to suppress 
the blooms. Humic substances are dark-coJored and acidic compounds of various molecular 
weights that are fonned largely by microbial activity on plant and animal material. They are 

______ --'relativeIX resistant to furth~Lmicro_bial_d!:gradationJllld_thus~ndJo_pe"ist in_aquatic_sxstems,~ ___ _ 
(Wetzel 1983). Certain colloidal humic materials have a very large sunace area that can adsorb 
inorganic (metals) and organic (pesticides) materials and siguificantly alter the availability of 
rhese substances in the aquatic environment. Low concentrations of phosphorus-humic 
complexes originating from wetland or littoral areas have been shown to reduce the rate of 
carbon assimilation by phytoplankton (Ibid). 
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Phinney et al. (t 959) also observed the suppression of Aphanizomenon growth by marsh 
water, aUributing this to the low pH associated with marsh humic acids. "Except for 
Microcyslilis. the bloom algae do not flourish where the humale content is high. No 
Aphanizomenoll has been observed in Klamath or Cycan Marshes." The authors stated: 
"Approximately 136,000 acres of marsh land drain into the lake. along with 92.000 acres of 
drained and diked land, which is pumped dry in early spring". Both land types yield drainage 
containing humic leachate from the marsh soil. "This marsh soil, or muck, consists of a 
fiberous. Typha peat, several feec in thickness lying on top of variously assorted layers of tuff, 
pumice and diatomite." 

Phinney et a1. (1959) believed thai these humic materials may keep certain nUlrient elements 
such as calcium, phosphorus and iron in solution under conditions such as occur in UKL, 
where they otherwise become insoluble and unavailable to plants. They indicated that the 
buffer capacily of the humates is important to organisms Ihat are sensitive lO pH changes. An 
experiment which replaced one~fourth of Ihe medium with Klamath Marsh water resulled in the 
death of the test alga (Anabaena cylindrica). When the same experiments were repeated, but 
!he pH raised with NaOH, algal growth was stimulated. 

Another e1tperiment was perfonned with algal culture media modified to include a 
proportion of hUmlc water and the final pH was adjusted for optimal growth. The algae species 
used for this experiment were not mentioned. Production was "70 percent greater in the 
humic-enriched cultures than in the unmodified controls.". The control was then spiked 
(quadrupling the mineral content) and the concrol growth then overtook that in the humate· 
enriched media. The growth spurt occurred only after three weeks of regular growth and 
continued longer than the humate-enriched, which was stimulated and exhausted rapidly. "It is 
our belief, as yet unsupported by concrete evidence, that the action of the humates as chelating 
and buffering agents was primarily responsible for the observed slimulation." Unfortunately, 
no comparisons were made which tested UKl.. water. 

Phinney et at. did not advocate chemical controls of the algae, but suggest that diversion of 
all influent humic waters to reservoirs for distribution to agnculturalland would very probably 
reduce the algal popUlation, as wen as conserve "large amounts of humates that are presently 
being lost". 

Perdue et al. (J981) investigated the water chemistry of the Williamson River and the 
KJamath Marsh after noticing that the beginning of nuisance blooms of Aphanizomenon flos
aquae began at the same time that water ceased flowing from the Klamath Marsh. 

_______ -'The.authors-found.that.most.of_the_year •. the.post-marsh.flow-is.highly_colored_with.aquatic _____ _ 
humus and has high concentrations of iron. TOC (total organic carbon), and amino acids. In 
summer, when the oudet from the marsh is not flowing, the concentration of these solutes are 
greatly decreased and show a correlation with stream discharge, indicating that surface runoff 
is their primary source. More than 50 percent of Ihe TOC appeared to be humic material. 

Algal species were very different in pre-marsh versus post-marsh Williamson River, with 
Fragilaria construens being the dominant algal species throughout the Williamson River 
system. The pre~marsh sites on the Williamson River exhibited unusuaJly high cell densities 

--------year-round;-The-system-is-relatively-rich-in-P;With-lower-and-possibly-limiting-nilrate-Ievels.o-. ----
A significant input of fixed nitrogen from the extensive cattle ranching activity in the flood plain 
of the river upstream of the Klamath Marsh could account for the much higher productivity of 
these sites (Perdue et al. 1981). 
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3.3 BIOLOGICAL CHARACTERISTICS 

Phytoplankton 

Historical repons of phytoplankton species composition in UKL are few and it remains 
unclear to what ex.tent Aphaniwmenon historically dominated the algal community. Early 
accounts are anecdotal. 

Anon in Phinney and Peek (1960) 

One of the earliest references to the algae community was made in research by Phinney and 
Peek (1960). Unfortunately. Phinney and Peek do not reference the source of these 
comments. The statements indicate that "grass-type vegetation" was present in the take and had 
caused "stomach complaints" when present in ice consumed by hUmans and also "appears (0 
have some fertilizing properties", An analyses of the material was made and in June, 1906 
interpreted as (cHows: 

" ... the amounts of nitrogen found as free and albuminojd ammonia seem rather 
large, but as you say there is no possibility of sewage contamination, this 
would not necessariJy condemn the water. The manner in which these 
anunonias made their appearance and the comparatively small amount of oxygen 
required point toward this organic matter being of vegetabJe origin." 

Oregon State Board of Health in Phinney and Peek (1960) 

Another early analyses was pclfonned by the Oregon State Board of Health in 1928. who 
found that, although no colon bacillus was found, the "murky condition of the water is .. 
principally due to an algae or watergrass growth. Surprisingly, however, 'This algae was 
found to be mostly spirogyra with a few ulothrix and chroococcus present ... ". In addition, a 
1933 Oregon State College study prompted by an enormous midge population identified UKL 
algae as : Anabaena spiroides var., crassa, Pediaslrum sp., Melosira sp., Navidula sp., 
Microcyslis sp. and Aphanizomenon sp (Phinney and Peek 1960). Phinney and Peek (I960) 
conducted funher algal surveys from April. 1966 through December. 1967 and found 
predominantly Aphanizomenon sp. in quantities as high as 196,360 filaments per milliliter, 
although August's averages were 20,744 and 10.748 filaments per milliliter. They concluded 
that additional impoundments would only "increase the organic load of this already impossibly 
burdened stream and will probably bring an end to fish production in this stream". 

--------,(i4.pluinizomenon is present-in many impounamenlSiIftheKlarrratlfBasin)-. -~---------

Bonnell and Mote 

In 1942. Bonnell and Mote noticed that vast masses of the blue-green algae were 
concurrent with the midge populations. Aphan;zomenon was observed to occur "in such 
abundance that they give a quasi-liquid appearance to the water". The researchers reponed that 
Aphanit.omenon filaments may reach numbers of 20,000,000 per cubic meter. 

Phinney, Peek and McLachlan 

Phinney et al. (1959) observed Aphanizomenon concentrations as high as 194.756 per mi. 
a quantity about 10.000 times higher than that observed by Bonnell and Mote (Hazel 1969). 
Although Ihis is by no means an accurate comparison, it may indicate that the concentration of 
Aphani;zomenon has increased greatly since the BonneJJ and Mote survey; and "this jncrease is 
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also supported by conversations with older residents who recall conditions in the lake previous 
to about 1917 " (Hazel 1969). 

The analysis of aigai materiai shows crude protein comprises 6i.l percent and phosphorus 
0.6 percent; thus an acre-foot contains 20.8 Ibs of dry weight algal material. The feasibility of 
use as a fertilizer was tested and it worked very well. The use of Aphanizomenon as a food 
supplement was tested and all test animals died. The toxic substance was detennined to be 
water soluble. 

"No concrete evidence was obtained as to the effect of this toxin on the biota of 
the Lake or River but experiments with mice proved that ingestion of the algal 
material w~ quickly lethal and intraperitoneal injections of the aqueous extract 
almost instantaneous in causing death." (Phinney and Peek 1960). 

Little evidence was found that any insects or other invertebrates feed on the bloom 
organisms. It is probable that the establishment of an algal population of different composition 
with more desirable species would contribute to the maintenance of larger consumer 
populations (Phinney et al. 1959). 

Bond, Hazel and Vincent 

Bond, et aJ. (1968) sampled phytoplankton in UKL between 1964 and 1967 using 
plankton nets. Densities varied considerably during a given sampling period, with 
Aphanizomenon concentrating in certain areas, probably due to wind characteristics. 
Anaerobic conditions due to large masses of Aphanizomenon were often located off Eagle 
Ridge, in Shoalwater Bay and in Howard Bay. The interior of the marshes were relatively free 
of algae, and algae presence was not correlated to the absence of fish species. From May to 
October, Upper Klamath Lake has an abundance of Aphanizomenon , with Gloeotrichia, 
Anabaena and Anacystis collectively comprising less than 10 percent of the phytoplankton. 

Hazel 

Hazel (1969) performed vertical seston tows to measure phytoplankton in the lake in 1965. 
He found a wide range in observed density during anyone sampling period, probably due to 
wind velocities and direction. Super abundances of algae occurred in Shoal water and Howard 
Bays and off Eagle Ridge. At times, however, areas along the north shore of UKL and the 
interior of marshes were almost algae-free. Hazel found no evidence that blue-greens were 
toxic to the fish, in fact, both trout and other native species were abundant in areas with dense 
Aphanizomenon blooms. 

Gahler 

During sediment nutrient exchange studies performed by Gahler (1969), Aphanizomenon 
did not appear until August, 1967, but in 1968 it appeared in May. Also in the summer of 
1968, the predominant algae forms changed from Aphanizomenon to Rivularia or 
Anabaenopsis. During the cooler months (November through March), Melosira was the 
dominant algal form. Hazel (1969) noted that Aphanizomenon and other algae were not 
abundant inside the two of the marsh areas sampled in his study (Hanks Marsh and the north 
shore near the Upper Klamath Wildlife Refuge). 
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Burnison and Morita 

In August 1970, Bumison and Morita (1974) documented a blue-green algal bloom 
dominated by Gleotrichia echinulata but also containing AphanizomerlOnfios-aquae, Anabaena 
circinalis and Microcytis aeruginosa . 

Lynch 

Lynch (1980) performed studies in small enclosures (not in UKL) with Aphanizomenon 
flos-aquae in order to assess the effects of grazing by Daphnia species. Although it has been 
suggested that large herbivores, such as Daphnia, can intensely graze phytoplankton and 
thereby improve wl!ter quality, some phytoplankters, such as A. flos-aquae can actually benefit 
from this grazing due to its ability to aggregate into large colonies. A.flos-aquae often reaches 
bloom proportions in the presence of dense Daphnia pulex. It's morphology is unique in that 
it grows from single cells (akinetes) into single filaments which are capable of aggregating into 
colonies or "grass blade" morphology, which is too large to be grazed. 

"All blooms of Aphanizomenan which I have seen co-occurring with D. pulex 
in Minnesota lakes and ponds have grass-blade morphOlogy. Furthermore, 
grass-blade blooms rarely occur when Daphnia is not abundant." 

Similar observations were made in other North American and Czechoslovakian lakes. 
Although Aphanizomenonmay bloom in the absence of large Daphnia, the algae is usually in 
small groups or single filaments. Aphanizomenon growth in the presence of dense Daphnia 
results from an expansion of individual colonies rather than through the development of new 
colonies. If spatial segregation between Daphnia and Aphanizomenan occurs (such as in the 
sediments), new Aphanizomenon colonies may develop from akinetes, if such sediments are 
sufficiently oxygenated. -

Lynch tested the following hypotheses: 

I. A grass-blade bloom will not develop when Daphnia is very abundant and 
the bottom waters are anoxic; grass-blade development requires a temporary 
refuge from Daphnia grazing. 

2. Once a grass-blade bloom is established, it will be maintained in the presence 
of dense Daphnia populations as long as these is a refuge far new 
Aphanizomenon colonies to develop in. 

3. An established grass-blade bloom will not be maintained when Daphnia is 
reduced to low numbers. 

Carbon analysis indicated that, when bottom waters were welJ oxygenated, the 
Aphanizomenon population was expanding at a higher rate than could be accounted for by its 
growth in the surface water. In mid-June, however, when bottom water became anoxic,loss 
rates became strongly positive. Rather than being caused by vertical movement, the author 
believes that significant new growth of Aphanizomenon occurs in the bottom waters when 
these are well oxygenated. Furthermore, when the sediments were artificially isolated from the 
water column, grass-blade blooms never developed. When grass-blades were present at the 
outset, they never persisted within the enclosure for more than two weeks. 

In enclosures with planktivorous fish, which altered the herbivore community from one 
dominated by Daphnia to one with Bosmina and rotifers, abundant Aphanizomenon occurred 
as single filaments .. The size and shape of grass-blades is not constant, but rather the 
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individual filaments are constantly in motion, sliding past each other, perhaps to increase the 
exposed surface area and make grazing more difficult. Lynch argues that once a bloom is 
established, Daphnia may actually help it by removing potential algal competitors. He 
observed that at the peak of a bloom the water is always extremely transp~rent with the 
exception of the abundant grass-blades which are too large to be grazed. 

Unexplained by the hypotheses was the bloom "crashes", first occuning in late June. They 
did not appear to result from a shortage of P or N, but perhaps by "some other micronutrient". 
Another bloom developed in the pond with few Daphnia and oxygenated bottom waters and 
continued to enlarge as Daphnia became abundant. When Daphnia attained very high densities, 
the bloom crashed. However, other blooms crashed in the absence of Daphnia due to 
planktivorous fish .. 

The mechanism regulating the clonal morphology of Aphanizomenon is unknown. It may 
be genetic or cued by a chemical or physical change. In the absence of Daphnia, grass-blade 
colonies dissociate within 48 hours. The ability of other blue-green algae to form new colonies 
at the sediment surface is well documented, therefore, any biological control of these nuisance 
algae must take this defense strategy into account. 

McLachlan 

lvfcLachlan (1957) Studied the autecology of Aphattizomenon Flus-Aquae born. et Rah. 
under cultural conditions. There were many difficulties culturing the specie and this study 
does not claim to completely describe the nutritional needs of the plankton. McLachlan used A. 
Flos-Aquae culture that came from Wisconsin and the bundles of filaments characteristic of the 
species were not evidenced. All of the major mineral nutrients which are found to be necessary 
for the growth of higher plants were also found to be necessary for the growth of the alga. 
Both Nand P were demanded in much larger quantities than those usually found in the natural 
habitat. Iron was required in larger quantities also. When chelated iron was supplied in the 
concentration used with ferric citrate, it was found to be toxic to the growth of the alga, 
suggesting that a considerable amount of the iron supplied as ferric citrate was rendered 
unavailable. Results of pH effect on growth were inconclusive, but an alkaline medium was 
required for growth. As nitrate was absorbed, the pH of the medium increased. High light 
intensities were found to be inimical to growth. 

Ehinger 

Ehinger (1992) performed three experiments with lake water containing Aphanizomenon 
jlos aquae and other phytoplankton in plastic watering tanks on the shore of Agency Lake. 
Tne purpose of his study was to determine whether intense Daphnia grazing oriow TN :TJ:' 
ratios promote Aphanizomenon growth. The Daphnia concentrations were controlled by the 
presence of perch (Perea flaveseens.). Ehinger found that total algal biomass as indicated by 
chlorophyll-a was higher in the presence of fish for both high and low N:P ratios, probably 
due to reduced grazing by Daphnia. In tanks without fish, the combination of intense grazing 
by Daphnia and low TN:TP ratios shifted the phytoplankton community toward dominance by 
Aphanizomenon and Mieroeystis. 

The second experiment examined the hypothesis that top-down forces have the greatest 
effect near the top of the food web; that top down forces weaken with the increased trophic 
status of a lake; and that the maximum biomass of a trophic level is controlled from below by 
nutrient availability. Tanks were supplied with ambient nutrient levels or high nutrient levels 
and gradients of Daphnia were established. A significant negative effect on Aflos-aquae were 
observed due to grazing by Daphnia in the unenriched experiment, suggesting that "the greater 
availability of nutrients in the enriched experiment offset grazing losses" (Ehinger 1992). 
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Finally, the third set of tanks (six tanks with 3-4 day incubation times) explored the effects 
of seasonal changes in nutrient limitation and zooplankton grazing on the total growth and 
biomass of phytoplankton. Specifically, t&'1e possibility tllat nitrogen, mther tha,., phosphorus 
was limiting during a part of the year, was tested. Of the six times this experiment was 
conducted, chlorophyll-a concentrations increased in response to N additions three times, to P 
additions twice, and to both once. Ehinger found these results somewhat surprising for a 
hypertrophic lake, where high P concentrations and low N:P ratios suggest that N-limitation 
should predominate. Further, Microcystis did not become common until after the collapse of 
the first summer bloom in July. Microcystis cannot fix nitrogen and it may depend on transient 
high ammonia levels to become established. Ehinger stated that its persistence and increase in 
autumn, when aI1lJI!onia concentrations are low, was probably related to the zooplankton 
regenerated N and P as indicated by the positive response of Microcysfis growth rates to 
Daphnia when it was nutrient limited. Thus it appears that nutrient regeneration combined with 
resistance to grazing was responsible for the increase in Microcystis biomass in the autumn. 

This study suggests that the relative importance of nutrient limitation and zooplankton 
grazing varies seasonally in Agency Lake. During summer and early fall, N-limitation to total 
biomass is strong. In late fall and winter, P-limitation and increased susceptibility to Daphnia 
grazing is evident. In spring, Agency Lake is homogeneous and thus easily dominated by A. 
flos-aauae. a result of its suoerioritv as a nitro£!en comoetitor and relative resistance to !!fazin£!. 

-In late'sunlmer and fall, nutrient pulses create a heterogeneous environment, and Microcystis ~ 
codominates. 

Zooplankton 

Kemmerer, et aI. (1923) surveyed Upper Klamath Lake in 1923 and listed Copepoda as the 
most abundant of the zooplankton. No mention of Daphnia species or genus were made. 

One of the earliest benthos studies was performed by Bonnell and Mote (I 942) in order to 
investigate the possibilities of controlling the nuisance midge popUlation which the lake is 
somewhat famous for. They found that the minimum average of larvae on the bottom 
sediments of Upper Klamath Lake and Lake Ewauna were estimated at 1000 larvae per square 
yard, with peaks of 133,000 larvae per square yard. The total popUlation at any time during 
the summer was estimated at over 500 billion larvae. 

The biology of the midge is not well understood. The adult form is common from June 
through the onset of cold weather in October. In a series of jar experiments, midge larvae 
were seen to seize descending algae filaments, apparently consuming the smaller filaments. 
Algae appeared to be the main source of food, according to alimentary dissections. The larvae 
thrived, however, in Link River water strained through a fine mesh silk strainer, suggesting 
that bacteria may be an important food source as well. The emergent midge apparently does 
not feed, and lives only 4-5 days. Bonnell and Mote (1942) commented on the role of midges 
in the food chain of UKL: 

"The midges are probably preyed upon by all 18 species offish in the lake, as 
well as aquatic beetles, small birds and great numbers of toads, chiefly the 
western toad (Bufo b. boreas). Examination of the stomach contents of 20 
toads collected f1ear light traps, reveaJed that each had consumed several 
thousand midges." 

Bond, et al. (1968) sampled zooplankton in UKL between 1964 and 1967. They found 
thatCladocerans were the most abundant zooplankton, with 88 to 296 Daphnia and 76 to 124 
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copepods per IO-liter plankton trap. Oligochaeta (earthworms) were the most abundant 
benthos group, with Hirudinea (leeches) and Tendipedidae (midges) second and third. Summer 
biomass of midge larvae was estimated to be 600 tons. The open lake sediment community is 
dominated by ail oligochaete-leech community, with fewer niidges, snails and clams. Near
shore and in marshes, and in areas with coarser sediments, midges, snails, clams, caddisflies 
and other aquatic insects were more numerous. 

In his surveys of 1964 and 1965, Hazel (1969) found Daphnia to be only slightly more 
abundant than copepods, but in biomass Daphnia overwhelmingly dominated. The Daphnia 
were almost exclusively one species D. schodleri. Seasonally, Hazel found that the number of 
these two groups did not change significantly. In both biomass and abundance, Oligochaeta 
dominated all other. classes in the lake sediments, with abundance ranging from 3,868 to 7,500 
organisms per square meter. Hazel surveyed the benthos in UKL as part of an overall 
lirnnological survey. His survey of benthos also showed that in the expanse of sediments 
underlying open water the community of macroinvertebrates was largely one of oligochaetes 
and leeches of the family Glossiphoniidae. Lesser populations of midges, snails, and clams 
were present especially in the winter and spring. Near shore and in marshes there was a 
greater variety of species with fewer Oligochaetes and leeches. The kinds of invertebrates 
inhabiting diatomaceous ooze were limited to large numbers of worms and leeches with smaller 
numbers of midge larvae and mollusks, whereas a variety of species was found only in beach 
and marsh areas that had an array of substrate types. Substrate type is thought to be one of the 
more important features of the environment influencing the distribution of species (Hazel 
1969). 
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4.1 OVERVIEW OR SUMMARY 

in j 988 the Lost River sucker (Deitistes iuxatus) (LRS) and shortnose sucker (Chasmistes 
brevirosfTIIs) (SNS) were listed as endangered by the US Fish and Wildlife Service (USFWS) 
based upon a marked decrease in abundance. From historical levels, estimated from anecdotal 
evidence to be numerous (Cope 1879; Gilbert 1898; Howe 1979; Howe 1984), sucker 
populations declined dramatically to 23,124 LRS and 2,650 SNS in 1984, and 11,861 LRS in 
and 6,986 SNS in 1985 (Bienz and Ziller 1987). The 1984 and 1985 surveys represent the 
first quantified population estimates, after which the severity of the problem was first real ized 
(USFWS 1993). Other authors have acknowledged the low numbers of suckers now existing 
in the UKL system (Bond et al. 1968; Andreason 1975; Buettner and Scoppettone 1990; 
Coleman et al. 1988a; Klamath Tribes 1993). 

Many basic behavioral characteristics of the Lost River and shortnose suckers have only 
recently been studied by Coleman et al. (l988b), Buettner and Scoppettone (1990) and Markle 
and Simon (1993). Recruitment to the adult population has been severely reduced, and 
reproduction appears to reach a bottleneck at the larval life stage (Klamath Tribe 1993). Given 
the fact that there are spawning populations and larvae do hatch and emigrate to UKL in the 
millions (Coleman et aL 1988; Buettner and Scoppettone 1990; Klamath Tribe 1993; MarkJe and 
Simon 1993), it is probable that the area around UKL is where the most pressing problem is. 
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4.2 LIFE HISTORY 

Life history information for the endangered sucker species had been lacking until a 
cooperative report was published by Buettner and Scoppettone in 1990. Basic information 
such as spawning migration timing and behavior, fecundity, larval and juvenile habitat use and 
emigration, adult habitat, age and growth structure and food habits had not been rigorously 
determined until very recently (Coleman et al. 1988b; Buettner and Scoppettone 1990; Markle 
and Simon 1993). 

One of the most important aspects of Lost River and shortnose ecologies is their remarkable 
longevity. Scoppettone (1988) aged Lost River suckers to 43 years of age; and shortnose 
suckers to 33 years·of age, with earliest age for sexual maturity at about 6-7 years. Most fish 
aged to date have been in the upper age range. Thus it is probable that the populations have 
been declining for some time due to lack of significant recruitment. It has been theorized that 
recruitment reaches a bottleneck at the larval life stage (Klamath Tribes 1993). Furthermore, it 
has been demonstrated that spawning populations hatch larvae that emigrate to UK!.. in the 
millions (Coleman et al. 1988; Buettner and Scoppettone 1990; Klamath Tribe 1993; Markle 
and Simon 1993). Larvae are so abundant in the Williamson River during late spring and early 
summer that relative strengths of year classes Cannot be determined unless scientific sampling 
and quantification is conducted. To date, such sampling has been performed by Buettner and 
Scoppettone (1990) and others (Coleman et aJ. 1988; Markle and Simon 1993). 

The ecology of the larvae is such that they emigrate to the lake in June and July when lake 
water quality parameters are often at their worst. Dissolved oxygen concentration, pH, 
ammonia and temperature are reaching acute lethal levels for most fish life, especially larval 
suckers as demonstrated by Falter and Cech (1990) and Monda and Saiki (1993). 

The feeding behavior of both species is considered omnivorous. Young of the year Lost 
River suckers consumed 73 percent detritus and 8 percent algae by volume. Chironomids 
dominated animal matter by volume (13 percent) and the small benthic zooplankter, Chydorus, 
occurred with the greatest frequency. Propensity for bottom feeding was evidenced in both 
species. Young of the year shortnose suckers consumed 62 percent detritus, 6 percent algae, 17 
percent Chironomidae and 12 percent Chydorus by volume. Other crustaceans are found in the 
diet in much smaller volumes (Buettner and Scoppettone 1990). Unfortunately, emergent 
macrophytes are no longer present in large enough quantity to provide for food production 
(small zooplankton such as flagellates, rotifers etc.) or predator avoidance from exotic 
piscivores such as yellow perch, fathead minnows (Klamath Tribes 1993), or even natural 
predators such as sculpins. 
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4.3 CAUSES OF THE SUCKERS DECLINE 

The USFWS (1993) document the following reasons for listing both sucker species as 
endangered in the following order: damming of rivers, dredging and draining of marshes. 
water diversions, hybridization, competition and predation by exotic species. Although the 
Klamath Tribes agree that the dam at Chiloquin has played some role in the sucker's decline 
by limiting historical access to potential spawning habitat, they feel that it is not of primary 
concern due to the now degraded nature of habitat upstream of the dam (Klamath Tribe 
Response to Recovery Plan 1993). There are also numerous piscivorous exotic fishes 
upstream of the dam such as largemouth bass (Micropterus salmoides) and yellow perch (Perea 
jlaveseens) which would probably feed heavily on sucker larvae if given the chance. The 
Klamath Tribe thus recommends that the USFWS de-emphasize the dam's role in the Final 
Recovery Plan (Ibid). 

Hybridization has also been mentioned as a reason for the sucker's decline. Preliminary 
electrophoresis results from Markle and Simon (1993) suggests, however, that introgression is 
not occurring, and that levels of hybridization are around 3 percent, a value considered healthy 
and necessary for maintenance of genetic diversity. Previous accounts of hybridization have 
been based on morphologies observed by investigators (Buettner & Scoppettone 1990; Bienz 
and Ziller 1987), rather than on definitive DNA analysis. The remaining reasons listed in the 
Recovery Plan for the decline in suckers are not in question (Klamath Tribe 1993; Buettner & 
Scoppettone 1990; Coleman et al. 1988b). No consensus has been reached as to the order of 
importance of the reasons. 

Poor water quality in UKL has been associated with numerous fish kills in the recent past. 
The noted shift to hypereutrophic levels of the nuisance algae Aphanizomenonjlos-aquae 
(Bond et al. 1968; Miller and Tash 1967) has been demonstrated to result in extremely poor 
water quality for most aquatic organisms (Alabaster and Lloyd 1982; USEPA 1986; Monda 
and Saiki 1993; Kann 1991). During the summers (June through September) of 1990, 1991, 
and 1992, Coleman et al (l998b); Kann (1991); Kann (1992) documented water quality 
degradation in Upper Klamath and Agency Lakes, including: 

1. periods of pH greater than 10; 

2. wide daily fluctuations in pH of almost two points; 

3. wide fluctuations in dissolved oxygen concentration ranging from 0-15.4 
mg/L (192 percent saturation); 

4. high unionized ammonia concentrations; 

5. algal biomass degradation; 

6. temperatures greater than 27 C; and 

7. daily temperature fluctuations as high as 7.5 C. 

These water quality conditions are sufficient to cause acute and sublethal toxicity in juvenile 
suckers (Monda and Saiki 1993; Falter and Cech 1990). Many of these parameters are, at 
times, reaching the lethal limits of freshwater fish species, and can be particularly harmful to 
younger life stages which tend to be more sensitive to poor water quality (Wedemeyer et al. 
1976; Allabaster and Lloyd 1982; Heath 1987). Sublethal levels of some parameters can be 
high enough to cause long-term damage to fish populations (Wedemeyer et al. 1976; Allabaster 
and Lloyd 1982; Post 1983). It has been known for some time that fish react to poor 
summertime water quality and congregate in the northern portion of Upper Klamath and 
Agency Lakes near marsh edges and areas of inflow (Bond et al. 1968). On August 27, 1986, 
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between 100 and 200 adult suckers were seen in Pelican Bay during a documented fish kill of 
adult suckers in other parts of the lake (Bienz and Ziller 1987). 

Ammonia and pH Toxicity 

Monda and Saiki (1993) of the Service's National Fisheries Contaminant Research 
Center conducted the preliminary investigations into the toxic effects of high pH, high 
unionized ammonia concentrations, high temperature, and low dissolved oxygen 
concentrations, as well as interactions between some of the variables (i.e. pH and unionized 
ammonia) on juvenile Lost River and shortnose suckers. Although they caution against using 
the results as definitive, they are comfortable in stating that "summertime water quality 
conditions in UKL;especially pH and unionized ammonia, frequently approach or exceed the 
tolerance limits of juvenile" suckers. Larval suckers are likely to be even more sensitive to 
these inhospitable summertime water quality parameters. Their results corroborate those of 
Falter and Cech (1990) who tested maximum pH tolerance on some Klamath Basin fishes and 
found shortnose pH tolerance (96hr LC50) to be 9.55. Falter and Cech suggest that the low 
tolerance of shortnose suckers to high pH has contributed to its decline and that anthropogenic 
stress is primarily responsible for deteriorating water quality in UKL in the last 20 years. 

Castleberry and Cech (! 990) detent'ined critical thermal maxima and oxygen wJnima of 
five Klamath Basin fishes (shortnose suckers, speckled dace, fathead minnow, blue and tui 
chub) and found fathead minnows and tui chub to be the most tolerant of the five, with 
shortnose sucker intermediate. They also state that continuing trends in water quality in UKL 
are likely to decrease fish populations even further. Additionally, the recent extended drought 
in south eastern Oregon has caused severe restrictions in water quantity in UKL Basin, 
aggravating the situation for all users (McClurg 1992). 

Hybridization 

It has been hypothesized that the Sprague River Dam, located at Chiloquin and completed 
in 1920, has caused increased hybridization and loss of genetic purity for all strains by 
concentrating their spawning assemblages below the dam and reducing access to most of the 
Sprague River (Buettner and Scoppettone 1990). Markle and Simon (1993) of Oregon State 
University have recently completed a report on the systematics and ecology of juvenile suckers 
of UKL. The purpose of this report was to develop definitive methods whereby young 
suckers can be classified. The preliminary conclusions of the study are that widespread 
hybridization and inbreeding have not in fact occurred to any significant extent and are 
probably at levels (1-3%) considered healthy for maintaining genetic diversity in the 
population. Markle and Simon are currently conducting research that will also determine 
systematics and ecology of larval suckers. Most accounts of hybridization (Bienz and Ziller 
1987; Buettner and Scoppettone 1990) have been based on morphology which Markle and 
Simon (1993) found to be variable within sucker species due to the evolution of particular 
stocks. 

Culture, History and Recreation 

The importance of ~uckers, particularly Lost River suckers, as a food source and source of 
cultural identity for native Indians has been well documented (Cope 1879; Gilbert 1897; Howe 
1979; Howe 1984). There was once a cannery near OJene, California built in 1892 where the 
fish were canned and dried (Gilbert 1898). The snag sportfishery for Lost River sucker was 
discontinued in 1988 due to low numbers; only 657 taken in 1987 whereas 10,000 were taken 
by the fishery in 1968 (Bienz and Ziller 1987). Howe (1984) documents "wasting" of 
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suckers. where many fish were thrown up on banks and left to die so the famous trout fishery 
might improve. 

The rainbow trout native to UKL are a tremendously important resource as they quite 
commonly reach trophy size (greater than 5 pounds); and can reach as much as 27 pounds 
(Hull 1964). Since these fish are also known to retreat to the northern reaches of UKL in times 
of poor water quality (Bond et a1. 1968), improving water quality could improve trophy trout 
production and bring more sport anglers to the area. Such economic components of improved 
ecosystem functioning in the UKL systems should receive serious consideration. Boating, . 
sightseeing and other recreation activities would also likely increase with decreased blue-green 
algae bloom intensity and duration associated with improved ecosystem functioning and water 
quality (Reiling, I Q70). 

Research on Other Sucker Species 

Experiments and investigations of other suckers. especially western suckers, indicate 
relationships and similarities with the endangered UKL suckers. Hayes et al. (1992) 
documented direct competition between white suckers (Catostomus commersom} and yellow 
perch; and suggest that suckers be eliminated from lakes where perch fishing is desired due to 
dietary overlap. The Warner sucker (Catostomus wamerensis) from nearby Warner Basin in 
south centrai Oregon, is listed as threatened due primari ly to having its distribution and 
abundance reduced by reservoir construction, irrigation dams and introduced predatory game 
fish (Williams et a!. 1990). Williams et al. (1990) noted predation by black and white crappie 
on larval suckers as they enter Hart Lake from Honey Creek during June. The authors believe 
control of exotics may be difficult and impractical due to the large size of Hart Lake (2,928 
hectares) and Crump Lake (3,108 hectares), and that the suckers require more spawning and 
rearing habitat. 

The razorback sucker (Xyrauchen texanus) has been studied extensively (Papoulias and 
Minckley 1992; Papoulias and Minckley 1990; Marsh and Langhorst 1988; Tyus 1987;). It is 
known that they are suffering from recruitment failure in Lake Mohave, Arizona-Nevada. 
possibly due to starvation. Food habits are similar to those of the UKL suckers, which 
consume cladocerans and copepods after yolk-sac absorption in larval stages (Papoulias and 
Minckley 1990). Non-native fishes are also limiting survival of the razorbacks by preying on 
larva and eggs (Papoulias and Minckley 1992; Marsh and Langhorst 1988). Tyus (1987) 
noted that adult razorbacks spawn in shallow water over gravely substrates and congregate near 
inflowing streams. He concluded that habitat alterations are a major cause of reduced 
recruitment. Except for 3040 year old adults, the researchers were unable to collect any 
razorback suckers larger than 12.2 mm (Papoulias and Minckley 1992). 

The UKL watershed currently maintains 17 species of native fishes (8 of which are 
endemic, and 20 species that have been introduced (exotics). A complete list of these fish are 
included in Section 2.0. Many of the exotics were introduced by the Oregon Department of 
Fish and Game (ODFW) and the U.S. Fish and Wildlife Service (USFWS) as game fish. The 
introduction of minnows probably occurred by fishermen releasing their bait. Rainbow trout is 
considered both exotic and native due to the stocking of other strains (2 million/yr according to 
Hull 1964). These stocks are not, however, resistant to a local pathogen, Ceratomyxa shasta, 
which is very contagious and lethal to young rainbow trout. Taft and Shapovalov (1935) 
investigating the Califoinia portion of the Klamath River Basin commented that "experience 
shows native species of fish should be protected and furthered whenever possible" and that 
many trout ponds were ruined by bass and perch becoming established. They recommend 
restoration of habitat to natural conditions. The life histories and popUlations of all fish in the 
basin should be investigated to keep native fish from becoming threatened and for controlling 
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the populations of exotic species which compete with and predate on native species (eg fathead 
minnows. largemouth bass. yellow perch). 
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4.4 RECOVERY EFFORTS 

Overview 

According to the USFWS (1994), the historical habitat of both sucker species has been 
fragmented by construction of dams, instream diversion structures, irrigation canals, and the 
general development of the U.S. Bureau of Reclamation. 

The causes of degradation of habitat and water quality in UKL were listed by the USFWS 
(1993) as: timber harvests, removal of riparian vegetation, livestock grazing and agricultural 
practices. While water quality will ultimately need to be improved on a basin-wide level for 
long-term recovery-of suckers, it will take time to make the changes in land use practices 
necessary to achieve this goal. Until then however, short-term emergency measures will be 
needed to sustain viable populations of suckers in the near future (Klamath Tribe 1993). 
Toward that end, the Bureau of Reclamation has begun a program of placing artificial islands 
of emergent macrophytes at the mouth of the Williamson River to provide refuge for larval and 
juvenile suckers (McClurg 1993a). The relative size of the Bureau's effort, however, is 
unlikely to be large enough, considering the vast area covered by the former delta, to provide 
sufficient nursery habitat for the juveniles (Klamath Tribe 1993). 

The Klrunath Tribes also believe that lake levels influence sucker survival rates due to their 
effect on water quality and access to refugia. Sucker Springs spawning sites require a 
minimum lake elevation of 4142.47 feet for optimum spawning. Emergent vegetation needs to 
be inundated to provide habitat for larval and juvenile suckers (Klamath Tribe 1991). In 1994, 
lake levels were reduced to an all time low of 4136.0 feet, in spite of concerns expressed by 
several sucker researchers. 

The Klamath Tribe maintains a hatchery on the Sprague River for the endangered suckers 
but caution this should only be relied upon in an emergency. Klamath Tribe biologists disagree 
with statements in the Recovery Plan delineating threshold populations due to the paucity of 
hard genetic data available (Klamath Tribe 1993). They also believe that discreet spawning 
stocks of fish should individually receive protection. 

Klamath Tribe biologists (1993) have documented the value of wetlands to suckers by 
providing the larvae or juveniles pockets of less stressful water quality and refuge from 
potential predators. Ward (1989) documented the dependence of white sucker (Catostomus 
commersoni) fry in rivers upon organisms drifting from marshes for a major portion of their 
food. This is probably true for endanJl;ered suckers of UKL system as well. The trend of 
wetland acreage reduction throughout the Upper Klamath basfn has undoubtedly been harmful 
to endemic fish populations. 

Several reports investigating larval and juvenile suckers indicate the importance of wetland 
plants in providing habitat cover, forage and pockets of increased water quality (Klamath Tribe 
communication 1993; Buettner and Scoppetone 1990; Coleman et a1. 1988). The issue of water 
quality for the fish in the lake is one of longer term as something must be done soon to help the 
suckers survive or long term goals will be meaningless (Klamath Tribe 1993). There is also 
some evidence that a lack of nursery habitat (i.e. emergent macrophytes), especially along the 
lower Williamson River and nearby shoreline of UKL is contributing to the problem. This 
habitat is needed to protect the larvae from wave action along the eastern shore of UKL and 
would also provide refuge from predators. These macrophytes could also provide pockets of 
less stressful water quality. 
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Wetland Restoration 

The importance of wetlands to many aquatic species and waterfowl has been well 
documented (Langner and Heimlich 1989; Odum 1989; Pisler and Unkel 1989; Van Dijk and 
Van Donk 1991). . 

Historically sucker larvae would emigrate through a meandering Williamson River into its 
delta area and into the adjacent shoreline areas of UKL which contained diverse stands of 
emergent macrophytes. Since 1940, the Williamson River has been channelized, and the delta 
and adjacent 12 miles of UKL shoreline diked and drained for pasture and forage production, 
leaving little of the original vegetation along shorelines (Klamath Tribe 1993). This is probably 
the most significant alteration affecting the life cycle of the suckers because these major nursery 
areas, undoubtedly used by sucker larvae and juveniles for rearing, feeding and predator 
avoidance, have been virtually eliminated. Channelization causes the larvae to reach in the lake 
sooner, which exposes them to poor water quality both at a younger age and for a longer 
duration. Emergent macrophytes are no longer present in large enough quantity to provide for 
food production (small zooplankton such as flagellates, rotifers etc.) or predator avoidance from 
exotic piscivores such as yellow perch, fathead minnows (Klamath Tribes 1993), or even 
natural predators such as sculpins. 
1987). 

The prevailing notion among the scientific studies is that the reduction of habitat and 
conversion of wetlands to pasture and grazing lands has contributed significantly to the problem 
in two ways: reduced larval/juvenile habitat and increased non-point nutrient runoff which 
aggravates water quality problems. There is no credible evidence or argument to counter these 
ideas. Indeed the relationship between loss of wetlands, channelization of the lower Williamson 
River and increased intensity of monocultures of A. fios-aquae with decreased water quality 
over the last eighty years or so, seems to indicate the major problem for the fish is a lack of 
suitable habitat. 

Fish and Wildlife Service Recovery Plan 

The USFWS, as part of an agreement settled in Federal Court on April 21, 1992, has 
completed a final Lost River and shortnose sucker recovery plan and designation of proposed 
critical habitat. Critical habitat means i) the specific areas within the geographical area occupied 
by the species at the time it is listed, on which are found those physical or biological features 1) 
essential to tlIe conservation of t..l}e species and IT) which may require special management 
considerations or protection; and ii) specific areas outside the geographical area occupied by a 
species at the time it is listed upon a determination by the Secretary that such areas are essential 

, for the conservation of the species. The term conservation is defined as bringing the species to 
a point of recovery where it can be delisted. 

Designation of critical habitat does not create a management plan for listed species and does 
not automatically prohibit certain actions, establish population goals, or prescribe specific 
management actions. The criteria for designating critical habitat is based on the presence of 
physical and biological features considered essential to the species conservation. Such criteria 
include space, food, cover, breeding sites and protection from disturbance. Qualitative criteria 
for critical sucker habitat included: 

I. current and historical range; 
2. suitable spawning and migration habitats; 
3. areas likely to provide water quality (pelican Bay, springs, wetlands); and 
4. areas likely to reduce fragmentation of populations. 
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The critical habitat units proposed are described below. 

I. Clear Lake and watershed - Clear Lake supports a large population of shortnose 
suckers with consistent recruitment and a diverse age structure. Lost River suckers 
are present, but accurate population estimates are uncertain. 

2. TuJe Lake - Lost River and shortnose are present and in relatively good health but 
population estimates are uncertain. 

3. Klamath River - older shortnose suckers are present in Copeo Reservoir, both 
species are reported ill other reservoirs between UKL and Iron Gate but little is 
known about these fish. Upper boundary of this unit is the Link River Dam. 

4. Upper Klamath Lake and watershed (excluding Williamson and Sprague Rivers)
contains both species but has suffered severe declines with lack of recruitment. 
Unit includes Upper Klamath and Agency Lakes below the highwater line, portion 
along the west side of UKL and much of the Wood River watershed. Also large 
wetland areas associated with the lakes' shorelines and the floodplains of tributary 
streams and rivers. 

5. Williamson and Sprague Rivers - contains primary river spawning habitat. although 
degraded, for uId. populations of both speCies. The lower Williamson River is -
considered important as a larval rearing habitat and may provide important water 
quality refugia for adult suckers during summer algal blooms. Unit extends from 
mouth of Williamson River upstream to the confluence of the Sprague River, then 
up the Sprague River to upper limit of the presumed historic distribution near the 
confluence of Brown Creek. It includes the I OO-year floodplains along both the 
Williamson and Sprague Rivers, as well as some of their tributary streams. 

6. Gerber Reservoir and watershed - no Lost River suckers present, but shortnose 
apparently health and has successfully recruited 

The USFWS, under authority of the Endangered Species Act, will analyze activities of 
within critical habitat areas and consider whether adverse impact to the sucker species would 
result from the activity. 

The intent of the USFWS recovery plan is to accomplish the following: 

1. Improvements in the condition a.nd extent of riparian vegetation for Upper 
Klamath Basin streams and rivers. 

2. Increases in the extent and connectivity of riparian and lake associated 
wetland areas. 

3. Re-establishment of functional aspects of floodplains in Upper Klamath 
Basin streams and rivers. 

4. Improvements in water quality in both lake and stream environments. 

5. Gradual return to more natural or historic hydrographs for basin streams 
and rivers, which would likely result in lowering of average peak run-off 
flows, and a general increase in summertime base flows. 

6. Establishment of healthy and stable refugial sucker populations. 
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SECTION 5.0 

THE ROLE OF WETLANDS 
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5.1 UPPER KLAMATH WETLANDS - FUNCTIONS AND 
VALUES 

Cultural 

According to Gordon Bettles, Cultural Heritage Specialist for the Klamath Tribe (personal 
communication), the native people of the Klamath Basin are known as the Water People. They 
are identified as members of three regional groups: the people of the lakes, Euksiknii; the 
people of the marsh Euksi; and the people of the river, Gogekni. The people of the Klamath 
lakes area are known to have developed a culture that is adapted to the specialized lake and 
marsh environment (Zucker 1983). It is the periphery of the lakes and the adjacent streams, 
springs, and marshes, with their rich resources of fish, mussels, and waterfowl which have 
made possible the sustenance and development of the tribes. These sources have provided all 
the things to the people such as shelter, food and many of their legends. 

Historically, tribal settlements, which were located where fish could be caught most of the 
year, were found clustered densely upon Klamath Marsh and the eastern shore of Agency Lake 
and UKL, extending down to Link River. They were also found along the Williamson River. 

The "First Sucker" Ceremony 

The "First Sucker" Ceremony was reintroduced in 1989 by tribal elders who expressed 
their concerns for the recovery of the sucker fish ("c'wan") population. The Fourth Annual 
First Sucker Ceremony, held Saturday, March 13, 1993, brought together members of the 
Klamath, Modoc and Yahooskin tribes. To insure a propitious run offish the Klamath observe 
the "first sucker" ceremony at a spot on the Sprague River where the tradition was first 
instituted. 

In this ceremony tribal elders, who have been specially appointed to perform the ceremony, 
were reported to direct their prayers for the rejuvenation of both land and water systems, for 
"c'wan" the Lost River sucker, and for the protection and help of all the people who show 
concern for the fish. The ceremony, which is almost exclusive in its leadership by tribal 
elders, marks a tribute to the largescale sucker of "yen" as it is called by the Klamath. 

The SweatIodge Ceremony 

The sweatlodge ceremony is a purification rite which requires the use of pure a.~d clea."1 
Klamath basin water. Historically, the people have used the small, semi-subterranean 
sweathouses to cleanse themselves with steam and prayer, a ritual followed by a quick plunge 
into the nearest river (Stern 1965). The Modoc, which historically relied more upon hunting 
than did the Klamath, were known to sweat before hunting to render themselves ritually pure. 
Today, this purification rite is still performed by tribal members. 

Lore 

Objects like large rocks in any conspicuous place were often though to be filled with 
power. A large rock iIi the Sprague River just down river from Medicine Rock Cave was 
believed to have curative power. Medicine rock cave was believed to be the home of the 
culture hero, Kemukurnps (Cressman, et al. 1956). The lakes and rivers of the Klamath basin 
are also included in the Klamath Tribe creation story, which is not written (Gordon Bettles, 
personal communication). 
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Water Transportation 

Tending fish traps and other food-gathering activities, required the use of a wooden canoe: 
(Howe 1979). Historically, the Klamath and the Modoc, utilized both boats and rafts to 
navigate the vast waterways of the Klamath area. Their boats were dugouts hewn from a 
single (ree and made in two basic designs. Those dugouts used in shallow marshes were 
shallow and low draft in design. Each end of the canoe sloped upward to allow for easy 
forward or backward maneuvering. They had no keel and were propelled by using a hand 
pole. 

The enhanced pole was a pole split at one end and a length of wood was inserted to spread 
the split apart. This. "Y" configuration minimized the chances of the pole sticking in the thick 
mud of the bottom (Klamath County Museum). 

The navigation of large rivers and lakes required a more substantial dugout than the type 
used on the marsh. The deep water dugouts were Jarger, heavier and deeper, with a high-draft, 
so that the user was able to sit, and using a cedar paddle in place of a pole, could efficiently 
propel the dugout. The large, deep water dugouts were capable of carrying loads of 
approximareJy J 800 pounds (Ibid). 

Wetland Plant Uses 

Plants which have provided in the past and still provide today the main materials for basket 
making include the rule Scirpus lacustr;s and the cattail Typluz lati/olia. These plants can be 
found around the shores of the lakes and marshes and within the quiet water of the rivers. In 
the past, the conunon cane Phragmites phragmites was used for constructing the compound 
arrow and also as a food source. From the bark of the nettle plant were derived. the fine, strong 
fiber used for thread and cordage for fishing. 

HistOrically, the Klamath and Modocs used the marsh tule and willows to make containers, 
rafts, clothing, shoes and shelters. While most of the marsh rule were used for construction of 
mats, the willows were used for construction of baskets and cradle boards. The mats may have 
been made for separating the ground-seed of the yellow water lily "wocas" (Nuphar 
polysepalum). They may have also been used for gambling mats. Large tule or cattail mats 
served to cover the house floors, as well as the rafters of the winter house (Howe 1968). 

In order to harvest food, which might have involved several miles of travel on foot, or a 
trip in a canoe, "carrying" or "burden" baskets were made. These baskets, which were 
constructed of split wil10w and split rule, may still be made by tribal members today. 

Traditionally, the Modoc used the split willow design for making cradleboards, while the 
Klamath used a solid board with skin attachments to contain the infant. Some tribal members 
may still be making and using traditional cradle boards for carrying infants. 

Plants from the Klamath basin still have an important role in the lives of the Modoc and the 
Klamath. The use of native plants for medicinal purposes, the creation of traditional crafts and 
sacred objects, and other purposes insures the preservation of traditional methods and culture. 
The use of native plant~ by local people also helps supplement local income. 
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Food Abundance 

An historical account by Cressman (1962) reports that Klamath Lake once contained great 
numbers of fish; and in eariier times salmon and trout moved up from the sea to spawn. Tne 
feeder streams were known to harbor mussels. Around the lake and in the marshes lived 
countless waterfowl. Until after the arrival of the white man, deer, elk and bear, including the 
grizzly, shared the scene with predators like the cougar, wolf and coyote. Many varieties of 
seeds, roots and bulbs were used for food. In the sloughs and streams and in the great 
Klamath Marsh, wocas once covered thousands of acres. At one time, wild cherries and plums 
were very common and huckleberries, ipos roots and camas were found in the mountains. 
During the spring season, the lower end of the tule shoots were tender enough to serve for 
food. Even the cambium layer of the yellow pine was eaten in the spring when winter's 
hunger often lay heavy on the villages. 

By the tum of the century it was reported that some of the natural food resources had begun 
to dwindle due to intensive use. Fish became less abundant and observations were made that 
both prairie chicken and water fowl had been overhunted (Stem 1965). 

Agriculture 

Historically, tobacco was the only type of plant the Indian of the Kiamath Highland were 
said to propagate: Nicotiana attenuata, Ceanofhus velutinus, Arctoslaphylas patula, and 
Slaphylas nevadensis (Howe 1968). 

Wocas 

Together with fish, the seeds of the wocas (Nuphar polysepalum) formed the most 
important main staple of the Klamath's diet (Howe 1968). While these plants are to be found 
at other places along the Williamson and Sprague Rivers, the main source of supply was the 
Klamath Marsh. Woeas is found to grow at a level between the open water and the tule. 

According to Stem, 1965. Federal Indian Agents once described woeas as the most 
important single food of the Indians; and its specialized preparation as one of the most distinct 
features of their subsistence technology. Their exploitation also resulted in new technological 
developments to better achieve this end (Cressman, et al. 1956). 

The dependence on this resource was a major factor in the seasonal movements of the 
viii ages and in the women's activities at certain times of the year. Its importance is emphasized 
further by the circumstances that the month of its harvest, August. marks the beginning of the 
Klamath year. Woeas gathering was also reported to be preceded by shamanistic performances 
to ensure a plentiful crop (Stern 1965). 

Stem, 1965, recorded that woeas longed remained a staple for the Klamath. He describes a 
first hand account taken in 1881. by a traveler named Knickerson. noting that each family 
gathered some five to fifteen bushels. he added "this woeus. with dried fish, forms a large 
portion of the food of those who have not the money with which to purchase flour and 
groceries". 

Presently, the gathering of wocas is allowed by enrolled tribal members only and no permit 
is required (Gordon Bettles, personal communication). Large tracts of woeas are still 
harvested at Hanks Marsh and other UKL wetlands. 
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Fish Uses 

HistoricaHy, it was reported that salmon and various varieties of trout, suckers, and smaller 
fish were all to be had in abundance in the Klamath Basin (Cressman 1956). However. the 
main fish. which ranked with wocas as a subsistence food. was a type of sucker often called 
the mullet (Howe 1968). 

Howe (1979) gave a first hand account give by Glen Kircher of Chiloquin. who describes 
the three different types of sucker in the Lutuami language: 

The "yan" runs in late March and weighs about 2 pounds. "Thekoptu" runs in 
April and w.eighs from 4 to 8 pounds. The big sucker. "tsuam" runs in May 
and weighs about 20 to 25 pounds. During their migration in the Williamson 
River the "tsuam" are accompanied by small suckers "hishtish" and lamphreys. 
The time period for the sucker migration is brief, only about three weeks. 

It was also noted that suckers migrate up the Williamson and Sprague rivers during the month 
of March. 

The Klamath basin people were known to fish with a variety of dip nets, gill net baskets. 
two pronged harpoons and the multi .. barbed spear (Howe 1968). Howe (1979) also describes 
a method of preserving used by the Klamath that would take care of large quantities of fish 
without using salt or other preservatives: 

"The dry spring winds and high-altitude sunshine helped in the curing process. 
The fish were split and hung on willow rack for drying. Sometimes slow fires 
were used to help keep flies away from the drying fish. A good job of drying 
could mean a longer period of storage which. in tum. meant less hunger during 
the winter". 

Game Uses 

Historically. the Modoc relied more upon hunting than did the Klamath. The favored 
hunting grounds were reported to be in the east where Klamath and Modoc pursued antelope. 
muledeer. and mountain sheep with bow and arrow and dogs (Stem 1965). 

The Pelican Bay people of UKL were known to dri ve deer into the water near their 
villages, where the women, waiting in canoes; would kill them. Nets were used to take 
waterfowl. and to trap beaver. otter. and rabbits (Zucker 1983). 

Hunting and Fishing Rights Today 

According to the Klamath Tribes. the ability to exercise treaty hunting. fishing. trapping. 
and gathering rights is vital to the culture and well being of Klamath people today. The 
development and application of the Klamath Tribe Wildlife Management Plan. has proven the 
tribe capable of sound and effective fish and wildlife conservation and management. 

The Klamath Indian Game Commission (KIGC) which was established in 1975. is 
responsible for developing the Klamath Tribe Wildlife Management Plan for maintaining an 
optimum level of wildlife and for setting and enforcing regulations for the exercise of treaty 
hunting and fishing rights by Klamath Tribal members. Treaty hunting, fishing. trapping. and 
gathering rights may be exercised only by enrolled members of the Klamath Tribe. All tribal 
members over 12 years old exercising treaty hunting. fishing or trapping rights are required to 
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have a Klamath Tribal identification card. All hunting and fishing regulations and restrictions 
are strictly enforced by the Klamath Tribe. 
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purposes mclude antelope, bear, elk, mule deer, and bobcat. Game birds include grouse 
pheasant, quail, ducks, coots, and geese. ' 

Today, the KlGC lists the mullet/sucker as presently in danger of becoming extinct. 
Extensi ve research is being done to determine how to restore the population. The bull trout is 
also awaiting listing on the Endangered Species List. 

The staff of the~a~ath Tribe Natur~l Res~urce Depa~ment ru;e currently i~volved in many 
asp~cts of fish .and WIldlIfe mana~ement 1~c1udmg m?mton~g of fIsh and WIldlIfe populations, 
habItat .evaluatlOn and data ~oll~ctlon, habitat restoratIOn proJects, enforcement of tribal game 
regulations. They also provIde mput to state and federal management agencies in planning 
activities that may effect fish and wildlife habitats and populations. 

Presently, the KlGC reviews and evaluates technical and scientific information provided by 
the staff, and provides direction in dealing with the many natural resource issues addressed by 
Natural Resource Department staff. 

Preserving Cultural Resources 

Federal agencies are required by law to inventory, protect, and enhance resources of 
historical and archaeological significance on lands under their management. Cultural resources 
are non-renewable in that once they are destroyed, information pertaining to particular historic 
or prehistoric structures, sites, districts, or objects is lost forever (Toepel, et al. 1980). 

Toepel et al. (1980) states that the significance of cultural resources may be evaluated from 
two perspectives: "scientific" importance and "community" importance. The scientific 
significance of cultural resources concerns the amount and kind of scientific information that 
they may contain. Whereas community significance relates to the status of a specific resource 
in terms of its meaning to the community in which it exists. A cultural resource may have both 
significant scientific and community values, or it may have little scientific importance while at 
the same time be of considerable community significance, for example, if it is related to an 
important person or local event. 

Waterfowl Habitat 

The Upper Klamath Basin is an essential fall and spring resting area for migrating Pacific 
Flyway waterfowl (Bottorff 1989), so much so that four of every five Pacific flyway birds 
passes through it annually (Wood 1995). The Basin is locate~ at the junction of two major 
routes in the Pacific Flyway, and becomes the temporary restmg grounds for mallards, 
redheads, gadwalls, white pelicans, California and ring-billed gulls, Caspian terns, and blue 
herons (FWPCA 1966). The Basin is the major fall staging area of cackling Canada geese and 
white-fronted geese (Bottorff 1989). 

Early accounts of waterfowl in the basin are dramatic. According to the testimony of old
timers, great hordes of ducks and geese "literally blackened the ~kies" (USFWS 1960). It has 
been estimated that six million waterfowl and water-dependent bIrds used the Upper Klamath 
Basin at the beginning of this century (Bottorff 1989). A 1956 USFWS document st~ted that 
"the average annual waterfowl production of young birds approaches 200,000, of whIch Yule 
Lake and Lower Klamath Lake produce over 120,000". Ten-year averages of78,000 ducks 
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and geese produced annually, with pre-1960 peaks of 112,000 were computed by the U.S. 
Fish and Wildlife Service (USFWS 1960). More recent estimates of annual ducks and geese 
produced are 48,000 (USFWS 1991). 

Whereas overall numbers of waterfowl annually using the Basin have apparently declined 
from six million at the beginning of this century to one million at present, certain species have 
declined even more severely. Sharp declines in cackling Canada geese and white-fronted geese 
have recently occurred. White-fronted geese have declined in the Pacific Flyway only. Ross 
and snow geese numbers are also down substantially from 20 years ago (Bottorff 1989). A 
precipitous reduction in mallards, pintails and canvasbacks has also occurred and may be due 
to long-term drought (Ibid). The nationwide decline in duck-breeding habitat has the effect of 
increasing the impQrtance of all remaining breeding habitat, particularly for those species in 
sharp deCline (Ibid). _. 

Annual bird counts are conducted throughout the Basin (Figures 5.1 through 5.4) and may 
include birds on some private lands (Jim Hainline, personal communication). Although the 
primary habitat value of the Basin is as a spring and fall resting area, most counts are 
conducted in winter. Winter is also when most species are at their lowest numbers, and thus 
the true value of the area may be underestimated (Ibid). 
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Annual dabbling duck counts in Upper Klamath Lake National Wildlife 
Refuge, Klamath Marsh NWR, and private lands (UKL other). Data source: 
USFWS 
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Annual diving duck counts in Upper Klamath Lake National Wildlife Refuge. 
Klamath Marsh NWR. and private lands (UKL other). Data source: USFWS. 
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Annual geese counts in Upper Klamath Lake National Wildlife Refuge. 
Klamath Marsh NWR. and private lands (UKL other). Data source: USFWS. 
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Protected Habitat 
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A_noual bald eagle counts in Upper KJa.l!lati! Lake National Wildlife Refugc, 
Klamath Marsh NWR, and private lands (UKL other). Data source: USFWS. 

Approximately 180,000 acres of the Basin are under the management of the U.S. Fish and 
Wildlife Service as National Wildlife Refuges with an additional 25,000 acres managed by the 
State and other organizations (Table 5.1). Lower Klamath Lake was established in 1908, 
becoming the nation's first sanctuary for migratory waterfowl. At the time, the area was a 
natural overflow sump of more than 80,000 acres. Subsequently, the area was drained and 
shrank to almost nothing (FWPCA 1966). It was not until the middle 1930's that a balance 
between agricultural and wildlife interests was achieved, allowing more water to flow into the 
refuge. Presently, the lower refuges (Lower Klamath and Tule Lake) are intensively managed 
and contain large tracts which are in agricultural rotation. Although managed by USFWS, the 
refuges are not guaranteed water rights, but rather depend on irrigation return flows or water 
left after existing water rights for agriCUltural uses are satisfied. This dependence results in 
significant quantities of pesticides, salts and heavy metals being deposited in the refuges. The 
Federal 'Vater Pollution Control Agency (1966) and t..'1e USGS (Sorenson and Schwarzbach 
1991) have conducted studies confirming the toxicity of pesticides and other pollutants to 
waterfowl in the lower refuges. According to Bottorff (1989): 

"It must be remembered that although the USFWS manages a large portion of 
the Klamath Basin for waterfowl refuges, the Bureau of Reclamation controls 
the inflow, outflow, and quality of water for agricultural production on the 
refuges and, to a certain extent some State-managed wildlife areas, thus 
impacting the security of waterfowl production and maintenance. " 

The approximately 52,000 acres of refuges in the UKL watershed do not rely solely on 
irrigation return flows, and pesticide use appears to be relatively minimal in the UKL area. 
Water quality in the refuges, except for those affected by UKL) has not been identified as a 
problem in these refuges. 
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Table 5.1 National Wildlife Refuges and other protected areas in the Upper Klamath Basin 

Refuge 
Lowei Kla.Ulat..~ 
ClearLake 
Bear Valley 
TuleLake 
Upper Klamath 
Klamath Forest 

Total 

Protected Area 
Shoal water Bay 
Squaw Point 
Wood River Marsh
SycanMarsh 

Total 

Date est. 
,nnn 
l:1VO 

1911 
1978 
1928 
1928 
1958. 1990 

Date est. 

1980 

Size (acres) 

5 i,7 i3 
33,440 
4.120 

38.908 
14.376 
37.377 

179,934 

Size (acres) 
500 
400 
100 

24.000 
25,000 

North American Waterfowl Management Plan 

Comments 
intensively managed 
LRsuckers 
wintering bald eagles 
15.000 acres farmed 
marsh and open water 
diversity. restricted use 

Comments 
ODPW. unrestricted 
ODPW 
ODPW 
Nature Conservancy 

In 1986. Canada and the U.S. established the goal of increasing waterfowl in North 
America to population levels experienced during the period 1970 through 1979. Although no 
target numbers or specific habitat acreage were identified for the Klamath Basin (target 
waterfowl numbers are compiled for the North American continent), the Plan reaffirmed the 
importance of the Klamath Basin as a waterfowl migration and production area Loss and 
degradation of habitat were determined to be the primary and continuing waterfowl 
management problem in North America (Ibid). The Klamath Basin Concept Plan for Habitat 
Protection states that: 

"Greatest needs are to protect nesting habitat and spring-migration categories, 
which would aid in achieving goals to increase duck numbers (mallards, 
pintails, canvasbacks) and cackling Canada and white-front geese in flyway, as 
identified by the North American Waterfowl Plan." 

Agricultural developments, primarily draining of wetlands for cropland forage 
production and intensive grazing on remaining wetlands, continue to be the 
primary problem in the Klamath Basin" (Ibid). 

Three habitat protection strategies are put forward by the Plan: 

1) maintain status quo; 

2) improve quality of existing wetlands, primarily by properly managing 
grazing and water use; and 

3) restoring wetland features of croplands and certain grasslands by breaching 
dikes andlor eliminating or reducing drainage. 

A fourth strategy would allow the USFWS, in conjunction with the affected Sta~ resource 
agencies, to actively pursue certain water rights through the Bureau of Reclamation for . 
improvement of waterfowl habitat on the existing National Wildlife Refuges. This approach IS 

supported by key legislation (USFWS Coordination Act and Migratory Bird Treaty Act). 
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The Conservation Reserve Program of the Fann Bill (Food Security Act) could. with 
proper pricing levels, supply economic assistance to select landowners to develop and maintain 
waterfowl habitat on certain categories of cropland. Executive Order 11988, addressing 
protecting of flood plains, should be implemented to the fullest to help protect riparian 
corridors throughout the Basin (Bottom 1989). Continued close coordination with the Soil 
Conservation Service and AgriculturaJ Stabilization and Conservation Service CO implement all 
provisions of the Farm Bill would be a major benefit to securing and enhancing waterfowl· 
production and migration habitat (Ibid). 

The Concept Plan, which sets protection of existing werlands as its primary goal in the 
Basin, includes a list of Basin sites. mostly privately owned, considered critical for protection 
(Table 5.2). The lis.t is based on habitat value, degree of threat, permanence, size (at least 100 
acres) and ability to support other species of concern. 

Table 5.2 Waterfowl Habitat Protection needs in the Klamath Basin. Source; BOllorff 1989. 

Area and Loution Acres Priority 

I. The Wood River Marsh-mouth of the Wood River. public 200 medium 
2. Solomon Aau-nood plain of the Williamson River. private 1.000 high 
3. Montgomery Farms-north of tbe Upper Klamath NWR, private 3,000 medium 
4. Agency Lake Farms-adjacent to Montgomery Farms and on the east side t6.000 high 

of Agency Lake. private 
5. Sprague River Valley, scattered tracts between Sly and Beatty. private t,500 medium 
6. Aspen Lake located southwest of UKL , Weyerhaeuser 3.700 medium 
7 . Caledonia Marsh-fonnerly pan of UKL and is pr;scntiy in row crops. 3,200 bigb 

private 
8. Wocus Marsh-south of Caledonia Marsh and presently in row crops, 3,850 medium 

private 
9. Round Lake-southwest ofUKL. private 700 high 
10. Long Lake Valley-adjacent 10 Wocus MaISh, private 800 Jow 

Almost three-fourths of an the remaining wetlands in the United States are privately owned 
(National Research Council 1992). In the Basin, many private lands are crucial in supporting 
existing numbers of waterfowl (Bottorff 1989). In the UKL watershed, private grazing lands 
support large numbers of Canada geese, but are usually unsuitable as most duck nesting sites 
due to lack: of cover and disturbances (Jim Hainline, personal communication). Allhough che 
vast majority of waterfowl use occurs on palustrine, lacustrine and riverine wetlands. many of 
the small ditches and irrigation canals may also harbor nesting and migratory waterfowL 

Current Waterfowl Management Objectives 

Much of the historical wetlands !hat have been diked and drained around UKL were 
"deepwater" marshes. Deepwater marshes are typically 2 to 6 feet in depth and, in the UKL 
area. probably contain wocus (Nuphar polysepalum). bulrush (Scirpus ocutus). and pondweed 
(Potomageton. sp.). These marshes are considered the most desirable for restoration efforts 
because they provide nesting and feeding habitat for canvasback, redheads, and other locally 
occurring ducks (Jim Hainline, personal communication). Redheads and canvasback nest in 
emergent vegetation approximately 20 to 40 inches in height and prefer to to 25 percent open 
waler in marshes alleast one acre in size (Mitch Farro, personal communication). Migratory 
diving ducks need foods such as invenebrates and pondweeds that are common in deepwater 
marshes. 
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In general, the wildlife experts interviewed for this report felt that the UKL vicinity holds 
most promise as restored habitat for duck species such as redheads and mallards rather than for 
Canada geese. Canada geese have become very plentiful in the area due to the abundance of 
pasture land (Jim Hainline, personal communication; Ron Cole, personal communication; Don 
Davidson, personal communication). The Williamson River Delta is a particularly critical area 
because restoration efforts would benefit early life stages of endangered suckers as well as 
waterfowl species (Jim Hainline, personal communication; Bob Davis, personal 
communication; Don Davidson, personal communication). Don Davidson of the Oregon 
Wetlands and Waterfowl Association, also stated that Caledonia Marsh and the embayments 
east of Highway 97 are preferred wetland restoration sites. 

Importance of Wetlands to Wildlife 

According to the Oregon Water Resources Board (1971): 

"Diking and reclamation of marshland for agricultural purposes have had some 
impact on the fur bearer's habitat; especially mink, beaver, otter, and muskrat. 
Water quality and quantity are important limiting factors in habitat of these 
species whose requirements are similar to waterfowl. Predatory fur bearers 
such as wildcat, coyote, and fox are also affected by reclamation of marshlands, 
due to the fact that these areas are the major producers of their prey." 

Many wetlands are among the most productive of natural ecosystems, exceeding even the 
best agricultural land (Mitsch and Gosselink 1993). Wetlands provide food, cover, and 
nesting areas for waterfowl. Although wetlands comprise approximately five percent of the 
conterminous United States land surface, they are required by more than one-third of the 
federally endangered and threatened plants and animals for some portion of their life cycle 
(Ibid). 

According to Akins (1970): 

"The wetlands of primary value to waterfowl are those which contain a variety 
of habitats and vegetation types. Areas which provide ample supplies of food, 
cover, nesting sites and permanent water experience more intensive use by 
wildlife than areas which lack one or more of these components. The fresh
meadow, flooded basin and saline-flat wetlands are less valuable for wildlife 
use than are the shallow and deep fresh-marsh types." 

Most aquatic invertebrates, amphibians. reptiles and fish benefit from wetlands that are 
connected to other bodies of water: 

"Total fauna diversity and abundance are generally high in fresh water wetlands 
where surface water connections to other wetlands or bodies of water allow the 
unrestricted movement of water, materials, and fauna in and out of the 
wetlands; where the water level is allowed to fluctuate naturally; where the 
vegetation has great structural diversity and so on." (Clark 1978) 

In addition connected wetlands provide colonization opportunities for fish, invertebrates, 
reptiles and ao.:phibians. In tum, these are attractive to migratory or hi~hly mobile sJ?l:cie~. 
Vegetation structure such as floating macrophytes, have greater macro-invertebrate dIversity 
and biomass than nonvegetated areas. Semi-.permanent wetlands ~e more ~iverse and 
productive than temporary ones, and fluctuating water levels can stImulate !tfe cycles of some 
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wetland vertebrates (Ibid). According to Lester Flake (1978). in discussing wetland diversity 
and waterfowl: . 

"The value of closely associated and numerous namral wetlands seems 
especially important for species with a small home range such as blue-winged 
teal. Pintails and shovelers each utilize several different wetlands types within 
the home range although canvasbacks use deeper wetlands, they too utilize a 
community of wetlands during the breeding season ... 

Wetlands 5llppOn the food chain by through both primary productivity and detrital-based 
pathways. Perhaps the most imponant way in which wetlands contribute to the food sources 
of various wildlife species is the manner in which they reguJate the conversion of inorganic 
nutrients such and nitrates and phosphorus (which enter with runoff) into organic compounds. 
This suppons the food. chain because most invertebrates and fish cannot directJy use these 
substances in their dissolved inorganic fonn; only their organic byproducts are useful (Adamus 
and Stockwell 1983). 

Other Wetland Dependent Species 

The northwestern pond turtle (C/emmys marmorala mannorata) is a federal candidate 
species and an Oregon state sensitive species. This subspecies ranges from British Columbia 
south to San Francisco Bay (Ernst and Barbour 1972). The turtle is thoroughly aquatic and 
inhabits ponds. marshes. slow-moving streams and irrigation canals with rocky or muddy 
bottoms and abundant aquatic vegetation. M~or foods include adult and larval insects. fish. 
worms, and crustaceans. It also feeds on wocus pods (Nuphar po/ysepalum). 

Shoalwater Bay, a shallow bay (2 foot) with emergent vegetation, was once diked, drained 
and farmed, but the dikes deteriorated and the site became re-flooded. The State purchased the 
area in the 1950·s. Oregon Department of Fish and Wildlife (ODFW) staff have seen pond 
turtle nests in Shoal water Bay and nearby upland areas around and on Squaw Point and 
considers wetlands around UKL important to aquatic animals like young pond turtles (Ralph 
Opp. personal communication): 

"Rearing habitat in the fonn of 1-3 foot deep water with Cover provided by 
__________ -'"c .. m""'ergent vegetation is critical for the ~oung of both RQ-:n",d'ctu",rtI"-;;esSanc:d"ii'su:e,c,,,k ... c __ r ________ _ 

species. The predation rates on both of these groups is ex.ceedingly high 
without such cover. Most of this type of habitat has been lost around the lake. 

In the 1970's, bullfrogs, which prey on young of pond tunJe, were very abundant in UKL. 
Since this time. the frogs have become very scarce, although it is not known why. 
According to Ralph Opp of the ODFW. the removal of littoral wetlands around UKL. which 
provide both cover and food. is likely the cause of the severe decline of these reptiles. 

Water Storage 

Wetland Hydrology 

A wetlands ability to store water is dependent on its hydrologic regime or water budget. A 
wetland receives water as precipitation. surface flows. flood. flows and/or groundwater 
discharge. Wetlands lose water tp evapotranspiration, surface outflow. and/or groundwater 
recharge. On an annual basis. most wetlands are more or less in hydrologic equilibrium, but 
on a seasonal basis. many wetlands provide short-tenn water storage. 
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Some wetlands are relatively impervious to groundwater exchange. These wetlands 
typically have soils with poor permeability and the water source is restricted to surface water 
runoff. with losses occurring through surface outflow or evapotranspiration. Water levels can 
fluctuate widely in this type of system. Prairie potholes and vernal pools are examples of '. 
wetlands with little groundwater exchange. 

Many we~lands in the ~amath Basin experience seasonal groundwater exchange. 
Wetlands whIch ~ more mfl~enced by groundwater ~xchange will have water levels that are 
?etter buffered agamst dramatIc seasonal changes (Mitsch and Gosselink 1993). Groundwater 
mflow to the wetland occurs when the water or groundwater level of the wetland is lower than 
the water table of the s!lrroundin& land. These are called discharge wetlands. a term coined by 
groundwater hydrologist to descnbe the fate of g!'oundwater. Springs and seeps often occur at 
the base of steep slopes because the land surface mtercepts water table, resulting in surface 
water. This type of wetland is fairly common along the base of the Cascades on the western 
margin of UKL. 

Conversely, recharge occurs When the water level in the wetland is higher than the water 
table of its surroundings. When this occurs, surface water from the wetland "recharges" the 
groundwater. The same wetland may both discharge and recharge, depending on the levels of 
the water tables at any given time. The exchange is driven by Darcy's Law, which states that 
the flow of groundwater is proportional to both the hydraulic gradient (head) and the hydraulic 
conductivity, or the capacity of the soil to conduct water flow (Mitsch and Gosselink: 1993). 

Wetlands that form in wide shallow expanses of river channels are heavily influenced by 
the seasonal flow patterns of the river. Floodplains or "riparian wetlands" receive water when 
streamflow exceeds bankfull discharge, and may receive groundwater flows from upslope as 
well. These types of wetlands were once prevalent along the Sprague River where they 
mitigated flooding by receiving significant portions of the runoff. Today, most of these areas 
have been diked so that flooding is infrequent. 

The water that is delivered to floodplain wetlands is discharged by evapotranspiration and 
by subsurface flow to adjacent streams. The rate at which this subsurface flow is returned to 
the stream is dependent on the hydraulic gradient, and the hydraulic conductivity of the soil. 
Hydraulic conductivity (soil permeability) can vary by several orders of magnitude. For 
example, a clay may allow water movement at the rate of 0.0000005 em/sec, whereas a sand 
does so at 0.05 cm/sec. Peat permeability can range from less than 0.000012 to 0.00150 
cmlsec (Mitsch and Gosselink 1993). 

Evapotranspiration 

There is much interest in the ability of wetlands to store water without evapotranspiration 
(ET) losses that exceed those found in open waters (Eo) such ~ reservoirs. Stu~ies on ET in 
wetlands vary significantly in location, methodology, study penod and other vanables. For 
example. one study measured ET from tanks that were located on the periphery of a 
bulrush/cattail study area. Investigators demonstrated. that actual .wetlan~ ET from b~lrush and 
cattail is about 40-50% of that indicated by tank expenments outside their natural environment 
(Young and Blaney 1942). In general, it is preferable to rely on wetland ET studies that have 
been done near the proposed project area. However, comparisons of wetland ET to open 
water ET in the Upper Klamath Basin have not been conducted. 

Field studies conducted to determine if the presence of wetland vegetation increases or 
decreases water loss relative to open water have produced various results. On-site studies in 
the prairie pothole wetlands of North Dakota and in papyrus wetlands in Uganda, and 
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numerous tank studies, have indicated that the wetland vegetation results in either no 
appreciable change or a decrease in water loss relative to open water (ETlEo < 1). However, 
many studies have found ETlEo ratios much greater than one. Most of the studies that indicate 
ETlEo greater than one were conducted in vegetated areas that are small in areal extent with 
small area to perimeter ratios (Gearheart et al. 1993). Many studies have not based their ETlEo 
comparisons on equal plane surface areas of both open water and vegetated areas. 
Furthermore, overall findings seem to indicate that the ET rates and ETlEo ratios are, to some 
extent, unique to the particular species of vegetation. In particular, they vary with the height of 
the vegetation and morphological differences between species such as the degree of stomatal 
control that each species exhibits. The size of the vegetated water body and the degree of wind 
and sun sheltering provided by surrounding site features combine to affect ET rates (Ibid). 

It has been well established, however that macrophytes with little or no peripheral surface 
area (the average height of the vegetation times the circumference of the stand of vegetation), 
such as lesser duckweed, reduce water loss compared to open water from large bodies of water 
(Ibid). Over extensive water bodies, the presence of tall aquatic vegetation (2.1 to 5.9 feet) 
increases water loss compared to open water by approximately 40 percent. Over smaller 
bodies of water, the water loss is increased by two to four times that of open water. Shorter 
aquatic vegetation (0.2 to 1.2 ft) oVer extensive water bodieS resulted in water loss rates rnuch 
lower than that from tall vegetation and in some cases less than open water evaporation (Ibid). 
Short plants, whether floating or emergent, have little to no peripheral surface area from which 
ET can take place. On the other hand, tall, emergent and floating plants have considerable 
peripheral surface area from which ET can occur. 

Average ranges of wetland ET to open water ET ratios (ET lEo) for commonly used wetland 
restoration vegetation such as bulrush and cattail, are 1.8 to 3.1 for bulrush and 1.4 to 2.3 for 
cattails. The ratio is greatest during the growing season and may reach a value near or below 
1.0 in the winter months. 

Economic Value of Wetlands 

The economic and recreational value of wetlands in the Basin is primarily from hunting, 
trapping and various non-consumptive activities such as bird watching, canoeing, and 
photography. The economic value of waterfowl in the Upper Klamath Basin is substantial. In 
the U.S., over 10 million ducks are taken by hunters yearly (Chabreck 1978). Waterfowl 
harvest rates in a particular geographic icgion are directly related to the amount and quality of 
the habitat available. In 1975, an estimated 4.8 million Americans participated in duck hunting 
(Ibid); and the major portion of harvest of pintails, American widgeons and shovelers is in. the 
Pacific flyway. A 1951 survey calculated that 20 percent of gross receipts of motels, hotels, 
gas stations, restaurants and sporting-goods stores in Malin. Merrill, Klamath Falls and Tule 
Lake were from hunting expenditures. The dollar value was determined to be approximately 
2.8 million, with a minimum of 55 percent from non-local hunters. In 1995 dollars, hunting 
associated revenue is about 

In addition to these consumptive uses of wildlife, the strategic location of the Klamath 
Basin makes it critically important as a deterrent to crop degradation by waterfowl in the San 
Joaquin Valley. 

Trapping is a full-time winter occupation for some Basin residents, particularly members of 
the Klamath Indian Tribe. The trapping of furbearers such as beaver, mink, muskrat and river 
otter was valued at $35 million for the 1974-75 season. The Oregon portion of the Basin has 
the highest take of muskrats and mink in the state (Bottorff 1989). 
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Other recreational activities such as photography, bird watching and canoeing, occur to a 
significant degree in the Basin. According to a recent report by the USFWS, Americans spend 
$ i 8 biiiion a year to watch wildlife, triple what they spend on movies or sponing events. 
Birders alone spend $5.2 billion (The Conservation Fund 1995). Tourism and recreation 
currently constitute the third largest industry in the Pacific Northwest, and the Klamath Basin 
Wildlife Refuges contribute several million dollars annually to the local and regional economy 
(USFWS 1991). 

Wetland Losses 

In a recent report to Congress, T.E. Dahl (1990) stated that, since the time of Colonial 
America, "the lower 48 states have lost over 60 acres of wetlands for every hour between the 
1780's and 1980·s". The state of Oregon, for this same time period, has gone from an 
estimated 2,262,000 to 1,393,900 acres of wetlands. a statewide reduction of 38 percent, 
compared to a 53 percent reduction nationwide. Estimates of the original extent of wetlands in 
the Upper Klamath Basin include 185,000 acres of shallow lakes and extensive marshes 
(USFWS 1991) and 350,000 acres if wet meadows and seasonally flooded basins and flats are 
included (Akins 1970). Overall in the Basin, 85 to 90 percent of original wetlands have been 
lost. 

The overwhelming reason for loss of Basin wetlands has been the conversion of these 
lands to agricultural uses, primarily sponsored by the federal government through the 1905 
Bureau of Reclamation Klamath Project (Akins 1970). The activities of private individuals and 
corporate farms have also converted Basin wetlands (USFWS 1989). The Klamath Project 
highly modified the drainage patterns in the area with the construction of 7 dams and 
reservoirs, diversion channels, drains, pumping plants, 185 miles of canals, 490 laterals and 
545 miles of drains (Bottorff 1989). The Klamath Project area covers 233,000 acres of 
irrigable land, of which over 200,000 is currently being irrigated (Ibid). 

According to the USFWS (1991), in 1899, the marshes of Tuleand Lower Klamath Lakes 
contained 187,000 acres of marsh and water and today only 25,000 acres remain. This trend is 
not strictly historical, as 34,000 acres have been drained since 1940 (Akins 1970). In addition, 
wetlands not actually converted by diking and draining have been significantly altered by land 
uses such as grazing. No estimates of the extent of habitat degradation of this type are 
available (USFWS 1991). 

The extent of original wetlands within portions of the UKL watershed were estimated by 
Akins (1970) from historical documents. In i 991, Carison (1993) examined aeriai 
photographs from the 1940s, 1960s and 1980s to estimate more recent loss of wetlands. Table 
5.3 indicates those estimates, as well as estimates of the present size of these areas, some of 
which were calculated from current maps. 

Beef-cattle ranching, which began in the mid-I 860s, was originally concentrated on the 
margins of Basin wetlands. In 1892, the leasing of Indian lands to whites began an expansion 
of the cattle industry, and areas north and west of UKL were brought into production. At that 
time, cattle ranching did not have a drastic effect on wetland areas because natural hay was 
used and drainage was not yet practiced (Akins 1970). Farming, however, required greater 
alterations: 
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Table 5.3 Historical wetland acreage around Upper Klamath Lake (Akins 1970; Carlson 1993) 
and estimated present sizes of those wetlands. 

Name 

Sycan Marsh 
Klamath Marsh 
Wood River watershed 
Pelican Bay 
Williamson Delta 
(mouth) 
Wacus and Caledonia 
Squaw Point 
Shoal water and Ban 
Bays 
Algoma Marsh 
Hanks Marsh 

Original Size 
(acres) 

25,000 
25,000-60,000 
60,000 
2,800 

12,000 

7,000 
300 

2,300 

1,000 
2,000 

Present Size When Altered 
(acres) 

24,000 <1900 
38,000 ? 
44,000 >1968 

500 1900 
1,160 >1940 

0 1916 
300 
500 19305 

0 1914 
1050 1914 

"In the basin of UKL, farmers began u'ie reclw-nation of wetland eUJbaymeuts in 
1889. The process was fairly simple in these areas. A dike was constructed 
across the mouth of the bays, and water pumped from the closed-off area out to 
the lake. Lateral ditches were subsequently extended throughout the area to 
complete drainage and to allow irrigation in the dry season. Dikes enclosing the 
wetlands areas south of Pelican Bay were constructed from 1889 to 1905 and 
resulted in the drainage of 23,200 acres. The drainage of the Wocus and 
Caledonia marshes (7000 acres) was accomplished after the completion of the 
Caledonia Dike and Wocus Canal in 1916. In 1914 the two embayments on the 
southeast side of UKL were diked off and drained, eliminating the looo-acre 
marsh in the Algoma area and 1000 acres of the Hanks Marsh. 

Under the terms of the General Allotment Act of 1887, the Williamson River 
delta passed to private ownership and was used for grazing. The area was 
known as the Williamson River Ranch and was not intensively used until the 
1940s, when it passed from the ownership of the California-Oregon Power 
Company to Tulana Farms. Reclamation in this area has been carried out by 
diking both banks of the Williamson River, and extending laterals 2 or 3 miles 
east and west from the river to drain the deila iands. 

In the area about 5 miles northwest of the Williamson River delta, Tulana Farms 
has changed the course of the Wood River and extended dikes and levees 
through 8000 acres of wetlands. The lowlands at the north end of the Klamath 
graben have been undergoing modification since the earliest days of settlement. 
At present drainage activities have affected about 15,000 acres of former 
permanent wetlands and about 20,000 acres of periodically flooded wetlands. 
Of the 60,000 acres of wetlands (during a high-water year) that existed in the 
lowlands area north of UKL, 23,000 acres of permanent wetlands have been or 
are being drained, 20,000 acres of periodically flooded wetland areas have been 
affected by drainage activities, and 17,000 acres of wetlands remain relatively 
unmodified. Current wetland drainage is principally in the Tulana Farms 
holdings west of Agency Lake ... (Akins 1970:73-76) 

Carlson (1993) concluded from aerial photograph analyses that 22,000 acres of natural 
wetland around UKL have been lost since 1940, about 75 percent of which occurred in the 

120 



Wood River Valley. More specifically, the greatest loss was between Crystal Creek and 
Agency Lake, where several sections were diked and dra.ined for agriculture. According to 
1940 aerials, approximately 60,000 acres of saturated ground was evident in the valley; 1968 
maps indicate 52,500 acres and 1989 maps show 44,700 acres. Although many of these 
diked and drained wetlands may still be classified as wetlands by the National Wetland 
Inventory (flooded a small to great amount of time), Carlson does not include them as 
remaining natural wetlands because they have lost most of the values and functions that a 
werland provides. On the other hand, Carlson points out that the use of the black and white 
photographs may have resuJted in an underestimation of wetland losses. 

Wetland Restoration Efforts in UKL Watershed 

The recent endangered status of two sucker species has shifted the emphasis beyond 
protection of critical habitat areas into acquisition and restoration (Jim Hainline, personal 
communication). All federal and state agencies in the Basin are working to protect the 
endangered suckers, which are threatened throughout their range. Deteriorating habitat 
conditions such as poor water quality and lack of cover to escape predation. are believed to be 
the primary cause of their decline (Ralph Opp, personal communication; lim Hainline. 
personal communication). Thus. riparian wetlands. as well as others which could provide 
refugia and suitable water quality conditions, may be targeted as restoration sites (Jim 
Hainline, personal communication). Particularly promising would be river delta areas or 
lakeside marshes near larval emigration sites. Such areas would provide both cover and 
improved water quality for the fish during their vulnerable larval and juvenile life stage, as 
well as providing waterfowl habitat 

Government based incentives do not currently exist in Oregon to encourage private 
landowners to manage for waterfowl habitat enhancement. The Wetland Conservation 
Reserve Program, sponsored by the Federal Fann Bill, offers payments to landowners for up 
to ten years for restoring wetland hydrology on their land. In J 989. the Program operated in 
Klamath County and was taken advantage of by an individual in Langell Valley, who 
convened the agricultural wetland to a private hunting club. One difficulty some land owners 
encounter when electing to stop cattJe grazing or other agricultural activities on their land is the 
fact that they will lose their water rights if the land is not utilized agriculturally at least once in 
five years (Jim Hainline, personal communication). Another hardship is the possibility of 
increased property taxes. 

Conclusions 

Marshes. riparian areas and open water were the envjronments that supported native 
peoples of the Klamath Basin. Area wetlands provided the Klamath Tribes with not only food 
and dwellings. but also fonned the core of their cultural activities. Both the "wocas" and 
sucker fishes are of particular importance [0 the Tribes. whose members retain hunting. 
fishing and gathering rights on tribal lands. 

Wetlands in the UKL area are critically located for waterfowl and are considered crucial in 
Pacific Ayway management efforts. The Upper Klamath and Klamath Forest Refuges are 
key habitat areas for the preservation of the redhead, a species that is in decline over most of 
its range. The Basin also provides the major fall staging area for cackling Canada geese and 
white·fronted geese, both which have been in sharp decline since the 1960's. The Jargest 
wintering concentration of bald eagles in the lower 48 states occurs in the Klamath Basin. 
Trapping of wetland dependent furbearers is a $35 million a year enterprise. Many other bird 
species, such as the sandhill crane and the yellow rail. have important populations in the 
Basin. Western pond turtles. a species under consideration for listing, uses the wetlands in 
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the area, but has declined over its range due to dwindling habitat (Ralph Opp, personal 
communication). 

Although estimates vary, 85-90 percent of original wetland habitat has been either 
completely lost or severely degraded to the point where they no longer perfonn their original 
functions. The extent to which this has effected waterfowl and other wildlife use is 
overwhelming but can only be appreciated by comparison with anecdotal accounts. Even 
areas set aside as wildlife and waterfowl habitat may not be able to control the amount and 
timing of receiving waters essential for maintaining viable habitat. Irrigation retum flows and 
lack of freshwater flows have created toxic conditions in the lower refuges. 

The type of wetJand which has been altered, generally lacustrine emergents, is of critical 
value to the local ecology. These habitats are used as nesting, feeding, cover, nursery areas 
for diving ducks, sucker species, fur-bearing mammals and untold other wildlife. Support of 
fisheries is enhanced by invertebrates and periphytic organisms supported by aquatic 
vegetation. The importance of these areas to basic food chain support cannot be 
underestimated. Restoration of wetland areas, improvement of existing wet areas, or creation 
of new wetlands, when properly done, is a mandatory step in reversing the trend of waterfowl 
habitat loss. 
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5.2 THE ROLE OF WETLANDS IN IMPROVING WATER 
nTT AT T'I"V 
'\"l w..J l"1.1...1.1..L .I. 

Background 

Recent research has provided substantial evidence that both natural and constructed 
wetlands remove nonpoint source pollutants from runoff (EPA 1993). These pollutants 
include sediment, nitrogen, and phosphorus. Wetlands and riparian areas have also been 
shown to attenuate flows from large storm events, thereby reducing hydraulic impacts such as 
channel scour, streambank erosion and fluctuations in temperature and chemical characteristics 
of surface waters (Mitsch and Gosselink 1993). In the past 20 years, increased attention has 
been given to the use of wetlands for improving the water quality of domestic wastewater. 
Water quality benefits of wetland systems include nutrient cycling and removal, sediment and 
total dissolved solids reductions, trace metals reductions and reductions in biochemical oxygen 
demand (BOD) (Gearheart et aI. 1992). 

The first official demonstration of the use of marsh vegetation for water quality 
improvement took place at the Max Planck Institute near Krefeld, Germany in 1957 by the 
iimnoiogist, Dr. Kathe Seidel (Tourbier i 976). In her studies, she noticed that buirush 
(Scirpus lacustris) grew more luxuriantly in polluted water than clean water. As an 
experiment, she pumped Rhine river water into one end of an artificially created bulrush marsh, 
and after a week or two detention time, found the effluent quality to be substantially lower in 
phosphorus and nitrogen, and higher in dissolved oxygen content (Anonymous 1975). 

Following Dr. Seidel's example, experiments sprang up in other parts of the world, 
including Africa, Japan, Canada, Finland, and Rumania. Dr. Joost de Jong of the Netherlands 
has applied the principles on a larger scale. Working in the polders of the Netherlands since 
1967, Dr. de long has developed a 25 acre tract of marshes which operates at a summer 
recreation and camping area in the F1evoland polder. Recreation sites along the lakes needed a 
treatment method that was easy to operate, had low installation and building costs, and low 
operating costs. An insensitivity to fluctuating loads and good purification results for 
phosphorus and nitrogen removal was also desired because of eutrophication problems to local 
streams (de Jong 1976). 

The system is composed of reeds (Phragmites australis) and bulrush (Scripus lacustris) and 
handles raw sewae:e from 300.000 beach visitors and 7.000 camoers everY summer. After 
flowing through the reeds, the wastewater then flows through stands of bulrush, whi~h .. -
accommodates the removal of a variety of micronutrients and other chemicals, mostly from the 
attached microorganisms but also from plant uptake as well. After two weeks detention time 
(366 meters flow distance), the polder achieves 90 percent nitrogen and phosphorus removal, 
and 99 percent bacterial reduction on an average. Suspended solids are at 30 mg/l after 
treatment, and the dissolved oxygen is increased by a factor of 35 (Anonymous 1975). 
Phosphorus removal efficiency at the Netherland site is good during the first 30 weeks of 
seasonal operation, but begins to decrease to almost zero in the last 30 to 35 weeks. When 
phosphorus elimination is desired, the load on the ponds must not exceed the uptake capacity. 
Sediments are removed once a year at the F1evoland polder (de Jong 1976). 

In the U.S., ongoing research on the use of wetlands for improving water quality has 
stimulated a number of communities to construct wetlands for municipal wastewater treatment. 
In general, constructed wetlands for reducing water pollution have been most effective for 
controlling organic matter, suspended sediments and nutrients (Mitsch and Gosselink 1993). 
Wetlands constructed to treat non-point source pollution has also occurred. Although there is 
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less experience in the design of these wetlands than with wastewater wetlands. experience to 
date has been encouraging, with evidence of significant nutrient and sediment retention (Ibid). 

Because of the importance of phosphorus to management issues in the Upper Klamath 
Basin. a brief discussion of the phosphorus cycle is presented below, followed by a detailed 
discussion of the mechanisms involved in wetland retention and transformation of phosphorus. 

The Phosphorus Cycle 

Phosphorus (P) is the most common limiting nutrient for plant growth and typically the 
most tightly conserved nutrient within freshwater ecosystems (Wood 1984; Gabrielson 1984; 
Welch 1980). Phosphorus, like all nutrients, constantly undergoes cycling during molecular 
processes such as uptake, transformation, storage, and release. The cycling processes involve 
the incorporation of inorganic material into organic matter and the subsequent mineralization of 
organic matter to the inorganic species. These processes determine the various molecular 
forms that contain P at a given time and location within the aquatic system. Equation 1 shows 
a simple stoichiometric model of the photosynthetic portion of the P cycle (Van Loon 1982): 

i06C02+16N03_+HP04Z-+122H20+18H+ + trace minerals + sunlight = 
[CI06H2630110N16]P + 13802 (I) 

The cellular product in Equation (1) shows the C:N:P ratio in algae to be about 106: 16: I and. 
the dry weight C:N:P ratio is 40C:7N: IP per 100. As stated above, P is typically the least 
abundant macro nutrient in freshwater systems and therefore the first element to limit biological 
productivity (Wetzel 1983). 

Major Forms of Phosphorus 

Phosphorus naturally occurs in soluble (dissolved) and insoluble (particulate) forms, and 
as organic and inorganic forms (Table 5.4). The major building blocks of living organisms are 
covalent molecules, polymers, proteins, polysaccharides, RNA, DNA, organic bilayer-lipid 
membranes (largely phospholipids) and salts (primarily calcium phosphate). Protein synthesis 
also requires P for energy which comes from the phosphate condensate adenosine triphosphate 
or ATP (Williams 1977). 

tviore than 90 percent of the P in freshwater occurs as organically bound phosphates and as 
cellular constituents in the biota, both within and adsorbed to inorganic and dead particulate 
organic material (Wetzel 1983). Lean (1973) found that 98.5 percent ofP in lakes was in algal 
and bacteria fractions, 1.16 percent in a high molecular weight colloidal form and 0.21 percent 
as dissolved organic phosphate (DOP). Generally, the algal-bacteria fraction is composed of 
picoplankton which turn over P very rapidly and phytoplankton that turn over P more slowly. 
Algae may use "luxury P-uptake" (in excess of immediate needs) and store it prior to an 
increase in population. Bacteria also secrete dissolved P which is taken up by algae, while the 
algae secrete dissolved organic carbon. Since bacteria are carbon-limited. the two exist in a 
mutually dependent state. Microzooplankton such as small protozoa, flagellates, and ciliates, 
graze the bacteria and detrital material while larger zooplankton graze algal and detrital particles. 
Of P released by both classes of zooplankton, about half is in the dissolved form. Thus two 
loops of P recycling exist between bacteria and algae with a turnover time of minutes, and 
between algae, bacteria and grazing zooplankton with a turnover time of hours to days (Wetzel 
1983). Small losses due to sedimentation may occur at each turnover. 
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The most biologically significant fonn of inorganic P is orthophosphate (OP), P04-3, 
which is absorbed by plants mainly as the H2P04- ion_ Most of the P data reported for 
freshwaters refers to total phosphorus (TP) (dissolved + particulate + organk + inorganic) and 
to inorganic soluble phosphorus, namely OP (Wetzel 1983)_ Unfortunately, many early 
studies of P in aquatic systems were only concerned with measurements of OP. Studies in the 
1920's to 1940's demonstrated, however, that stores of OP measured in open waters of 
photosynthetic zones of lakes and oceans were inadequate to provide the necessary 
requirements for production of phytoplankton. It is now understood that the recycling of P is 
quite rapid and that this regeneration can account for an immediate share of the needs of the 
system (Patrick 1976). 

Phosphorus in domestic wastewater is also found in the four partitions: organic, inorganic, 
dissolved and particulate (Table 5.4). Dissolved P in wastewater occurs as: 

I) orthophosphate; 

2) polyphosphates (often originating from synthetic detergents); 

3) organic colloids or phosphorus combined with adsorptive colloids; and 

4) low-molecular-weight phosphate esters. 

Particulate phosphorus occurs as: 

I) phosphorus adsorbed onto dead particulate organic matter or in 
macro-organic aggregations; 

2) rocks and soils, in which phosphorus is adsorbed onto inorganic complexes 
such as clay, carbonates, and ferric hydroxides; and 

3) phosphorus in organisms such as 
a) nucleic acids, which are not involved in the rapid phosphorus 

cycling, 
b) low-molecular-weight esters of enzymes, vitamins, etc., and 
c) nucleotide phosphates such as ADP and ATP (Wetzel 1983). 

Table 5.4 Major partitions of phosphorus in natural systems. Source: Mitsch and Gosselink 1993; 
Wetzel 1983. 

Phosphorns 

Inorganic 

Organic 

Soluble Fonns (dissolved) 

onhophosphates (H2P04 -, 

HP04-, P0 4-) 
polyphosphates 
ferric phosphate (FeP04 +) 

calcium phosphates (CaH2P04+) 

dissolved organics, e.g. 
sugar phosphates, inositol 
phosphOlipids, phosphoproteins 
nucleic acids e.g. RNA, DNA, 
nucleotide phosphates e.g. 
ATP, ADP 
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Insoluble Fonns (particulate) 

clay-phosphate complexes 

metal hydroxide phosphates 

minerals, e.g. apatite 

insoluble organic phosphorus 
phosphorus bound in 
organic matter, e.g. peat, 
algae, detritus, epiphytes, 
macrophytes. 



Laboratory Determination of Phosphorus 

The determination of the various forms of P in a laboratory does not necessarily correlate 
with the particular phosphorus species present. The analytical measurement of biologically 
available orthophosphate is often referred to as "soluble reactive phosphorus" although the 
equivalence between that term and orthophosphate is not exact (Mitsch and Gosselink 1986). 
Thus there is a vocabulary for describing forms of phosphorus to a biologist, and another for 
describing forms of phosphorus to an analytical chemist. 

When bound and complex forms of P are to be analyzed in a laboratory, they must first be 
converted to orthoRhosphate. Chemical analysis of orthophosphate centers around its reactivity 
with molybdenum, and the changes in reactivity during enzymatic and acidic hydrolysis of 
complex forms of phosphorus compounds as they are converted to orthophosphate. As far as 
the chemical analysis is concerned. there are four operational categories of aquatic phosphorus, 
differentiated by their reactivity with molybdenum, ease of hydrolysis, and particle size. These 
are: I) soluble reactive, 2) soluble unreactive, 3) particulate reactive, and 4} particulate 
unreactive. These operational methods do not necessarily correspond to a particular chemical 
species of phosphorus, nor to their role in biotic cycling (\Vettel 1983). 

Under the acid condition necessary for assay, some hydrolysis of organic phosphorus 
might occur and consequently the molybdenum blue method might overestimate the dissolved 
inorganic phosphate concentration (Williams 1977). Early investigators (1928-1931) did not 
filter samples. Thus, oxidized matter included bacteria and plankton. In this way, short chain 
polyphosphate may be hydrolyzed and included in the soluble phosphate concentration 
(Hooper 1973). 

Chemists introduced the term "soluble reactive phosphorus", which is defined as the 
phosphorus in a sample of millipore filtrate which reacts after 5 minutes in acidified molybdate. 
Although the equivalence is not exact, this report refers to results stated as soluble reactive 
phosphorus as "OP". 

Usually total inorganic and organic phosphate is separated for chemical analysis by acid 
extraction, the distinction between the two based on acid solubility, although there is no clear 
demarcati on between the two. 

Biochemical Processes Involving Phosphorus 

Bacteria seem to be the agents responsible for conversion of dissolved organic phosphate to 
inorganic phosphate. Dissolved organic phosphate compounds represent the more refractory 
compounds that decompose slowly and are frequently liberated by bacterial cells. The rate of 
turnover of inorganic phosphorus takes place in a matter of a few minutes in bacterial cells, 
whereas the dissolved organic phosphorus pool is turned over in a few hours. There is usually 
not a release associated with the growth phase of bacterial cells; the release is associated with 
their death (Patrick 1976). 

Although bacteria and fungi comprise only a small part of the total biomass, they are the 
essential organisms in nutrient cycling. Without microbial decomposition activity, nutrients 
would be permanently locked in plant and animal material. This is partially because bacteria 
possess a high surface area to volume ratio and have extremely rapid metabolic processes. 
Bacteria and fungi possess great metabolic versatility and utilize substrates as nutrient and 
energy sources that no other organisms can. Although they perform biochemical conversions, 
bacteria and fungi do not act alone in the mineralization of materials. There are a great many 
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interactions with other fonns such as the protozoa and insect larvae or zooplankton whereby 
rates of activity are accelerated or depressed. However. these higher fonos are dependent on 
the activity of the bacteria and fungi for continued existence (Wolverton 1976). 

Algae and some of the higher vascular plants such as Sparrina take up simple forms of 
phosphorus and secrete back into the water complex organic molecules. These complex 
molecules then become food for bacteria and larval stages of many organisms. and so the 
nutrients are recycled (Patrick 1976). Bacteria decompose organic matter and produce simpler 
foms of chemicals which are in tum utilized to promote growth of organisms, particuJarly 
algae. As a result, algal blooms quickly develop after bacterial action. In contrast. the detritus 
produced by algae and other aquatic plants is more slowly decomposed and usually does no! 
produce such a severe impact on aquatic ecosystems (Ibid). 

Algae and some higher vascular plants such as Spartina take up simple forms of 
phosphorus and secrete complex organic molecules back into the waler. These complex 
molecules then become food for both bacteria and larval stages of many organisms. 

Phosphorus cycling in the aquatic environment is characterized by plant and microbial 
uptake of dissolved inorganic phosphorus (DIP) through the processes of photosynthesis. 
chemosynthesis; and decomposition. Photosynthesis is (he most important factor in open 
water areas and changes in DIP concentration are largely related to variations in photosynthetic 
uptake. In areas with emergent vegetalion, epiphytic algae attached to aquatic macrophytes are 
often responsible for the greatest amount of DIP uptake. 

Storage of phosphorus in wetlands depends on: 

1) the removal of dissolved inorganic phosphorus (DIP) from the water by 
microbial and plant uptake; 

2) soil adsorption and subsequent sedimentatjon of particulate phosphorus; and 

3) incorporation of organic phosphorus inlo soil peat. 

The initial removal of D1P under natural loading levels is due largely to microbial uptake. 
but Lhis microbial pool is small and quickly becomes sarurated (Richardson 1985). 

________ ,-PJants_and_anima1s_may_also_excrete_DIP_during_metabo.lic_processes.~TheiLsubsequen[ _____ _ 
death leads to detrital particulate organic phosphorus (POP) and dissolved organic phosphorus 
(OOP) which is decomposed by microorganisms, which then release DIP. DIP is also released 
from POP and DOP by autolysis. 

The synthesis of all phosphorus compounds requires energy. Phosphorus is not an 
element which can be incorporated into bin-molecules without energy in the same way as 
nitrogen from ammonia, or carbon from sugar. or oxygen from water and air. By using photo
energy, combustion energy, or energy of sugar glycolysis, energy is transferred into the 

-------unstable~bond~of-pyrophosphate-in-A'FP~Phosphate~entering-Ibe-biological-system~is-oflen-----
handled along Ibe palb: 

and then, 
ADP + P = ATP (a higher energy level) 

A TP + XOH = XOP + ADP + energy 

A TP is at the center of energy transformations for chemical tran~fer (synthesis). uptake of 
chemicals across membranes, and contractile mechanisms, and it can be used as a storage 
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anion. The synthesis of ATP is·still not fully understood, but it is formed within mitochondria 
and chloroplasts. There are other pathways of phosphorus incorporation driven by glycolysis 
of sugar phosphorus. The pathway of glycolysis is one of interweaving ATP-driven and ATP-
using reactions of sugar metabolism which synthesize more molecules of A TP than are . 
degraded. 

The transfer of surplus phosphate into the vacuole is implied by the demonstration that 
steady state levels of A TP and other nucleotides change relatively little over a wide range of 
concentrations of applied phosphate. The total amount of phosphorus is meaningless from the 
point of view of economy of the plant; what is important is the amount in the cytoplasm that 
can be used by the chloroplasts or mitochondria. Gross analysis of plant bodies grown in 
varying phosphate concentrations show up to four-fold variations in the total phosphate 
concentration, but the functional concentration may not change. In other words. when one 
measures the amount of A TP and other intermediates, the differences between the plants 
exposed to varying phosphate concentrations turns out to be relatively small. Nearly all of the 
excess inorganic orthophosphate is stored in the vacuole. a phenomenon known as lUXUry 
uptake. Luxury uptake is sometimes used in modified activated sludge processes to remove 
soluble P from wastewater (Tchobanoglous and Schroeder 1987). 

Physical and Chemical Processes 

1. Sorption 

The primary physical-chemical phosphorus cycling processes in aquatic systems involve 
the sedimentation to and release from bottom sediments and the mud-water interchange. 
Physical structures that increase particulate settling result in the removal of adsorbed or 
organically bound P from the water column. Reduced water velocities such as those that occur 
in most manmade reservoirs. increases sedimentation. Sedimentation of detrital and living 
plankton results in a major loss of P from open water. Much of the sediment P is refractory 
and becomes part of the permanent sediments. Another fraction is mobile and under certain 
conditions can reenter the overlying water to furnish a feedback mechanism ofP (Welch 1980). 

The sorption of P onto clay particles is believed to involve both chemical bonding of 
negatively charged phosphates to the positively charged edges of clay. and the substitution of 
phosphates for silicates in the clay. Several soil minerals can participate in this reaction known 
~. !iga.nd exchange. Liga.nd exchange is the displa.cement of water molecules and hydroxy! 
groups coordinated with the iron and aluminum atoms and the coordination of oxygen atoms in 
the phosphate ions with the iron and aluminum (Nichols 1983). Many soil minerals can 
participate in this reaction. but the main ones are crystalline and non-crystalline oxides of iron 
and aluminum and non-crystalline aluminum silicates. Adsorption of phosphate by silicate clay 
minerals apparently occurs in a similar manner, with phosphate bonding to the aluminum atoms 
exposed at the edges of the clay particles. With calcite. phosphate ions replace adsorbed water 
molecules. bicarbonate ions. and hydroxyl ions (Karim. et al. 1984). 

In high phosphate solutions where eqUilibrium has been met with adsorption sites. the 
phosphale becomes physically adsorbed rather than chemically. Physically adsorbed 
phosphate is nol held as lightly by the soil particle as Ihose chemically adsorbed; it can easily be 
desorbed by water. When concentrations of phosphates are less than I mgll. chemical 
adsorption dominates. Concentrations greater than I mgll are dominated by physical 
adsorption (Karim. et al. 1984). 

In general. high phosphate adsorption by clays is formed allow pH levels at around 5 or 6. 
Ferric hydroxide. Fe(OHh. is most efficient at removing phosphates at a pH around 6. At this 
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pH, the ferric hydroxyl complex is formed onto which phosphate is sorbed. Aluminum 
phosphate, A \ P04, behaves similarly at a pH of 6, although it is less soluble than FeP04 
(\VeJch 1980). 

Results of some long-term applications of P show that soils can fix many times more P 
than estimated by short term laboratory adsorption studies (Nichols 1983). Soils that 
apparently had been saturated with adsorbed phosphate regained adsorption capacity after two 
to three months, probably because of occlusion and precipitation of adsorbed phosphate 
(Sawhney 1975). 

Adsorption and precipitation by soils is not necessarily a permanent sink for phosphate; it is 
a partially reversibl\! process. Reducing phosphate concentrations in contact with the soil will 
release some phosphorus into solution (Nichols 1983). This can occur by plant uptake or by 
flushing with low phosphate water, such as after a rainfall. A soil functions, to some extent, 
as a phosphate buffer in regulating concentrations of phosphorus in solution (Syers, et al. 
1973). Soils that adsorb phosphorus the least readily typically release phosphorus the most 
easily (Nichols 1983), 

An example of this fluctuation occurred in the city of Dundas, Ontario, which discharged 
their secondarily treated effluent into a 800 meter long canal that emptied into a 20 hectare 
wetland since 1919. In the summer of 1975, the phosphorus concentration was measured and 
found to increase 17 percent while passing through the canal. The phosphorus-rich sediments 
that had accumulated in the canal released phosphorus to the overlying later. Passage through 
the wetland then reduced the phosphorus content of the water by 35 percent. During 1975 to 
1979, the Dundas wastewater treatment plant was upgraded, effluent phosphorus concentration 
was reduced by about 85 percent, and the canal dredged with fresh soil exposed. Results from 
the summer of 1979 showed the flow through the canal decreased the phosphorus content of 
the wastewater by 49 percent, but now the flow through the wetland increased the phosphorus 
content by 65 percent. Phosphorus was released from phosphorus-enriched wetland soils to a 
relatively phosphorus-poor water (Nichols 1983). 

2. Diffusion from Oxidized Peat Soils 

The P content in interstitial water is often 50 or more times that in overlying water. 
Frequent destratification releases this to the productive zone. The high ratio of sediment 
surface area to water volume results in this high P content in the sediments (Welch \980). This 
high content must be considered if wetland manipulation, i.e. harvesting or dredging, is 
undertaken. This process also influences P concentrations of pore waters in peat soils that 
have been diked and drained around the margin of the lake. The water pumped from such 
fields in early spring may contain elevated concentrations of P for many years (Snyder \995). 

Phosphorus Removal in Wetlands 

According to Mitsch and Gosselink (1993: 140) "Phosphorus retention is considered one 
of the most important attributes of natural and constructed wetlands, particularly those that 
receive nonpoint source pollution or wastewater". Phosphorus distribution in wetlands is 
distinct, characterized by accumulation over long periods in the spring and summer, and 
discharge in sudden sPllrts in autumn and late winter (when temperatures warm for 
decomposition), especially after cold weather kills the flora. The greatest potential for 
managing nutrient uptake is to take advantage of this flushing process (Spangler et a1. 1977). 
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Phosphorus Cycling in Wetlands 

It is well established that natural freshwater wetlands often function as a sink for nutrients, 
especially for nitrogen and phosphorus (reviews by Nixon and Lee 1986; Johnston 1991). 
Nutrient removal in wetlands is facilitated by shallow water (which maximizes sediment-water 
exchange), waters of low velocity that allow sedimentation, high productivity of vegetation, the 
presence of both aerobic and anaerobic sediments in proximity, and the accumulation of litter 
and eventually peat (Mitsch and Gosselink, 1993). Due to the demonstrated success of natural 
and constructed wetlands in water quality improvement for high concentrations of nutrients 
(e.g., wastewater wetland studies such as Odum et al. 1977; Boyt et al. 1977; Kadlec and 
Kadlec 1978; Dierberg and Brezonik 1983, 1984, 1985; Knight et al. 1987; Brodrick et a!. 
1988, Knight 1990)0 interest has been sparked in the construction of wetlands to improve 
water quality by controlling nonpoint source pollution (Olson 1992). Over half of the sources 
of water quality degradation in rivers and streams are nonpoint sources, predominantly 
agricultural runoff (Baker 1992). 

Wetlands operate as nutrient sinks, sources, and/or transformers. An example of a nutrient 
transformation is the change from a dissolved to a particulate form, where the mass balance has 
not changed. Within the wetland nutrient cycling invol ves the conversion of P from an 
inorganic to an organic form and back to the inorganic form. Tnis cycie of materials involves 
changes from the particulate state to the dissolved state, and back again to the particulate state. 
Between the wetland and its surroundings, there may be exchanges between the terrestrial 
environment and the aquatic, as well as exchanges between the sediment and the overlying 
water (Bott 1976). A wetland can be both a source for one form of phosphorus and a sink for 
another (Mitsch and Gosselink 1986). According to Williams (1985), wetlands are superior 
natural nutrient sinks: 

"The ability of wetlands to act as a buffer may be higher per unit area than that 
of other aquatic systems such as open streams, ponds, lakes because: the 
storage compartments are large in relation to throughflow volume; the system is 
complex with many storage compartments which have different uptake and 
release mechanisms; retention times of water are long relative to open channel 
streams; and surface areas for nutrient exchange per unit volume of water are 
high." 

The ecosystem mass balance for P represents inputs minus exports plus intrasystem cycling 
from litter production, remineralization, and translocation of nutrients through stems and 
leaves. Few investigations have developed a complete mass balance for wetlands with 
measurements of all the pathways such as stemflow, root sloughing, detrital-water exchanges, 
and sediment-water exchanges, due to the complexity of such a model (Mitsch and Gosselink 
1986). A nutrient budget for an ecosystem requires sampling over several seasons and a study 
of biological uptake and soil adsorption capacity. The process of nutrient cycling, which in 
tum dictates the nutrient budget, is dependent on the hydrology, water chemistry, wetland 
species, and management practices. 

To develop models which predict the response of aquatic ecosystems to manipulation of the 
P input, the pertinent pools and transfer rates among the pools must be determined (Welch 
1980). Nutrient pools continually change size in any environment. Flux into and out of the 
system is important for understanding the functioning of ecosystems. Variations in the size of 
a given pool of phosphates may occur in a fraction of a day (Tourbier 1976). 

Phosphorus is absorbed very rapidly from the water because it is usually in great demand 
by microorganisms, and can be effectively sorbed by other particulate matter and chemical 
complexes. At the same time there is continual replenishment of dissolved inorganic 
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phosphorus (DIP) to the water from the solid phase such that the amount of P that can actually 
be measured at anyone time may be very small, but the rate of transfer to and from the water 
phase is very great. This rate of replenishment is ICf)own a~ P availability and represents the 
amount available for use by aquatic organisms. Concentrations of P at a point in time are 
therefore not an adequate indication of supply for algal production (Welch 1980). 

The source/sink relationship depends on hydrologic conditions, the oxygen status of 
sediments, lind activity of the biota, particularly emergent macrophytes. Rooted emergent 
macrophytes take up substantial quantities of phosphate from the sediments, but after tissue 
death, release 35 to 75 percent of the plant phosphorus (Richardson 1985; Nichols 1983). 
Thus a significant portion of the P assimilated during the growing season is flushed out during 
the non-growing season. 

Uptake of P is not necessarily a predictable process. Despite the fact that a substantial 
portion of nutrients have been translocated by the higher plants to the roots and rhizomes, 
usually there is a net export of nutrients in the fall and early spring due to litter fall and 
subsequent leaching. During the growing season there is a high rate of uptake of P by 
emergent and submerged vegetation from both the water and sediments. 

According to Williams (1985), P exchange equilibria is based on the simple model 
developed by HayeS & PhiHips in 1958 which vieWS P in aquatic systems as being disuibuted 
in a state of dynamic equilibrium between the water and the solids (plants, sediments and 
detritus). Each time new P enters the system, eqUilibrium is re-established, usually by solids 
taking up soluble P, so that the new equilibrium does not necessarily have increased soluble P. 
Over time, the exchange equilibrium can be viewed as having three phases, where x is the 
initial mass of dissolved P, y is the resultant dissolved P in solution, and y/x is plotted against 
time. In Phase A, the curve is a negative-slope straight line which flattens out when the 
system equilibrates and the output is constant. In Phase B, the output remains constant (flat 
/ine) until one of the storage components reaches capacity and the y/x ratio begins to increase. 
The increasing ratio continues in Phase C, until eventually y = x (the system is overloaded by 
the input). The y/x ratio can be changed by altering the rate of throughflow (changing the 
residence time). This model is not adequate for nitrogen when gaseous exchanges such as 
denitrification occur. 

Another example of this adsorb-release cycling process comes from a study of Wisconsin 
marshes receiving agricultural runoff and secondarily treated effluent from the village of 
Brillion (Spangler 1976). Phosphorus removal was recorded in the marsh system during the 
summer and fall. During spring warming, OP which is released by decomposition is flushed 
during flooding events. Thus, over an annual cycie, littie OP was permanently removed by the 
marsh. The net removal of OP by plant uptake is the amount retained in non-degradable plant 
tissue. Some benefit is still obtained by keeping OP out of the lakes during the summer 
growing season. 

In flowing water systems where there is a continuous downstream movement of water and 
particulate materials, the nutrient cycle becomes a spiral. An S-shaped path can be described in 
which nutrients move between the water and the particulate form. The spiral length index (S), 
is the sum of the distance traveled downstream during the soluble and particulate form of the 
nutrient, and is an measure of the utilization of nutrients provided to an aquatic system with a 
flowthrough. If nutrient utilization in a system increases, then S will decrease. Decreasing 
water velocity also decreases S. An increase, should there be one, of the regeneration rate of a 
nutrient will decrease the uptake rate and thus increase S (Williams 1985). 
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The Role of Macrophytes in P Cycling 

Wetland vegetation serves a number of important functions in purifying nutrient-laden 
water. The initial mechanisms for removing some of the nutrient load is by filtering and 
settling of inorganic and organic particulate matter. This occurs both by the reduction of flow 
velocities in the wetland, and by the interception of the particles with emergent vegetation. The 
vegetation also provides a substrate for the attachment of decomposer microorganisms, 
behaving somewhat like a trickling filter in breaking down dissolved organic matter (Nichols 
1983). 

A major difference between nutrient cycling of wetlands and lakes is that many wetland 
plants obtain their lJ.utrients from the sediments, while phytoplankton depend on nutrients 
dissolved in the water column. Wetland plants have often been described as "nutrient pumps" 
that bring nutrients from the anaerobic sediments to the above ground strata. Phytoplankton in 
lakes and estuaries can be regarded as "nutrient dumps" that take nutrients in the aerobic zone 
and, through settling and death, deposit the nutrients in the anaerobic sediments. Thus, the 
plants in these two environments can be viewed as having different functions in nutrient 
cycling (Mitsch and GosseJink 1986). An efficient wastewater treatment system would then 
utilize both of these natural strategies for nutrient uptake by providing open water for 
phytoplankton growth and vegetated areas for settling and filtering particulates. 

The extent to which aquatic macrophytes take their nutrients from the sediments by root 
uptake, rather than from the water by foliar uptake, has been discussed by the scientific 
community (Nichols 1983; Allen 1974). Recent literature supports the view that roots are the 
main site of P uptake (Gabrielson 1984). It had previously been thought that the roots 
functioned primarily as attachment organs. But it is now agreed that the soil is the principle 
source of P under natural conditions, depending on the relative P concentrations of the water 
and the soil. In other words, if there is more P in the water, foliar uptake predominates; if 
there is more in the sediments, root uptake predominates. Some species can change absorption 
sites depending on the nutrient levels in the soil and the water (Nichols 1983). It is the net 
effect of plants on the water column that is ultimately important to the analysis of phosphorus 
budgets. 

The net effect of rooted emergent vegetation is to transfer nutrients from the soil to the 
water. For example, in a Des Plaines River wetland study, the calculated uptake of P by 
macrophytes was higher than the amount supplied by the influent, indicated that some other 
source of P was utilized. Nonrooted plants such as algae, duckweed, and sphagnum obtain 
nutrients directly from the water, and the incorporation of their detritus into the soil is a net 
transfer of nutrients from the water to the soil. Both submergent and emergent vegetation 
release P when they die. This leaching of P is rapid after plant tissue death (Darkow 1988). 

Both submergent and emergent aquatic plants may provide a substrate for the growth of 
other species. This is particularly true for smaller microscopic invertebrates. Many attached 
(epiphytic) algae grow on the stems of rooted or floating aquatic higher plants. It is well 
known that many species of animals will eat the tips of these submerged plants in order to get 
the small diatoms and microscopic invertebrates that are attached to them (Patrick 1976). 

It has been shown that P stocks in the roots and rhizomes of Typha !alifolia are mobilized 
into the shoots early in the growing season. The total stocks can increase to over 4 g P/m2 

during the summer. In the fall, some P in the shoots is mobilized into below ground organs 
before the shoots die, but most is lost. by leaching and decomposition. By calculating the 
below ground deficit, this shift in P storage can be determined (Mitsch and Gosselink 1986). 
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In a Des Plaines River wetland study, the uptake of P by periphyton, phytoplankton, and 
submersed aquatic vegetation (collectively called water column uptake) was estimated to be 4 to 
6 mg·Pim2·week (approximately 0.2 - 0.3 g·P/m2·yr), well below the sedimentation rate or 
macrophyte uptake rate. However much of the uptake by periphyton remains in insoluble form 
and falls to the sediments in the wetlands. 

The normal plant root is part of a system involving microorganisms both on the root 
surface and inside the cells. Mycorrhizeas give rise to significant increases in the rate of 
absorption, primarily as a result of increased functional surface area. Less readily-available 
forms of P can be exploited by the microbes as well. Mineralization of insoluble phosphates 
such as apatite by bacteria and fungi is well known. The other major aspect of biological 
mineralization is that of hydrolysis of ester forms released during the breakdown of organic 
materials from both plant and animal origin (Williams 1977). 

Contrary to earlier views, older areas of undamaged roots are effective in absorption and 
transport of phosphate in addition to the apical zones of young roots. The mechanism of 
absorption transfer from the solution to the root and upward transport through the xylem is 
highly efficient. A separate metabolic mechanism is required for entry into the xylem. Xylem 
concentrations may be 1,000 times that of the external solution. In external water or soil, 
concentrations of free phosphate range approximately from 1 to 10 micromoleslliter. whereas 
in many living cells it IS around 1,000 rrllcromoles/liter. Therefore, assuming approximately 
equal pH, energy is needed to force phosphorus up the concentration gradient, which is 
provided by the biological system described by the Equation 1 (Ibid): 

where: 

Energy = R T In[(P}in/(P)outl 

(P}in = phosphorus concentration in tissue 
(P)out = phosphorus concentration in external water (or soil) 
R = 8.314 NmldegK mol 
T = temperature (degK) 

(1) 

The uptake energy defined in Equation I depends on pH. Low pH removes phosphate in a 
bound form described by Equation 2: 

(2) 

Thus, the more acid the outside medium is. the more energy is expended in bringing 
.... J... ........... J... ... _ ... ! ................... 11 ••• : .. 1... .... _U ... & "7 T .... _! ... _ ........... : ......................... L .... ....... A .......... u ....... _ n ,c ... _ _ ~ .... __ 1_ 
PUV",PUViU;:) un.u C1 .... ~1l wnu" }'1.1 Vi I • .LUlU'"' It;Q."-'UVlI;) \,.-all '-""' U;:),",U LV pUUIp C, lUi IO;A41UPIC 

with hydrogen ions or metal ions (Ibid). 

The Role of Detritus in Phosphorus Cycling 

Detritus (annual deposition of litter) plays a central role in the ability of rooted wetlands to 
retain nutrients (Davis & van der Valk, 1983). Extensive work by Howarth & Fisher in 1976 
showed that when nutrients were plentiful. the decomposing tissue acted as a locus for nutrient 
accumulation by micro-organisms, but when nutrients were in short supply regeneration to the 
water occurred (Williams 1985). 

The roles of fauna as nutrient cyclers are poorly understood. Howard-Williams & 
Allanson (1981) found that 17 percent of added 32P ended up in invertebrates (a high-rate 
filtering mussel may have contributed an exceptional amount). Waterfowl, herbivorous fish, 
and other animals may playa significant role in removing and contributing nutrients. Wetland 
fungi and bacteria create a large amount of vitamin B 12 which is necessary for the growth of 
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many algae and aquatic invertebrates. particularly in their young stages. This illustrates the 
importance of maintaining wetlands and littoral areas, not only for the fact that they absorb 
many of the nutrients which enter them. but also that they produce nutrients essential for a 
diverse aquatic ecosystem. 

Correll et a1. (1975) showed that following the addition of P to a cattail marsh plot, the P 
was rapidly inunobilized by the detrital layer microflora. In this form. P moved vertically 
downwards 'and horizoncalJy. There was no evidence of rapid P release to the through-flowing 
water. 

The Role of Mineral Soils In Phosphorus Cycling 

There is a great deal known about mineral soils and phosphorus adsorption from 
agricultural studies, but Jess known about organic soils and the behavior of phosphorus in 
wetland soils. The mechanisms of phosphorus fixation are the same however. being related to 
the soil's ash, iron, aluminum, and calcium c.ontcnt. 

Finer textured soils tend to have a greater potential for phosphorus sorption owing to a high 
clay content and increased hydraulic residence times. Coarse-textured, acid, or organic soils 
have the lowest capacity to retain phosphorus. Peat soils are both acidic and organic, but have 
some significant sorption potential due to the presence of iron and aluminum oxides (Reed er 
al . 1988). Organic portions of the soil have no capacity for P adsorption. 

Once the sediment bound phosphorus is "settled" in the waterbody, its availability is 
controJied primarily by redox potential, which is determined by oxygen levels. The oxygen 
concentrations at the mud-water interface, which usually includes the top 2 cm of sediment, are 
a funcrioD of both water volume and turbulence. In shallow eutrophic systems, depletion of 
oxygen occurs first at me mud-water interface because of the degree of decomposition there. 
At 25 C and pH 7, oxygenated water has a redox potential between 400 and 600 mv. In 
deoxygenated. water, the redox potential drops to about 120 mv, resulting in the transfonnation 
of iron from ferric to ferrous form (Mitsch and Gosselink 1993). The ferric fonn of iron wilJ 
complex with anions such as phosphate. and the ferrous form is soluble, thereby resulting in 
the release of iron bound phosphates. Thus, reducing conditions in the top mud layer can 
reJease phosphate (if complexed with iron) but upon reoxygenation of water column, 
phosphate is again tied up with the oxidized iron complex and resettles. Whether this chemical 
release and resedimentation result Ultimately as a net source for organism uptake, and a buffer 
to changes in the outside supply, depends primarily on the extent of mixing between bottom 
waters and the photic zone (Welch 1980). 

It is not always true that oxygen is totally depleted from the soil water of wetlands. There 
is a thin layer of oxidized soil only a few millimeters thick at the soil-water interface. Here, 
oxidized fonns such as feme (Fe3+) can be found. In the presence of the femc ion, oxidized 
soil has a brown or brownish-red color. The reduced iron form, (ferrous, Fe2+). which occurs 
in anoxious conditions, lends a bluish-gray or greenish-gray color to the soil. Disrupting the 
film of aerobic soil might disrurb the best location for phosphorus fixation in wetland soil. On 
the other hand, replacing P-saturated surface soil with phosphorus-poor, mineral-rich soil 
could be a planning design for P removal. 

A large artificial wetland at Vermontville, Michigan required seepage through the soil to 
account for 90 percent of the P removed (WilliatnS, 1980). Williatns argued that the system 
acted as a flood irrigation facility. Fetter, Sloey & Spangle (1976) .incIuded a control 
consisting of unvegetated basins similar to ones with Scirpus beds. The unplanted control 
performed almost as well as the vegetated. 
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For example, during much of the growing season in UKL. the shallow turbulent conditions 
result in a relatively well-mixed waler column and frequent resuspension of sediment. 
Episodes of low dissolved oxygen concentrations tend to occur more often as the growing 
season progresses and the build-up of dead algae create a larger oxygen demand; and as 
reduced lake volume provides less dissolved oxygen (Kann 1995). During periods of calm 
weather, the lake may quickly become anoxic and large releases of iron bound phosphates may 
occur. The likelihood of anaerobic conditions would be greater during winter ice cover. 

During well mixed periods. however, possible phosphate releases from deeper layers of the 
sediments would re-precipitate with vertical mixing and oxygenation. The redox potential is 
also affected by pH. Under high pH in short tenn experiments, even aerobic sediments have 
been shown to reJe3;Se phosphate (Welch 1980). Reactions with calcium occur mainly under 
alkaJine conditions. 

Case Studies 

A floodplain swamp in Nonh Carolina retained 62 to 66 percent of annual TP inputs from a 
watershed which was 30 percent agricultural (Kuenzler et al. (980). Peterjohn and Correll 
(1984), examining the role of a riparian forest in P retention in an agricultural watershed in 
Maryland. found that where farmers added 1.25 g P/m"yr to the cornfield. the riparian forest 
retained 0.3 g P/m2·yr. The P retention rate of a natural freshwater wetland adjacent to Lake 
Erie was subject to changes due to a fluctuating loading rate. This wetJand was estimated to 
retain from 17 to 52 percent of the incoming phosphorus, with the greatest retention occurring 
at times of high inflow and high lake levels (Mitsch and Reeder 1991). 

In one of the few studies of this type. Craft et al. (1989) used estuarine water to flood 0.1 
ha transplanted diked marshes. They measured the effluent only 24 hours after flooding and 
found that phosphorus concentration was significantly reduced from inflow to outflow during 
each flooding event. 

It is well known that dissolved inorganic phosphate is readily inunobilized in soils by 
adsorption and precipitation reactions with aluminum (AI), iron (Fe), calcium (Ca), and clay 
minerals. Reactions with Ca occur majnly under alkaJine conditions, while reactions with Al 
and Fe predominate in acid to neutral soils. 

Phosphate ions are thought to be chemically adsorbed onto the surfaces of hydrous oxides 
of Fe and A I by ligand eXChange, that is the displacement of water molecules and hydroxyl 
groups coordinated with the Fe and At atoms and the coordination of oxygen atoms in the 
phosphate ions with the Fe and AI. Kuo and Lotse proposed a simiJar mechanism for 
phosphate adsorption by calcite. in which the phosphate ions replace adsorbed water 
molecules, bicarbonate ions, and hydroxyl ions. 

Above concentrations of 1 mg DIPIl, physical adsorption processes dominate. Physically 
adsorbed phosphate is not held as tightly by the soil as is chemically adsorbed phosphate; it can 
easily be desorbed with water. 

'lbe chemical and physical adsorption of phosphate onto the surface of soil minerals is a 
rapid process. In addition to this initial fast reaction, slower reactions continue to remove 
phosphate from solution for periods of from several days to several months. However, the 
results of long-term applications of P from wastewater or fenilizer frequently show that soils 
can fix many times more P than estimated by short-term laboratory adsorption studies. 
However, a reduction in the phosphate concentration in the solution in contact with the soil. by 
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plant uptake or by flushing or dilution with low phosphate water, will cause the release of 
some P from the sediment into the overiying water. 

Permanent Removal of Phosphorus by Peat Formation 

The process of nutrient uptake in wetlands is distinct from other natural systems. One of 
the major ways wetlands differ from drier upland ecosystems is that more nutrients are tied up 
in organic deposits such as peat and are lost from ecosystem cycling. Wetlands are similar to 
deep aquatic systems in that most of the nutrients are often permanently tied up in sediments 
and peat. However, aquatic system nutrient cycling in the autotrophic zone of lakes and coastal 
waters is more rapid than it is in the autotrophic zone of most wetlands (Mitsch and Gosselink 
1986). 

Phosphate occurs as soluble and insoluble complexes in both organic and inorganic forms 
in wetlands soils. Soluble organic P and insoluble forms of organic and inorganic P are 
generally not biologically available until they are transformed into soluble inorganic forms 
(Ibid). 

The only known long term P sink associated with wetlands is the process of organic soil 
development. However, only a very small portion of P is accumulated in the soil. For 
example, levels of peat development from studies in Canada, Ireland, and Finland were 10 to 
100 glm2·yr, in Thoreau's bog in Massachusetts it is 180 glm2·yr. The amount of phosphorus 
accumulated in the peat ranged from 0.005 to 0.22 glm2·yr in these moderate to cold climates 
(Nichols 1983). The organic material itself has no capacity to fix phosphorus and organic soils 
rate low compared to mineral soils for phosphorus fixation. The long term phosphorus 
retention of wastewater application to organic soils requires further study (Nichols 1983). 

Microbial immobilization occurs when aquatic microorganisms mineralize inorganic p, 
thereby removing it from the water column. This procedure has been suggested as a 
mechanism for wastewater P retention by peats with high ratio of C to P. Kaila feels that 
because much of the organic matter in peat is resistant to decomposition, immobilization of 
added P may not occur in peats with a P content of more than 0.1 percent. Therefore, 
immobilization by microorganisms is not likely to playa significant role in the long-term 
fixation of P by peats, but may be important initially. 

At low loading rates, wetiands have the capacity to accumuiate much of the P applied, and 
to continue to do so for many years. However, as the loading rate is increased the efficiency of 
P removal declines rapidly. 

Estimates from the literature indicate that P accumulation in undisturbed organic soils is 
about 0.1 to 0.2 glm2·yr. The first one or two years of application, a higher Pretention 
efficiency can be expected, with 90 to 95 percent retention at low loading rates of 2 to 5 g of 
wastewater P/m2·yr and up to 70 percent retention at loadings as high as 10 to 15 glm2·yr. 
This efficiency will not be maintained, however. 

Despite the slow loss of P to soil development, this sink, along with the temporary storage 
in the biomass, must be well-understood if P removal is desired. The possibility of stimulating 
uptake andlor precipitation could result in a ·means of removal through biomass harvesting or 
sediment dredging. However, disturbing a wetland in this manner could have significant 
adverse effects both on a short term and long term basis. A better understanding of the sources 
and sinks of phosphorus could lead to a more efficient program of removal. 
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Several long tenn studies have given conflicting results of P-retention; some systems 
continuallv absorb P over decades of use. while others never ret.;n <;an;"".nt nllantir;". 
Recent work has indicated that the ability' of ;;etlands -to ~etai~-P-d~p~~'d~~~'ih~~~~t~;;t-~f 
extractable aluminum and iron, especially aluminum, in the soil (EPA 1985; Richardson; 
1985). Wetland soils are primarily silts and clays of very fine texture. (If the soil is 35 percent 
or less organic matter on a dry basis it is considered a mineral soil, otherwise it is organic or 
peat.) Where mineral soils occur in wetlands, the upper layers of the soil profile often contain 
organic peat (Mitsch and Gosselink 1986). 

Factors Affecting P Removal in Wetlands 

I. Phosphorus Loading Rate 

Freshwater wetlands are typically fonned by advance eutrophication of lakes, ponds, river 
deltas, and shallow basins with poor drainage. At low loading rates, wetlands have a capacity 
to remove much of the phosphorus applied and will continue to do so for many years. As the 
loading rate is increased, however, the efficiency of phosphorus removal can decline rapidly as 
the system becomes saturated (Nichols 1983). 

The P-Ioading capacity of a Cladium marsh in the Everglades was reached in only eight 
weeks by adding sewage effluent at a loading rate of 2.6 kglha·week. The loading capacity of 
temperate wetlands varies considerable due to microbial die-off and reduced temperature
dependent processes. 

Gupta (1977) studied the Houghton Lake wetland and simulated 100 years of inputs with 
discharges of up to 6000 m3/day containing 0.41 glm3 of OP. Gupta estimated that one fifth of 
the wetland (near the discharge) would have become saturated in 20 years. The studies indicate 
that detritus and sediments are the sites of long-tenn nutrient accumulation. The Houghton 
Lake wetland model has been shown to have good agreement with actual discharges over a 3 
year period. 

In a 3-year study of P retention in constructed wetlands along the Des Plaines River, 
wetlands treated river water under both high and low flow conditions (EPA 1993b). Despite a 
variable pattern of P concentrations in the river water delivered to the wetlands over the three 
year period, the average inflow concentration of TP was substantially greater than the average 
outflow concentration in all wetlands in all three vears (0<0.01). Very little difference was 
noted, however, in the percent decrease in TP between 'ihe high flow -and low flow wetlands 
for the first two years. For example in the two mineral soil wetlands with the most complete 
data base (No.4 and No.5), the average outflow concentrations decreased by 63, 92, and 87 
percent respectively for 1990,1991, and 1992 in low-flow wetland No.4 and by 62,90,78 
percent in high-flow wetland No.5. Third year data from both routine and intensive sampling 
suggest, as had been originally hypothesized, that the low flow wetland reduced the 
concentration of TP more effectively than the high flow system. 

A similar pattern was observed for soluble reactive P concentrations (-OP) which were 
generally 36 to 50 percent of the TP at the inflow, only 7 to 10 percent of the outflow TP 
concentrations in 1990, but 50 to 100 percent of the outflow TP in subsequent years. 
Reduction in SRP concentrations ranged from 80 to 92 percent in low flow wetlands and 74 to 
92 percent in high flow wetlands. In the low flow wetlands, retention of SRP decreased with 
each succeeding year. 

Higher percent retention in the low flow wetland was expected since it receives a lower 
load. However, in 1991, high flow wetland No.5 showed 96 percent retention of mass and 
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there was little difference between high and low flow wetlands in the percent removal of TP. 
In 1992, the low flow wetland No.4 once again retained a greater percentage of TP than did 
high flow wetland No.3 (53%) or high flow wetland No.5 (78%). Overall, the low flow 
wetland No.4 retained 8 to 11 mg·P/m2·week while the high flow wetlands retained from 26 
to 55 mg·P/m2·week. . 

Nichols (1983) analyzed nine natural wetlands receiving secondarily treated wastewater for 
between one and 69 years, including their hydraulic Nand P loadings and the percentages 
removed. He then plotted the percent P removed by each against the P loading (g P/m2·yr). 
The resulting relationship showed that "at low loading rates, wetlands have the capacity to 
remove much of the P applied, and continue to do so for many years. However, as the loading 
rate is increased the-efficiency of P removal declines rapidly." For example, at a loading rate of 
1.5 g P/m2'yr, about 68 percent or 1.0 g P/m2·yr would be removed from the water. If the 
loading rate increased by a factor of 10 , P removal would increase only 4.5 times. Three 
wetlands had outlying points which Nichols believes indicates that for the first 1 or 2 years of 
application a higher P retention efficiency can be expected, with 90 to 95 percent at low loading 
rates of 2 to 5 g P/m2·yr and up to 70 percent retention at loading as high as 10 to 15 g 
P/m2·yr. 

1.2 
--y = 0.012562 + 0.68026x R= 0.80441 i 

i • 
--. .. ········t··· ................................. '[" .................................................... -

.t> 
<'I 0.8 
~ 

. ., ............. ., ........................................................................................ ~ .......................... "f ........................... ; 

..:0: 
~ 0.6 
"Q .. 

: : ······················ __ ·····························t ........................... + ........................... -..... . 1 i . ................ 1' ...........................• 

• ;.. 
Q 0.4 e .. 
=: 0.2 
Q. 
Eo< 

0 

::.:.::.:.::.:::::::::::::~;~LJ::::.:::::.:::::::::.::.:::::::::.::::::::::::::[:::::::::::::::::.::::1 ._----. i.. i .• . : -' _. . . 

V·- : 
o 0.2 0.4 0.6 0.8 1 1.2 

TP Loading Rate (kg/ha/yr) 

Figure 5.5 Total phosphorus removal for various loading rates in several natural wetlands. 

2. Hydrology 

Hydrology is probably the single most important determinant for the establishment and 
maintenance of specific types of wetlands and wetland processes (Mitsch and Gosselink 1986). 
The hydrology affects the chemical and physical properties of the ecosystem, which in tum 
allow specific biotic system responses. Of the thousands of vascular plants on earth, very few 
are adapted to the conditions of waterlogged soils. The hydroperiod of the wetland is a water 
balance including the inflow and outflow, precipitation, evapotranspiration, surface and 
gioundwatei movement, the surface contours of the wetland, a..id subsurface soil a.,d 

138 



groundwater conditions. A wetland's hydroperiod describes the seasonal pattern of the surface 
and subsurface waler levels and most wetlands share this hydrologic signature with similar 
we.lands. For example •• he hydropenod for a .emporarily flooded we.land has been defined 
by the USFWS as "flooded for brief periods in the growing season, but water table is 
o.herwise well below surface" (MilSch and Gosselink 1993). 

The water balance of wetlands affects their structure and function by controlling the input 
and output of nutrients. Thus, nutrient budgets provide the basic framework for analyses of 
wetland nutrient dynamics. Where productivity and decomposition are rapid, so is the nutrient 
cycling. Organic accumulation in wetlands is controlled by the hydrology through its influence 
on primary productivity, decomposition races, and export of particulate organic maner (Mitsch 
and Gosselink 198~). 

Hydrological characteristics are essential to nutrient transformation in a wetland. 
Groundwater inputs and outputs are seldom considered in wetland nutrient budgets, however, 
groundwater controls the hydrology in certain types of wetlands (i.e. seeps, springs). Inputs 
of groundwater usually dilute wetland outputs and reduce nutrient concentrations (Williams 
1985). 

Conversely. evapotranspiration can cause nutrient concentrations to increase and water 
losses by evaporation vary from a low of 60 percent to well over 100 percent of those from an 
equivalent open water surface (Williams 1985). Ammonia leveJs, however, may be reduced by 
evaporation. Finlayson & Chick (1983) demonstrated that 32 percent to 49 percent of the 
added water in a Typha-Phragmites system was lost by evapotranspiration. 

Single flood events can wash out or deposit large quantities of nutrients. In general,the 
higher the flooding velocity of wetland throughflow, the greater the sediment input. This may 
be reflected in greater plant productivity along channel margins. The same events which may 
deposit inorganic sediments may, however, wash out organic matter. Mulholland et al. (1981) 
found that dissolved (passing 0.45 urn filters) N and P generally exceeded particulate fonns 
during non-flood (baseflow) discharges. During floods, dissolved Nand P increased but 
fluxes of P were dominated by the paniculate fraction. 

A wetland's hydrology leads to its unique vegetative composition. Primary production in 
wetlands is enhanced by flowing conditions and a pulsing hydtoperiod, and is often depressed 
by stagnant conditions. Primary production is greater with flowing water, less in sluggish 

________ =fl"'ow~. "an~d"least in still water. Flowing water can create a very uniform surface that mjg ... h~. c .. a"u"s"e ____ _ 
monospecffic standS to dominate. 

Wetland storage compartments have a finite capacity, which causes the area nearest the 
input site to become saturated first and gradually increase downstream (with z). When the 
length of the saturated zone equals z, the wetland is "saturated" and nutrient outputs will equal 
nutrient inputs. 

3. Morphology 

The morphology of the wetlands is also very important. As the depth increases, the chance 
for reactions to occur decreases. However, deep water allows for a longer retention time given 
rhe same hydraulic loading. Usually large P loading is accompanied by higher hydraulic 
loadings, so retention times are reduced. thus less time is available for P removal reactions to 
occur. Depending on the desired benefits, a system must be designed to allow adequate 
opportunities for treatment to occur, as well as utilize time and space in the most efficient way 
possible (MilSch and Gosselink 1986). A more de.ailed discussion of morphological 
characteristics is presented in Section 5.3. 
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4. Season 

In temperate wetlands, growth is closely coupled with temperature and day length, thus 
nutrient cycles in spring and summer are very different from those in autumn and winter. 
Previous studies found a greater than 50 percent reduction in P occurred in a studied marsh in 
summer due to biological uptake but a large export of P from the marsh took place in spring 
and autumn (Williams 1985). Klopatek (1975) attributed this to ice melt and decomposition 
respectively. Covering or reflooding dry soils can also be responsible for pulses of P. 

Net removal (or storage) of P by wetland systems on an annual basis does not take into 
account seasonal patterns of uptake and release (Mitsch and Gosselink 1993). Van der Valk et 
al. (1979) described the general pattern of nutrient uptake of both nitrogen and phosphorus as 
follows: 

" During the growing season, there is a high rate of uptake of nutrients by emergent 
and submerged vegetation from the water and sediments. Increased microbiological 
immobilization of nutrients and uptake by algae and epiphytes also lead to a 
retention of inorganic forms of nitrogen and phosphorus. By the time the higher 
pla.'1ts die, they have translocated a substantial portion of the nutrient material back 
to the roots and rhizomes. A substantial portion of the nutrients, however, are lost 
to the waters through litter fall and subsequent leaching. This generally leads to a 
net export of nutrients in the fall and early spring." 

This pattern has two potential benefits for eutrophication control: 

I) the problem of lake enrichment downstream of the marshes is decreased in the 
late spring and summer, the time of the most serious algal blooms in lakes; 
and 

2) it may be reasonable to "flush" waters from treatment wetlands only during 
the non-growing season, i.e. during periods of high flow and low growth 
potential. 

Examples of seasonal variations are common in the literature. In a Massachusetts marsh 
receiving secondarily treated effluent, phosphorus was assimilated the most rapidly early in the 
growing season, and much more slowly in the late summer and fall. A net release of P 
occurred in the winter (Nichols 1983). Although published results may easily attribute up to 
95 percent removal of total dissolved P, it is important to consider both the seasonal and long
term accuracy of such removal capacities. 

5. Age of Wetland 

Concern has been expressed over the ultimate retention capacity of wetlands as nutrients 
adsorb and precipitate at the sediment water interface (EPA 1985). When P levels in the 
sediment reach saturation after a number of years of receiving wastewater, wetlands will often 
display a reduced ability to remove nutrients. This process is known as aging, and suggests 
that maybe wetland disposal plans where nutrient removal is a concern should allow the 
wetland to rest from wastewater application, or should be designed larger over time as the 
wetland ages (Mitsch and Gosselink 1986). Phosphorus retention may be observed during the 
first few years of application, but eventual release of stored P can occur. 

Aside from vegetative uptake, P removal in many wetland systems is limited by the contact 
time between the wastewater and underlying soil. The exceptions are the submerged bed 
designs when proper soils are selected as the medium for the system. Adsol}Jtion and 
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precipitation reactions are major pathways for removal when wastewater has the opportunity 
for contact with a significant volume of soil, especially where infiltration and lateral flow 
through the soH are possible. 

6. Harvesting 

Because aquatic plants produce large standing crops and accumulate large amounts of 
nutrients, systems based on the harvest of aquatic plants have the potential to remove nutrients 
from wastewater effluent. Rapid plant growth, which is usually associated with harvesting, 
optimizes nutrient removal (EPA 1985). Harvesting wetland vegetation on a management 
program is probably the best means for actually removing phosphorus at this time 
(Tchobanoglous 19~9). The studies on this topic, however, are scarce. Most of the reports 
were conducted in sUbtropics or based upon uprooting the entire plant rather than harvesting 
the emergent shoots (Tourbier 1976). 

Studies of natural stands have shown the highest concentrations of phosphorus in young 
plant tissue with concentrations decreasing as tissues age. This suggests that the quantity of 
phosphorus removed could be maximized by frequent harvesting so that tissues are not 
permitted to mature completely. Theoretically, large quantities of phosphorus could be 
removed by ha.rv~sting just the upper plant shoots (Tourbier 1976). 

However, several factors must be considered when marshes are harvested. First, 
harvesting affects each species of plant in a different manner, and to a different degree. For 
example, species replacement can occur after harvesting. Second, harvesting at low water 
levels may stress the plants. 

The concentration of phosphorus in plant material increases linearly as ambient phosphorus 
increases, up until a certain level. This relationship holds for a variety of vegetative species, 
including Ceratophyllum demersum, Egeria densa, Elodea canadensis, Elodia nuttallii, as well 
as several species of Potamogeton spp. When the mean P concentration in the water during the 
period of growth is known, information from these relationships can be used to predict the 
potential amount of phosphorus removed by harvesting a particular amount of plant (Spangler 
1976). . 

The type of plant and frequency of harvesting does not necessarily dictate a consistent 
program for vegetative harvesting, because different plants respond differently to harvesting. 
For example, in a Wisconsin wetland, shoots were harvested from three sites with a hand 
sickle, 20 em above the surface, bi-weekly, monthly, and by a single harvest (Spangler 1976). 
The shoot samples were dried, screened, and analyzed for TP content. The results showed that 
on the average, a biweekly harvesting is somewhat belter at P removal. Each successive 
harvest of a given plot resulted in a smaller quantity of new material. This is because a smaller 
percentage of shoots continued to provide new growth from the intercalary meristem after each 
harvest, and subsequent growth rates were slower. Spangler (1976) found that even though 
the total amount of biomass harvested from managed stands was less than the total amount of 
biomass harvested from the control (a single harvest), more P was actually removed from the 
system by the plants which were harvested regularly (Table 5.5). 

At Michigan State University, a study by McNabb (1976) examined wetland wastewater 
treatment in temperate zones. It was determined that the timing of harvesting is important for 
phosphorus removal. The development of a wetland crop normally begins in the spring (about 
mid-May) from a low weight of reproductive tissue. By early June, the plant population 
reaches a rate of growth at which it doubles each I I days (on an average) for a period of 60-70 
days. At that time, a maximum standing crop exists and further growth is limited, by space, 
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nutrients. andlor light. Also. maximum harvestable P is contained in the vegetation at this 
time. 

Table 5.5 Total phosphorus harvested (g1m2) for various harvest frequencies and 
aquatic plants found in mixed natural stands (Spangler. 1976) 

S~cies Biweeklx Monthlx 

Scripu. /luviatili. 0.623 0.428 
Typha angu.tifolia 0.476 0.355 
Scripu. validus 0.368 0.387 
Sparganium eurypcarpum 0.432 0.388 
Average 0.475 0.389 

Control 

0.145 
0.140 
0.135 

no sample 
0.140 

If emergent plants are to be used for nutrient removal prior to release in natural waters. only 
the emergent shoots should be harvested to avoid the need to reestablish beds each year. The 
quantity of phosphorus removed can be amplified by frequent harvesting so that tissues are not 
pennitted to mature completely (Hansetter 1975) (Table 5.6). Harvesting must be regulated to 
allo'# t.l:!e p]~Ult to mature to t.'lJe point of developing flo\vering heads on t~e new shoots, not 
those previously severed. between harvests. This is important to optimize other conditions for 
water quality improvements. such as solids and BOD removal. 

Table 5.6 Total P removed (g1m2) by three harvest frequencies from mixed natural 
stands of aquatic plants (Hansetter 1975) 

Species 

Spargan;um eurycarpum 
Scirpus validus 
Typha angustifolia 
Total (g1m2) 

Biweekly 

0.0957 
0.2900 
1.2871 
1.2871 

Monthly Control 
(single harvest) 

0.1305 no crop 
0.1415 0.1231 
0.9106 0.4616 
0.9106 0.4616 

Harvestin!! was oracticed over a summer !!rowin!! season at the Arcata Marsh Pilot Proiect 
showed that no significant variation in OP occurred (Gearheart et al. 1986). The lack of' . 
response to loading indicated that the marsh cells were not P-limited. The harvesting did affect 
other water quality parameters such as BOD and suspended solids. however. Effluent BOD 
from the two unharvested cells were the lowest at 11.1 and 12.6 mglI. Cells harvested 50 
percent or more showed the poorest BOD removal. Better BOD removal was obtained when 
the last part of the cell was left vegetated. Lowest suspended solids were obtained by 
alternating harvested sections with unharvested section at 20 foot intervals. 

The combination of open water with emergent vegetation enhances the treatment capabilities 
in addition to providing wildlife benefits (Hull 1989). Open waters provide an important 
habitat for many animals. while emergent macrophytes slow the hydraulic flow and encourage 
settling and filtration of solids. The majoritY of nutrient removal. most notably nitrogen 
removal. takes place in the microbial activity of leaf litter. It was found in the Arcata Marsh 
Pilot Project that enhanced nutrient removal rates were obtained after an accumulation of leaf 
litter occurred (Wi1Iiarns 1985). 
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Effects of Nutrient Loading on Wetland Ecosystems 

Using existing wetiands for nutrient removal may promote changes in response to four 
factors: 

a) nutrient enrichment results in increased primary production, therefore 
increasing successional rates by increasing rates of litter deposition; 

b) nutrient enrichment causes species changes resulting in a proliferation of fast
growing plants with high surface absorption area to volume ratios such as 
filamentous algae and Lemnaceae. These may have a deleterious effect on 
redox conditions; 

c) nutrients are usually applied with a "carrier" such as sludge or animal manure, 
which may well have a more harmful effect to the system (BOD, heavy 
metals, etc.) than the nutrients themselves; and 

d) changes in the hydrologic regime, particularly retention time, can influence 
which species will become established or which will decline (Guntenspergen 
et al. 1993). 

A long-term record of wetlands in Norfolk, England indicates that eutrophication results in 
the development of filamentous epiphytes on aquatic plants. The disappearance of the 
Characeae-dominated flora (1912) was linked to the first sewage treatment works built and 
discharging to the wetlands in 1908. Adding N and P (250 mg/m3.week and 25 mg/m3·week 
respectively) to dense Potamogeton pectinatus beds resulted in the rapid development of a 
cover of filamentous alga over the macrophytes. There appears to be a greater effect on annual 
herbaceous plants. Effects on larger emergent perennials vary considerably by site. 

Treating Non-Point Source Pollution with Wetlands 

Substantial progress has been made nationwide in treating point source discharges, 
especially from larger cities with significant industrial loads. hnprovements in the quality of 
waters, however, have not been fully realized. According to Hammer et a!. (1993) 

" ... recent evaluations and legislation reflect a growing concern for non-point 
sources (NPS) of pollution, especially agricultural sources. In fact NPS 
pollution was cited as the principal remaining cause of \-vater quality problems in 
six of ten EPA regions in 1982. Agricultural activities (i.e., animal waste 
management and tillage practices) were considered the most pervasive problems 
in all regions. In 1984, officials from 49 states reported that 29% of lakes and 
reservoirs assessed were moderately to severely impaired by NPS pollution, 
principally from agricultural activities." 

Free ranging livestock at low densities historically had little impact upon receiving streams 
because at low densities, most nutrients are recycled on-site. With intensified animal 
husbandry practices, however, resulting in greater livestock density and the expansion of the 
grazing acreage into riparian areas, this natural assimilative capacity has been exceeded. The 
loss of riparian vegetation and vegetation depletion caused by overgrazing, has eliminated the 
buffer strip that once protected streams from direct pollution (Hammer et al. 1993). 

Studies to date on the use of constructed wetlands for treating stormwater runoff, both 
urban and agricultural, have been limited to few geographical areas (Strecker et al. 1992) . 
Such studies have been located in a wide variety of environmental settings such as riparian 
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forest (hardwood and conifer), cuhivated agricultural. mix.ed suburban/agricultural, mountain 
meadow, braddsh marshland, northern peat land, etc. Because of the wide variety of settings 
and limited studies it is difficult to generalize design parameters from the perfonnance data in 
these studies. Because these wetlands vary in their hydraulic condition, vegetation coverage 
and type, climate, and hydrological setting, and a wide variety of monitoring protocols were 
employed, the removal efftciency for TSS, TP, and TN vary considerably (Table 5.7). The 
following general observations can be made, however, from data bases contained in Strecker 
e! al. (1992): 

1. Suspended so1ids show the greatest consistency of pollutant removal 
efficiencies. 

2. Constructed wetlands appear to be more consistent and more effective in 
removal of suspended solids than other pollutants. 

3. Nutrient removal efficiencies are not consistent among wetlands, Season, 
vegetation type and amount, TSS load and management of wetland systems 
appear to be principle components in ex.plaining these inconsistencies. 

4. Total phosphorus and nitrate nitrogen are consistently removed in constructed 
wetland systems hen for detention ponds. 

Table 5. 7 Case studies of TP and TSS removal in NPS detention ponds and wetlands. Source: 
Slreckerelal,I992) 

Location TSS TP TN 
(percenl removal) 

Orange County 
Detention 65 21 17 
Wetland 66 19 30 

Pittsfield-Ann Arbor 
Detention 39 23 14 
W,<Iand 76 49 20 

McCaroons Treatment 
Detention 91 78 85 
Wetland 87 36 24 

Lake Apoka Reservoir 
Reservoir 44 
Aooded Fields 16 
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Watershed 
(seres) 

42 

6300 

600 

Pond ... 
Wetland 

0.2 
0.73 

5.2-25.8 
9.6-24,7 

30 
6.2 

Percent or 
Watershed 

2.1 

0.23·0.80 

6 



5.3 WETLAND PLANNING AND DESIGN 

Site Seiection 

Wetland site selection will depend upon the project goals and the wetland functions that will 
need to be optimized in order to meet those goals. Normally, a restoration site will perform 
more than one function, but all of those functions will usually not be optimized with the same 
wetland design. MUltiple use constructed wetlands may result in conflicting management 
strategies (Guntenspergen et at 1993). 

It is essential to begin wetland restoration and creation projects with clearly defined goals. 
While it is likely that most projects will have more than one objective, one objective should be 
the primary goal so that the desired wetland functions may also be prioritized. For example, 
wetlands that offer ideal habitat for fish are not necessarily ideal habitat for waterfowl (Adamus 
and Stockwell 1983). A wetland that is created primarily for phosphorus removal, can also be 
designed to enhance waterfowl habitat as a secondary goal. In this case, design parameters 
would be selected to optimize water treatment first, and waterfowl habitat enhancement second. 

A Site Evaluation Matrix (Table 5.8) has been designed for evaluating various wetland or 
riparia.."1 restoration sites depending upon ta~e desired functions of that site. The matrix is 
appropriate for both restoration projects of existing wetlands and newly constructed wetlands. 
The matrix identifies site characteristics that enhance various functions (Y), those that limit a 
function (N), those which have negligible effects on the function (-), and those which have a 
minimal influence on performing the function (minimal). Many of the wetland processes that 
are related to the site characteristic and the various wetland functions were discussed in the 
previous section. 

Proximity 

Where water quality improvement is a goal, the wetland should be located close to the 
sources of pollution, particularly sediment and phosphorus. In this way, a larger area, i.e. the 
area downstream of the treatment wetland, will benefit from the improved water quality. For 
example, if all of the major tributaries to the Sprague River have wetland sediment trapping 
relatively near the sources of pollution, then a large portion of the Sprague River water quality 
will be improved. By contrast, if one large wetland were located at the mouth of the Sprague, 
the same quantity of sediment might be removed, and UKL water quality would be improved, 
but tlle Sprague itself would not benefit. Additionally, if the selected site is one that prodUCeS 
erosion, such as a degraded riparian area, the riparian wetland will not only remove erosion
related suspended solids arriving from upslope areas, but will also lessen erosion from the site 
itself. 

Nearness to both the source and the beneficial use is also desirable for water storage, since 
water losses occur during transport through evaporation and leaks. 

Wetlands designed for wildlife habitat enhancement or creation will, in general, be 
enhanced by their proximity to existing wildlife areas. The diversity of wetlands on a regional 
basis may be the most critical factor controlling wetland wildlife (Adamus and Stockwell 
1983). For dabbling ducks, breeding habitat is enhanced with an abundance of water areas of 
varying sizes, depths, and configurations that provide a diversity of aquatic vegetation structure 
(Cooperrider et al. 1986). 
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Table 5.8 Sile Evaluation Matrix 

• . ·l~·_ .. ,..~. 
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For fish refugia (specifically endangered sucker species), the site should be hydrologically 
connected to UKL. In the early stages of Basin-wide sucker-habitat restoration efforts 
projects should be located near the lake in areas that are known to be frequented either' 
currently or historically, by the suckers. ' 

.The critical rol.e 0pportunity.refers t? both sucker recovery and nl!trient loading issues. The 
project goals may I~dlcate. that site location could be selected to enhance this opportunity. For 
example, a .res~oratlon project loc~ed at the mouth of the Williamson River, where many larval 
suckers amve In the lake, has a umque opportunity to benefit the species recovery. A site 
selected for phosphorus removal near agricultural drainage, or other areas known to have 
elevated P loads, has the opportunity to playa critical role in water quality improvement. 

Hydrology 

The laws of hydraulics require that water velocities slow to zero immediately adjacent to 
levees. If completely uniform conditions exist and sheet flow occurs across the wetland water 
veloci.ti~s in the center of the flow-way will be higher than water velocities at the edge. ffigher 
depOSItion of phosphorus should occur near the levees. Higher phosphorus loads near the 
levees would improve the conditions for periphyton and vegetation. Plant growth would 
increase and flow and velociry near the levees would decrease further due to increased energy 
loss. A gradual loss of effective treatment area would occur as the flows begin to scour out a 
channel down the center of the flow-way. 

First, excess scour and erosion on one side of the flow-way cell could erode a deeper 
channel and exacerbate short circuiting. Second, changes in vegetation growth could occur as 
a result of different depths and hydroperiod. If denser growth is favored in the deeper waters, 
higher energy losses will tend to drive the system back to sheet flow. If dense growth is 
favored in the shallower waters then more flow will be directed to the deeper channel favoring 
scour and short circuiting. 

A short list of treatment wetland velocities is presented in Table 5.9 (wpCF, 1990; Bums 
and McDonnell, 1992). Manning's equation (n=O.040) was used to calculate the velocities, 
assuming a constant depth and width. The calculated velocities are presented for comparison 
purposes and would only be representative of actual conditions if sheet flow was maintained so 
that a constant cross sectional area was achieved across the wetland. Under actual operating 
conditions, rivulets and sloughs will form around vegetation stands, over different types of 
soil, and near the edge of the wetland. Within these areas, velocities may be significantly 
different than predicted in Tabie 5.9. 

Of interest, though maybe not particularly relevant, is a me~u;ement of historical water 
velocities in the Everglades National Park. The measured velOCIties were very low, 0.0033 to 
0.033 ftlsec (Gunderson, 1989). Seepage coefficients for the levees surrounding the .Water 
Conservation Areas range from 3.0 to 33.0 cfS/mile/ft of head (Trimble 1986). The highest 
seepage rates are reported for areas in the southeast portion ofWCA-3. Seepage through the 
levees at WCA-1 and WCA-2 are reported at 4.0 cfS/milelft and 3.0 cfS/mile/ft respectively. 

The primary issue of conce~ in wetlands de~igned ~or ~hosphorusremova! is 
resuspension of sediments. Sediment resuspenslOn, which IS encouraged by hl~h w~ter 
velocities, can result in a major input of phosp~orus to the water colu~ .. Cattail s.edlments are 
particularly susceptible to sc?uring, due to thel~ fin~, flocculant composItion. ~edlment 
resuspension can also result III large decreases III dissolved oxygen concentratIOns as the 
sediment can eXert a large oxygen demand to the water column. 

147 



Table 5.9 Typical velocities and aspect ratios for selected NPS treatment wetlands 
in Florida. 

Average Average Aspect Approximate 
Flow Depth Area Ratio Velocity 

Facility {ac-ft/day) (ft) (acres) (L:W) (ftls) 

WCA-2A 910 1.75 
(Modeled Section) 

14190 0.52 1.70 

STA I 
Flow-way Cells 651 2 2430 1.05 1.86 
POlishihg Cell 651 2 790 0.6 1.86 

STA2 
Flow-way Cells 332 2 3143 3.36 1.86 
Polishing Cell 332 2 1452 0.78 1.86 

STA3 
Flow-way Cells 622 2 7826 1.9 1.86 
Polishing Cell 622 2 3101 0.5 1.86 

STA4 
Flow-way Cells 643 2 7826 1.9 1.86 
Polishing Cell 643 2 2680 0.47 1.86 

Reedy Creek, FL 10.45 0.59 87 5 0.82 

Most constructed wetland sites are designed to receive surface runoff, but may be located in 
an area with significant groundwater discharge. Many low lying areas around the UKL's 
perimeter may have high groundwater during the winter and spring. Groundwater discharge or 
recharge may interfere with erosion control, water storage, and sediment trapping. Because 
groundwater is very low in particulate material, sites which receive primarily surface runoff 
will achieve better erosion control, phosphorus retention, and sediment trapping. 

If the site has significant fluctuations in water level, such as a seasonally flooded wetland, 
the opportunities for erosion control, phosphorus retention and groundwater recharge are 
limited by the frequency of the flooding event. The mechanisms responsible for these 
functions, however, are not affected. Thus whenever a field is artificially flooded (and not 
pumped ofO, sediment and P removal would likely be increased. 

The wetland's hydroperiod will directly affect its vegetative community, which largely 
defines the food and cover potentials for wetland-dependent wildlife. Cover consists of areas 
where wildlife are protected from predators such as large rocks, wetland vegetation, 
bathymetric relief, debris from upland sources, undercut banks, or the water (Adamus and 
Stockwell 1983). Adequate cover is necessarily species-specific. For example, lO-cm high 
growth of emergent sedge is considered excellent cover for shy sora rails, but is not adequate 
for geese. 

The availability of cover is probably most influenced by a wetland's hydroperiod (Ibid). 
The consequences of fluctuating water levels may be both beneficial and detrimental. Benefits 
may occur as drawdowns encourage lush new growth of wetland plants in exposed soils. 
Conversely, islands once inaccessible to predators may become accessible as water levels drop. 
Detrimental effects of flooding include the exodus of nesting waterfowl when emergent plants 
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are covered. Benefits might be an expanded area of edge zones. Thus, in order to maximize 
habi~at value to particular species, it is thus important to know the habitat requirements of the 
species to be managed for. 

Food availability !s a~so important where wildlife habitat enhancement is a goal. Since 
wetland-depe!ldent wildlIfe .represent the full range of feeding strategies, it is again important to 
kn~w the ha~lts of the species to be managed for. Harvested waterfowl, which in many 
regions contribute the. greatest to species richness of wetland fauna, are strongly attracted to 
rooted vascular aquatic bed wetlands (Adamus and Stockwell 1983). 

Morphology 

Wetland morphology is a major factor in determining which potential food source 
(macrophytes, phytoplankton, , etc.) is most abundant in a wetland (Ibid). 

1. Surface Area 

Most constructed wetlands are less than 500 acres and individual cells are less tl!an 50 
acres. An exception to tl!is is tl!e Everglades protection project, where tl!e smallest cell is over 
1000 acres and most cells are considerably larger. The largest constructed wetland cell 
presented in the EPA database was 1850 acres at Lake Apopka in Florida. 

Studies of constructed wetlands for treating non-point source pollution indicate that tl!e P 
retention as a function of loading in downstream locations will be generally less efficient in 
retaining nutrients than would smaller upstream wetlands (US EPA 1993b). But wetlands built 
downstream could retain more mass of nutrients. One advantage of smaller wetlands is tl!at 
tl!ey can be strategically placed near the sources of erosion and phosphorus loading and tl!us 
may constitute a more efficient use of restoration efforts. This same reasoning may allow 
water storage units to be located throughout the watershed in a more natural placement pattern 
a...'1d closer to the beneficia! use. Enhanced groundwater recharge may occur with several small 
wetlands, rather tl!an one large one. 

On an areal unit basis, larger wetlands may not remove suspended solids as efficiently as 
small ones because sufficient removal may occur rapidly along tl!e flow transect. If 99 percent 
of the sediment is removed in the first 200 feet of a 1000 foot wetland, tl!ere are 800 feet of 
wetland that has no opportunity to perform the function. The same may be said about 
phosphorus removal, although the retention gradient will be much less pronounced. 

Wildlife habitat requirements will vary witl! tl!e species and season (Table 5.10). For 
example, canvasbacks are more apt to nest in smaller (0.4 ha) but deep ponds, while r:uddy 
ducks and especially redheads seem to prefer larger, deeper bodies of water (Coopemder et al. 
1986). 

2. Shape 

Wetlands designed for removal of agricultural pollutants, wastewater treatment, and 
stormwater treatment have been constructed witl! a variety of geometries from amorphous cells 
to strongly angular cell~ to perfect rectangl~s. Alt~ough sele.cting a geome!fY for tl!e wetlan~ 
often requires fitting the treatment wetland mto a .gIVen location, the po~ntlal for dead space m 
comers and sheltered areas in almost all geometnc shapes must be considered. The shape of the 
treatment cell has a strong influence on hydraulic characteri~tics of tl!e fl~":. Irregularly shaped 
cells should be oriented so that flows enter at tl!e smallest Width and transItions to the largest 
widtl! to promote a gradual slowing of velocity and improved settling characteristics 

149 



dow~strea~ i~ the cell. The plac.e'!le~t of structures and flow paths should be carefully 
consld~red. l!llrregular cells to minimize channeling and promote sheet flow. For example 
sh.ort cIrcUltmg can also be .reduced by providing horizontally spaced inlets. The wetland ;hape 
wIll norm.ally be asyrru:netncal, with a major and minor axis. The geometry of constructed . 
we.tlands IS often descnbed by the length (major axis) to width (minor axis) ratio (L:W aspect 
rallo). 

Table 5.10 Minimum nesting territory size and feeding distances for various birds. 
Source: Adamus and Stockwell 1983. 

Common Name 

least bittern 
red-winged blackbird 
sandhill crane 
bald eagle 
Canada goose 
eared grebe 
horned grebe 
pied-billed grebe 
mallard duck 
Nonhern shoveler 

Minimum Nesting Territory Feeding Distance (miles) 
Size (acies) 

0.1 
0.02 

161 (summer) 
28 

0.02 10 
9 
1 

12 0.06 
519 5.0 
50 

Phosphorus removal is closely connected with the depth and velocity of the flow. It may be 
important to orient the major axis normal to the flow through the area in order to reduce water 
velocity. Reduced water velocities allow sediment to settle out, enhancing both erosion control 
and phosphorus retention. For riparian areas, water which flows perpendicular rather than 
parallel to vegetation barriers will have greater solids removal and velocity reduction. 

For wetlands designed for habitat enhancement, irregular shorelines provide more edge 
area and thus a greater opportunity for diverse wetland vegetation. Larger amounts and more 
variety of vegetation enhances the opportunity for waterfowl to find nesting, loafing and 
feeding areas. Studies of waterfowl have shown that breeding populations are more highly 
correlated with total length of wetland shoreline in a region than total acreage of wetlands 
(Adamus and Stockwell 1983). 

Islands, which provide more edge length, are attractive to geese and several species of 
ducks for nesting and loafing. On nesting islands where mammalian predation is absent, high 
nest success results in a large return rate of surviving young (Cooperrider et al. 1986). 

The expanded littoral zone enhances sediment removal, phosphorus retention, and 
increases areas available for fish refugia. Shoreline irregularity has been positively correlated 
with fish standing crop (Adamus and Stockwell 1983). Irregular shorelines may also provide 
more areas that are sheltered from prevailing winds. 

3. Depths 

In general, deeper wetlands have a greater capacity for storing trapped sediment (and thus 
phosphorus) and are less likely to experience sediment re~uspension due to turbulence .. 
Sediment resuspension usually releases phosphorus ba~k mto the water. Although sediment. 
trapping will occur in both shallow a~d deep waterbodles, shallow ones have a small~r capacity 
and are more likely to have resuspenslOn. Deeper wetlands also have a greater capacity for 
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water storage, less of their volume exposed to evaporative forces, and greater potential for 
flood desynchronization (Adamus and Stockwell 1983). Groundwater recharge may also be 
enhanced by deeper wetlands due to the greater hydraulic head exerted by the water column. 

A wetland which is shallow throughout may have less value as fish refugia (especially 
larg~r fish) sinc~ the depth may become limiting. Deeper water may also have better water 
qualIty on occasion. Deep water areas are valuable to waterfowl as well, particularly diving 
ducks. However, where emergent vegetation is desired, the wetland should not be deeper than 
4 to 6 feet. 

4. Wetland Basin to Watershed Area Ratio 

Typically me mo~t effective m~hanisll? for se~iment and sediment bound phosphorus 
removal from runoff IS through sedimentation. This process occurs in constructed wetlands 
an~ other deten~ion basins w~en water velocities are reduced and emergent vegetation is present 
to mtercept particulate matenals. The percentage of wetland basin required to treat a given 
inp~t wil! de~n~ on .ma~y factors including precipitation patterns, topography, erosivity and 
partICle size distnbutlOn m the runoff. In general, fine particles require longer to settle out, 
thus requiring a larger wetland basin. Driscoll (Novotny and Olem 1994) detennined from 
Great Lakes basin studies, that with a basin area of 1 percent of the catchment area, 
approximately 97 percent of total suspended solids and 74 percent of TP will be removed. For 
the UKL basin, a basin area of 5 percent of the catchment area is recommended initially, since 
many of the factors influencing settling rates are unquantified for this general region. 

For groundwater recharge function, larger basins are more likely to have greater hydraulic 
head and longer retention times; hence greater potential for recharge (Fetter 1980). 
Additionally, the greater relative or absolute area they occupy, the greater will be the recharge. 

Water storage is enhanced by larger wetlands because edge-length to surface-area ratios are 
smaller, thus minimizing evapotranspiration losses. However, this same characteristic reduces 
edge-length benefits for waterfowl. 

Sediment and nutrient retention is most likely enhanced with larger wetland area to 
watershed area ratios. This is because the potential for intercepting and retaining watershed 
runoff is greater (Adamus and Stockwell 1983). 

Soil 

Permeable soils allow greater movement of water ~tween groundw~ter ~d ~urface water 
systems, and thus p~o~ide g~~ter opportunity fO.r .matenal exchange. Smce sl~IIIficant p. . 
retention can occur m mterstltial water, permeability enhances P removal. Sediment trappmg IS 

enhanced somewhat as the water moves vertically rather than horizontally through the wetland. 
Groundwater recharge is facilitated by highly permeable soils. On the other hand, 
impermeability of the lower lens of the soil column could allow a wetland to settle TP ~d 
remove OP with periphytic communities. These types of wetlands would be charactenzed by 
horizontal transport. 

Finally, soil on the ~ite nee?s to be "work~ble" i~ order to facilitate ~l~ting of wetland 
vegetation and riparian restoratIOn work. A high cation exchange capacity IS generally 
favorable for phosphorus adsorption to soil particles. 
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Previous Land Use 

Agricultural land that has been cultivated and fertilized may be unsuitable for phosphorus 
re~oval.goals due to ~Ievatio~ soil phosphorus concentrations. Land that has been sprayed' 
with tOXIC substances IS not suitable for impoundments created for wildlife habitat or 
gro~ndwat~r rech~ge due to potential toxicity. Benefits can be derived, however, by 
sedIme~tation basms created over such areas, since they may be sources of significant amounts 
of erosion. 

Diked and drained peat fields, which are common throughout the basin, are a significant 
source of soluble phosphorus. The phosphorus which was part of the partially decomposed 
peat becomes available because it is eXDosed to the air. Pumnin!7 w~tl'r nff nf th ..... fi .. l,l. ;n 
spring. tends to l!Iobllize the oxidized peat; incie~ing-th~ P-~~~~~~tr-;ii~~'~fih;';:;;~~ff:M~~y 
fields m the basm may have been exposed to this process for long enough that much of the 
phosphorus has been leached out. If a site which is contributing relatively high concentrations 
of P is flooded, the anaerobic conditions will retard this release of P from the peat. Thus the 
selection of such a site for P retention goals is recommended because it reduced the P load both 
by wetland P removal mechanisms, and by reducing an existing source. 

Vegetation 

The vegetative component of wetlands is a major factor in the treatment processes 
(Surrency 1993) and wildlife benefits that occur there. The selection of plant species for 
wetland restoration should be a reflection of the stated goals of the restoration project and local 
conditions. The characteristics of wetlands vegetation vary greatly, and the resulting functions 
they perform vary as well (Table 5.9). For example, water temperatures can be reduced by the 
shading offered by big-leafed emergent vegetation such as wocus. Pondweeds such as 
Potamogeton provide excellent food for migrating and resident waterfowl; hardstem bulrush 
enhances settling of particulate matter and provides both food and nesting materials for a 
varier-y of wildlife. All of tJ'1ese eXaJuples provide substrate for rrJcrobial populations who 
remove pollutants from the water column. The choice of vegetation will also be guided by 
climate, substrate, water velocity, and water depth. 

If the goals of the wetland restoration includes habitat enhancement, a diversity of 
vegetation types (and thus water depths) is desirabl~. The over~l d~sign should also include 
areas of open water. If water quality enhancement IS the sole obJect~ve, de~se stands of 
bulrush or similar species are recommended. Many wet!and restoration projects have both 
water quality and habitat enhancement objectives. In thIS case, where both open water and 
bulrush is desired, the dense stands of bulrush should be located near the outlet (Gearheart et 
al. 1986). Of course, these decisions should be made on a site-specific basis. 

A detailed discussion of wetland plants characteristics, planting procedures and 
maintenance requirements, are provided in Appendix B. 

Broad Recommendations for Restoration Sites in the UKL 
Watershed 

The reinstatement of littoral wetlands close to the mouth of the Williamson ~ver is of the 
highest priority. Initial efforts should be to restore littoral wetlands as narrow fnnge wetl~ds 
connected to the mouth of the Williamson River to Pelican Bay to the west and Sucker Spnngs 
to the south. The objectives of these littoral wetlands is to provide a minimum of refugia for 
juvenile fish. 
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A second priority is to develop wetlands which can process relatively large volumes of 
streamflow water during the periods of maximum load input into the lake. Reinstatement of 
diked and drained wetlands in the lower regions of the Williamson and Wood Rivers (520 to 
3,000 acres) would serve as nutrient traps as well as an increased water storage opportunity "for 
managing the UKL. Re-rec1amation of west-side embayment such as Wocus Bay, Howard 
Bay and Caledonia Marsh, would be desirable. However, a minimum goal should be the 
nutrient rich runoff from row-cropping should be treated before it can enter the lake (see 
Section 6.0). 

The next priorities for wetland reinstatement is in the Upper Klamath watershed. There are 
many locations where high load sediment and phosphorus load streams enter the main streams 
through riparian and low elevation riverine morphologies. These "pocket and ribbon wetlands" 
can play an important role in reducing totai phosphorus to me jake and enhance groundwater 
recharge and back storage in the upper watershed. 

Canvasback broods prefer wetlands with less than one-third of the water area covered by 
emergent vegetation. Redheads, ruddy ducks and lesser scaup seemed to prefer feeding in the 
deeper, more open water segments of a pond. 
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SECTION 6.0 

EUTROPHICATION 
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6.1 OVERVIEW 

Eutrophication is generally defined as the process by which water bodies become more 
productive through i~c~eased inpu~ of ~utrients: The degree of enrichment in a given water . 
body, and Its productIvity, determines ItS trophic level. The first trophic classifications were 
developed by ~a~mann In 1~19 and were based on phytoplanktonic populations (Wetzel 
1983). The cntena for trophic status have been somewhat subjective and based on overall 
productivity and the judgment ,;>f the limnologist rather than specific water quality parameters 
such as phosphorus concentrations or transparency. Generally, Naumann considered an 
oligotrophic lake clear and blue, with little phytoplankton; a eutrophic lake was more turbid and 
!p"een ~!?m de~s~J~.hytoplankton growth; and a mesotrophic lake was intermediate between 
tnese (Harper I ~n). 

Eutrophic lakes are often shallow with a large drainage area to lake surface area ratio. In 
~hall?w lakes, th~ wind mixing of the water from sediments to surface stirs algae as in a flask, 
insuring that nutnents are constantly recycled. In deep lakes, nutrients fall to the sediments and 
are not available to algae until "turnover time" (Home 1991). 

Enriched lakes may experience hypolimnetic oxygen both in summer and under ice cover. 
Light penetration is limited due to high production of algae and there is a high standing crop at 
all levels of the food chain. Eutrophic lakes generally have good fish production per unit of 
surface area (Goldman and Home 1983). 

Hypertrophy is defined by Leentvaar (1979) as excessive growth related to over 
fertilization by inorganic nutrients. Oxygen supersaturation is a common occurrence in 
hypertrophic lakes. The criteria for hypertrophy proposed by Leentvaar (1979) are: 

I. Mass growth of a few dominant species of the eutrophic or b-mesosaprobic 
forms. 

2. Suppression of plankton periodicity. 

3. Lack of inorganic nutrient depletion in the vegetation period. 

4. High oxygen saturation at day and possibly at night. 

5. Relatively low contents of dissolved organic matter. 

6. High bioturbidity. 

7. High potential oxygen production throughout the year. 

According to Leentvaar's criteria, Upper Klamath Lake can.be classi~ed as a hypertrophic 
lake, whereas it was previously classified as "naturally eutrophiC" by PhInney :md ~eek 
(1959). Early observations suggest that Aphanizomenonflos-aqUfle was not hlstoncally 
present in UKL to the extent that it is today (Kemmerer 1923; PhInney an~ Peek.l?60; Bonnell 
and Mote 1942; Oregon State Board of Health 1928). The Ia!<-e has ~Igh bloturbl~lty, frequent 
oxygen supersaturation, and lack of inorganic nutrient depletion dunng the growIng season. 

Trophic Classification Systems 

Although the relationship between nutrient inputs and increased trophic status was 
understood early on, associated concentrations of nitrogen and phosphorus we.re not well 
quantified until the 1960s when V~llenw~ider co.rrelate~ the phosphorus and ~ltf(~gen 
concentrations of over 500 lakes With thelT trophiC clasSifications. The Organization f?r 
Economic Cooperation and Development (OEDC) subsequently expanded the correlatIOns to 
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include chlorophyll and transparency (Table 6.1) (Harper 1992). According to Vollenvieder's 
criteria, UKL can be classified as hypertrophic. It should be noted, however, that the OECD 
study incl~ded only two lakes that fit the hypertrophic classification. Furthermore, nutrient 
concentratlons alone do not define the trophic classification. Rather, the level of productivity is 
the determining factor in this classification system. 

Table 6.1 Vollenweider and OECD ranges for trophic categories, in mgll (except Secchi depths in meters) 
Source: Wetzel 1982. 

Trophic Total Inorganic Chlorophyll 
Category Phosphorus Nitrogen Chlorophyll "peaks" Secchi Disk 
Oiigotrophic 3'- ILl 307 - 1630 0.3 - 4.5 1.3 - 10.6 5.4 - 28.3 
Mesotrophic 10.9 - 95.6 361 - 1387 3 - 11 4.9 - 49.5 1.5 - 8.1 
Eutrophic 16 - 386 393 - 6100 3 -78 9.5 - 275 0.8 - 7.0 
Hypertrophic 750 - 1200 100 - 150 0.4 - 0.5 

Carlson ( 1977) developed a more useful measure of trophic status based on observations of 
TP and chlorophylI-a concentrations, and Secchi disk measurements in several North American 
lakes. The Trophic Status Index (TSI) ranges from 0 to 100 and each 10 point increase 
represents a doubling of algal biomass (Table 6.2). A TSI value less than 20 represents ultra
oligotrophic, 30-40 oligotrophic, 45-50 mesotrophic, 53-60 eutrophic and above 70 
hypertrophic (Kratzer and Brezonik 1981). It has been suggested that the Carlson index be 
applied to evaluate the potential for lake restoration in a given waterbody. 

Table 6.2 Carlson Trophic Status Index values and associated water quality parameters. 

TP chl-. Secchi 
TSI (mg/m3) (mg/m3) Disk 

0 0.75 0.04 64 
10 1.5 0.12 32 
20 3 0.34 16 
30 6 0.94 8 
40 12 2.6 4 

50 24 6.4 2 

60 48 20 1 

70 96 56 0.5 

80 192 154 0.25 

90 384 427 0.12 

100 768 1183 0.06 

Causes of Eutrophication 

The source of the enrichment determines whether the eutrophic~tion i~ natural or cultural. 
Periodic natural disturbances such as forest fires, earthquakes, or Simply mcre~ed ":atural 
erosion can add nutrients to a lake. After such events, however, the rate of nutrient mput 
returns to former levels' and the lake stabilizes. Pristine lakes may "age" naturally, usually. 
through sedimentation which reduces depth. This process can take thousands of years or It 
may never occur. 
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Concept of Limiting Nutrients 

,!he~ has been some dis~ussion of w~ether nitro?e~ (~~ or pho~phorus (P) is the limiting 
nutnent m UKL. In attemptmg to detenrune the lake s IlIrutmg nutrient, previous researchers 
have had difficulty demonstrating a negative correlation between inorganic phosphorus or 
nitrogen forms and algal biomass (Klamath Consulting, Inc., 1982; USACE 1983). This may 
be due to the fact that, during intense blooms, light or some other factor temporarily becomes 
the limiting factor for further growth. At such times, inorganic phosphorus will be in excess in 
the water column. Excess inorganic nutrients during the growing period is also a characteristic 
of hypertrophy (Leentvaar 1979). 

Maloney et aI. (1972) used waters from nine Oregon lakes for alga! assays wit.lI 
Selenastrum capricomutum. The lake water was modified by the addition of N03-, HC03-, 
and P043-, singly and in combination. In UKL waters, where algal growth in the control was 
higher than most of the other lakes, the addition of either P or C stimulated the growth rate. 
The addition of N, even with the addition of P and C, had no significant effect on the algal 
growth rate. Correlations coefficients between control algal growth rates and added 
concentrations of dissolved P, dissolved N and soluble inorganic C were 0.98, 0.67, and 
0.47. There are more contradictory results from bioassays performed by Ehinger (1992), who 
found that both N and P limitation were seasonal (Section 3.3). 

In general, cyanobacteria dominance is associated with low nitrogen to phosphorus ratios 
(N:P). The N:P ratio required for algal growth is 16: 1. However, even in lakes with an N:P 
as low as 5, phosphorus is still considered to be the limiting nutrient for algae (Harper 1992). 
In lake fertilization experiments, algal biomass always followed lake water P levels but not N 
or C (carbon). Lake experiments have shown that reducing the N:P in fertilizers added to two 
separate lakes resulted in the appearance of Anabeana and Aphanizomenon.(Ibid). In most 
temperate freshwater lakes, P is the primary limiting nutrient and its availability controls the use 
of N and C from the atmosphere. Carbon limitation occurs only in low aIkalinity waters at the 
L_!_L .. _C_L_ .. _..., •• _ .. L __ : ___ .:I ••• J... .......... J..! .... \...lIr.T ..... .:1 D ... _ .................... + ...... ", ........ :ro ....... ....... :..1 ... + ............ 1"10 ... ..:1 
IIta~1JL VI IJUULU~yUUlt;:tJ~ C1UU WU,",l~ IU5U .1'1 (lI.1U·,1. WV p" .. in"UL, O)u .... .11 a.;) .Ill AU V/uuaUVIl pVII ....... 

In some temperate lakes, N may become temporarily limiting in summer, causing a shift 
toward colonial species of cyanobacteria since they are capable of obtaining N from the 
atmosphere (Schindler 1977). (Blue-greens may fix up to 82% of their total N). In 
hypertrophic lakes dominated by N-fixing phytoplankton communities, ammonium and nitrate 
supplies are not sufficient for the growth of non N-fixing species. These systems are often 
dominated by Aphanizomenon or Anabeana genera and non N-fixing species are present in 
smaller amounts, assimilating primarily ammonium from the sediments or from decomposing 
organic matter and excretions from N-fixing cyanobacteria (Leonardson and Ripl 1979). In 
UKL, where the blue-green nitrogen fixer Aphanizomenon fios aquae dominates, it is logical to 
approach restoration by working toward control of phosphorus inputs rather than nitrogen, 
which is freely available from the atmosphere. 

In general, controlling the P input to a freshwater lake can, if practiced to a suffi~ient 
extent, reduce the amount of algae that develops. Certain types of blue-green a1~ae, m 
particular, cause obnoxious odors that are "pig-pen-Iike." Not only.does rc:duction of ~ loads 
reduce total algal biomass, but also reduces the frequency and seventy of highly obnoxlou~ 
algal blooms (Lee and Jones 199 I). The Vollenweid~r-OECD ~atabas~ shows that ch~gmg 
the P load to a waterbody produces, in most waterbodles. a readily predictable change m the 
planktonic algal chlorophyll concentration that develop in the summer (Ibid). 
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Historical Evidence for Cultural and Natural Eutrophication 

Early discussions of eutrophication presents the process as a "one-way" natural and 
inevitable result of the aging of a body of water. With the recent advent of paleobotany, . 
however, archaeological examination of lake sediments has complicated this view and reveals 
the effects of cultural activities on lake enrichment (Harper 1992). 

The English Lake District has been the subject of studies that examine the sediment remains 
of indicator species, archaeology, and the pollen of agricultural weeds. In these lakes, the start 
of enric~m~nt coinci.des with the. on~et of settled agriculture several centuries ago. In Gull 
Lake, MIchIgan, sedIment cores mdlcate changes about the time of European settlement. Rapid 
acceleration of eniichment since the 19405 coincided with development in the watershed. 

One of the earliest and best documented cases of cultural eutrophication is the case of the 
Roman Road built across a small lake catchment around 170 BC. The rate of sediment and 
nitrogen deposition was found to be stable for some 24,000 years and indicative of a 
unproductive lake. The productivity increased suddenly, however, at the time the road was 
built, probably due to tree clearance and erosion. This increased enrichment existed for around 
600 years before declining again (Harper 1992). 

Thus it is not unusual for lakes to pass through periods of decreasing productivity, 
becoming less eutrophic rather than more. In many English Lake District lakes, glacial retreat 
formed the original lakes, which experienced initial periods of higher productivity due to 
relatively unvegetated catchments. This was followed by stable periods of lower production as 
the watershed became vegetated and erosion was reduced. This eutrophic early phase, 
followed by a stable oligotrophic phase, is now recognized to be the more typical natural 
pattern of north temperate lake succession. Lakes may also experience several reverses in 
productivity. Lake Biwa in Japan, which is believed to be some 4 million years old, has 
passed through two oligotrophic phases in the last half million years, interspersed with two 
mesotrophic and one eutrophic phase. 

Such natural changes provide a basis for comparison when attempting to evaluate cultural 
enrichment. They refute the argument that modem problems of eutrophication are similar to 
natural events and can thus be ignored because of their transience or inevitability. Human 
activities, particularly in recent times, are more extreme than any natural events recorded in the 
cores of lakes. This trend was summarized by the limnologist Hutchinson: "Eutrophy in a 
New England lake before 1650 probably meant good fishing. Now it means a thick scum of 
blue-green algae" (Harper 1992). 

Sources of Phosphorus 

The initial natural source of P is weathering of phosphate containing rocks, particularly 
igneous, apatite containing rocks. Phosphorus is predominantly present in so!1 as organic 
compounds such as detritus and.plant mate~ial. Phosphate iO!ls are electrostatlcally.bou!ld to 
the molecular lattice of SOlI particles, especIally those exceedmg 5 percent clay. ThIS P IS not 
easily leached from soils in soluble forms, however, this same property increases P transp?rt 
via erosion, since the P remains bound to soil particles. Thus surface runoff usu,ally c?ntams 
higher concentration of TP than infiltrated water, which has fewer suspe~ded so~1 partIcles. 
Adsorption to soil particles is strongly correlated to clay content of the SOlI (Section 5.0) 

Atmospheric sources of P are in particulate forms such as clays, dust, and pollen. An 
estimate for atmospheric loading of 430 grams ofTP per hectare per year (430 g TP/halyr) was 
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derived by Hotan et al.(Harper 1992), of which 50 g TPIha/yr was believed to be a background 
level. 

The re!ati~nship be~ween the annual inputs of nutrients to a lake and that lake's nutrient 
concentrat!On !S the basis .of eutrophication modeling and management. The actual 
concentration m the lake IS also dependent upon a number of morphometric and hydrological 
factors, the most important being depth. 

In.an undistur~ed catchment, the nutrient supply to a lake is derived from runoff (drainage) 
and !amfall. Studies pe~ormed on northern hemisphere catchments demonstrate that the 
nutnen~ ~noff from uI!dls.tur?:~ !ore~~d lapd is very low,due to tight cycling within the 
~e~~~al ecosys[e~. m me nuooara orOOK ecosystem, clear-cutting of a forest block and 
mhlbltlO~ of ve~etatlon re-growth by herbicide resulted in large losses of N and a doubling of 
~ losses. m the dissolved and fine particulate sizes and a P increase of 18-fold for organic and 
morganlc P> Imm (Bormann et al. 1968). The annual overall loss ofP was estimated to be 
107 g TPlha compared with a net gain of 87 g TPlha in undisturbed forest. 

Runo~f from undisturbed grasslan~ and. arable lands are progressively higher in nutrients. 
Vollenweider developed the first relatIOnships of total annual P and N loading to a lake's 
trophic level (Harper 1992). Based on 30 classified lakes, he defined boundaries for 
oligotrophic loading and eutrophic loading to lay between 0.2-0.5 g TP/m2/yr and 5-10 g 
TP/m2/yr. A more extensive review of loadings from north-temperate catchments was 
compiled into a manual by Reckhow et al.(1980) (Table 6.3). These export coefficients were 
intended for calculation of the loads in a catchment based upon known areas of land use. The 
upper and lower limits allow the researcher to adjust for local variations from these averages, 
which is usually a result of soils, slope, erosion, and other factors. 

Table 6.3 Phosphorus export coefficients for major land uses in kglhalyr except septic tank drainage in 
kg/capita. Source: Reckhow and Simpson. 1980. 

High 
Middle 
Low 

Agriculture 

3 
1 
0.1 

Forest 

0.45 
0.25 
0.02 

Rainfall 

0.6 
0.4 
0.15 

urt>an 
= 
5 
0.14 
0.5 

Septic tank 

1.8 
0.7 
0.3 

Phosphorus losses due to agriculture (cropping) are dependent upon the degree of 
intensification and factors such as fertilization, soil type, soil drainage, rainfall nature, degree 
of erosion, extent of vegetation cover, and density of domestic animals. Water logging usually 
makes P more soluble. Soils in California under rice cultivation lost up to 530 g Plha/yr 
compared to only 80-200 g Plha/yr under alfalfa (Harper 1992). In general, agricultural land 
has greater N losses than p, due to its greater solubility and transport in the form of nitrates. 

Domestic secondarily treated sewage contains ~ut 1 kg P/capita/rr and 3 k~ N/capi~yr 
(Harper 1992). According to Porter (1975), approximately 40% of P m domestic sewage IS 

due to detergents. 

Land use is not the only factor influencing nutrient contributions from catchments. 
Hydrology geology and land form also affect the P export coefficients (Globler and 
Silberbaue; 1985' Richards and Baker 1993). Sonzogni et aI. (1980) pointed out that land use 
has been incorrectly identified in many studies as ~he cause of non-point soun:e pollution 
problems, whereas the controlling factor actually IS !and form (Globl~r an~ Silberbauer 1985). 
Apparently, during low flow periods, rivers ~ct as smks of P ~d dunng high. flow events, the 
deposited nutrient is mobilized and behaves lIke P from non-pomt sources (ibid). Catchment 
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geology was divided into two types, igneous and sedimentary-dominated. In general, P export 
from basins with highly erodable soils in semi-arid areas is likely transport controlled. 
Conversely, for basins in north temperature ciimates or in semi-arid climates with less erodabie 
soils, P export is probably dependent on the rate at which transportable material is made 
available by erosion (Ibid). 

In most watersheds, the majority of P enters waterbodies in particulate fonn, usually 
adsorbed orito organic silt and clay particles. Lesser amounts are in particulate organic forms 
such as detritus and the smallest fraction is dissolved P. The process is strongly seasonal with 
90 percent or more running off during or after snow melt in spring. Upon entering a lake, 
much of the particulate P settles out, at a rate determined by the lake's depth, hydraulic 
residence time, degree of mixing and mass of the particle. Dissolved P remains in that form, 
although P-tracer studies show that P is rapidly (within minutes) incorporated into organic 
fonns inside algal and bacteria cells (Section 5.3). 
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6.2 EUTROPHICATION CONTROL METHODS 

. Following is an ~nalysis of eutrophication control methods taken from both current 
hterature on the subject and previous UKL reports (Klamath Consulting Services Inc 1983 
and USA.CE 1982). A brief description of the control method, the extent and loc;tion ~f the 
problem 10 the UKL watershed, and recommendations concerning the feasibility of the method 
are presented. Where possible, a cost analysis has been developed for each method. 

Du~ to ~xtremely large size of the lake ~d its fast flushing rate, many effective 
eutrophl~atlon control ~ethods are ~ot feasible for UKL. By far the most important control 
method !s source reduction because It addresses the cause of the problem. It makes little sens 
econorrucally or otherwise to use chemical or labor intensive strategies to remove nutrients e 
from a waterbody w~en a n~w supply of nu~en~ will be arriving with the next inflows. 
Those control strategies which may be effective 10 helping to improve water quality should be 
considered only in combination with or following source reduction. ' 

Source Control 

Urban 

1. Reduce use of phosphate-based detergents 

Overview 

One of the simplest strategies for reducing phosphorus loads to waterbodies in to 
discourage or ban the use of detergents containing phosphates. As of July, 1992, 
Oregon limited the phosphorus·in laundry detergent to 0.5 percent by weight and in 
dishwashing detergents as 8.7 percent by weight. Outright bans can reduce domestic 
TP loads to treatment systenls by 40-50 percent. Table 6.4 indicates water use and TP 
loadings associated with household activities. Basins and sinks, which account for 
most detergent inputs, contribute 55 percent of the total TP load. When the treatment 
system is an on-site soil absorption field, and soil conditions are suitable, TP removal 
efficiencies can be quite high. Without suitable soils, however, system in close 
proximity to sensitive surface waters can contribute to phosphorus pollution. 

Extent and Location of the Problem 

The abundance of failing septic systems in the UKL watershed emphasizes the need 
for P source reduction. A total phosphorus ban can result in P redu~tions of .14-17% 
from a soil absorption field. Phosphate-free detergents are commercially avrulable from 
a variety of manufacturers with negligible increases in costs (USEPA 1993). Where 
municipal treatment plants receive household wastes, phosphate-detergent bans can 
reduce the need for precipitation and filtration, as detailed below. 

2. Remove P from municipal wastewater 

Overview 

Most municipal wastewater treatment systems do not have advanced treat~ent for 
nutrient removal. In standard rate trickling filter plants, effluent TP concentra~on 
ranged from 2.4 - 9.7 mgIL. In high rate trickling filter plants, TP concentrations were 
slightly lower at 3.0 - 4.1 mgIL (USEPA 1987). 
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Table 6.4 Daily domestic water use, TP and sediment loadings by source (USEPA, 1993) 

Volume SS TP TP 
Water Use (Ucapita) (glcapita) (glcapita) (%) 

Garbage Disposal 4.54 15.9 0.6 15 

Toilet 61.3 27.6 1.2 30 

Basins and Sinks 84.8 13.6 2.2 55 

Misc. 25.0 0 0 0 

TOTAL ~ ... r L .~n • n ,nn 
I f.;;}.O JI.V ~.V lVV 

Extent and location of the problem 

Centralized P-removal is feasible for urban areas that collect domestic wastewater 
for treatment. In the UKL watershed, municipal wastewater plants exist in Chiloquin 
and Bly. Within these service areas, Chiloquin serves about 900 people, with an 
average flow of 0.2 MOD, and Bly about 300 people, with an average flow of 0.09 
MOD. The associated TP load, at an effluent range from 2.4 mgIL to 9.7 mg/L results 
in an annual mass of between 960 and 3,900 kg/year. 

Recommendations 

I. Source reduction of TP - as explained above, this would reduce the load to 
the wastewater treatment system by about 40-50%. The associated costs are 
negligible. 

2. Retrofitting for P removal wit.l} existing high-rate t..riclding filter pla..1"!ts 
(using alum or iron as the precipitate) resulted in effluent P levels as low as 
0.5 mgIL (87.7% reduction). Associated costs were $5,000 per year in 
O&M costs and $8,400 for sludge O&M. Costs per mass of P removed 
were $3.70 per pound ($8.16 per kg). These costs are quite variable and 
should be determined for each system proposed. In Spokane, Washington 
the municipal wastewater treatment system was modified to remove 
phosphorus with an alum precipitation, which resulted in a 90% reduction 
in the P load (Soltero and Nichols 1984). 

Retrofitting with a biological treatment phosphorus removal system is 
generally less expensive than alum or iron precipitation. To achieve effluent 
P concentrations less than 1.0 mgIL, tertiary filtration is usually necessary. 
The PhoStrip process removes an average of about 69% of TP. Costs for 
retrofit with PhoStrip and other biological processes must be evaluated on a 
site-specific basis. 

3. Reuse of municipal wastewater for pasture irrigation is an inexpensive 
option. It precludes the expense of retrofitting the treatment plant for P
removal. P-removal rates associated with application to soils can be very 
high. The amount of treated wastewater available from the Chiloquin 
system would be about 75 million gallons per year (about 230 acre-ft/yr). 
Bench studies can determine the efficiency of P-removal for this method. 
Assuming a negligible amount of irrigation return flow, the P-reduction to 
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the watershed could approach 100%. Due to the low costs associated with 
~e~uc~d use of pho~phate-based detergents and reuse of wastewater for 
Imgatlon, these optIOns are highly recommended. 

3. Upgrade on-site septic systems 

Overview 

The .significance o.ffailing septic t.ank s~stems to overall lake and reservoir water 
q~ll;hty has .been difficult to. quantify. Like other nonpoint sources of pollution, 
fruJmg septic ~ystems contribute to the overall background reservoir water qUality. 
TP conc .. entratlons from household septic tarlk effluent averages 13 mgl"L (Tyler et 
al. 1986). Theref~re, preven~ng septic system failure is especially important 
around lakes .. SOils surroundmg lakes are often wet, shallow or excessively 
pel11,1eable. High land co~ts enc~)Urage small lots and high-density development, 
leadmg to the lake becommg a smk for pollution from failing septic systems, both 
by surface and subsurface pathways (EPA 1993). 

Extent and Location of the Problem 

~ Klamath.County p~or to .1974, on-site sewage systems were designed only for 
diSPOSal, Without consideration for treatment of the effluent. Many systems in 
Klamath County were built prior to 1974, therefore these may not provide adequate 
treatment of the septic tank effluent (Baggett 1994). For example, the Rocky Point 
area was zoned with small lots that do not have sufficient land area to accommodate 
a properly sized on-site sewage disposal system. The steep slopes, rocky soils and 
set-backs exacerbate the problem. Many homeowners circumvent this problem by 
buying lots with an existing cabin, then adding on to the original structure. Some 
homeowners do this without building permits and expanding the sewage treatment 
system. The result is a sewage disposal system t.hat is inadequate in size for the 
dwelling. There are approximately 1000 homes located within roughly 200 feet of 
Upper Klamath Lake, Agency Lake, and their tributaries. 

Ft. Klamath, like many areas near the lake, has high groundwater (18 inches below 
ground surface) and is thus inappropriate for conventional subsurface disposal 
systems. When the water table is too high, conditions become anaerobic beneath 
the absorption trenches, leading to incomplete treatment and the discharge of poorly 
treated wastes into the shallow ground water. Extremely high water tables can 
cause untreated effluent to surface, creating a direct public health risk and increasing 
the probability of runoff into lakes or s~arns. Areas I~e .Fo~ Klamath need a 
municipal sewage treatment system to clfCumvent the ImutatJon of the shallow 
groundwater (Baggett 1994). 

Chemult also has undersized lots. The pumice/ash soil becomes saturated, which 
results in surface ponding of water, especialJy during spring snow melt and runoff. 
This area would be improved by municipal sewage treatment facilities. 

Modoc Point has severe disposal problems. Currently, about 30 to 36 persons 
discharge sewage to a large septic tank which ~mpties directly into .a c~al which 
flows into Upper Klamath Lake. The system IS old and the collection pipe has 
leaked on occasion, flooding front yards with raw sewage. 

The area west of Klamath Lake (Lake Shore Drive) has outdated on-site systems 
which are likely discharging untreated septage to Upper Klamath Lake. Since these 
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homes are near the Klamath Falls system, it would be beneficial to extend services 
to these homes. There are several other areas located in and around Klamath Falls 
which are not hooked up to either the City or South Suburban system. These 
include the Highway 97 commercial "corridor" both north and south of Klamath
Falls. 

Beatty is a small community that is unlikely to grow in the future. It has sewage 
problems due to outdated and failing systems on undersized lots. 

Recommendations 

In KJamath County, it is the pre-1974 undersized systems that !lIe likely 
contributing to the greatest nutrient loading. Current Oregon regulations require 
that sand filter systems be installed where soils or shallow groundwater are not 
suitable for adequate treatment. Population growth is quite slow in the outlying 
areas, in fact, Sprague River, Bly, and Beatty currently have decreased in 
population. It is recommended, therefore, that in order to achieve a significant 
impact, improvements must be made to existing systems. Areas near the lake 
should be the highest priority, such as Lakeshore Drive, Modoc Point, Rocky 
Point, and individual lakeside homes. In addition: 

I. A program should be developed for detection of extent and location of 
failing septic systems. Low altitude color infrared surveys are a very 
effective way to detect and quickly assess the extent of failing and 
stressed systems in the immediate watershed. 

2. On-site wastewater management plans should be developed for areas 
near waterbodies. These plans should produce soil suitability and 
groundwater maps identifying areas suitable for conventional systems. 
Restrictive soil limitations in the area and alternative systems to 
overcome these should delineated as well. -

3. On-site systems should be properly sited with respect to slope, soil 
conditions, and depth to groundwater. Nationwide, studies have shown 
that at least 4 feet of unsaturated soil below the ponded liquid in a soil 
adsorption field is necessary to remove most organics and phosphorus 
(USEPA 1993). Areas with more rapidly soil penneabilities (a 
percolation rate of less than 5 minutes/inch) may require a greater 
separation distance. A study in North Carolina found high nutrient and 
pathogen concentrations in shallow groundwater wells located beneath 
septic systems soil absorption fields. The contamination was attributed 
to insufficient separation between the effluent and the groundwater 
table. Further study revealed that, with greater separation, the ground
water concentrations of phosphorus were reduced by 93 percent. 

4. Elimination or reduction of garbage disposals can significantly reduce 
solids and nutrient loads. Of an estimated 3.5 grams of TP per capita 
per day, 0.6 grams (17%) is attributable to garbage disposals (Table 
6.x). Furthennore, the increased loads from garbage disposals can also 
lead to clogging and failure of an absorption field. 

5. The selection of appropriate technology for the site conditions can 
greatly reduce the probability of system failure. A properly functioning 
conventional septic system (tank and soil absorption field) had probable 
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removal rates of 30-80% TP, whereas both intermittent an recirculating 
sand fihers elilninate 70=900/0 TP. Holding tanks were estimated to 
reduce TP loads by 95-100%. Sand filters are now the standard in 
Oregon for lots limited by high groundwater or unsuitable soils. 

6. The installation of low-flow plumbing fixtures can significantly reduce 
hydraulic loads. Studies indicate the 75% of the total number of soil 
absorption field failures could be attributed to hydraulic overloading. 
High-efficiency plumbing devices can reduce the total water load by 
60%, reducing the likelihood of absorption field failure. Oregon 
adopted low-flow plumbing regulations in July of 1993. However, 
slo\\( population growth rates suggest that retrofitting should be 
considered in order to achieve a reduction of system failure rates. 

7. The creation of management districts to perform system inspection and 
management can reduce the likelihood of system failures. The purpose 
of a management district is to ensure that existing on-site systems are 
operated and maintained to prevent the discharge of pollutants to 
groundwater or the surface. One way to reduce the possibility of failing 
systems is to require scheduled pumpouts and regular maintenance. 
Frequent inspections and proper operation and maintenance will provide 
the most cost-effective pollutant reductions (USEPA 1993). At a 
minimum, inspections upon resale or change of ownership should be 
made. If the system is found to be deficient, corrective action should be 
taken. A wastewater management utility or district can provide these 
services, saving the time and money a local government or homeowner 
may spend maintaining and repairing systems. 

8. Retrofit or upgrade of failing systems will minimize nutrient loading to 
waterbodies. As mentioned above, the most common cause of septic 
system failure is hydraulic overloading, leading to anaerobic conditions. 
Researchers have had good success in retrofitting failing systems by 
combining the construction of backup soil absorption fields with water 
conservation measures. A backup absorption system is constructed so 
that water can be diverted from the primary absorption field, allowing 
the failing field to rest. In many cases biological activity unclogs the 
system and aerobic conditions are restored in the soil. Scheduling is 
then done to alternate the use of the primary and backup systems (e.g. 
use of each system 6 months of the year). This allows systems located 
in marginally permeable soils to operate properly. Garbage disposals 
should be eliminated and low-volume plumbing fixtures installed in 
such cases where the absorption field has failed in order to reduce total 
pollutant and water loads to the field. Periodic pumping of septic tanks 
(e.g. household size of 2, tank size of 1,000 gallons should be pumped 
every 5.9 years). Costs associated with pumping are minimal relative to 
treatment costs. 

4. Reduce urban runoff 

Overview 

Everyday activities in urban areas have the potential to contribute ~onpoint 
source nutrient loadings. Examples are garden and lawn care, operation and 
maintenance of diesel and gasoline vehicles, illegal discharges to urban storm drains 
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or ditches, commercial activities, and domestic animals. Reducing po\1utant 
generation is genera\1y less expensive than treatment processes that remove 
po\1ution. Education and small changes in behavior can result in significant 
reductions of adverse water quality impacts. 

Extent and location of the problem 

Nutrient runoff from nonpoint source urban runoff has been estimated to equal 
or exceed contributions from wastewater and industrial discharges. In the UKL 
watershed, only about 1,500 hectares are classified as urban. However, rural 
residential areas also contribute nonpoint source pollution. Nutrient loads are 
primarily from improper disposal of household and automotive products1 over
fertilization of lawns and gardens, and industrial and commercial activities that are 
not under NPDES purview (USEPA 1993). Use of phosphate-based fertilizers on 
lawns, parks and golf courses, has been shown to be a significant source of P in 
urban nonpoint source runoff. Over fertilization resulted in 49.4 tons of P entering 
surface waters from a 193-square mile area, for an areal loading rate of 0.896 kg
Plha (USEPA 1993). 

Recommendations 

I. The use of phosphate-free fertilizers was implemented in the Lake Barcroft, 
Virginia, Water Management District, with an estimated 80-85% reduction 
in spring P-loadings. The use of organic fertilizers, which tend to be slow 
acting and less soluble than chemical fertilizers, is an alternative methods to 
P-free fertilization. The associated costs of phosphate free fertilizers in the 
Virginia study was $1.00 to $1.50 per household. The cost of use of 
organic fertilizers ranges from $0.00 to $1.00/1 00 square feet oflawn. 

2. Constructed wetlands can Dlav a critical role in reducing nonpoint source 
pollution by intercepting nmoff and removing, transforining and storing 
sediment and nutrients. Wetlands and riparian areas typically occur as 
natural buffers between uplands and adjacent waterbodies. The pollutant 
removal functions associated with wetland area vegetation and soils rely on 
the physical process of filtering and the biological processes of nutrient 
uptake and denitrification. Wetlands and riparian areas that reduce nonpoint 
source pollution do so within a specific range of conditions. Removal of 
sediment bound or particulate phosphorous by these systems can be very 
high (95%) but dissolved phosphorus removal may be negligible on an 
annual basis, with the system exporting P during fall and winter vegetation 
senescence (Gearheart 1992). 

Urban Summary 

The various management options discussed, their estimated effecti~eness and co~t, have 
been summarized in Table 6.5 below. It is clear than significant reductions to P loadmg can be 
achieved with very little capital outlay if detergent ba~s and wastewater reuse are pursu~d. 
Although these reductions represent a very small fraction of the load to the lake, they Will 
provide an important e"ducational and partiCipatory role for urban and rural communities that 
would like to see local water quality improvements. 
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Table 6.5 Major P-reduction strategies for urban and residential sources, their effectiveness, cost, 
and acceptability. 

Effectiveness 
Management Activity (% TP removal) Cost Acceptability 

Phosphorus detergent ban 50 negligible moderate 

Garbage disposal ban 15 negligible moderate 

Modify fertilizer use 80-85 $0-$1.501household moderate 

Advanced WWT 70-90 $8Ikg-P (alum) low 

Reuse of municipal WW 90-100 negligible (1) high 

Upgrade on-site systems 70-90 $3,000- low 
to sand filter lO,OOO/system 

Alternating use of back-up 30-80 minimal moderate 
absorption field 

Wetlands or filter strips 55-90 (90) $750-$8,OOOIacre high 

Agricultural 

Nationwide, agricultural practices have been identified as a major source of pollutant 
loading, usually via sediment transport to receiving waters (Table 6.6). Management efforts to 
reduce pollution have shown that erosion control practices can greatly reduce the amount of 
sediment mobilized and edge-of-field practices can effectively remove sediment from runoff 
before it leaves agricultural lands (USEPA 1993). There are numerous techniques for reducing 
erosion detailed by the USDA Soil Conservation Service (Field Office Technical Guide). A 
detailed analyses of these techniques is beyond the scope of this report_ The selection of 
appropriate management techniques for various areas in the UKL watershed would best be 
determined by landowners and technical support staff. Cost share is frequently available from 
the USDA and other federal agencies for many of these practices ("uSEPA i993). 

Table 6.6 Pollutant yield by land use (Dornbush et a1. 1974) 

Pollutant 

Suspended Solids 
Total Phosphorus 
Nitrate Nitrogen 

Total Kjeldahl Nitrogen 
Chemical Oxygen Demand 

Cultivated Pasture Grassland 
Yield, kgiha*yr 

286 11.8 4 
0.30 0.25 0.1 
0.37 0.40 0.24 
0.91 1.12 0.73 
48 28 13 
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I. Reduce erosion from row crops 

Overview 

Sediment is the greatest poll utant in aquatic systems both by weight and 
volume. Nutrients, pesticides, and other constituents may be adsorbed to sediment 
particles and transported to the receiving system through runoff and erosion. 
Sediment and nutrient loads from row crop areas are often several times higher than 
background levels. 

Extent and location of the problem 

Areas in the UKL watershed that are tilled for row crops are relatively small. 
(About 90% of the row crops in the Upper Kiamath Basin are grown in the Lost 
River Sub-Basin). However, Howard Bay and a few areas around the margin of 
the lake are cultivated, primarily in potatoes, wheat and barley. Water quality of 
effluent from Howard Bay shows significantly higher concentrations of suspended 
sediments and nutrients than other inflows to the watershed (Gahler 1969). These 
cultivated areas are relatively flat and much of the erosion may be due to wind as 
well as irrigation. Although small in area, the proximity of these fields to the lake 
greatly increases their importance to the overall UKL nutrient load. Therefore, 
these areas provide a great opportunity for reducing eutrophication. 

Recommendations 

I. Conservation tillage maintains a soil surface cover of residue after planting 
to reduce soil erosion by water or wind. Where fertilizers and pesticides are 
applied to crops, low till options may not sufficiently incorporate these 
constituents into the soil. This can lead to increased runoff of soluble P. 
Reduced tillage systems have reduced TP and sediments loads by 45% and 
55% respectively. Costs of machinery for conservation tillage ranged from 
$8.25 per acre in rvfichigan to $55.09/acie in Florida. The lifetime of the 
equipment is expected to be about 10 years. 

2. Water and sediment control basins (W ASCOB's) retain runoff water, 
allowing sediments to settle out, carrying adsorbed nutrients with it. The 
basins can reduce sediments loads by about 90-95%. WASCOB's could be 
placed in several areas in the watershed that receive runoff from pastures, 
cultivated fields, or irrigation return flows. W ASCOB's cost have been 
estimated at about $90.00/acre-year (USEPA 1993). 

3. Filter Strips are areas of vegetation placed at the edges of fields to intercept 
field runoff and retain nutrient and sediment loads. Effectiveness is 
estimated at 75% reduction of TP and 65% reduction of sediments. The 
annual cost of grassed filter strips has been reported at $7.3l1acre, 
amortized over the life of the project (USEPA 1993). 

2. Improve grazing practices 

Overview 

Most nutrient and sediment loads associated with grazed land are related to poor 
management of riparian areas. Riparian areas include streambanks, wetlands, 

168 



ponds, lake shores and canals. The USDA Soil Conservation Service, the Bureau 
of Land Management and the USDA Forest Service all publish grazing, range and 
pasture management guidelines. For any grazing system to work. it must take into 
account the local conditions, type of stock, an characteristics of the operation. 

Extent and location of the problem 

About 12.7% of the land area in the watershed is range or agriculture (irrigated 
pasture). The opportunity for improving UKL water qualicy is dependent on the 
involvement of major land owners in the watershed. The proximity of agricultural 
areas to ~waterbodies and the practice of flood irrigation of pastures make these areas 
partiCUlarly important. In agriculture and range land use (see maps) there are about 
400 miles of stream miles. 

Recommendations 

I. A planned grazing system that allows grazing units to he rested has the 
effect of increasing the quality and quantity of vegetation. As vegetation 
quality increases. fiber content in manure decreases which speeds manure 
decomposition and reduces pollution potentia]. Natural soil mechanisms 
such as freeze·thaw can reduce compacted soil layers during rest periods. 
Such processes result in increased infiltration, increased vegetative growth, 
slower runoff, and improved nutrient and moisture retention in the area. 
The effects of four grazing strategies on bacteria levels in 13 Oregon 
watersheds revealed that higher stocking rates were associated with higher 
bacteria levels (Table 6.7). 

Table 6.7 Bacterial water quality response to four grazing strategies (Tiedemann et al. 1988) 

Practice Geometric Mean 
Fecal Coliform Count 

Grazing without management for livestock distribution; 
20.3acfAUM 15M. 

Grazing with management for livestock distribution: 
fencing and water developments; 19.0 acJAUM 90IL 

Intensive grazing management.. including practices to attain uniform 
livestock distribution and improve forage production with cultural 92M. 
practices such as seeding, fertilizing, and forest thinningj 6.9ac/AUM 

2. Cattle exclusion from riparian areas improves water quality by keeping 
livestock out of the water. The indirect benefits include less compaction of 
the soil and the re-establishment of vegetation that stabilizes streambanks. 
Established riparian vegetation can shade the stream, resulting in lowered 
water temperatures. This may be accomplished by permanent or temporary 
fencing, or by herding of cattle. With herding, spring grazing has been 
identified as the most critical period to allow vegetation to establish itself in 
riparian areas. Costs for permanent fencing in Oregon was estimated by the 
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SCS at $2.640ImjJe (annual cost of $393.44). Temporary single strand 
electric fencing has been used in the Fishhole Creek area. with significant 
re-establishment of riparian areas (Rodney Todd. personal corrununication). 

3. Providing water and salt supplement facilities away from streams will help 
keep livestock away from streambanks and riparian zones. The 
effectiveness of moving supplemental feeding locations away from water 
sources into areas with high amounts of forage was tested in California 
(EPA 1993). The study found that adverse impacts on riparian areas were 
greatly reduced. In Oregon. a pasture study showed that the provision of 
supplemental water facilities reduced the time each cow spent in the stream 
within 4:. hours of feeding from 14.5 minutes to 0.17 minutes (8-day 
average). 

4. Vegetation enhancement reduces the amount of exposed soil and associated 
erosion. Annual forage improvement costs were estimated for Oregon by 
the SCS to be about $4.02 per acre. The Wheat and Feed Grain ("0-85") 
Program reimburses producers for revegetating up to 85% of cropped land. 
The land must be revegetated and managed for weeds and rodents. The 
dollar reimbursement is based on the amount of land reseeded. the previous 
yield, and a deficiency rate. Some growers around the UK!.. margin 
participate in this program for portions of their cropland. 

5. Riparian buffer strips reduce sedimem and nutrient loading to adjacent 
waterways. Vegetated ecosystems along a waterbody process energy, 
materials and water from adjacent uplands. These areas usually have a high 
water table and are subject to periodic flooding and interaction with the 
adjacent waterbody. Buffer areas traps materials including sediments and 
litter before they can enter waterbodies. Costs range from $8 to $25/acre 
plus the income that is lost by taking the land out of production. 

The Agricultural Reserve Program provides financial assistance for the 
creation of buffer strips to protect riparian areas. The vegetation, fencing 
needs and widths of these buffer strips are detemtined by Soil Conservation 
Service staff and landowners site examination. The ARP reimburses 50% 
of the costs up to $3,500 per project. (Zone I buffer width is 15 feel, with 
Zone IT extending an additional 60 to 120 feet.) There is presently no 
participation in this program in the UKL watershed. However, CFSA 
(Consolidated Farm Service Administration) staff believe that when drought 
and economic conditions improve, participation will increase. 

3. Land Conversion 

Overview 

Set aside programs allow erodable land or convened wetland to be taken 
out of production. With proper management, this will result in the 
reduction of nutrient and sediment loads to background levels. The } 985 
farm bill contained the Conservation Reserve Program, which allowed 
highly erodible croplands to be retired. The swampbuster provision 
addresses land now in crop production that was originally wetland. 
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Extent and LocaJion of tilL Problem 

In the Uppet Klamath Basin, there are several participants in the CRP, 
which is operating under a one-year extension awaiting the J 995 farm bill. 
Although most of the panicipants are in the Lost River area, a few areas 
near Bly that are in wheat and barley are also participating. The Wetland 
ReseIVe Program pennanently sets aside cropland that was originally 
wetland. Although a few landowners applied for this program in Klamath 
County, none of the sites were approved for participation. 

Recommendations 

Land conversions would be most effective in areas nearest the lake and key riparian 
areas. Probably the single most important area that would benefit the endangered 
sucker species and have the potential for improving water quality is the Williamson 
River delta. This area has critical importance to young suckers. Furthermore, if 
restored to wetland, this large ~ would act to filter and retain nutrient laden 
sediments, and tie up soluble phosphorus in macrophytic and periphytic communities. 

Agricultural Summary 

Although agricultural activities occur on only about 13 percent of the watershed, Miller 
and Tash (1967) estimated that agricultural drainage and canals alone contributed over 
31 percent of the tota! P load. (Miller and Tash did not estimate the agricultural 
contributions that contribute to the nutrient loads in the major rivers.) Our srudy 
estimates that S3 percent of the total P load is associated with agricultural and rangeland 
activities. On the positive side, many of the management strategies for reducing the 
loads are relatively simple to implement, economically feasible and effective (Table 
6.8). Improvement of water quality conditions in UKL will be unlikely to improve 
without significant participation from the agricultural community. 

Table 6.8 Major pho!photus.reducbon SttalegiC$ for agricultural SOLlJ'CCl., their effectiveness, and COl'. 

Management Activity 

Conservation tillage 

WASCo.. 

Filter slrips 

Reduced stocking raleS 

Exclusion from riparian areas 

Alternative watering supplies 

Vegetative enhancement 

Riparian buffet strips 

Wetlands 

Voluntary land conversions 

Effectiveness 
(% TP (SS) removal) 

45 (75) 

(9().95) 

75 (65) 

71).90 

3().80 

55-90 (90) 
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Cost 

SS - S55/",,,, 
($17.34/0=) 
S9Qlo= 

Joss of income from 
_ pn><Iucrion 

$3931mile (to yr lire) 

$27/tank plus 
SO.03/ft pipe 
$41 .... 
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Forestry 

i. Improve grazing practices 

Overview 

Most nutrient and sediment loads associated with grazed land are related to poor 
management of riparian areas. The USDA Forest Service publishes grazing, range 
and pasture management guidelines. Federally managed forest land should 
implement their Best Management Practices on all grazing allotments that they 
administer. 

Extent and location of the problem 

About 789,000 hectares (80.6%) of the land area in the UKL watershed is 
forested, with 418,200 hectares (42.7%) managed by the US Forest Service. The 
Bureau of Land Management administers 73,450 hectares (7.5%) and large private 
timber companies controls about 118,500 hectares (12. I %). The Winema National 
Forest has 21 grazing allotments on about 145,000 hectares of suitable range, 
representing about 1.5% of the total A UMs in Klamath County. In 1989, over 
11,000 cattle AUMs (about 1,830 cattle from May through October) and 3,000 
sheep AUMs were grazed on the Winema. There are about 2,200 miles of stream 
classified in forest land. . 

In the upper Williamson River area, suitable forage is available primarily in 
riparian corridors, and to some extent in the I DO-year flood plain (Darryl Gowan, 
personal communication). This heavily grazed portion of the watershed has 
degraded riparian conditions with associated heavy sediment loads and severe 
downcutting of river banks (Darryl Gowan, personal communication). The water 
table in these areas has apparently dropped 6 to 8 feet due to downcutting, with the 
result that original hydrophytic vegetation species have been replaced by upland 
species. These conditions exists on both federal and private grazed lands. BLM 
managed lands may have similar problems. 

Recommendations 

Grazing allotees should follow the recommendations suggested in the 
agricultural section, or other management techniques appropriate to the specific site. 
The severe downcutting of areas like the upper Williamson 'may require more 
intensive channel restructuring to initiate restoration. Fencing may be effective only 
if fences can be properly maintained. (Fences in forested areas may require more 
maintenance due to tree fall.) Some revegetation projects are currently underway on 
the Winema National Forest. 

2. Road planning and management 

Overview 

Roads are considered the major source of eroded sediment from forested lands, 
contributing up to 90% of the total sediment load from logging operations (USEPA 
1993). The potential for erosion from roads is increased by steeper slope on cut
and-fill slopes, intercepting subsurface water flow, and concentrating overland flow 
on the road surface and in channels. Road-stream crossings are the most frequent 
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sources of erosion and sediment. Soil losses are usually most severe directly after 
road construction due to destabilization and heavy traffic. The construction and use 
of haul roads, skid trails and landings are considered to have the greatest erosion 
potential during timber harvesting activities. Several studies on forest land erosion 
indicate that surface erosion rates on roads often equaled or exceeded erosion 
reported for severely eroding agricultural land (USEPA 1993). 

Extent and location of the problem 

The Winema National Forest has over 6,000 miles of logging roads; most are 
dirt. This constitutes roughly 5,300 hectares of the total 420,070 hectare forest 
(1.26%). Applying this road density to the remaining forested land areas adds 
another 4,400 hectares of road area, for a total of 9,700 hectares. Both the Winema 
and the Fremont National Forests have identified road erosion as a significant 
source of sediment. The Winema has an ongoing road closure program, which 
includes ripping (wing sub-soiler) and seeding. Many roads on the Winema are 
difficult to close, however, because the level, unobstructed terrain allows vehicles 
to drive around road closure structures (Darryl Gowan, personal communication). 

Recommendations 

I. Proper pre-planning of road systems can minimize sediment generation and 
delivery to surface waters. Decreasing the number of stream crossings and 
minimizing steep hillslope areas can reduce erosion potential. A cost-benefit 
analysis revealed that considering water quality during the design phase of a 
road reconstruction project resulted in immediate savings. Expertise on soil 
and water protection provided by a hydrologist resulted in 50% of the 
savings alone. 

2. Properly designed, constructed and maintained stream crossings will 
minimize failure and impacts from road runoff. Fish-bearing streams will 
require structures suitable for fish passage. 

3. The road surface should be selected to minimize surface erosion. Waterbars 
or other structures should be installed to minimize channeling of water along 
the road surface. 

4. Closure or eradication of unused roads, or surfacing so that runoff is 
minimized. If sufficiently revegetated, the associated nutrient load should be 
reduced to background levels. Cost for road obliteration is estimated to be 
$IOO-$I,OOO/mile. 

3. Improved Logging Practices 

Overview 

Although most of the logging on the Winema National Forest occurred during 
the earlier part of the century, about 165.7 million board feet per year were 
harvested between 1980 and 1990. Research conducted by Beasley and Granillo 
(1985) demonstrated that selective cutting generated lower water yields (1.3 to 2.6 
times less) and sediment yields (1.5 to 2.0 times less) than did c1earcutting. This is 
significant because higher stormwater flows can undercut banks and scour 
channels. Harvesting by the diameter limit practice without any restrictions on road 
grades or stream restrictions, increased maximum turbidity 200 times greater than 
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intensive selection. Commercial clearcutting with no controls increased maximum 
turbidity by over three orders of magnitude (USEPA). 

Extent and location of the problem 

Since over 80% of the UKL watershed is forested, the sediment and nutrient 
loads generated by logging has the potential to significantly effect the lake's water 
quality. Except for the west side of the lake, most of the forest land occupies the 
upper part of the watershed, thus loads generally enter waterways farther from the 
lake. 

Reconvnendations 

1. Select cuts are preferred over clearcutting. 

2. Use of pre-designated skid trails minimizes exposed soils and 
consequent runoff. 

3. Where feasible (slopes greater than 30%), the use of cable yarder can 
result in about 1 % of the soil being disturbed, as compared to 37% that 
is disturbed using skid trails. 

4. Buffer strips 

Overview 

Recent Oregon state forestry regulations have increased the minimum width of 
vegetation (buffer strip) to be left adjacent to streams during logging. The width 
and vegetation vary by stream class, location and other variables. The USFS has 
stricter buffer guidelines, as designated in the national forest plans. In designated 
spotted owl habitat areas, the President's Forest Plan stipulates very large riparian 
reserves. 

Extent and location of the problem 

On Forest Service lands, buffer strips were mandated in the early 1980s. Thus 
the Winema and Fremont National Forests should have, at minimum, IS year old 
vegetation in riparian areas. Thus, the erosion reduction attributable to buffer strips 
should already be applicable to Forest Service lands. The logging practices on 
private and state lands will be subject to the recent Oregon regulations. thus further 
reducing sediment loads into streams. 

Recommendations 

1. Follow state and federal regulations established for riparian buffer areas. 

Forestry Summary 

The recommended strategies for source control on forested lands are summarized in Table 6.9. 
Federal. state and private forest management agencies will have a more thorough discussion of best 
management practices. 

174 



Table 6.9 Major P-reducLion strategies for forestry sources, their effectiveness and cost. 

Management Activity Effectiveness Annual Acceptability 
% TP (55) removal Cost 

Improve grazing pnicLices See agricultural summary 

Road construt:tionJrngmt (90) SlOQ.Sl000Jmile mediwn 

Selective cuuing and other (70) low 
logging practices 

Buffer strips 40-50 S85Iacn: mandatory 

Constructed Wetlands 55·90 (90) S7SQ.S8.OOOIacre ? 

In-Lake Methods 

Physical 

I. Dilution, Flushing (Increases in Lake Depth) 

Overview 

The dilution of lake water with low nutrient waler can lower the concentration 
of the limiting nutrient and can also increase the water exchange or flushing rate. 
Dilution is feasible where large quantities of low-nutrient water are available and 
transportable to the lake. Although low nutrient water is not really available in the 
quantities needed for UKL, there may be some potential for changing the timing of 
the lake's early spring flushing to reduce nutrient loading. 

Dilution could be achieved by maintaining a greater water volume in the lake. 
Studies by Klamath Consulting, Inc. (1983) and Kann (1993) have demonstrated 
improved water quality conditions in UKL when lake elevations were maintained at 
about 4140 feet. Maintaining near maximum elevations during the sununer was 
recommended by both Klamath Consulting, Inc. (1983) and USACE (1982). This 
technique ha.~ been successful in several situations where nutrient-rich domestic 
wastewater was the prim3l)' source of nutrient loading. The cost associated with 
this method would depend on the water year and the amount of crop that would not 
be grown by withholding Project water after a certai.n date. 

The USACE proposed Ib.t lake levels could he raised by developing off-stream 
storage (Aspen or Round Lakes), but subsequent studies concluded that both sites 
were unsuitable due to the high potential for groundwater leakage. Finally. the 
USACE proposed the possibility of raising the Link River dam and the lake level by 
5 feet at an estimated cost (1994dollars) of $42 million. 

Recommendations 

There is not a source of low-nutrient water available in the UKL watershed 
in sufficient quantity to "flush" the lake during the growing season. 
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However, the benefits of dilution that are achieved by maintaining the lake 
at a minimum elevation of 4140 feet appear to be significant. Furthermore, 
allowing the first one or two intense runoff events in late winter or early 
spring to flush through the lake, and then allowing the lake to fiU with more 
dilute runoff, would result in a reduction of P loading to the lake. This 
strategy warrants further study, possibly through the use of a reservoir 
management model such as PRSYM. 

PRSYM (Power Reservoir Simulation Model) is a joint collaboration 
between the Electric Power and Research Institute, the USBR, and the 
Tennessee Valley Authority. PRSYM has the ability to perform simulation, 
rule-bas.ed simulation, or optimization based on a list of prioritized goals. It 
is a flexible modeling tool that allows the user to model a system of 
reservoirs in one of four modes: 

1. simulation 
2. simulation with water quality (salinity or temperature at present) 
3 . rule-based simulation 
4. optimization using prioritized policy goals. 

The PRSYM software could be used in rule-based simulation mode to 
develop and test a flushing strategy with multiple hydrologic scenarios 
(Monte-carlo analysis). 

2. Selective Withdrawal 

Overview 

In most applications, this techniques refers to hypolimnetic withdrawals of 
water in which nutrient concentrations are relatively high instead of allowing 
surface overflow. Since UKL is not thermally stratified, this technique is not 
feasible. Weirs currently release water from the upper portion of the water column, 
which is the photic zone and contains most of the live algae biomass. This would 
be desirable for A-Canal since it makes use of the fertilizing effects of the biomass, 
but undesirable for downstream releases, since it constitutes an organic load to the 
river. 

3. Dredging 

Overview 

Dredging removes the accumulated nutrient sources in the shallow « I m) 
sediments which are believed to be sources for internal loading. This method has 
generally been used for very shallow lakes (I -5 m) when other control measures, 
such as source control, have failed to give any respite from dense algae blooms. 
Dredging can directly remove up to 50 years of nutrient pollution (usually sewage) 
and has the added benefit of deepening the lake. 

Restoration' attempts in 18 eutrophic lakes in Western Europe indicated that deep 
lakes respond differently than shallow lakes to reductions in nutrient loading (Sas 
1989). In the shallow lakes a strong net annual release of P from sediments 
occurred after restoration, delaying the reduction of in-lake P concentrations for up 
to five years. The greatest influence on sediment P release appeared to be the 
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sediment P concentration in the upper 15 cm. Above 1 mgP/g dry sediment, there 
was a period of severa) years where P release occurred. The concentration of 
dissolved oxygen above the sediments did not appear to as important as the 
sediment P concentration. 

Dredging is however. very expensive, ranging from $5 to S50 per cubic yard. 
Additionally, there are usually costs associated with securing a disposal site. 
Cooke et al. (1986) estimated a completed project dredging cost of $5,7221ha (1994 
dollars). 

Recommendation ' 

Dredging is not feasible in UKL as a Jakewide water qu3J.ity improvement 
measure for three reasons. First, the size afthe lake makes this technique 
prohibitively expensive. Second, sediment profiles indicate that there is not a 
phosphorus concentration gradient in the bottom sediments. 1bis is consistent with 
the fact that much of the bottom sediment is subjected to continual resuspension. 
Finally, dredging is normally performed after nutrient inflow sources have been 
reduced, and lake recovery is being retarded by nutrient releases from the 
sediments. Selective dredging, particularly of P enriched areas such as Howard 
Bay, may be feasible in the future to speed to lake's recovery. 

4 . Sediment Oxidation 

Overview 

Eutrophic lakes and reservoirs, when stratified in summer, deplete oxygen in me 
hypolimnion and the sediments. One result of this process is a release of toxicants 
(hydrogen sulfide, iron, heavy metals) which may cause fish kills. Another result 
is the release of nutrients from the sediments, which can increase eutrophication. 
Mechanical aeration prevents this. 

Recommendations 

It has not been demonstrated that dissolved oxygen level is the most important 
factor controlling P releases from sediments in UKL. Significant P releases may be 
initiated by high pH. microbial activity and diffusion. Furthermore, the lake is 
predominantly well mixed. The USACE questioned the effectiveness of this 
method and estimated its cost (1994 dollars) at SI40,OOO plus S210,OOO per year 
for power. Sediment treatments should be considered only after source control has 
been implemented and it is clear that water quality is not improving due to internal 
sources. For these reasons, sediment oxidation is not considered feasible for UKL. 

5. Algae Harvesting 

Overview 

The harvesting of nuisance blue-green algae has the dual effects of reducing the 
hannful water quality conditions associated with algal blooms, and simultaneously 
reducing the nutrient levels in the lake. The greatest barrier to applying this 
technique is the lack of technology to economically filter the small (I mm long) A. 
flos aquae grass blades. Cell Tech harvests about two millions pounds ofA. flos 
aquae annually from A Canal. Screen filtration techniques remove floating algae 
that are the main visual aesthetic problem. 
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Algae harvesting.through wetland filtration has been conservatively estimated 
for Lake Apopka, Aorida to achieve about 42% TP reduction by filtration of 
particulate algae (Lowe et ai, 1992). The authors calculated that the cost of the 
project ($20 million) was less than 3% of the estimated cost of dredging. 

Recommendations 

Chemical 

In order to benefit UKL, algae harvesting would need to occur throughout the 
lake, which would require considerable effort. The technological difficulties led the 
USACE to conclude that algae harvesting is not feasible for UKL. Constructed 
wetlands designed to filter algae might be applicable in isolated areas to create 
refugia With lower phytoplankton populations. 

I. AJgicides 

Overview 

Copper sulfate is the most commonly used algicide. although it is usually 
applied in small to medium sized lakes and reservoirs. The effects of copper are 
always temporary and annual costs can be significant. Negative environmental 
effects include mortality of nontarget organisms and metal contamination of the 
sediments. Several states are phasing out the use of copper or lowering the 
pennissible copper dose (Cooke et aI. 1993). 

AJgae vary substantially from species to species in their sensitivity to the toxic 
cupric ion (Cu2+) with blue-green algae being particularly sensitive. Unfortunately, 
high pH reduces the solubility of CuS04 and high organic content increases the 
ion's complexation. At a pH of 8, less than 10 percent of the added copper is in 
the dissolved (toxic) form and at a pH of 9 or more its effectiveness will be minimal 
(Cooke et aI. 1993). Less copper is necessary when alkalinity is below 40 mgIL, 
and water temperature is above lSC. 

Recommendations 

The negative effects of copper toxicity and the frequent high pH values in the lake 
preclude its use in UKL. According to Cooke et aJ.(1993:253): 

"Many genera of blue-green algae produce hepatotoxins or neurotoxins 
which have been linked to Hvestock deaths and to human gastrointestinal 
problems following consumption. These algae, including 
Aphanizomenon, Anabaena, and Microcyslis, are conunon in eutrophic 
ponds, recreationa1 Jakes, and water supply impoundments. In a study 
with ominous implications for consumers of raw water treated with 
copper sulfate, Kenefick et aI. (1992) have demonstrated that nearly all 
of the neurotoxins in the cells of M. aeruginosa were released after 
treatment with 0.5 mg Cull in flasks following collection from a lake." 

Furthermore, Daphnia are highly sensitive to copper; concentrations at least 100 
times less than those used for a1gae control are known to Inhibit reproduction or to 
be lethal to zooplankton. For these reasons and because safer,longer tenn methods 
exist, the use of copper sulfate as an algicide is not recommended in UKL. 
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2. Shading (dyes) 

Overview 

Shading reduces light by employing an abiotic screen. Various pond dyes are on 
the market. Examples: "blue" lakes on golf courses on TV are nonnally green 
ponds thac have been dyed. Circumstantial evidence from srudies perfomled on 18 
restored lakes indicated that the most important additional factor (other than source 
nutrient reduction) determining cyanobacteria abundance was light penetration (Sas 
1989). Blue-greens maintain populations at low light intensities yet are relatively 
easily light-inhibited, leading to variable responses in the lakes studied. 

Recommendation.s 

Shading would be likely to benefit rather than restrict Aphanizomenon growth. 
Another disadvantage of shading materials is the possibility of producing strange 
colors if algae are still present. FinaJly. this technique is not reconunended in very 
shallow water, thus would be inappropriate in UKL. 

3. Phosphorus Inactivation 

Overview 

Alum has been used with success to remove P at wastewater treatment plants 
and to remove P from the water column in lake environments (Cooke et al. 1993). 
Alum precipitation is not recommended in Jakes with unabated high external P loads 
or in Jakes with a pH above 9 due to increased solubiJjty of the toxic aJuminum ion. 
The USACE estimated that alum treatments would not be feasible for UKL due to 
the lake's short hydraulic retention time. The cost per lakewide treatment, at 
$5131ha (Cooke el al. 1986) would be SI8 million (1994 dollars). 

A more cost effective chemical additive to enhance P precipitation is lime 
(Ca(OH)2). Addition of lime to freshwater dugouts in Canada at a concentration of 
250 mgII resulted in a 80% removal ofTPfromthewatercoJumn (Mucphy et at 
1990). Lime has been shown to improve shallow lakes receiving stonnwater 
(Cooke et a1. 1993). Even if applications are frequent, as would occur in rapidly 
flushed systems, costs are not high and a safe, effective, nontoxic material is 
substituted for an algicide. Slaked lime (Ca(OH)2) was found to be more effective 
than CaC03, perhaps because of the fonnation of small, high surface are calcite 
crystals when (Ca(OHj2) is added, furnishing more binding siles for P removal and 
retention. 

Recommendation 

The use of alum would be cost prohibitive for UKL due to its large size. 
Furthermore, using alum in a natural environment has exhibited toxicity to fish and 
zooplankton (CooKe et al. 1993). Toxicity levels for the aluminum ion have been 
determined ,for fish at levels above 52 ugIL (Beisinger and Christensen 1972). 

Lime precipitation may be a feasible treatment method for reducing in·lake P 
concentrations, but would likely require frequent treatments due to the fast flushing 
rate ofUKL. The treatment would be most effect just prior to the onset of bloom 
temperatures, since once the bloom is in process, dissolved P will be minimal. At a 
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cost of $400,000 per kIn' ,one lakewide dose would cost about $140 million, 
making this treatment economically unfeasible. 

Biological 

1. Pathogens (virus, bacteriophages) 

Overview 

Cyanophages are viruses naturalJy present in aquatic systems that attack blue 
green algae. They have several 'advantages as an algicide because they are selective 
to the target species and nontoxic to other microorganisms and animals. Nor do 
they adversely affect water quality. Several factors affect their activity, such as pH 
and the ability afhIue-greens to develop resistant strains. Several researchers have 
found that cyanophage activity is low at a pH greater than 9.0 (Cooke et 01. 1993). 
To date, no practical application of pathogens has been developed for algal control. 

Recommendations 

Future research may indicate ways of usjng introduced viruses, bacteria or 
protozoa in the lake environment. An example might be manipulation of the pelagic 
food web to maximize invertebrate grazing on algae, including protozoan or bacteria 
grazing. At this time, however. reliable cyanophage treatments have not been 
developed for AphanirPmenon species. 

2. Biomanipulation 

Overview 

The most common use of biomanipulation for lake restoration involves 
encouraging me growth of large plankton-grazers such as Daphnia that, through 
their grazing action, reduce algal biomass. This is often accomplished by 
introducing piscivorous (fish eating) species such as largemouth bass, which feed 
on planktivorous fish (z.ooplankton eating) such as minnows, thereby reducing 
pressure on large·bodied zooplankton populations. The desired result of the 
manipulation is less algae biomass, more zooplankton, and greater water 
transparency. 

While the technique is likely to be more long-lasting and less toxic than 
chemical control methods such as algicides, the resullS are less predictable due to a 
present lack of understanding of the pelagic food web. Furthennore. the chances of 
success using biomanipuiation are not high unless external nutrient loads have first 
been reduced (Cooke et aI. 1993:212): 

"Nutrient concentrations set broad, general limits on productivity 
and on the amount and kinds of algae in pelagic communities. 
However it may be possible to increase herbivore density in these 
communities and thereby lower algal biomass to levels less than 
expected for the lake's nutrient concentration." 

Upper Klamath Lake has some characteristics that reduce the likelihood of 
success from biomanipulation. First, the dominant nuisance algae, A. flos aquae, 
forms large colonies (grass blade morphology) which are not generally palatable to 
grazers when fully grown. In enriched lakes, Daphnia are more likely to affect 
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algae concentrations,if its biomass is high prior to blue-green bloom development, 
in effect preventing the bloom from developing. This scenario is less likely to be 
effective when filamentous species such as A.flos OiJuae are involved, because 
these species apparently develop from benthic sources. 

Some phytoplankters. such as A. f/os-aquae • can actually benefit from 
herbivore grazing due to its ability to aggregate into large colonies. According to 
Lynch (1980): "Aphanizomenonf/os-aquae often reaches bloom proportions in the 
presence of dense Daphnia pulex." Its morphology is unique in that it grows from 
single cells (akinetes) into single filaments which are capable of aggregating into 
colonies or "grass blade" morphology. In fact. Lynch suggests that grasS-blade 
blooms rarely occur when Daphnia is not abundant. Ajlos..-aqUlJe growth in the 
presence of dense Dophnia results from an expansion of individual colonies rather 
than through the development of new colonies. Lynch tested several hypothesis 
involving the relationship between Daphnia, A. flOS..alJUlU blooms, and sediment 
conditions (Section 3.3). 

Studies perfonned by Ehinger using Agency Lake water support the importance 
of in-lake nutrient concentrations over the grazing effects of Daphnia pulicaria . 
Ehinger (1992) examined the hypothesis that the maximum biomass of a trophic 
level is controlled from below by nutrient availability. One tank was filled with 
ambient nutrient levels and another with nutrient enrichment. both in which a 
gradient of D. pulicaria was established. Amounts of chlorophyll-a, A. jlos-aquae 
and flagellates were correlated to Daphnia biomass. A Significant negative effect on 
A flos-aquae biomass occurred due to grazing only in the unenriched experiment, 
suggesting that the greater availability of nutrients in the enriched experiment offset 
grazing losses. 

Recommendations 

Biomanipulation may be an imponant restoration technique for UKL once 
reduction of nutrient loading from external sources has been accomplished. Until 
then. significant data gaps concerning food web dynamics in UKL and the 
relationship between the pelagic food web and the littoral zone could be addressed. 
A few examples follow: 

1. What roles do piscivorous and planktivorous fish play in the 
zooplankton population? 

2. What UKL herbivores grazeA.f/os aquae and what preys on them? 

3. Is grazing of A.f/os aquae affected by its size? 

4. How significant is the roJe of benthic akinetes in initiation and 
maintenance of A.flos aquae blooms? 

S. What is the role of littoral zones, such as wetJands, jD providing 
refu~ia for zooplankton? 

6. How do food web dynamics differ between open water and 
vegetated areas? 
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In-lake Summary 

Most restoration techniques used for improving water quality are costly and labor 
intensive_ The high flushing rate a.nd large size of UIC' . exacerbates the lil!1itations of t1)ese . 
approaches. Table 6.10 summarizes the in-lake techniques examined in this report. 
Dilution due to water management and biomanipulation warrant further study. In general, 
in-lake methods should be considered only after source reduction strategies have been 
implemented. 

Table 6.10 Summary ofIn-lake management techniques feasible for UKL after reduction of external P-load 

Management 
Activity 

Dilution and 
Flushing 

Constraints 

Requires large quantities 
of low-nutrient water or 
higher lake levels 

Selective Withdrawal Requires thermal 
stratification 

Dredging Reduce external load first 
Requires stratified sediments 

Sediment Oxidation Reduce external load first 
Somewhat experimental 

Algae Harvesting Requires cost effective 
technology 

A1gicides Requires lower pH. 
Possible release of toxins and 
toxicity to other non-target 
species 

Shading Feasible for small areas 
only 

Phosphorus Minimally effective in 
Inactivation softwater high pH lakes 
(alum or lime) 

Pathnnpnc.o AnI. n!:llhnnpn hnt ~V!:lilQhl,.. 
....... • ... 0 ... •• ... • "r"· 1' ...... • ... 0 ... •• u ... ~ ..... _ •• _ ...... - • 

Resistant strains possible. 

Biomanipulation Reduce external loads first. 
Requires knowledge of food 
web. 

Treaunent 
Cost 

Unknown 

S50 million to dredge 
one quarter of lake area 

$140,000 capital cost 
$2lO,ooo/year 

unknown 

alum: Sl8 million/dose 
lime: $140 million/dose 

unknown 

unknown 
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Recommendation 

Maintain lake 
elevation at 4140 feet. 
Reduce external load 

Not applicable 

Not recommended due 
to high cost and uncertain 
benefits 
Not recommended due to 
high cost and uncertain 
benefits 
Further study 

Not recommended 

Not recommended for algae 
control 

Possible application 
pilot studies recommended 

PnC!c.ihl .... !:Innlif''.1Itinn in ....... ~ ..... - .... t'y ...... u ........ 

future. 

Study food web. 





SECTION 7.0 

UPPER KLAMATH LAKE WATER BUDGET 
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7.1 INTRODUCTION 

A water budget was prepared for UKL (UKL). The water budget can be defined as the 
inflow of water from precipitation and snow melt into UKL, and the outflow of water by 
stream flow, groundwater recharge, evapotranspiration and other withdraws out of UKL. 

Specifically, inflows to UKL consist of stream flows (i.e. Williamson River, Wood River, 
Sevemnile Creek, etc.), groundwater flow, surface runoff from rainfall or snowfall, direct 
rainfall and snowfall onto the lake, and various direct anthropogenic inputs such as wastewater 
treatment plant discharges, stormwater discharges and agricultural discharges (pumping of 
pasture land). Outflows can consist of Link River discharges, A-Canal discharges, Keno and 
East side Canal diversions (for hydroelectric power production), irrigation withdraws, 
groundwater seepage, and evapotranspiration. 

Since one purpose of this water budget is to examine drought conditions as they relate to 
long term average conditions, it was decided to calculate a water budget based on only inflow 
and outflow data comprised of long term records. At the time of this writing, the only 
published water budget is the one constructed by the USGS for the time period 1964 through 
1967 (Hubbard 1969). Although the budget included the major tributaries into UKL, it only 
covered a three year time period. The goal of this report's budget is to encompass a longer 
period of record, thereby providing results that can be used to 8_nalyze long term trends, These 
results will be used later in this report to calculate phosphorus loadings. These results will also 
provide more detailed information for use in other studies and management strategies in the 
UKL Basin. To avoid confusion, the water budget constructed for this report will be titled the 
Humboldt State University Water Budget (HSUWB). 
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7.2 METHODOLOGY· 

Method for Calculating Water Budget 

The spatial boundaries of the HSUWB are the UKL watershed, the bottom of UKL, the 
lake shoreline, and the lake water surface. The period covered for the HSUWB consists of 
water years 1929 to 1993, which is a time frame of65 years. 

The HSUWB is based on a mass balance of inflows and outflows into UKL. The mass 
balance can be represented by the following equation: 

where: 

<Z = Qin - Qout 

<Z = change in lake volume per unit time 

V = lake volume 
Qin = inflow 
Qout = outflow 

(I) 

This equation states that the change in lake volume is equal to the inflow minus the outflow 
over some period of time. Since all inflows and outflows for UKL were not known for the 
HSUWB, a residual term was added to the above equation to accommodate the unknown 
inflows and outflows. The residual term includes all unknown gains and losses to the lake 
such as springs, seeps, creeks, groundwater discharge, as well as any errors in known 
inflows, outflows and elevations. A monthly time step was used in the HSUWB. 

Known monthly inflows (Qin) to UKL were the Williamson River and direct precipitation 
onto the surface of the lake. Monthly change in lake volumes were also known and used as 
inputs. The remaining unknown inflows were lumped together, and directly solved for in the 
residual term. 

It is not likely that significant quantities of water are lost from UKL due to groundwater 
recharge (Hubbard 1969). Furthermore. for purposes of the HSUWB, minor UKL withdraws 
are assumed to insignificant. With this in mind, it can be assumed that the residual term 
consists of only unknown inflows. In other words, for the HSUWB the major outflows are 
assumed to be known exactly, and consists of Link River discharge, A-Canal discharge and 
evaporation. 

For the HSUWB a portion of the inflows were known, all the outflows were assumed to 
be known exactly, and the change in lake volume was known; consequently, the residual term 
could be solved for directly, and is represented by the following equation: 

where: 

residual = Qin - Qout + Astorage 

~esidual = unknown inflow + unknown outflow 
llstorage = known change in lake volume over time 
Qin = known inflows 
Qout = known outflows 
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To calculate the inflow from direct precipitation onto and the evaporation from UKL. 
respectively. the monthly rainfall and evaporation values were multiplied by the average surface 
area of the lake for that month. The average monthly lake surface area was determined by 
averaging the end of month lake elevation from the current month with the previous month .. 
The lake surface area corresponding to the average lake elevation was then determined by 
referencing a table of surface area and lake volumes a.~ a function of lake elevations that was 
provided by the USBR. For example. to calculate the lake surface area for the month of June. 
the end of month lake elevation for May was added to the end of month elevation for June. and 
the sum was then averaged. The corresponding lake surface area for May is then taken from 
the table provided by the USBR. The change in lake volume was calculated by determining the 
current months end of month lake volume. which was taken from the above mentioned table. 
and subtracting this. volume from the previous months lake volume. 

Statistical Analysis 

A statistical evaluation of the Williamson River flow data, and other inputs and outputs as 
well. was conducted as part of this study. The results of this evaluation will be used in later 
portions of this report. For purposes of this statistical evaluation the following conditions and 
assumptions were made: the period of record was for the water year 1929 to 1993. and the data 
lC;! rnnc::irtprpn to hP Plth".r nnnn~l1v or lna nnnn~l1v nidnhntprl Nn ~ttpmnt w~<:. m~ilp tn ..... _~U"'. __ "'''''''''' ....................... _ .. .............. _ .. J ........... 0 ............ _ ... J -.-- ..... -~...--.... - _·· ... •• .. r· .. - ...... _-- .. -
determine if the data fit any other type of distribution. such as any of the other extreme value 
distributions. 

Inflow Data 

All inflow data used in the HSUWB is contained in Volume ill. 

Williamson River 

Records of daily mean stream flow for the Williamson River were obtained from the USG" 
for water years 1917 to 1993; only water years 1929 to 1993 were used in the HSUWB. 
Stream flow data is collected from a water-stage recorder located 0.8 miles downstream from 
the confluence of the Williamson and Sprague Rivers. According to the USGS. the records are 
excellent except for estimated daily discharges. which are considered good. Despite the 
Williamson River discharge being measured approximately 8 miles upstream from its mouth to 
UKL. these flows were assumed to represent the total Williamson River discharge and neglect 
any diversions or inflows that may occur downstream of the water-stage recorder. -

Precipitation on UKL 

The other hydrologic input used in the HSUWB. direct precipitation onto UKL. was based 
on records from 1928 to 1949 for Klamath Falls 2 SSW Station. and records for the Klamath 
Falls Experimental Station (KFES) for the years 1950 to 1993. The precipitation data for the 
Klamath Falls 2 SSW Station were downloaded from a Hydrodata computer disk (Humboldt 
State University). The precipitation records for KFES were obtained from the Oregon Climate 
Service. Figure 4.3 sh9wS the annual precipitation for water years 1929 to 1993. 

Outflow Data 

All outflow data used in the HSUWB is contained in Volume ill. 
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Link River 

The main outflow for UKL is the Link River. which is controlled by the Link River Dam. 
Flow data for Link River was supplied by che USBR. According to USBR this flow includes 
Keno Canal and East Side Canal withdraws, which divert flows from UKL for hydroelectric 
power generation. and returns the flow to Link river downstream from the dam and upstream 
from Lake Ewana. It should be noted that after water year 1984, me USGS flow records for 
Link River do not include flow in Keno Canal; prior to 1984 reported flows included the Keno 
Canal diversion. 

A-Canal 

The major irrigation withdraw from UKL is A-CanaL Flows from A-CanaJ are divened 
just upstream of the Link River Dam and are used for irrigation of agricultural lands in the Lost 
River Basin. Oregon and California. Typically. A-Canal is used only during the months of 
April through October. Rows for A~Canal were provided by USBR. 

Evaporation 

Even though evaporation data was noc available for the entire period (1929 to 1993) ofene 
HSUWB. it was decided that monthly evaporation values should be included. Evaporation 
data was obtained from the Oregon Climate Service for a class A level pan located at the KFES 
forthe years 1978 to 1989. A copy of this data is included in Volume ID. Since long tenn 
evaporation data is not available. average monthly evaporation vaJues were determined based 
on the 1978 to 1989 evaporation data. These average monthly evaporation values were used in 
the HSUWB for the entire period of record. To detemtine acrual monthly lake evaporation the 
monthly class A pan evaporation v31ues are multiplied by 0.7 (Cooke e{ 31. 1993). 

It should be noted that UKL evaporation data for the years 1941 to 1960 was also 
available. and was provided by the K!amath Tribe. This data was collected by Pacific Power 
and Light and based on a pan located near Pelican Marina at the southern end of UKL. To the 
best of anyones knowledge. the values are actual open water evaporation and not pan 
evaporation. Due to the uncertainty associated with these evaporation values, they were not 
used in the HSUWB. 

Lake Elevations 

Lake elevations were provided by the USGS for the period from 1929 to 1993. The lake 
elevation used in the HSUWB was the lake elevation occurring at the end of each month. Prior 
to September 30. 1974, elevations were based on one lake gage. Since October 1. 1974, 
elevations are based on the weighted mean of three gages located around the lake. 

Upper Klamath Lake Area and Capacity Table 

The final component required for the HSUWB was a relationship for the surface area and 
volume of UKL as a function of lake elevation. An area and capacity (volume) table for UKL 
was provided by the USBR, a copy is included in Volume m. For the HSUWB. elevations to 
the hundredth of a foot were required. Values for surface area and volume were linearly 
interpolated between values provided by the USSR (tenth of a foot). Also. the capacity values 
provided by the USBR only included in the active volume of the lake above elevation 4137 
feet. and does not include the dead storage volume below elevation 4137 feet. To adjust for 
this , a dead storage volume of 337.300 acre feet was added to the capacity values. 
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7.3 RESULTS 

Following is a discussion of the results for the HSUWB. The results for the HSVWB are 
provided in Volume 1lI. 

Inflow 

Williamson River 

Figure 7.1 shows a plot of the annual Williamson River flow for the water years 1929 to 
1993. The annual Williamson River flow was best described by a lognormal distribution. 
Figure 7.2 shows the normal probability plot of the natural log of the Williamson River flow. 
and Table 7.1 lists (he summary statistics for the Williamson River flow. 
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Figure 7.1 Annual Williamson River runoff for water years 1929 to 1993. 

Table 7.1 Summary statistics for annual Williamson River flow from HSUWB. 

D.o.t< 
Statistic: ds ac·ft 

Annual mean8 1.060 768.200 
Highest annual mean 2.190 I ,S87 ,500 
Lowest annual mean 480 350,700 
Standard deviation- 378 273,276 
Geometric mean (median,. 1.000 723.800 
Geometric St. deviation 1.412 

Date or 
Period of Rccord 

Watc:ryear 1929·1993 
1956 
1992 

Average annual runoff 768.200 Wacer year 1929 · 1993 
10 percent exceeds 1.560 1.126,600 Water year 1929·1993 
50 percentexceeds 1.000 723,800 Wa1et year 1929·1993 
90 pcrcentc:xceeds 642 464,900 Watt:ryear 1929-1993 

a. Values are calculated from lognonnal values according to Hines and Montgomery. 1990. 
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Precipitation on UKL 

Figure 7.3 shows the annual precipitation for water years 1929 to 1993. Annual 
orecioitation onto UKL can be adeQuately be described bv a normal distribution. as shown in 
Figure 7.4. Summary statistics for ihe annual precipitation are listed in Table 7.2. 
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Figure 7.2 Normal probability plot of natural log of annual Williamson River runoff. 
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Figure 7.3 Annual precipitation for water years 1929 to 1993. 
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Figure 7.4 Nannal probability plot of annual precipitation. 

Table 7.2 Summary statistics for annual precipitalion from HSUWB. 

Statistic 

Annual mean 
Highest annual rainfall 
Lowest annual rainfall 
Standard deviation 
Median 
10 percent excec:ds 
SO percent exceeds 
90 percent exceeds 

Precipita tio n 

13.59 in 
22.72 in 

7.52 in 
3.82 in 

13.58 in 
18.49 in 
13.59 in 
8.69 in 

Date or 
PeriQd of Record 

Water year 1929· 1993 
1956 
1992 

Water year 1929 · 1993 
Water year 1929· 1993 
Water year 1929 - 1993 

99.9 99.99 

Outflow Data 

Link River 

Figure 7.5 illustrates (he annual Link River discharge during (he water years 1929 to 1993. 
As can be seen from Figure 7.6, the natural logarithms of the annual Link River discharge 
values can be approximated by a normal distribution. Therefore. the Link River discharge can 
adequalely be described by a lognonnaJ distribution. Table 7.3 is a list of the summary 
statistics for the Link River discharge. 

190 



.. 

. S ... 

2.5 10
6 + - -1---+--+-- +-----1--+--+-- -+ 

2.0106 

5.0 10' 

........... ~ ....••.•.••..... -. .;~ ............. -.-~.- .. -....... -.- ~ ..... -.... -... . 

................... .. 1. 
j 

. , j !. ' -r-",. .......... ,. ........... _ ........................... , ...... H ............. ,_ ••••••• _ • •••• ••• • • , • • __ • •• - ••••••• • ~ -••• - •••••••• - •• ;.. - ••••• • • ••• 

. i ! . ! ! i 
1 

1929 1937 1945 1953 1961 1969 1977 1985 

Waler year 

Figure 7.5 Annual Link River discharge for water years 1929 to 1993. 
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Table 7.3 Summary statistics for annual Link River discharge from HSUWB. 

Flnw Date or 
Statistic cfs ac·ft Period of Record 

Annual meana 1,450 1,052,400 Water year 1929 - 1993 
Highest annual mean 2,800 2,024,700 1956 
Lowest annual mean 550 395,500 1992 
SlllDdard deviationa 575 415,964 
Geometric mean (median)a 1,352 978,700 
Geometric St. deviation 1.464 
Average annual runoff 1.052,400 Water year 1929· 1993 
10 percent exceeds 

. 
2,200 1,595,100 Water year 1929 - 1993 

50 percent exceeds 1,352 978,700 Wateryear 1929 -1993 
90 percent exceeds 830 600,500 Water year 1929·1993 

a. Values are calculated from lognormal values according to Hines and Montgomery, 1990. 

A·Canal 

Figure 7.7 shows a plot of the annual A·Canal flow. It is interesting to note the increased 
trend in A·Canal flows that has occurred over the years (Figure 7.7). A·Canal discharges are 
best described by a normal distribution, a plot of which is shown in Figure 7.8. Summary 
Statistics for A·Canal discharge are shown in Table 7.4. 
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Figure 7.7 A-Canal discharge for water years 1929 to 1993. 
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Figure 7.8 Normal probability plot of A-Canal discharge. 

99 99.9 99.99 

Tablr: 7.4 Summary statistics for A-Canal discharge from HSUWB. 

t:I..tl.>< Date or 
S tatistic d, ac·{t Period of Record 

Annual mean 330 239.100 Waleryear 1929- 1993 
fUghestannual mean 4" 300.200 1973 
lowest annual mean 214 155.100 1929 
Standard deviation " 39,416 
10 percentcxceeds 400 289.700 Water ycar 1929 - 1993 
50 percent exceeds 330 239. 100 Water year 1929 - 1993 
90 percent exceeds 260 188.600 Water year 1929· 1993 

Evaporation 

Table 7.S lists the average monthly pan evaporation values for the KFES. and the actual 
lake evaporation values which are used in the HSUWB for the entire period of record. Figure 
7.9 is a plot of the monthly open water evaporation vaJucs. 

193 



0.70 

0.60 

~ 0.50 ~ .. 
J;: 
~ 

" 
0.40 

.:1 
~ .. 0.30 .. 
c 
Co .. .. 0.20 r.1 

0.10 

0.00 

Table 7.5 Average monthly pan evaporation values for Klamath Falls 
Experimental Slalion for 1978-1989, and assumed lake monthly 
evaporation values used in HSUWB 

Pan evaporation Lake evaporalion 
Monlh (feet) (feet) 

January 0.000 0.000 
February 0.000 0.000 
March 0.000 0.000 
April 0.419 0.293 
May 0.608 0.426 
June- 0.738 0.516 
July 0.876 0.613 
August 0.800 0.560 
September 0.514 0.360 
October 0.364 0.255 
November 0.000 0.000 
December 0.000 0.000 

... 

>. >. .c 1: >. " ~ ! .. .. .. 
l;l l;l 

~ Co ~ § j ~ 
lS 

" 2 « .... .... 
~ l;j " .D « .... tl:: fr Month '" ~ 

Figure 7.9 Monthly evaporation values. 

Lake Elevations 

... 
.IS 

J 

Figures 7.10 through 7.21 display the end of month elevations for the water years 1929-
1993 that are used in the HSUWB. Also plotted on the graphs are the range of end of month 
control target elevations as provided by USBR for operation of UKL as a reservoir. 
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Figure 7.15 End of month lake elevations for March. 

197 

1977 1985 1993 



• c 

.~ 
~ 

~ 
oS c 
0 
E 
~ 
0 

'" c 

" 'C 
0-

-< 

4144 

4143 

4142 

4141 

4140 

4139 

4138 

4137 

4141 

. ! ! 
._ ..... _.,L .... _._ ...... __ ... "_ j ; l , , ·----·--·····r---··--·-·r-·--·-·· 

! l ! j ... _ .... ... ~ ...... ___ ._._. _ ................. 1_._. __ ...... _ .. ;_._._._ .........• ____ ....... __ ~ .... _ ............. ~._ .. _ ... _ ..... . 
, ,,' I , 

:lli~=H~~ 
i ! i ! . 1 ! 
; 'I i' 

1929 1937 1945 1953 1961 
Watr;ryear 

1969 1977 1985 1993 
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1985 1993 

Upper Klamath Lak.e Area and Capacity Table 

Figure 7.22 illustrates the surface area and volume of UKL as it relates to elevation. The 
effect of the dikes around UKL can be seen by noting how the surface area of the lake remains 
relatively constant after appro<imately elevation 4142 feet. 
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Residual 

As was described earlier, it was assumed that the outflows from UKL were adequately 
known. but only two inflows were known. All unknown inflows such as Wood River, 
Sevenmile Canal. and many other small streams, seeps, and groundwater inflows, were 
represented by the residual tenn (equation 2). Figure 7.23 is a plot of the calculated residuals 
for the water year 1929 to 1993. The residuals can adequately be described by a normal 
distribution, Table 7.6 lists the summary statistics for the residual values. 

Table 1.6 Summary statistics for residuals from HSUWB. 

Statistic 

Annual mean 
Highest annual mean 
Lowest annual mean 
Standard deviation 
Median 

Total Annual Inflow to UKL 

fill< 
ds u-ft 

931 
1.445 

518 
230 
870 

673,800 
1,046,200 

374,600 
166,853 
630.000 

Datt or 
Period 01 Record 

Water year 1929 - 1993 
1965 
1931 

Wa~r year 1929· 1993 

< 
2-• 9 • .-
n 

;: 

To detennine the net inflow to un. the residual tenn was added to the known inflow 
values. This result provided the total amount of inflow to UKL on both an annual and monthly 
basis. Figure 7.24 is a plot of the total annual inflow to UKL. The total inflow is best 
described by a lognormal distribution (Figure 7.25); however, a normal distribution also 
adequately describes the total inflow (Figure 7.26). Summary statistics for both the lognormal 
and nonnal distributed total inflows are provided in Table 7.7 and 7.8, respectively, so that 
individuals can develop their own conclusions regarding the total inflow. For the remainder of 
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the Results section, statistics from the normally distributed total inflow will be used for 
comparison purposes. 
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Figure 7.23 Residual for water years 1929 to 1993. 
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Figure 7.24 Total annual UKL inflow for water years 1929 to 1993. 
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Table 7.7 Summary statistics for total annual inflow to UKL from lognonnal distribution for 
HSUWB. 

Statistic d, 

Annual meana 2,112 1,528,400 
Highest annual mean 3,86 1 2,627,900 
Lowest annual mean 1,089 788,000 
Standard deviationa 623 451 ,106 

Oeomenic mean (median)a 2,025 1,46' ,900 
Geometric St deviation 1.335 

Date or 
Period of Record 

Water year 1929 - 1993 
1956 
1992 

Average annual runoff ' 1,528,400 Water year 1929 - 1993 
10 percent exceeds 2,932 2, 122,.tC10 Water year 1929 - 1993 
so percent exceeds 2.025 1,465,900 .Wateryear 1929 - 1993 
90 pcrcent exceeds 1.399 1,012,600 Wateryear l929- 1993 

a. Values are calculated from lognormal values according 10 Hines and Montgomery, 1990. 

Table 7.8 Summary statistics for lotal annual inflow to UKL from nonnal 
distribution (or HSUWB. 

EI= 
Statistic d, ac-Ct 

Annual mean 2.111 1.527.600 
Highest annual mean 3.861 2.627.900 
Lowest annual mean 1.089 788 .000 
Standard deviation 621 449,279 
Modian ),352 978.700 
Avenge annual runoff 1.527.600 
10 percent exceeds 2.905 2.102.700 
SO pen:ent exceeds 2.111 1.527.600 
90 percent exceeds 1.316 952.500 

Date or 
Period of Record 

Water year 1929 - 1993 
1956 
1992 

Water year 1929 - 1993 
Water year 1929 -1993 
Watcr year 1929 - 1993 
Water year 1929 - 1993 

I . Va1ues are calculated from lognormal values according to Hines and Montgomery, 1990. 
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7.4 DISCUSSION 

Annual Information 

Inflow 

The purpose of this section is to present various figures and tables that discuss findings and 
conclusions from the HSUWB. Figure 7.27 is a graph of the total annual inflow to UKL with 
the 10 year moving average also plotted. As can be seen from Figure 7.27, the 10 year moving 
average was at its highest point during the late 1950's and early 1960's. This was a result of 
the somewhat sustained high flows that occurred during the 1950's. From approximately the 
mid 1970's to around 1989 the 10 year running average has remained relatively flat. However, 
the effects of the drought conditions from the mid 1980's up through 1993 can be seen as a 
drastic decline in the 10 year moving average starting around 1990. 

3()(J()()()Q o Annual UKL Inflow ~ 
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Figure 7.27 Total annual UKL inflow and 10 year moving average for water years 1929 to 1993. 

Figure 7.28 illustrates the total annual UKL inflow and its various components. From this 
plot it can be seen that the Williamson River is the largest inflow source to UKL, followed by 
the remaining surface inflows (the residual term), and finally direct precipitation. Table 7.9 
shows the amount and percent of each inflow component to the total annual UKL inflow for 
the average, low and high water years. On the average the Williamson River provides 50 
percent of the total annual inflow to UKL, and ranges between 45 percent and 60 percent of the 
total annual inflow for the low and high inflow conditions, respectively. It is interesting to 
note how consistent the direct precipitation inflow value of 5.6 percent is. 
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Figure 7.28 Total annual UKL inflow and all individual inflows to UKL for water years 1929 to 
993. 

Obviously, the Williamson River is a crucial source of flow to UKL. Due to the relatively 
large size of the Williamson River watershed (approximately 80 percent of the total UKL 
watershed), the Williamson River flow is very dependent on rainfalYrunoff relationships. The 
Williamson River watershed would be a prime area for watershed restoration activities that 
promote water storage, such as riparian and wetland restoration. Such activities will increase 
water storage during the wetter months for subsequent release during the drier months. Thus a 
portion of the total runoff could be stored within the watershed during the winter season, and 
used to augment low flow conditions in the Williamson River during the summer months when 
water requirements are at a maximum. 

Table 7.9 Amount and relative percent of inflow components for 
total annual UKL inflow during average, low and high flow conditions. 

Inflow A!~ClI:~ Dow Low Dow High Cl!/:w 
eoml!onent aeoft %total aeoft % total aeoft %tota1 

Total UKL inflow 1,527,600 788,000 2,627,900 
Williamson River 768,200 50.3 350,700 44.5 1,587,500 60.4 
Residual 673,800 44.1 393,100 49.9 891,200 33.9 
PreciEitation 85,710 5.6 44,210 5.6 149,130 S.7 

One of the many useful results that came out the HSUWB was a linear regression of the 
Williamson River flow versus the total annual UKL inflow. Figure 7.29 shows a plot of the 
linear regression with the 95 percent confidence interval for the mean response and the 95 
percent prediction interval. Statistically, the Williamson River explains 97.4 percent of the 
variance of the total annual UKL inflow. In other words, the annual Williamson River flow is 
a good indicator of the total annual UKL inflow. A plot of the residuals from the linear 
regression can be seen in Figure 7.30. The good scatter indicates that the residuals are 
statistically independent and the model assumptions are probably adequate. 
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Outflow 

Figure 7.3 J shows both the total annual UKL outflow and (he separate outflow 
components. Table 7. 10 gives the amount and percent breakdown for the total annual UKL 
outflow for each of the outflow components. The difference between the average total annual 
UKL inflow (Table 7.8) and the total annual UKL outflow (Table 7.10) is due to both round 
off error and the fact that UKL can contribute to the total outflow as an annual loss in water 
storage. On the average. UKL contributes approximately 1.800 ac-ft of water annually, as a 
net loss in water storage. to the tOlal outflow. 

3.0 106 +-'-- +----j-- -+- -+---/ • Linlt Rivcr 
• A-Canal 

• Q 

c: -• o 

• ..........•...... ~ .. ..........••...• j ................... : ... .. 
j 

..........•...... ~ ............. . 

! 
• ........... ! 

- ... ~ Evaporation 
• Total UKL outflow 

. ...•. , ....... . 

5.0 t05 -r!oJr ................ . ... + .................... l. ............... L ....... . 

0.0 10° k~~!~~~~~~~~~~~~~~~~~~~~~t 

Figure 1.31 

Table 7.10 

Outflow 
coml!onent 

1929 1931 1945 1953 196t 1969 1971 1985 t993 

Watn yur 

TOial annual UKL outOow and individual outflow components (or water years 1929 to 
1993. 

Amount and percent breakdown o( outflow components (or 
lotal annual UKL outflow for average, low and high flow condilions. 

Ayerai' Dow Low Dow Hi&b fi~w 
ac-ft %lolaJ ac-ft "'total flc-rt 'Jf, totaJ 

Total UKL oulnow 1.525.800 841.000 2.511,900 
Link River 1.050.300 68.8 395.600 47.0 2,024.700 80.6 
A-Canal 239.100 15.7 232.900 27.7 239.700 9.5 
EvaE:oration 236,400 15.5 212.500 25.3 247,500 9.9 

As can be seen from Figure 7.31 and Table 7.10, evaporation and A-Canal outflows are 
approximately equal. However, a plot of just evaporation and A-Canal outflows (Figure 7.32) 
shows that a difference .does ex.ist between the two losses. Also. the accuracy of the 
evaporation tenn is somewhat questionable as constant average monthly evaporation values 
were used throughout the HSUWB. The change in yearly evaporation values is only due to the 
difference in monthly surface areas ofUKL. It is interesting to note from Table 7.10 how 
consistent A-Canal releases are no matter what the total UKL outflow (inflow) value is, 
obviously a direct result irrigation demand obligations. 
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Figure 7.32 Evaporation and A-Canal outflows for water years 1929 to 1993. 

Figure 7.33 compares total annual UKL inflow with total annual UKL outflow. The 
difference between the total inflow and outflow is the net annual change in UKL storage. 
Table 7.11 provides summary statistics for the annual change is UKL volume. Figure 7.34 
illustrates the difference between the total annual inflow and outflow or the annual change in 
UKL storage, and the A-Canal outflow. The effects of the drought of the mid 1980's to 
1990's can be seen in Figures 7.33 and 7.34 as the total outflow exceeded the total inflow, 
with the difference being supplied by a continual drop in UKL volume. However, A-Canal 
withdraws remained relatively constant throughout the drought period. 

Table 1.11 Summary statistics for annual change in UKL 
volume from HSUWB. 

Statistic 

Annual mean 
Highest annual value 
Lowest annual value 
SI4ndan:I deviation 
Median 

UKL Volume 

1,800 ae-ft 
272.000 ae-ft 

-208,400 ac-ft 
93,000 ac-ft 
-7.000ac-ft 
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Date or 
Period oC Record 

Water year 1929 - 1993 
1982 
1959 

Water year 1929 - 1993 
Water year 1929-1993 
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Figure 7.33 Total annual UKL inflow and outflow for water years 1929 to 1993. 
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Monthly Information 

Inflow 

This section briefly presents results from the HSUWB on a monthly basis. Figure 7.35 
shows [he average total UKL inflow as it is distributed from month to month. also plaued are 
the average monthly flows plus or minus one standard deviation and the maximum and 
minimum monthly flow values. Table 7.12 shows the monthly percent and cumulative percent 
values of the total annual flow . Figure 7.36 is a plot of the cumulative percent of the average 
to ral annul UKL inflow along with the cumulative plot of the Williamson River flow. Figure 
7.37 is a combined plot of the monthly average total annual UKL inflow and the monthly 
average WilIiamson,River flow, overlaid with the cumulative percent plots for both flows. It is 
interesting to note how the average monthly UKL inflow is mirrored by the monthly 
Williamson River flow. 

From Table 7.12 it can be seen that approximately 45 percent of the total UKL inflow 
occurs during the four months of February. March. April. and May. These months are the 
peak runoff months for the entire watershed. 
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Figure 7.35 Mean monthly UKL inflow, with ± 1 standard deviation. and minimum and ma:timum 
inflow. 
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Table 7.1 2 

Month 

October 
November 
December 
January 
February 
Man:h 
April 
M.y 
June 
July 
August 
September 

Monthly percenl and cumulative pen::ent of the average 
total UKL inflow from HSUWB. 

Monthly p~rc~nt 
of total now (%) 

6.l 
7.1 
9.2 
9.1 
9.2 

11.l 
12.4 
11.4 
7.9 
5.6 
5.1 
5.4 

Cumulativ~ p~rc~Dt 
of total now ( IT,,) 

6.3 
13.4 
22.6 
l1.7 
40.9 
52.2 
64.6 
76.0 
83.9 
89.5 
94.6 
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Figure 7.36 Monthly cumulative percent of total annual UKL inflow and Williamson River. 
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Figure 1.37 Monthly cumulative percent or total annual UKL inflow and Williamson rtiver. and 
average monthly inflow. 

One final plot was prepared from the monthly infonnation obtained from the HSUWB, 
Figure 7.38 is an annual probability hydrograph showing the seasonal flow regime for the total 
UKL inflow. This probability hydrograph was based on the assumption that all the monthly 
inflow values were nonnally distributed. This plot shows the months ofUKL inflow 
limitarions (July (0 November). and the monlhs of higher more reliable UKL inflows 
(December 10 June). 

Outflow 

Figure 7.39 shows the average monthly UKL inflow along with the average monthly flows 
for the rhree major outflows used in the HSUWB: the Link River, A-Canal, and direct 
evaporation from UKL. As can be seen the Link River discharge somewhat parallels the UKL 
inflow; however. during the months of February to June the effects of filling the reservoir can 
be seen as the separation between the two lines increases. One last point of interest is the 
months when A-Canal and Evaporation are at there maximum flows. which coincides with the 
lowest inflow period for UKL. This is the time period that the stored water within the 
reservoir is used to supply irrigation demands. This effect can a1~ be seen in Figure 7.40, 
which is a cumulative percent plot for the total UKL inflow, Williamson River. Link River. A
Canal. and evaporation. The steeper the slope of the lines, the greater the inflow or discharge 
from UKL that is occurring during this period of time. 
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Figure 7.38 Monthly probability that the monthly UKL inflow will be less than the values 
indicated on the ordinate. 
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Figure 7.39 Plot of average monthly UKL inflows and outflows. 
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Figure 7.40 Plot of monthly cumulative percent of total annual UKL inflow and 
outflows. 

Comparison of HSUWB and USBR Water Budget 

7 8 9 

The USBR uses an operational water budget for determining available water in UKL. A 
consistent discrepancy of approximately one lake volume was observed between the USBR 
water budget and the HSUWB (Figure 7.41). The discrepancy is due to the form of the mass 
balance equation that the USBR uses in delennining their water budget. The USBR water 
budget is based on the following equation: 

where: 

residual = Qout + &torage 

residual = unknown inflow + unknown outflow 
&torage = known change in lake volume over time 
Qout = known outflows (Link River, A·Canal) 

The Qout term consists of the Link River and A·Canai only, and the calculated residual 
term represents the total inflow value. This method does not account for evaporation. 
precipitation, or the known values of the WiUiamson river inflow. Rather, they calculate the 
monthly difference in elevation and subtract if from known outflow to estimate the total inflow. 
However, since evaporation is such a large outflow tenn (approximately equal (0 A-Canal), the 
USBR approach underestimates the inflow to UKL. Essentially, the USBR method yields the 
usable water from UKL. 
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Figure 7.41 HSUWB inflow versus USBR inflow and the difference between the two flows (Delta 
inflow). 
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SECTION 8.0 

PHOSPHORUS LOAD TO UPPER KLAMATH LAKE 
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8.1 INTRODUCTION · 

In order to develop eutrophication management strategies for UKL. it was necessary to first 
calculate present tributary nutrient loads within the lake's watershed. These estimated loads ' 
will be used in subsequent chapters of this report. 

Various point source loads within the Upper KJamath Basin were also estimated. The 
percentage of the total tributary load attributable to point sources versus diffuse (nonpoint) 
sources was also detennined. The tributary loads were then used to calculate a unit area load 
(UAL) for each tributary watershed. This VAL was then used co compare the relative diffuse 
loads from watersheds within the Basin. 

Annual loads of total phosphorus (TP). orthophosphorus (OP). and suspended solids (SS) 
were calculated only for tributaries in which water quality and flow data were available. No 
attempt was made to extrapolate or estimate loads for unmonitored areas. Phosphorus is 
typically considered the limiting nutrient in cultural eutrophication of water bodies. 
Detennining the relativerroportions ofOP veISUS 1P in wateIShed loads can help in 
identifying the sources 0 pollution. Suspended solids are critical nonpoint source pollutants 
since both nutrients and toxic materials may be adsorbed to suspended material (Novomy & 
Olem 1994). 
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8.2 METHODOLOGY 

In 1978. a detailed investigation titled 'The United States Great Lakes Tributary Loading" 
was conducted by Sonzogni et a1. (1978) to determine tributary loadings to the Great Lakes. 
The investigation was part of the immense effort to reverse the cultural eutrophication that has 
occurred in the Great Lakes. Various technjques and methods used jn the Great Lakes repon 
became a model for the calculation of UKL loads. 

Tributary Loadings 

The detailed calculations of tributary loads presented in this chapter are included in Volume 
m of this report. In'addition to loads from major and minor tributaries, a load for the Link 
River (the lake's outlet) was also calculated. 

Data Sources 

Loadings were calculated based on existing water quality and flow infonnation. No 
additional sampling was conducted as part of this report. An enonnous effort was made to 
collect afl available data. convert the digitized data into usable formats. analyze and evaluate 
infonnation, and create an easily referenced data base. Data sources include USGS Water 
Resources Data, EPA STORET, Oregon Water Resources Department, Klamath Tribe Natural 
Resources, USBR, and various individual works by universities and consultants. 

Study Area 

The 9.794 square kilometer (!em2) Upper Klamath Basin (Figure 8.1) is divided into three 
USGS Hydrologic Units that are basically hydrographic in nature. The three Hydrologic Units 
either consist of a single major tributary watershed, or a number of smaller tributary 
watersheds. Each Hydrologic Unit has been given a distinct Cataloging Code. For 
purposes of this chapter each Hydrologic Unit has been .given a distinct name, and its surface 
area calculated (Table 8.1). Land uses within each Hydrologic Unit were derived from USGS 
Land Use Coverage maps (Figures 2.6,2.7. and 2.8). 

Table 8.1 Hydrologic Unit Codes, assigned Hydrologic Unit Names, and Areas. 

Hydrolo&ic 
Unit Code 

1801020t 
18010202 
18010203 

Hydrologic 
Unit Name 

Williamson River Hydrologic Unit (WRHU) 
Sprague River Hydrologic Unit (SRHU) 

UK!. Hydrologic Unit (UKLHU) 

3,769 
4,t66 
1,859 

For purpose of calculating loads, each of the three Hydrologic Units were separated into 
watersheds and sub-watersheds. Watersheds are considered portions of a Hydrologic Unit that 
contribute to a major tributary within the Hydrologic Unit, For example, the Sprague River 
Hydrologic Unit (SRHU) consists of two tributary watersheds, the Sprague River Watershed 
and the Sycan River Watershed. Sub-watersheds constitute a portion of a tributary watershed. 
For instance, a designation used in this chapter is that the Williamson River Watershed, which 
is pan of the WilJiamson River Hydrologic Unit, consists of two distinct sub-watersheds along 
the Williamson River. These watershed and sub-watershed designations were most often 
based on the location of gaging stations for water quality andlor flow data. Figure 8.2 shows a 
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UPPER KLAMATH BASIN 
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o 

SCALE 1:650,000 

Figure 8.1 Hydrologic Units within the Upper Klamath Basin. 
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schematic diagram of the relative locations for tributary and point source loads. Nutrient loads 
were estimated for three tributaries that discharge directly into UKL; the Williamson River, 
Wood River. and Sevenmile Canal. 

Areas of watersheds and sub-watersheds were calculated by one of the following methods: 

1. Spares work station and Arcllnfo (a GIS package) and the Land Use Coverage 
maps provided by the USGS; 

2. digitized from 7.5 and 15 minute USGS Topographic Maps; or 

3. estimate~ based on professional judgment and best available information. 

Method of Calculating Tributary Loadings 

All tributary loads were calculated using the ratio estimator method (REM). The REM was 
originally developed by Beale (1962), and evaluated by Dolan et aI. (1981) as the most suitable 
method for estimating tributary loads in the Great Lakes basins. The REM is well suited to 
situations where there is an abundance of flow jnformation for a tributary, but relatively little 
concentration infonnation (Dolan et aI. 1981). Since this situation is typical for tribmaries in 
the Upper Klamath Basin. the REM was chosen as the method to determine tributary loads for 
this report. 

The REM determines an average daily load at the tributary mouth (or point of measurement) 
based on known tributary concentrations and daily flow measurements. The REM further 
adjusts the calculated load for the variability of flow over an annuaJ cycle. This is 
accomplished by multiplying the average daily load by the ratio of the mean daily flow for the 
ye_ar over the mean daily flow for the period when concentration data ex.ists. For example, if a 
monitoring program samples concentrations monthly. high flow events may be missed. If an 
average daily load was calculated based on this scenario. the load would be inaccurate. With 
the REM, some of the bias from sampling during low or high flows periods can be removed. 

The REM is described by the folJowing equation: 

where: 

~y ~ 

~, ~ 

my ~ 

mx ~ 

n ~ 

and. 

( 
S,y) 

1 + nmyrnx 

(1 + S,\) 
nm, 

unbiased estimate of the average daily load 
mean daily flow for the year 
mean daily loading for days for which concentration data exists 
mean daily flows for days for which concentration data exists 
number of days for which concentration data exists 
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n 

L XiYi - nmymx 
~ ~i=~l __ ~-. ____ _ 
~xy = n-I 

n 

L Xi2 - nmx2 
i=l Sx2 = ~--~~--n-I 

where: 

Xj = individual measured flow for each day wl!h concentration data 
Yi = load for each day with concentration data 

The Ily has been described as the best unbiased estimator of the average daily load. This 
was explamed by Beale (1981) in the following statement: 

"The ratio estimator is termed unbiased since the mean of several ratio estimates 
tends toward the "true" mean. The bias in the estimate is removed by the term 
in brackets in equation (1). Note that as n, the number of days concentration 
measurements are available, increases, the influence of the bias correction term 
decreases. " 

Another advantage of using REM is that an error estimate of the load calculation based on 
the variability of the data is possible. The estimated mean square error (EMSE) of the 
calculated load is determined from equation (2). The square root of the EMSE (the root mean 
standard error or RMSE) is an estimate of the standard error. 

where: 

EMSE = Estimated Mean Square Error 

n 

L Yi2 - nmy2 
2 .i:=~l __ ~~ __ _ 

Sy =- n-I 

Typically, REM is used for tributaries that have an entire year of daily flow measurements. 
All of the daily flow measurements are used to calculate the mean daily flow. However, in 
some tributaries daily flow measurements were not available or only partial records existed. In 
these situations, the mean daily flow was based on the instantaneous flow measurements taken 
when tributaries were sampled for water quality parameters, or flow data was extrapolated 
from existing flow measurements. In some situations the mean daily flow for the year was 
calculated from the average of the instantaneous flows used. 
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Some of the existing data were based on sampling programs designed to collect more 
samples during higher flow events, which can make loading estimates more precise by 
allowing stratification of the data between high and low flow events. However, most of the 
existing data had samples taken at best once a month, and often less frequently than this. For 
this report, all load estimates using the REM were based on unstratified calculations. That is, 
all of the data for the entire water year was used to calculate the average daily load. The effects 
that stratification has on the load estimate will be briefly discussed later. 

Adjusting Tributary Loads 

In some locations, the gaging station and water quality sampling point were not located at 
the mouth of a tributary to VKL, at the confluence of two tributaries, or above a sub-watershed 
boundary. In these situations, the tributary load was not adjusted to include the areas below 
the gauging stations. 

The primary reason for not adjusting the load was that often times the area below the 
gaging station had different land use practices than the area above, and it was felt that these 
areas would have significantly different nutrient inputs than the VAL determined from the 
gaged area. For instance, the Williamson River tributary load that enters UKL was determined 
at a water quality sampling point approximately 8 kilometers (kIn) upstream from UKL. The 
area below the sampling point, which encompasses approximately 11,300 hectares, has 
different land uses mat contribute greater nutrient loads to the tributary. A large poiJon of u'1is 
area is a diked and drained wetland that is currently used for cattle grazing and cultivation. The 
nutrient load from this type of land use would not accuratdy be represented by a VAL based on 
the entire watershed. 

Corrections were made for some tributary flow measurements. In situations where the 
gaging station was above the water quality sampling point the gaged flow was multiplied by the 
ratio of the contributing watershed area to the water quality sampling point over the gaged 
drainage area. All flows used in this report were corrected in this manner if the gaging station 
was above the water quality sampling point. 

In cases where the water quality sampling point was located above the gaging station, no 
correction to water quality data was made. It was assumed that the parameter concentration did 
not significantly change from the water quality sampling point to the gaging station. 

Point Source Loads 

Point source loads that contribute to UKT. tributa.ry loads were calculated within the Upper 
Klamath Basin. By calculating point source loads, an estimate of the percent of the total 
tributary load made up of diffuse and point source loads can be estimated. 

Point source loads that discharge into tributaries significantly upstream from VKL will 
undergo physical and chemical changes prior to reaching the lake. However, for this report it 
was assumed that all point source loads that discharge into a tributary will reach the lake as an 
unaltered point source. If the point source load was reduced, then the tributary load would 
directly reflect this reduction. 

Data Sources 

All municipal point source information was provided by the Oregon State Department of 
Environmental Quality, and is current through 1993. Only two municipal point sources exist 
within the study area that discharge directly into tributaries. These two point sources consist of 
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the Chiloquin Wastewater Treatment Plant (WWTP) that discharges into the Williamson River 
.. Chiloquin; and Bly WWTP that discharges into the Sprague River at Bly (Figure 8.2). The 
only information available on each WWTP was the average daily flow and the type of treatment 
process. The Chiloquin WWTP consists of an activated sludge process that has an average 
daily flow of 120,000 gallons per day (gpd). The Bly WWTP consists of an oxidation pond 
with an average daily flow of 35,(X)() gpd. No influent or effluent water quaJity information 
was available for either WWTP. 

Estimation of Point Source Tota) Phosphorus Loads 

Since no water quality information was available for either the Chiloquin or Sly WWTP an 
estimate of the IP, OP, and SS contribution for each was calculated. The loading estimates 
were based on common wastewater constituent concentralions and typical W\\ITP removals 
(Metcalf and Eddy 1994). Table 8.2 illustrates the TP, OP, and SS concentrations, and the 
typical removals provided by the two different WWTP processes. 

Table 8.2 WastewaterTP, OP, and SS concentrations, and WWTP removals used (or estimating 
Point Source Loads. 

ConstituenC 

TP 
OP 
ss 

Diffuse Loads 

Concentration 
ms;/I 

12 
12 

300 

WWTP Process Removal (%) 
Activated Sludge Oxidation Pond 

30 30 
30 30 
9S 60 

The estimated point source loads were subtracted from the totaJ tributary load, and the 
difference was taken as the diffuse load for that tributary. The diffuse load was then divided 
by the area of the contributing watershed or sub-watershed to detennine an overall diffuse VAL 
for each constituent and each watershed unit. 

The calculated UAL was then used for comparison purposes between watersheds to 
detenrune which watersheds have higher overall diffuse loads. No attempts were made to 
correlate the UAL to specific watershed characteristics such as soil types, land use, slope, 
distance to watercourse. etc. However, qualitative generalizations were made between VAL 
and general watershed characteristics based on knowledge of the area. 
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8.3 RESULTS 

Watershed and Sub-watershed Areas 

Loads were estimated at both the mouths of major tributaries and along portions of major 
tributaries. The only major tributary that was broken into loading components was the 
Williamson River. Since the Williamson River drains both the WRHU and the SRHV, 
separating the loads within these two hydrologic units seemed appropriate. Thus, the 
"Williamson River at Williamson River Store" refers to both the Williamson and Sprague River 
loads combined; whereas the "Williamson River Watershed" pertains to only the Williamson 
River load without the Sprague River component, and "Sprague River" refers to loads from the 
Sprague River only: 

Areas for Tributaries at the Mouth of UKL 

Land areas for the Williamson River, Wood River, and Sevenmile Canal, are presented in 
Table 8.3. The "Williamson River at Williamson River Store" watershed is extremely large 
because it drains both the WRHU and the SRHU. 

Table 8.3 Major tributaries that discharge directly into UKL and for which loadings 
were calculated. 

Hydrologic Unit 

WRHU and SRHU 

UKLHU 

a) NA - Not applicable. 

Major Tributary and 
Watershed Name 

Williamson River at Williamson River Storeb 

Wood River at Agency Lake 
Sevenmile Canal at Agency Lakec 

Link River 

Watershed 
Area (km2)a 

7.822 

333 
83 

NA 

b) Includes all loadings from the Williamson River and Sprague River Hydrologic Units 
except 113 km2 area below Williamson River Store. 

c) Sevenmile Canal watershed was assumed to be approximately 25% of Wood River watershed. 

Breakdown of Areas for Tributaries 

Both the WRHU and SRHU were further divided into tributary watersheds and sub
watersheds so that loads could be caicuiated for these areas (fables 8.4 and 8.5). 

Table 8.4 Watersheds and sub-watersbeds for tributaries 
within the Williamson River Hydrologic Unit 
for which nutrient loads were calculated. 

Tributary and 
WatershedlSub-watershed 

Williamson River above Chiloquina 

Spring Creek 

a) Area of Williamson River above Chiloquin. 

3.589 
36 

does not include 144 km2 area below gaging station. and 
Spring Creek watershed. 
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Table 8.5 Watersheds and sub-watersheds for tributaries 
within the Sprague River Hydrologic Unit 
that nutrient loadings were calculated for. 

Tributary and 
Watershed/Sub-watershed 

Sprague River" 
Sycan Riverb 

Area (km2) 

2,647 
1,470 

a) Area of Sprague River watershed, does not include 50 km2 

area below gaging station or Sycan River watershed, but does 
• Include 3 km2 area below Sycan River gaging station. 

b) Area ofSycan River watershed, does not include 3 km2 

area below the gaging station. 

Total Phosphorus, Orthophosphorus and Suspended Solids Loads 

Point Source Loads 

Thp nnint c.nl11"rp In!!:llftc. ~~l"'l1h:atprl f"nr thic. ,.,.nnrf' tT'!lhlp Q,e;:, inrli .... '!Ito:» th'!lt thp("p WUITD'r ......... t''' ........ ....... _ .. - ........... --... ... ---... - ..... - ......... ~u ... .. -1" ........ \.& ................ "'/ ....................... '" ............................... ~. 0,,,,.1. ~ 

contribute very little of the three constituents to the overall watershed load. It was assumed that 
all phosphorus loads from WWTP exist as OP; consequently, the TP and OP loads are equal. 

Table 8.6 UKL watershed point source loads. 

Location TP Load OP Load SS Load 
of WWTP (MT/:\:rl (MT/lr) (MT/lrl 

BlyWWTP 0.41 0.41 5.8 
Chiloquin WWTP 1.4 1.4 2.5 

Tributary Loads at the Mouth of UKL 

Annual loads entering UKL from the Williamson River, Wood River, and Sevenmile 
Canal, and the load flowing out of the lake through the Link River, are shown in Tables 8.7 
through 8.9. The sum of the three mouth loads constitutes the annual monitored loads into the 
iake, and the Link River ioad can be considered the annuai ioad out of UKL. However, this 
annual load does not include loads from unmonitored areas. 

Breakdown of Tributary Loads 

a. Williamson River Hydrologic Unit 

Table 8.10 lists the Williamson River above Chiloquin tributary load, whereas, Table 8.11 
presents the Spring Creek tributary load. It should be noted that the Williamson River load 
(Table 8.10) contains the load from Spring Creek, as the sampling location is downstream 
from the confluence of the Williamson River with Spring Creek. An estimate of the loadings 
contributed by the Williamson River watershed above Chiloquin can be made by subtracting 
Spring Creek loads from Williamson River above Chiloquin loads. 
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Table 8.7 Tributary loads for Williamson River at Williamson River Store.a.b,c,d,e 

Ig'11 fbsuubsUJlS QUbg r:bgIUh2[J,U: SIiSRSDSh:d SgHdl 
TL VAL TL ·VAL TL VAL 

Water year (MT/yr) (ks/ha/rr) (MT/rr) (kg/ha/rr) (MT/yr) (kglha/Yr) 

1958.59 NO NO 41.6 0.053 ID ID 
1959~60 NO NO 43 .3 0.055 11.700 15.0 
1960-61 NO NO 126. 0.161 18.000 23.0 
1974~75 ID II> 67.4 0.086 4,300 5.49 
1977·78 107. 0.137 80.0 0.102 NO NO 
1978·79 74.0 0.095 46.8 0.060 NO NO 
1979-80 99.2 0.127 53.8 0.069 9.830 12.6 
198()'81 60.7 0.D78 40.7 0.052 6.510 8.32 
1981·82 252. 0.322 93.0 0.119 36.500 46.7 
1982-83 137. 0.175 39.0 0.050 10.600 13.6 
1983~84 ISO. 0.191 39.9 0.051 14.700 18.9 
1985-86 90.1 O.llS 62.1 0.079 3.780 4.84 
1986-87 63.5 0.081 43.9 0.056 4.270 5.46 
1987.88 58.7 oms 46.6 0.060 1.430 1.83 
1988-89 79.4 0.101 50.9 0.065 · 5,930 7.59 
1991-92 39.4 0.050 30.7 0.039 470 0.60 
1992·93 160. 0.205 81.4 0.112 29.300 37.5 

a) These loadings do not include contributions from the 113 km2 area below Williamson River Store, 
a portion of which is a large diked and drained wedand that is currently used for cattle grazing and 
cultivation. 

b) NO = No data. 
c) 10 = Insufficient water quality data. TWO samples or less. 
d) TL = Total load (meuic tons/year). 
e) UAL = Total diffuse unit area load (kilogramslhectarelyear). 

Table 8.8 Tributary loadings for Wood River at Agency Lake.a.b 

Water year 

199tJ.91 
1991·92 
1992·93 

Tot,l Pbgspho[us 
TL VAL 

(MT/yrl (kg/ha/yr) 

32.8 0.987 
24.4 0.732 
53.3 1.60 

a) 'IT. '" Total load (metric tons/year). 

Or.hp Phpspborus 
TL VAL 

(MT/yr) (kg/ha/yr) 

28.9 0.869 
19.4 0.583 
36.5 1.10 

b) UAL.::: Total diffuse unit area load (kilogramslhectare/year). 

Table 8.9 Tributary loadings for SevenmHe Canal al Agency Lake. a,b 

Total r:hOl pho[JlI Orlbo PbosphQtul 
TL VAL TL VAL 

Water year (MT/yr) (kclb,/yr) (MT/yr) (k&lha/yr) 

199I·D IQI 121 6.7 0.805 
1992·93 27.1 3.26 16.1 1.93 
a) 11. = Total load (metric tons/year). 
b) UAL = Total diffuse unit I\JU load (kilogramslhectare/year). 
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Suspended Sglids 
TL VAL 

(MT/yr) (kg/ha/yr) 

1.560 46.7 
1,010 30.2 
.,600 47.9 

SusPSOdSd Sglids 
TL VAL 

(MT/yrl {kg/ba/Yr} 

218. 26.2 
183. 22.0 



Table 8.10 Tributary loadings for Link River.3 ,b,c,d 

Tolal Phosphgrus Ortho Phosphorus Suspended Solids 
TL AC TL AC TL AC 

Water vear (MT/yr) (mg/I) (MT/rc) (mcll) (MT/yr) (mgll) 

1977-78 347. 0.199 147. 0.084 42.300 24.3 
1979-80 191. 0.145 40.1 0.030 19.900 15 ,1 
1980-81 228. 0.183 73.9 0.059 17.000 13.7 
1981-82 359. 0.173 9J.5 0.044 18,700 9.0 
1982-83 268. 0.113 43 .9 O.DIS 18.900 S.O 
1983-S4 378. 0.154 46.6 0.019 27.100 11.1 
1984-85 320. 0 .167 85.8 0.045 20.800 10.8 
1985-86 501. 0.249 99.9 0.050 17,400 8.6 
1986-87 285. 0.196 77.5 0.053 14.300 9.8 
1987-88 268. 0.218 56.5 0.046 21.400 17.4 
1988-89 298. 0.186 61.0 0.038 20.600 12.9 
1989·90 242. 0.204 41.9 oms 19.200 16.2 
1991-92 116. 0.150 16.3 0.021 14.300 18 . .5 
1992-93 148. 0.096 10.7 0.007 13.000 8.5 
a) ND:; No data. 
b) 10:; Insufficient water quality data. less than two samples. 
c) 1L:; Total load (metric tons/year). 
d) AC = YearJy average unk River concentration based on load divided by average flow (milligramslliter). 

Table 8.11 Tributary loading for Williamson River above Chiloquin. a,b,c,d 

Iotal Phosphorus Ortbo Phosphorus Syspended SoUds 
TL UAL TL UAL TL UAL 

Waltr year (MT/rr) (kg/ba/rr) (Ml'/yr) (kg/halyr) (Ml/yr) (kg/halyr) 

1971-78 40.S O.1I4 29.S 0.083 NO NO 
1978-79 33.5 0.093 23.8 0.066 NO NO 
1991-92 21.7" 0.060 20.4e 0.057 NO NO 
1992-93 20.7 0.058 18.3 0.051 NO NO 

a) 1bese loadings do not include contributions from the 144 kJn2 area below the gaging station abovt 
Chiloquin, which includes urban, agriculrural and other areas. 

b) ND=Nodata. 
c) TL = Total load (metric tons/year). 
d) UAL '" Total diffuse unit area load (kiJogramslhectarelyear). 
e) These loadings are based on two water quality samples for the year only. 

Table 8.12 Tributary loadjng for Spring Creek. a,b,c 

Total Phosphorus Ortho Phosphorus Suspcnded Solids 
TL UAL TL UAL TL UAL 

Water yta[ (MT/Yr) (kg/ha/rr) (MT/rr) (kg/ha/yr) (MT/yr) (kglha/yr} 

1991-92 20.ad 5.55 20.ad 5.55 NO NO 
1992-93 20.4 5.67 20.8 5.78 NO NO 

a) NO - No data. 
b) 1L '" Tolai load (metric tonslyear). 
c) UAL:;: Total diffuse unit area load (kilogramsJhectareJyear). 
d) These loadings are based on two water quality samples for the yc.u: only. 
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h. Sprague River Hydrologic Unit 

Table 8.13 shows the tributary loadings for the Sprague River and Table 8.14lists the 
tributary ]oading for t.he Syca'l Flver. 

Table 8.13 Tributary loading for Sprague River.a.b.c,d 

III!!!l ~bSUllb2[YI Qrtb!! ~b!!~l!hll[l!~ Sl!~l!~nd~d S!!Ii!!5 
TL UAL TL UAL TL UAL 

Water year (MT/yr) (kg/ha/yr) (MT/yr) (kg/ha/yr) (MT/yr) (kg/ha/yr) 

1977-78 53.8 0.203 34.8 0.131 ND ND 
1978-79 34.9 0.132 24.1 0.093 ND ND 
1991-92 14.2 0.054 11.3 0.043 ND ND 
1992-93 71.6 0.270 41.6 0.157 ND ND 

a) These loadings do no! include contributions from the 50 lan2 area below the gaging station, and 
the Sycan River. . 

b) ND=Nodata. 
c) 1L = Total load (metric tons/year). 
d) UAL = Total diffuse unit area load (kilogramslhectarelyear). 

Table 8.14 Tributary loading for Sycan River.a,b,c,d 

III!ol ~b!UiDb2[IUi Q[tbll ~hg:iDb!2[D:i SIl511~Dd~d SlIlilh 
TL UAL TL UAL TL VAL 

Water year (MT/yr) (kg/ha/yr) (MT/yr) (kg/ha/yr) (MT/yr) (kg/ha/yr) 

1991-92 \.Se 0.010 \.ot 0.007 ND ND 
1992-93 7.4 0.050 3.4 0.023 ND ND 

a) These loadings do not include contributions from the 3 lan2 area below the gaging station. 
b) ND=Nodata. 
c) 1L = Total load (metric tons/year). 
d) UAL = Total diffuse unit area load (kilogramslhectarelyear). 
d) These loadings are based on two water quality samples for the year only. 
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8.4 DISCUSSION 

Accuracy of Tributary Loads 

The results for tributary loads presented in this chapter are based upon the best available 
data. Since the scope afthis project was not to conduct any additional sampling. every attempt 
was made to, utilize all available data to calculate tributary loads. These tributary loading 
estimates undoubtedly represent the most complete compilation of past and current data ever 
conducted for the entire Upper KJamath Basin. It must be remembered. however, that the 
loading estimates are only as good as the available field data and that many potential sources of 
error exist in the collection of data for load calculations (Sonzogni et aI. 1978). 

Potential sources of error include laboratory analyses, flow measurement, improper 
sampling or variation in sampling technique. etc. However. the greatest source of error in 
calculating tributary loads is the infrequency of sample collection. An annual tributary load 
cannot accurately be described by sampling only once per month over a period of a year, since 
the effects of peak hydrologic and chemical events may be missed. Even if a tributary were 
sampled bi.weeldy. the estimate of the tributary load would be more accurate than with 
monthly sampling, but the estimate would stilJ not accurately predict the true annual load. 
Obviously, the accuracy of a tributary load can only be considered relative in nature. The 
accuracy gained by taking more samples needs to be weighed against the higher costs 
associated with the greater sampling effon. 

Due to the possible sources of error in collecting data for tributary load calculations. actual 
tributary loads can never be known absolutely. As stated earlier. the REM method also 
calculates the RMSE. which can be considered an estimated standard error of the mean, for 
each annual load. The RMSE for each tributary load are listed in Volume m of this repon. 
Sonzogni et al. (1978) stated that the RMSE values are useful for statistical purposes, but a low 
RMSE does not indicate that the estimated load is an accurate estimate of the true load. The 
RMSE can only be considered an estimare of (he error of the Joad detennined from a limited 
number of daily samples, based on the premise that the true load can be determined by 
sampling flow and concentration at the river mouth each day of the year. Furthennore, the 
REM method assumes that an instantaneous flow/concentration measurement is an accurate 
estimate of the true daily load. 

Since a majority of the existing annual water quality data used in this report often contained 
only a small number of samples (typically between 6 and 14 samples per year). a brief 
discussion concerning the accuracy of these loads is in order, The USGS is currently 
conducting an extensive nutrient loading study within the Upper Klamath Basin. For water 
year 1993, they collected 20 TP samples at the flow gaging station just below Chiloquin. (II 
should be noted that this panicular sampling location was not used in estimating tributary loads 
for this report.) The USGS sampling effort concentrated more samples during high flow 
events, and Jess samples during the low flow periods. Six samples were taken during the 
month of March, four samples in April, and only one sample was taken each month for the 
remaining months May through February. The REM method calculated an annual TP load of 
164 MT/year from this data. In comparison, a TP load for the water year 1993 was calculated 
using eight TP samples, as part of this chapter for the Williamson River at the Williamson 
River Store, which is approximately 7 Ian downstream from the USGS sampling location 
mentioned above. (For purposes of this comparison. these two locations can be assumed to be 
appro.imatelyequaL) The REM method estimated a TP load of 162 MT/year from the eight 
samples. For this particular situation. the estimate of the Williamson River TP load using eight 
samples was only 1.2 % different than the estimate of the TP load using 20 samples. Based on 
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this comparison. tributary load estimates calculated using the REM method in lhis study are 
satisfactory as predictions of ~butary loads. 

Assumptions Used in Calculating Tributary Loads 

Link River at UKL 

The flows used in the Link River below UKL loads were determined by summing the Link 
River flows and the A·Canal flows. The Link River flows include Keno Canal and East side 
diversions. This combined flow can be considered the total outflow from UKL. 

Wood River at Agency Lake 

For the water year 1991. flow data did not exist for the months of October through 
February (four samples). even though water quality data existed for this tributary. However, 
more complete flow data records existed for water years 1992 and 1993. As an estimate, the 
missing flows for water year 1991 were assumed to be the average of the flows from water 
years 1992 and 1993. for the miSSing period of record. 

Sevenmile Canal at Agency Lake 

The actual Sevenmile Canal watershed, which includes Sevenmile Creek and other small 
tribucaries, was nOl calculated due to difficulties in differentiating watershed boundaries. For 
this report it was assumed that the Sevenmile Canal at Agency Lake watershed was 25 percent 
of the Wood River watershed. 

Sycan River 

No now data was available for the Sycan River for water year 1993. Therefore. 
instantaneous flows were used to calcuJate daily loads. However. due to the sampling 
methodology two of the instantaneous flows were very high compared to three other 
instantaneous flows, and significantly weighted the average flow value. As a result, the five 
measured flows were compared with older Sycan River hydrographs. The instantaneous flows 
were similar to the 1989 hydrograph for the same period of time, and the average daily tlow 
(189 cfs) for the 1989 water year was used to estimate the Sycan River Load for water year 
1993. Even though this method is a bit crude. the average daily flow of 189 cfs is probably a 
better estimate than the average of 320 cfs calculated using the instantaneous flow values. 
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SECTION 9.0 

MODEL 
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9.1 INTRODUCTION 

This chapter explains the development of the eutrophication management model titled 
Phosphorus System Optimization Utility Program (pSOUP) produced for this report by oUr 
research team. The primary goal of the model is to provide a relatively simple interactive 
watershed-lake model that can be used by policy makers to develop cost..effective 
eutrophication management strategies for UKL. Furthennore, PSOUP was developed USing 
infonnation that already existed within the basin (Chapters 7 and 8). 

As previously srated. eutrophication of lakes and reservoirs js a naturally occurring 
process. However, acceleration of the eutrophication process can occur due to increases in 
nutrient loading which may be attributable to development, land use changes, and extensive 
agriCUltural practices within the watershed. The nutrients of concern in eutrophication are 
typically carbon, nitrogen and phosphorus. Many studies of eutrophication have shown that 
phosphorus is the limiting nutrient in algal growth; consequently, many management strategies 
focus on thjs nutrient eXclusively. Many of the models used in eutrophication studies are based 
on a mass balance ofTP. Total phosphorus is conunonly used as an indicator of trophic status 
(Thomann et aJ . 1987). PSOUP is used to evaluate the effects of various management 
activities on the TP load to and in-lake TP concentration in UKL. 

The restoration activities that can be modeled with PSOUP watershed activities include land 
use changes, riparian fencing, wetland and riparian restoration. treatment of TP at the mouth of 
triburaries, etc. For long tenn restoration, it is essential to control the source of the problem. 
In the case of eutrophication, this means decreasing the load of nutrients, particularly 
phosphorus, from various watershed sources (National Research Council 1992). 
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9.2 MODEL DEVELOPMENT 

PSOUP consists of two submodels: a watershed submodel and a coupled Jake TP 
submodel. The TP load presently generated from the watershed is reduced by specifying 
percent removals of TP for various management practiCes. Management practices are specified 
for TP loads from differenr land use activities within the watershed. The new reduced TP load 
is then input into the lake TP submodel and a new in-lake TP concentration is calculated. This 
procedure can be repeated numerous times (0 evaluate the effects of various management 
prac[ices on the overall TP load and in-lake TP concentration. 

Watershed Submodel 

Watershed nutrient loads can be estimated in two ways: direct tributary sampling or 
watershed nutrient load models. For this study, the tributary TP loads generated in Chapter 8 
were used to develop the watershed submodel. Due to the size of the Upper Klamath Basin, 
and the amount of information required for a ~alershed nutrient load model, this option was 
beyond the scope of this report. 

The first step in developing the watershed submodel was [0 sparially divide the entire 
watershed into discrete areas. In many cases the areas were similar to the watershed and 
subwatershed areas developed in Chapter 8, however, some watersheds were broken into 
smalJer subwatersheds due to the differences in land uses there. Figure 9.1 shows the 
watershed and subwatershed areas used in PSOUP. By utilizing the Land Use Coverages 
maps provided by the USGS. specific land use areas within each watershed unit were 
detennined. In some situations. land use areas were directly digitized from maps. The land 
use categories are urban, forest. agriculture. grazing, barren land. water, and wetlands. 

Initially, average TP export coefficients taken from Reckow et al. (1980) for various land 
use practices were used in conjunction with the calculated watershed land use areas to estimate 
a TP load. However, due to the size of the basin, an enonnous TP load resulted from this 
approach. The load was unrealistic compared to the calculated tributary loads. 

By utilizing a procedure similar to one outJined by Shuster et aJ. (1985), (he TP rriburary 
loads from Chapter 8 were distributed throughout the watershed units based on specific land 
use practices within each unit. The concept was simple: I) take the estimated average tributary 
load (Chapter 8) for a specific watershed area; 2) using the ratios of the average TP expon 
coefficients compiled by Reckow (1980). partition the known tributary TP load among land 
uses; 3) apply the estimated TP export coefficients to the unmonitored areas within the 
watershed; and 4) estimate a total watershed TP load to UKL. Results from this method 
appear to be reasonable. Although the true TP export coefficients may differ from the 
estimated values, the known TP tributary load was distributed equally among land use practices 
based on the distributions found in literature values. 

TP loads from miscellaneous sources within the watershed, such as septic systems, were 
also estimated. TP contributions from septics and WWTP point sources estimated in Chapter 8 
were subtracted from the known tributary loadings prior to partitioning the load. 

TP loads from sources other than surface water tributaries were also estimated. For 
example, TP loads from groundwater discharge, waterfowl, atmospheric deposition. and 
internal sediments were detennined. (The imernal sediment TP load is discussed in more derail 
later). These TP loads enter the lake directly, and for purposes of this study are not considered 
manageable. 
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Figure 9.1 Watershed and subwatershcd areas used in PSOUP. 

236 

.j 

.il 
i!; 

+ , , , , 

'! • 
1i a ' Il. ~ " • ~ ] '" '" H • ~ il 
's 

" • '~ 1 • ~ 

,§ ,~ 
] j 

• • 



The total average annual watershed TP load to UKL (without the internal sediment TP load) 
was estimated to be 373.8 metric tons (MT). As a comparison, the USACE (1982) estimated 
an annual watershed TP load of 396.3 MT with an additional internal sediment load of 61.8· 
MT. The input data to the PSOUP model is included in Volume ill of this report. 

Management practices are applied to the watershed submodel by altering TP export 
coefficients.· We assume that each management practice removes a certain percentage of the TP 
load from the different land uses within each watershed unit. TP management practices can 
also be applied to septic systems and WWTP within the watershed. To insure that TP loads are 
not lowered beyond what is possible, an estimate of the TP baseline load was determined for 
each watershed area. This baseline load was based on average streamflow conditions and 
phosphorus concentrations during late summer to early fall. If a management pr~('tice lowers 
the TP load below the baseline value, an error message results, and a lower removal rate or 
another management practice is applied. The watershed submodel also allows the user to alter 
land use practices within watershed areas. For instance, a certain amount of agricultural land 
can be converted to wetland and the resulting TP load will reflect this conversion. 

UKL Internal Sediment TP Load 

An important source of TP in PSOUP is the estimated internal sediment load. During the 
growing season a majority of the TP load available to the lake water column is from its 
sediments (Kann 1995). Internal loading usually occurs during the summer and may 
contribute proportionately more to growing season TP than does external loading, especially if 
the lake is unstratified and external loading occurs primarily during the non growing season 
(Cooke et al. 1993). 

To determine the internal sediment load, a TP mass balance was conducted for a four 
month period (June through September) which was assumed to represent the growing period. 
The following equation was used: 

TPsed = TPin - TPout - TPlake (1) 

where TP sed is the internal sediment load, TPin is the external input, TP out is outflow, and 
TPlake is the in-lake TP content during this period. 

By analyzing the tributary loads (Chapter 8), it was estim~ted that approxi~a~eIy 18 percent 
of the tributary TP loading occurs during the four month pe~lOd. ~ase~ on t~IS, ~t was 
assumed that 18 percent of the total external load occurs dunng thiS penod, Yleldmg a TPin 
load of 67.3 MT. ATPout load of 128.3 MT was determined by multiplying the average lake 
TP concentration of 0.239 mg/l (Link River) by the average lake outflow of 0.537 km3 (Link 
River) that occurs during the four month period. From the water budget (Chapter 7), an 
average lake volume of 0.804 km3 was calculated for this period. MUltiplying this volume by 
the average lake TP concentration of 0.239 mg/l, a TPlake load of 1.92.2 MT was calc~.i1ated. 
Solving equation (1) above results in a TPsed load of253.2 MT which represents the mtemal 
TP sediment load used in PSOUP. 

In most lake eutrophication models, the sedim~nt c~mponent, if c.onsidered at all, is . 
extremely simplified (Ryding et al. 1989). Often limes m I~e modelmg attempts, the esllmated 
sediment load is assumed to be constant. Even after reducmg the external load, the results 
from such models may not be very favorable due to the constant internal TP load. B.ased on. 
these model results, many potential lake restoration efforts have .been ~s~~ed to be meffecllve 
in achieving a specific in-lake TP concentration, and the restorallon acllvilies have not been 
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pursued. However, it has been demonstrated that the internal TP load does not continue 
indefinitely. 

Since the internal sediment load is a function of the eQuilibrium processes with the in-lake P 
concentrations, it is strongly influenced by the external P "load. Thus the use of a fixed internal 
load is inappropriate. Intuitively, one would expect that internal loads over the long term 
depend on external loads (National Research Council 1992). A sediment feedback mechanism 
was described by Somlyody et al. (1986) in which the internal load drops with a reduction in 
the external load. Over the long term, the internal sediment load will be reduced by some 
proportion to the reduction in the external load. The difficulty, of course, is that no one can be 
sure, a priori, about the time needed for sediment "restoration" (Ryding et al. 1989). 
However, due to the fast flushing rate of UKL and the constant resuspension of sediments, it 
can be predicted thaI. sediment restoration should occur relatively quickly after the external load 
is reduced. In any event, the potential lag period of the sediment reduction that may occur 
should not deter restoration activities within the watershed that will reduce the external load. 

The PSOUP model includes a sediment reduction mechanism that is proportional to the 
reduced external load. For example, if the external watershed load is reduced 25 percent, the 
sediment load is reduced by this amount. This type of sediment reduction seems valid based 
on the above discussion. 

Lake TP Submodel 

The l<.ke model used in PSOUP is a TP budget model introducf:d by Vollenweider (1969), 
and modified by Chapra (1975). This basic TP model was used in modeling the entire Great 
Lakes system (Chapra 1977; Chapra and Sonzogni 1979). The TP model can be described by 
mass balance in equation (2). Figure 9.2 illustrates the various lake inputs and outputs that are 
included in the PSOUP model. 

where: 

TP :: total phosphorus concentration in lake (mgll) 
W :: total phosphorus loading to lake (MT/yr) 

Q :: total outflow from lake, without evaporation (km3) out 
v :: apparent settling velocity of TP (rn/yr) 

As :: Area of lake (km2) 

(2) 

This mass balance approach assumes the.l~e to b~ a. contin~ously stin:ed tank reacto~ 
(CSTR) with complete and instantaneous mIXIng. ThiS IS a vahd .ass~mpuon fo~ ~KL smce 
the lake is very shallow (average depth 2.4 m) and is subject to wmd mduced mlxmg for a 
majority of the year. 
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Figure 9.2 Sketch of lake inputs and outputs 

By assuming steady state conditions, the time derivative is set to zero, and equation (2) is 
solved for the TP concentration, yielding equation (3): 

1'P- W 
- Qout + vAs (3) 

Equation (3) is the basis for the lake model used in PSOUP. Table 9.1 lists the average 
long term model variables used in PSOUP. These values were estimated from work discussed 
in Chapters 7 and 8. 

Table 9.1 Average long term model variables 

Parameter 

Total TP load 
Outflow 
Area 

Symbol 

W 
QOUI 

As 

Value 

627 MT/yr 
1.591 km3 
306.4 krn2 

The only parameter that required estimating was the settling velocity. Based on an annual 
TP load out of UKL of 280.0 MT/yr, a settling velocity of 6.34 m/yr can be calculated from 
equation (3). This value represents an annual TP retention within UKL of 55 percent. This 
value is used as the constant settling velocity in the PSOUP model. 
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9.4 MODEL RESULTS 

The results obtained from inputting various land management strategies to the PSOUP 
model are summarized in Chapter 11 and detailed in Volume ill of this report. 
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SECTION 10 

FINDINGS AND PROBLEM STATEMENT 
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10.1 FINDINGS 

Institutional and Community 

The HSU team has spent over 50 person-days meeting with users, beneficiaries and 
agencies to obtain both quantitative and qualitative data relating to issues and methods of 
implement:ttion. ~~ efforts t.o-date to define and implement a strategy to resolve the issues of 
water qUality, sensitive fishenes recovery, water management, and wildlife in the UKL have 
met with limited success. Much of the energy which has previously gone into these issues has 
been poorly coordinated, fragmented by agency, user, and beneficiary agendas, and lacking in 
~ systematic approach. A genuine distrust exists between the various user groups and agencies 
mvolved in this problem. Much of this mistrust comes from both the lack of coordination 
between the agencies in their data acquisition and data sharing policies and the lack of open 
communications between interested groups. Recent attempts by Senat~r Hatfield's committee 
has made some inroads into these issues. In many cases serious duplication of effort occurs at 
the same time that critical data requirements are not met. 

In many cases money being spent for restoration efforts is demonstrating failure rather 
than success to land owners and managers. Too much agency and user effort has gone into 
non-productive problem statement work and not enough effort has gone into pursuing a 
systematic approach to solving the problems. The cumulative impacts described in this study 
are multidimensional in both time and space. It has not been made clear to all parties involved 
that there are multiple benefits to most of the management strategies proposed in the past and 
those restated in this study. There is in fact no one cause for these cumulative impacts nor is 
there anyone solution to remediating the effects. The solution(s) requires a partnership 
between users, agencies, and beneficiaries who are clear about the problem and committed to 
the solution. It appears that the lack of coordination between the myriad of governmental 
agencies has only complicated the problem while expending a considerable amount of time and 
money. 

Phosphorus As the Limiting Nutrient in UKL 

In the case of VKL, where a nitrogen fixing blue green algae (Aphanizo,,?en.o.n jlos lUJuae) 
dominate the primary production, it is logical to fo~us ?n phosphorus ~ the l~~t~ng nu~ent. 
Since A. jlos aquae is a nitrogen fixer, the assumption IS that mtrogen IS not hrrutmg dunng the 
periods of the blue green algae blooms. In hypertrophic lakes do~nated. by N-fixing 
phytoplankton communities, forms of inorganic nitrogen (ammoma and mtrate) are us.ually not 
.v.ibhl" for non-N-fixing algae. During periods of intense blue-green algae blooms m VKL 
di~~l~~d ·ph~sphorus concentrations are reduced to levels which are kno~~ t.o be limiting. At 
a given moment during the growing season, phosphorus may not be the hrrut~ng fi&!Qr for 
A. jlos aquae growth, as temperature, light, or even carbon may be temporarily growth 
limiting. 

In summary, phosphorus is considered the limiting nutrient in VKL for the following 
reasons: 

1) 

2) 

Gaseous exchange of nitrogen to and from the .at~osphere limits efforts 
to manage nitrogen loading, removal and momtonng. 

Although nitrogen ma~ be temporarily li~ting ~o some aquatic species 
in the system, the dommant A. jlos-aquae IS a mtrogen-fixer, and could 
not be controlled by limiting nitrogen supplies. 
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3) From a management standpoint, most processes that limit phosphorus 
loading also reduce nitrogen loading. However, the reverse is not true. 
For example, large quantities of nitrogen do no adsorb to suspended 
solids, which are a major source of phosphorus loading to the lake. 

Tributary Water Quality 

The total watershed area ofUKL (the Upper Klamath Basin) is 144,324 hectares (356,619 
acres). The tributary contribution of inflows and TP is a function of each sub-unit of the 
watershed. Figure 10.1 shows the percent of the total area that each sub-unit contributes. The 
total Williamson River watershed comprises 39 percent of the watershed area. Subwatersheds 
of the Wi!!ia.'l1son, though, are worth noting. The Upper Willia_mson i above Chiloquin1 makes 
up 36 percent of the total Williamson. The two lower sections of the Williamson make up 
about 3 percent collectively of the total Basin watershed. The Sprague River is the next largest 
sub-unit of the watershed at 29 percent of the total. The Sycan and the UKL contribute about 
15 percent each to the total watershed area. The UKL sub-unit, watershed is that area located 
adjacent to the lake which drains directly into the lake through small streams, and or springs. 
The Sevenmile and Wood River sub-units are small areal components of the total watershed 
area (1 and 4 percent respectively). 

• Williamson-Upper 
iii Spring Creek 
C Sprague 
C Wastewater 

3.4% C Sycan 
1<1 Wllliamson~Lower 

C S0venmile Canal 

B U KL-Watershed 
EI Williamson-Chiloquin 

• Wood River 

Figure 10.1 Subwatershed areal contribution to the total UKL Basin 

The total phosphorus (TP) concentrations in many UKL tributaries can be correlated to 
both runoff events and suspended solids concentrations. Approximately 50 percent of the TP 
comes into UKL during the 4 month runoff period February through May (Figure 10.2). 
Approximately 50,000 kg ofTPare loaded to the ~ake during the month of April. Thi~ 
suggests that erosion is a major factor in. transportmg phosp~orus from the w~t~rshed mt? the 
lake. There are notable exceptions to thiS trend, such as Spnng Creek, the WillIamson River 
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below Klamath .M:arsh, and above the con~uence of the Sprague. These areas reflect ground 
water charactensttcs, where the OP:TP ratIO approaches one. The Sprague River. however 
which has an OP:TP ratio closer to 0.6, delivers a significant portion of the bound phospho:.us 
to the Jake. This loading probably occurs in a few 3..1'lnua! peak runoff events. TP loads during 
the non-runoff period are approximately 20,000 kg per month. 
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Figure 10.2 Average annual monthly TP (kg/month) To UKL 

Background OP levels in west-side tributaries range from about 0.05 to 0.07 mgIL. Spring 
Creek OP is relatively constant at 0.09 mgIL. By contrast, east-side springs and tributaries 
appear to be lower at between 0.02 and 0.04 mgIL OP. However, results of USGS sampling 
at various east side tributaries indicates substantially higher concentrations at certain locations. 
OP concentrations above background levels are most likely related to cultural activities. such as 
diking and draining of peat soils, agricultuial drainage, impoundl'nents, or domestic waste 
water discharges. 

The TP load by land use is shown in Figure 10.3. Studies nationwide show that . 
background levels of TP are usually related to various land use activities. For the Basin total. 
forest and agricultural land use activities are estimated to be the largest TP contributors at 36 
and 38 percent respectively. Rangeland is the next highest land use contributor of phosphorus 
at 16 percent. Water, Spring Creek specifically, contributes 6.4 percent of the TP to UKL. TP 
loads attributed to these land users are used in this report to evaluate best management 
practices. 

Water quality analysis in the Wood River valley indicate that OP. TP and turbidity increase 
by a factor of 2 to 3 between the headwaters and the mouth. with the greatest increase 
occurring between Weed Road and Agency Dike. Preliminary sampling indicates that this 
increase is most likely due to agricultural drainage outlets between these two locations. 
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Diversion of west-side creeks into irrigation ditches in the Wood River valley is associated 
with significantly elevated water temperatures. Pelican Bay serves is an example of an area 
with cooler inflowing waters which do not mix well with the lake and thus maintains better -
water quality. It is generally believed that Pelican Bay is a refuge for suckers when water 
quality conditions in the lake are severe. 

The 1P attributed to each watershed unit is shown in Figure 10.4. For example, while 
UKL is not major in terms of area, it is the largest 1P contributor to the system at 42 percent of 
the total. The Williamson is the second largest contributor to the system at 20 percent of the 
total. Within the Williamson watershed the lower sub units are significant contributors of TP. 
The Williamson at Chiloquin (below Spring Creek and above the Williamson River store) 
contributes the largest load of· n' to the iake. At the same time the Wiiiiamson ai Cniioquin is 
the smallest sub-unit at 4000 hectares. The Sprague and the Wood rivers are the next largest 
contributors of1P at 14 and 12 percent respectively. 

6.39% 0%6% 

1.78% 

• Urban 
l!I Agriculture 
o Rangeland 
o Barren 
lSI Forest 
IZI Water 
o Wetland 

Figure 10.3 Percent of annual TP Load to Upper Klamath Lake by land use. 
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Figure 10.4 Percent of annual TP Load by subwatershed units 
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This analysis focuses the strategies to the those sub-watersheds with higher aereal 
contribution and those watersheds which are closer to the lake. 

Water quality analysis in the Wood River vaHey indicate that OP, TP and turbidity increase 
by a factor of 2 to 3 between the headwaters and the mouth, with the greatest increase 
occurring between Weed Road and Agency Dike. This increase is most likely due to 
agricultural drainage outlets between these two locations. 

The annual TP load per unit of area from the various watershed sub-units is shown in 
Figure 10.5. This chart shows the criticality of several small basin sub-units, in terms of area, 
as it applies to TP loading. For example, the Williamson River reach near Chiloquin delivers 
approximately 5.8 kglhectarelyears, the highest areal loading ofTP. Spring Creek is the next 
highest per unit area TP load, but is complicated by the fact it represents mostly groundwater, 
which cannot be linked to a specific source. The next highest areal loadings were Sevenmile 
canal and lower Williamson. Except for Spring Creek the four highest loading subwatershed 
represents diked and drained wetlands. 

The Upper Williamson River and the Sycan River are minor contributors collectively of TP 
to UKL, at about 7 percent of the total while representing about 64 percent of the area. Within 
any of these subwaters~ed units, hot spots of sediment production (therefore potential TP 
loading) exist. It is important to identify these hot spots in the next level of analysis. 
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Annual TP loading densities (kg TPlheclare/years) for the major subwatershed 
units in UKL 

Based on existing data, with the exception of domestic wastewater, agricultural drainage 
has the highest phosphorus concentration of flows into UKL, This is in some part due to the 
proximity of agricultural activities to the lake and contributing water courses (there is little 
opportunity for natural P removal), and in some part due to the oxidation of peat soils which 
release relatively high concentrations of phosphorus when they are flooded and drained. 
Agricultural drainage pump down water from the dike and drained wetlands is a significant 
source of phosphorus to the system. Both the timing (spring) and form of the phosphorus 
(orthophosphorus) are contributing factors to the support ofhlue-green algae populations in the 
lake. Agricultural drainage usually has a high OP:TP ratio and a low total flow. This is 
characteristic of the Chiloquin reach of the Williamson (5.54 percent of total TP load) and the 
UKL (40.3 percent of total TP load) as they include historic wetlands which were diked and 
drained for agricultural purposes and require spring pumpdown. 
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In-Lake Water Quality 

While the historical water quality of UKL will never be known exactly. the cumulative 
impact of natural and anthropogenic activities are measurable. The lake would be unique if It 
has avoided the accelerated eutrophication processes resulting from man's activities. Most 
anecdotal evidence suggests that although blue green algae such as Aphanizomenon were 
present, they did not dominate to the ex.tent that they presently do. The abundant littoral and 
lakeside wetlands probably helped to suppress blue-green blooms (mechanism unknown) and 
to buffer changes in the Jakes water chemistty. panicularly pH. water temperatures. and 
community structure. 

The strongest cu:gument indicating that water quality has deteriorated significantly is the 
severe decljne of the two endangered sucker population, which both thrived in relative super
abundance prior to development within the watershed. 

The loss of wetlands in the UKL watershed has significantly changed the hydrology. 
biochemistry. and related ecology of the area. To begin to appreciate these changes, consider 
the functions that were pcrfonned by UKL wetland systems: 

1. intercepted tributary flow to the Jake and removed 
phosphorus and sediments from incoming waters; 

2 . mitigated adverse water quality by buffering high pH,lowering 
water temperatures, removing organic contaminants, and suppressing 
Aphanizomenon blooms; 

3. provided cover and diverse food sources for juvenile fish and other 
aquatic life; 

4 . fanned a major component of the culture and survival of local Narive 
Americans; 

5. provided upstream water storage; 

6. recharged ground water sources, and; 

7. provided critical Padfic Flyway resting areas for migrating waterfowl. 

Most of these functions have been gradually lost as wetlands in the Basin were diked and 
drained. Some functions are still performed, primarily by the Klamath Marsh and the National 
Wildlife areas. If one were to list the absences of these functions, it would form a description 
of the present state of the UKL system. For example, during blue-green blooms the pH levels 
in lake-side marshes are lower than adjacent lake waters. This buffering effect, most likely due 
to humic acids produced from decaying vegetation, allows wetlands to act as refugja for aquatic 
life during periods of stressful water quality. 

Toxicity research indicates Jethal ammonia concentrations (at pH 7.5) for Lost River and 
shonnose suckers is approximately 0.70 an~ 0.34 mg/L respectively. High pH values that 
occur in the lake increase the likelihood of ammonia toxicity. 

On an annual basis, UKL is a phosphorus sink. Less phosphorus is exported from the 
systems than is imported to the system. Approximately 374 MT per year are contributed. to the 
lake and approximately 280 MT per year are exported to A Canal and the Link River. On an 
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annual b~is f!!e lake rem~ves approximatel~ 94 MT per year. This accumulated phosphorus 
does provIde mtemalloadmg to the lake dunng the non-importing period. The UKL internal 
load is estimated to be 2531,,1T per year. 

Our study team estimates that approximately 203 MT per year of phosphorus can be 
retained on the watershed armually by implementing management strategies. A reduction of 
approximately 54 percent of the influent load to the lake would result in the establishment of a 
new equilibrium established with the internal load. This new equilibrium would then force the 
internal load to decrease as phosphorus exports continue and imports decrease. The initial in
lake response to the reduction in TP import is expected to be a temporary increase in the in-lake 
phosphorus concentration. 

Contrary to what earlier reports have suggested (USACE 1982) it is not necessary for the 
lake to become mesotrophic (chl-a < 10 ugIL; TP < 20 ugIL) in order to achieve significant 
improvements in water quality. It is well established that lake restoration can be a long term 
process. However, given the high turnover rate of the lake, and the historic trophic level 
(eutrophic), it is likely that significant improvements in water quality and habitat could occur in 
a relatively short time period. 

Lake elevation appears to be an important factor in summertime in-lake water quality. Data 
which compares two adjacent water years that had significantly different water levels indicate 
that phosphorus concentrations, chl-a concentrations and water temperatures were significantly 
higher when the lake level was lower. 

Water Management 

The management of the lake volume (elevation) is controlled by the release schedule for 
hydroelectric power production, irrigation, and for Klamath River instream flows. In certain 
periods of the year, these release requirements are not additive but rather overlap one another. 
For example, the beneficial uses of power production and instream flows, are both non
consumptive uses of the water. The elevation of the lake does effect the power curve for 
hydro-electric production, evapotranspiration losses, and in-lake water quality and fish habitat 
availability. 

The operating elevations for UKL is rather narrow (4137 to 4143 ft). This narrow range 
of operating depth produces conditions in support of several water quality problems. For 
example, with a mean water depth of 10 ft at the maximum operating elevation of 4143 ft, the 
average annual resident time in the lake is 4 months. During the period of average maximum 
runoff the retention time is approximately I month. During the period of minimum runoff 
(summer) the retention time is 8 months. These water renewal times are based upon the 
historic lake elevation management strategies and average annual inflows. Higher runoff years 
would reduce these renewal times and low runoff years would increase them. The renewal 
times represents the contact period in the lake between the inflow phosphorus, the internal 
sediment loaded phosphorus, algae, sunlight, and mixing. 

During the peak runoff period in the lake (spring) the flushing of TP through the lake 
would be more effective if the lake elevation were at a minimum elevation. Conversely, if the 
no-peak runoff were allow to fill the operating volume of the lake and flow through at 
maximum elevation, then less internal TP load would be available for the primary production in 
the phototrophic zone. At higher lake elevation the wind induced mixing would have less 
effect on the resuspension of sediments and release of pore volume dissolved phosphorus in 
the sediments. Higher lake elevation during the warmer months would ensure that maximum 
lake fringe habitat is available for fisheries population. 
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Sediments 

The annual accumulation of sediment can only be estimated from three data points. In 1921 
the lake volume was estimated to be 405,000 acre-ft. In 1980 and 1984 the lake volume was 
estimated to be 350,000 and 337,000 acre-ft respectively. Assuming these numbers are 
reasonable, the volume of the lake decreased about 932 acre-ft per year between 1920 and 1980. 
Between 1980 and 1984 the loss of lake volume on average was 3.5 times more at 3,250 acre-ft 
per year. While this data is limited, it does point to a potential Joss of the Jake's mean depth 
and storage volume. 

For example if the lake is losing 3,250 acre-ft per year, then half of the lake volume would 
be lost by the year 2050 (Figure 10.6). While further bathymetric studies are necessary to 
determine the distribution and depth of sediment accretion in the lake, it does identify another 
potential benefit of watershed management in the UKL system. Efforts to control TP loads to 
UKL will also control sediment loads. Those sediments and their associated TP which 
accumulate in the shallow regions are the most reactive in terms of resuspension and 
phosphorus release. 

According to research on UKL sediments, phosphorus release is highly variable both 
spatially and temporally. Phosphorus release may be triggered by anoxia, high pH, and low 
orthophosphate concentrations. Unless more extensive studies are performed, estimates of 
lakewide sediment P release will have a large uncertainty. 

Data Gaps 

Research on sediment phosphorus release mechanisms indicate that anoxic sediments 
(associated with periods of calm), diffusion from interstitial water (associated with sediment 
resuspension) and elevated pH (> 10) (associated with intense photosynthetic activity) all occur 
in UKL. The frequency and timing of these events and their relative contributions to sediment 
P-release, may provide important information for lake management strategies. 

Although important sucker toxicity research has been completed, exact causes of, 
frequency of and extent of fish kills has not been well documented. Such information would 
be helpful for guiding the monitoring success of restoration efforts. 

Aphanizomenonjlos aquae does not "bloom" in larger lake side wetlands. The mechanism 
responsible for this is not known, but is not likely to be related to nitrogen or phosphorus 
linlitations, as these are available in sufficient quantities in the marshes. Earlier researchers 
(Phinney et aI., Hazel, Perdue et al.) noted this effect but could not identify the mechanism 
involved. Further research could help to manage blue-green blooms and refine wetland design 
strategies. 

Typically, logging and associated road construction produce significant sediment loads, 
but there is not sufficient lQ£i!l data to quantify this contribution. The need exists to monitor SS 
and phosphorus loads from a range of timber harvest activities. 

Geographically extensive data is not available concerning the SS, OP and TP 
concentrations in some significant areas of the UKL watershed. Such information would be 
valuable for locating the sources of highly polluting areas, and further prioritizing restoration 
activities. In particular, areas around the southwestern and eastern perimeter of the lake, and 
the Sprague River watershed should be sampled. Recent efforts by the Bureau of Reclamation 
and others has added significantly to the data base for the W cod River Valley area. 
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Ecological information concerning the food chain of Upper Klamath Lake, both during 
A../los aquae blooms a'1d at oLJ)er times of the year, would be useful for assessing the 
feasibility of applying biornanipulation techniques. Biornanipulation techniques may be helpful 
in future efforts to restore diversity to the lake but are not presented here as an alternative to 
nutrient source control. Ecological information about the relationship between the endangered 
sucker species and exotic fish in the lake is lacking. Such information would be useful for 
both siting and designing wetland refugia and nursery habitat. 
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Figure 10.6 Reduction in lake volume due to projected ~ediment deposition 
(based upon 1920-1984 accumulation rates). 
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10.2 PROBLEM STATEMENT 

Misconceptions Concerning Eutrophication 

Based upon a review of available reports and data. our study team evaluated assumptions 
and conclusions reached by previous researchers and or representatives of users in the UKL. 
Previous studies of the feasibility of improving water quality in the Upper KJamath Basin have 
included the following attitudes toward eutrophication and restoration: 

1. Eutrophication is a DaNral and inevitable process and irreversible process 
(USACE 1982). 

2. Unless a lake can be changed from eutrophic to mesotrophic. it is not worth the 
effort to reduce nutrient loadings (Ibid). 

3. The eutrophiclhypenrophic condition of UKL is not man-caused, but rather is 
due to high ambient background loadings (phinney and Peek 1959; USACE 
1982; Klamath Consulting Service, Inc. 1983). 

4. Sediment phosphorus is so high that no significant improvements could occur 
for 60 or more years (Miller and Tash 1969). 

6. It would be nearly impossible to gain the cooperation of farmers and ranchers in 
improving lake water quality (USACE 1982). 

The tenn eutrophic is often associated with adverse water quality condition (pollution), 
whereas in reality, a body of water may be both ecologically "healthy" and eutrophic. 
Historically UKL was a productive (eutrophic) and diverse ecosystem. It is presently a 
hypertrophic system which frequently experiences such poor water quality as to be lethal to its 
native species (Saiki and Monda 1993). Thus statements such as "UKL has always been a 
eutrophic system" should not be used as an excuse for inaction nor construed to mean that the 
system was polluted or unhealthy. 

Nor is it reasonable to fonnulate a restoration objective of changing the lake from a 
hypertrophic system to a mesotrophic one. For example a reduction from 300 mg!] TP to 90 
mgfl TP (the Vollenweider range of eutrophy) will result in significant water quality 
improvements. yet the system could still be dassified as eutrophic. The argument that it is 

--------useless1.o-reduce-nutrient-ioadings-because-the-Iake-will-still-be-eutrophic-indicates-a--------
misunderstanding of trophic level classifications. 

Another nUsconception evident in much of the literature reviewed is that eutrophication is 
inevitable and nothing can be done to retard or reverse the process. Many drainages do 
experience natural. gradual enrichment, usually from sedimentation and erosion of minera1s 
and other runoff products into the water. This process is. however. rapidly increased by 
disturbances in the watershed that increase erosion. such as logging. ti1ling. grazing. road 

_______ ---'building, construction, and others. Additionally. point discharges such as panialJy treated 
domestic sewage. can greatly accelerate llie eutropnicatlon process. 

In their report titled "Potential Eutrophication Control Measures for UKL, Oregon: Data 
Evaluation and Experimental Design", the USACE (1982) concluded that: 

" ... basin-wide efforts to reduce nutrient loading from agricultural drainage do 
not appear to be warranted at this time due to: (I) the unavailability of specific 
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monitoring data on agricultural discharges; (2) the anticipated resistance of area 
ranchers to changes in traditional irrigation and drainage practices; and (3) the 
inability to predict a dramatic and acceptable lake quality response from control 
of this source alone." - - - -

"These and other considerations are persuasive in concluding that a full-scale 
reversal of the lake's long-term, natural, and ultimately irresistible 
eutrophication is simply not feasible given the present limits of applied 
limnology. economic means, and project priority." 

In-lake P reduction techniques were judged to be highly performance-speculative or short
term and labor-inteQsive. The report acknowledged that the size of the lake poses substantial 
technical, financial and political constraints to full-scale implementation of restoration or 
management techniques. 

Our report agrees with the assessment that the lake's size precludes most of the in-lake 
chemical and physical eutrophication control treatments. However, we disagree with the other 
conclusions drawn by the USACE. The USACE report was in part motivated by a need to 
improve the lake for recreational benefits. The present situation in the Basin, with the recent 
prolonged drought, ever worsening water quality, and the status of the endangered sucker 
spe.cies, has provided more pressing reasons for ta!cing action to improve water quality in t.lJe 
watershed. 

Experienced gained by our study tearn (Humboldt State University) does not substantiate 
the statements that the lake's present condition is natural or ultimately irreversible and that area 
ranchers will not cooperate with efforts to improve the water quality. Furthermore, more 
recent research has demonstrated that reducing phosphorus loading nearly always results in 
significant improvements in water quality (Stevens and Neilson 1987; Richards and Baker 
1993; National Research Council 1992; Harper 1993; Cooke et al. 1993). 

The problem statement developed by this study more accurately describes the conditions in 
UKL and in the UKL watershed. The loss of sensitive species, and their abundance and 
distribution is directly related to the episoidic change in the lake water quality. The potential for 
and frequency of these episodic blooms of blue-green algae to impact sensitive fish species is 
indirectly related to the phosphorus load into lake. the internal phosphorus load, and the 
hydrodynamics of the lake (amount of inflow and timing of inflow as it relates to lake level). 

The wetlands which have been converted to agricultural lands probably buffered historic 
phosphorus/sediment cont..~bution to the lake by serving as repositories for inflows a..'1d for 
particulate phosphorus within the lake volume. This study concludes that source reduction, by 
use of best management practices. is the only economic and technically effective strategy for 
managing the lake for sensitive fish species. 

Feasibility of Water Quality Improvements in UKL 

Sas (1989) evaluated the algal biomass response of 18 lakes and determined that the final 
stage of restoration was a change in algal species composition. In shallow lakes, once a 
threshold of 0.050 to 0 .. 100 mg/L P was achieved, dominance by cyanobacteria was reversed. 

We have used the Carlson TSI (Trophic Status Index) to estimate the results of reducing in
lake P concentrations on algal biomass. Fulmer and Cooke (1990) used the 25th percentile 
values of stream P concentrations in the least affected streams of the ecoregion of proposed 
reservoir restoration sites as a potential in-lake value. The 25th percentile was chosen to 
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represent a stream P-concentration that could reasonably be achieved through technologically 
feasible changes in the watershed such as advanced wastewater treatment, runoff detention 
systems, and other land management practices (National Research Council 1993). The TSI for 
this value is calculated and compared to the existing in-lake TSI. . 

Because we prefer to use a conservative estimate by which to evaluate restoration potential, 
the average (50th percentile level) background TP levels of UKL inputs developed for the 
PSOUP model are examined here (Table 10.1). The overall watershed background 1P 
concentration is 0.063 mgIL. 

Table 10.1 Mean background TP for UKL Sub-Basins developed by PSOUP model. 

Sub-Basin 
Sprague 
Williamson 
Upper Klamath Lake 
Wood River 
Sevenmile Canal 
Groundwater 
Precipitation 

Entire Watershed 

Background TP (mgIL) 
0.049 
0.080 
0.063 
0.080 
0.080 
0.065 
0.000 

0.063 

Percentage UKL inflow 
27.8 
22.5 
9.1 
12.7 
5.8 
16.5 
5.6 

100 

The TSI for background levels in the UKL watershed is 64, and the current in-lake summer 
1P concentration of 0.239 mgIL yields a TSI of 83. Based on the Carlson index scale, this 
difference of 19 points represents nearly a quadrupling of algal biomass. This suggests that 
significant water quality improvements are possible, specifically preventing elevated 
summertime pH, ammonia, and lessening wide fluctuations in dissolved oxygen 
concentrations, all of which are related to algal biomass concentrations. 
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SECTION 11.0 

STRATEGIES FOR WATER QUALITY 
AND HABITAT IMPROVEMENT 
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11.1 PHOSPHORUS SOURCE REDUCTION 

A thorough evaluation of UKL water quality data coupled with extensive on-site inspection 
and interviews by HSU study team led to the following general recommendations. The 
information collected to date concerning the biological and chemical conditions of UKL and its 
watershed is more than sufficient to proceed with a source control management plan. The 
PSOUP Model prediction, Chapter 9, can be summarized in a response curve (Figure 1 1.1) 
showing various in-lake TP concentrations as a function of TP loads to DKL. 
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Figure \ 1.\ Response of average UKL TP concentration to TP load reduction .. based upon PSOUP 
Model. 

Strategy Prioritization 

A simple evaluation matrix was used to compare and prioritize various watershed and lake 
management activities as they relate to the four study objectives (water quality, water storage, 
fish habitat, and waterfowl habitat). Each of the management practices was rated from 0 to +3 
(+3 most effective and 0 no effect) for either protecting, restoring, and/or enhancing the UKL 
system functions. By using an unweighted sum, the total effectiveness of each management 
practice was rated. The total unweighted scores range from 3 to 12. This type of evaluation is 
valuable for prioritizing restoration projects in light of stated goals. This information can also 
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be used to select combinations of management practices to pursue in UKL. These scores were 
based on the study team's experience and literature findings. This type of analysis does not, 
however, say t..'1at a management activitj with a total score of 8 is twice as effective as one wiu'i 
a total score of 4. 

In terms of supporting the project objectives. the four most effective management practices 
were 1) wetland conversion. 2) maintenance of lake elevation at 4140 feet. 3) riparian fencing, 
and 4) selective logging. The four less effective management practices were 1) urban source 
reduction. 2) obliteration of logging roads. 3) vegetation enhancement, and 4) buffer strips for 
row crops (probably because they are limited in area). On anyone subwatershed, any of these 
strategies might have some positive impact on the four functions. But on an aggregate 
watershed basis, th~ activities with the higher scores have the greatest probability of supporting 
the four functions listed. Table 11.1 assumes that each function carries one quarter of the total 
weight. If the four functions were weighted in their significance to the system a weighted 
score could be developed. There are certain management practices which have universal value, 
wetland conversion for example. Other practices are specific to a particular type of activity, for 
example, sediment traps for mining runoff. This list was not meant to be inclusive of all 
possible management practices but does include the more common approaches for which there 
is cost and effectiveness data. 

Table 11.1 Strategy evaluation matrix. 

Water Water Fish Wildlife 
Quality Storage Habitat Habitat TOTAL 

Urban source reduction +2 0 0 0 2 

Riparian fencing +2 +2 +3 +1 B 

Vegetation enhancement +1 +1 0 +I 3 

Stream bank restoration +2 +1 +1 +1 5 

Buffer strips-row crops +2 0 0 0 2 

Ag NPS constructed wetlands +2 +2 0 +1 5 

Land conversions to wetlands +3 +3 +3 +3 12 

Obliterate Jogging roads +2 +1 0 0 3 

Select cut logging +2 +2 +1 +3 8 

Sediment basins for mining +3 +1 0 0 4 

Maintain lake elevation> 4140 +3 +3 +3 +1 10 

Manage A-Canal discharges +2 +2 +2 +I 7 

Manage downstream discharges +2 +2 +2 +1 7 

Table I 1.2 summarizes the various recommended strategies for reducing nutrient loading to 
UKL. The activities are organized by land use: urban, agriculture, and forestry .. Each 
management activity is. discussed in the source control section of Chapter 6. The table shows 
the level of participation (LOP) and the total phosphorus reduction (TPR) for the management 
activities proposed. The level of participation (LOP) indicates how widely the management 
activity will be implemented. The LOP is multiplied by the phosphorus removal effectiveness 
associated with the activity (shown in parenthesis following the activity) to yield the total P 
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reduction as a percentage (TPR) associated with the land use. For ex.ample, for riparian 
fencing. Level I, the LOP is 50 percent and the effectiveness is 40 percent, indicating iliar about 

Table 11 .2 Management activities for phosphorus reduction in un watershed. Values in parenthesis an: 
the levels of effectiveness associated with each activity. 

Management Activity 

Urban 

Use phosphate-f!:ee fertilizer (80%) 

Household product phosphorus ban (50%) 

Wastewater reuse (atiloquin and DIy) (90%) 

Repair septic system at Modoc Pt. (SO%) 

Treat NPS runoff wI constructed wetland (80%) 

Agriculture 

Fence riparian areas (40%) 

Provide alternate slock watering (5%) 

Vegetation enhancement (5%) 

Constructed wetlands 10 treat NPS runoff (50%) 

Land conversion for fencing &. NPS wetland (60%) 

Riparian restoration-strcambanks (40%) 

Buffer strips to treat runoff from row crops (90%) 

l..a.nd conversion to wetlands around UKL (21,470 
acres)(6O%) 

Forestry 

Fence riparian areas (40%) 

Riparian restoraticn-stteambanks (40%) 

---------()blite_roads(90%) 

Select cut rather than clear cut (60%) 

Other 

Sedimentation basins for mining sites (99%) 

ESTIMATED IN·LAKE TP (mg/L) 

TOTAL TP Reduction (percent) 

LEVEL I LEVEL II LEVEL III 

LOP TPR LOP TPR LOP TPR 
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50 percent of the total stream miles classified as agricullUralland will he fenced. for a resulting 
estimated TP reduction of 20 percent. The last row in Table 11.1 shows the estlmated resulting 
in·lake TP concentration for each level as calculated by PSOUP. 
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Management activity LOP and TPR were identified for three levels of implementation. 
Each of these increasing levels of implementation result in a lowering of the estimated in-lake 
annual average TP concentrations (the existing average annual TP level is 0.170 mgll). The 
PSOUP calculated in-lake average TP concentrations resulting from implementation of Level I, 
II and III are 0.138, 0.116, and 0.081 mgll respectively. 

In order to estimate the cost of achieving each level, a low-end and high end set of 
technologies were researched, resulting in a range of costs (Figure 11.2). This approach 
allows for local decisions to be made regarding which activities will be pursued and the 
necessary partnerships (private and public) required to implement a strategy. In order to 
highlight the differences between the Levels, Table 11.2 shows only the low end costs. In 
general, low-end costs activities are relatively low-tech or passive approaches. However, low 
tech does not necessarily suggested low effectiveness. In many cases passive management 
practices are more effective and more sustainable than high tech approaches. These 
management options are by no means the only effective options for reducing phosphorus 
loads, but rather were selected as strategies for UKL because they have documented 
effectiveness and appear to be feasible for the UKL watershed. 

Figure 11.2 shows the expected in-lake TP response to reducing the present TP load to the 
lake. Several unknown time requirements in these-response curves -will effect the time it will 
take to reach the given in-lake TP value if the load is reduced to targeted values. This model 
calculation as shown in Figure 11.2, assumes al\ management strategies have been 
implemented and they are all operational and effective by time zero. Full implementation of 
each level takes progressively longer to reach as you increase the overall watershed removal 
requirements (MP I to MP 3. Figure 11.2). 

The second factor that modifies the lake response to source control and land conversion, is 
the intemalload readjustment to the decreased in-lake TP concentrations. A temporary increase 
in in-lake TP concentrations has been observed in cases similar to the UKL system. This is 
explained by the equilibrium relationship between the intemalload in resuspended sediments 
and pore water and the reduced levels in the overlying lake water during periods of high 
inflows. In theory, a new equilibrium value must be met with each new in-lake load level. 
This period of increased in-lake TP levels can occur for 2-5 years after source control efforts 
have been in place. If it takes 5-7 years to fully implement level MP 3 then the in-lake 
equilibrium will be occurring somewhat synchronously. Our prediction is that it will take 7 to 
\0 years to reach level MP 3 in-lake mgll (concentration of 0.081). 

Phosphorus Reduction Cost Analysis 

The estimated cost for phosphorus reduction for the various management practices is 
summarized in Figure 11.3. The low cost level MP 3 is predicted to achieve an in-lake TP level of 
0.081 mgll. This strategy would cost approximately 11 million dollars to acheive. The cost curve 
shows it takes about 10 times the capital and operation and maintenance cost to achieve 0.081 mgll 
then to achieve 0.139 mgll. 
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Figure 11.2 Response of average UKL n concentration to a Step TP 
load decrease for level J. 2, and 3 management practices. 
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Estimated costs associated with the various reconunended management activities were obtained 
primarily from literature values. Some costs, such as fencing. the price of land, and animal units 
(AUs), were detennined from loca1 sources. Land use infonnation was taken from the watershed 
(GIS) analysis, and is identical to the values used for the phosphorus budget. The estimated P 
reduction stated at the beginning of each Level were calculated by the PSOUP model (Chapter 9). 

-------The resulting m-liKe TP rernoviil was iilso ciilculatea-oy llie mooel, ana refieastfie comoineaeffe:;'c~t--
of all land use activities. 

In general. the difference between costs associated with Levels I, II, and ill is the level of 
participation (LOP). Level m, however, includes some additional management strategies, such as 
land conversions. 

The purpose for showing two cost options (Low-end and High-end) is to 1) reflect the range of 
________ technologies_availabJe_to_achieye_tbe_goals._and_2)jndicate_the_range_oCc.9stPro_videdjnJhe, __ ~ ___ _ 

literature for applying the same technology. Low-end costs are based on low-tech, voluntary and 
preventative activities sucb as phosphorus-4etergent bans or wastewater re-use, whereas High-end 
costs are based on more technological solutions, fewer voluntary actions and more expensive 
marerials. All capital costs are amortized over a 100year period, with 8 percent annual inlerest. A 
detailed explanation of cost calculations is included in Appendix C. 
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Figure 11 .3 High-end and Low-end costs ,,"ocialcd with management strategies for achieving 
various in-lake TP concentrations based on the PSOUP model. 

The cost associated with Jeaving buffer strips (uncut trees) mandated by new forestry 
regulations was calculated but is not included in the total. Since the buffer strips reflect the new 
forestry regulations. they will occur regardless of the overall watershed restoration approach. 
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11.2 LAKE LEVEL MANAGEMENT 

Manv diverse lake-related activities. both natural and anthrODO!!enic. occur throu!!hout the 
year. Table 11.3 illustrates the annual occurrence of important water-related activities in the' 
UKL basin. This information. which is based on average conditions in the lake. shows that 45 
percent of total inflow enters the lake between February and mid-June. (A substantial baseflow 
sustains streamflows through the remainder of the growing season.) February through mid
June is also the period of sucker spawning and spring migratory bird use. Juvenile suckers are 
in the lake May through early June which coincides with the runoff period. 

Water management in UKL should consider these various activities in formulating an overall 
operating strategy . .For example, late summer and early fall appear to be better times to conduct 
construction activities which could involve the fringe areas in the lake or adjacent to the lake. 
Management strategies aimed at protecting fisheries habitat should consider the timing of severe 
water quality conditions. fish kills. and lack of access to fish refugia. During these periods 
(July through October), lowering lake elevations to a minimum will exacerbate these already 
stressful conditions. 

Table 11.3 Upper Klamath Lake average annual water-calendar. 

ACTIVITY 

J F M A M J J A s 
Inflow (>45%) 1------------------------------1 
TP inflow (>45%) 

Internal TP load 

1------------------------------1 
1------------------------------1 

Lake EI. > 4140 ft 1-------------------------------------------------------------/ 
Lake EI. > 4141 ft 1----------------------------------------------------1 
A-Canal releases 1 ________________________________________________ 1 

o N D 

/---------------1 

1-----------1 

Power Production 1--------------------------------------------------------------------------------------------1 
Sucker Spawning 1------------------1 
Juveniles emigrate 1----------1 
Fish KiHs 1--.. ---.. --------------1 

Growing Period 1-------------------------------------------------1 
Field pumping 1----------------------------1 
Beef cattle present 1----------------------------------------------------1 
Temp above 15C 1 _________________________________________ 1 

Ice Cover 

Algal blooms 

Algal Harvesting 

Recreational Use 

Migratory Bird Use 

1---------------1 1---------1 

J 

1-------------------------------------------1 
1---------------------------------------1 

1----------------------------------------------------------------------1 
1----------------1 1--------------1 

F M A M J J A s o N D 
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The present lake elevation management strategy begins draw down in late October and 
continues up to the period of snowmelt, runoff and pump-down. During peak runoff period in 
the lake spring and early summer the flushing of runoff-TP through the lake would be more 
effective if the lake elevation were at a minimum. 

Conversely, if the non-peak runoff were allowed to fill the operating volume of the lake 
and flow through while the lake is at maximum elevation, less TP load will be loaded to the 
lake sediments. At higher lake elevation the wind induced mixing would have less effect on 
the resuspension of sediments and pore water, both which have high dissolved phosphorus 
concentrations. The adverse effects associated with high primary productivity (high ammonia, 
pH and temperature, and low dissolved oxygen) would be less severe due to dilution. Higher 
lake elevations duripg the warmer months would also ensure access to refugial habitat critical 
for fish popUlations. 

The lake could be operated at a minimum elevation during the late spring and at a maximum 
during the summer months, which is opposite the current lake management strategy. 
Preliminary analysis suggest that approximately 90 percent of the time sufficient inflow exists 
during the late spring and summer to meet the downstream irrigation and lake filling 
requirements. Finally, data developed by Kann suggests that during high runoff years, the 
probability of multiple blue green algae blooms is higher. 

Figure 11.4 shows the effect of lake elevation on in-lake TP concentrations as a function 
of the three management practice levels. While these reductions are not significant in the total 
reduction they do demonstrate the in-lake reaction to TP load and lake elevation. The 
higher the average water elevation the lower the in-lake TP level by approximately 0.01 mg/l at 
MP 1 and 0.008 mgll at MP 3. 
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Figure 11.4 Response of average UKL TP concentration to average UKL water elevations for level 
1,2.3 management practices. 
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11.3 HABITAT RESTORATION 

Un-reclaiming Key Wetlands Around UKL 

The historical diking and draining of massive tracts of wetlands was once encouraged and 
funded by the federal government. In that era, the various functions performed by wetlands 
were not generally acknowledged. It is now known that the loss of large areas of wetlands in a 
watershed can severely affect many hydrological, bio-chemical and ecological functions critical 
to the health of that system. 

The phosphorul!, and sediment removal capabilities of wetlands have been discussed in 
detail in this report. There are other crucial benefits that would result from returning key 
historical wetlands around the lake. Areas around the mouths oftributaries, such as the Wood 
River and the Williamson River, provide a critical opportunity for not only water quality 
improvement, but also for sucker nursery habitat. 

Because these areas form a transitional connection between the lake and inflowing waters, 
they can provide refugia during periods of severe water quality conditions. Other historical 
lake-side wetland areas such as Howard Bay and Caledonia Marsh would provide additional 
habitat value if returned to eUlergentldeep-water wetlands. Toe mechanisms of how these 
emergent areas provide water which is buffered from high pH is related to the addition of 
humic acid and retention of alkalinity (reduces photoplankton production). These wetlands 
also afford a more diverse community structure for food and cover. The U.S. Fish and 
Wildlife Service, the Oregon Department ofFish and Wildlife, and the Klamath Tribes (Natural 
Resources), amongst others, would be an invaluable source of technical assistance for guiding 
habitat restoration projects. 
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SECTION 12 

RECOMMENDATIONS 
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12.0 RECOMMENDATIONS 

Phosphorus Reduction 

This study recommends Level m, low-end cost strategies as developed in Chapter II. The 
general goals for MP 3 are I) ninety percent removal of all urban sources, 2) fifty percent of all 
diffused agriculture sources, and 3) fifty percent removal of all forest sources of TP. The 
suggested priority for implementing these strategies is based on effectiveness, total cost 
(capital, operational, and maintenance), user acceptabilit'j, time to implementation, and long
term sustainability. It is recommended that the BMP strategies be developed in the order listed 
below. 

1. Construct/restore wetlands to treat nonpoint and drainage pumpdown sources 

2. Riparian fencing for agriculture and forestry 

3. Other Ag and Forestry measures 

4. Urban measures 

The recommended sites for implementing these BMP strategies were determined based 
upon their TP contribution and their proximity to major water courses in the system. 

1. UKL and Williamson River areas where agricultural pump down water is 
discharged directly into the lake. 

2. Large scale land conversions of agriCUltural to wetland (Wood River Ranch, 
etc.) should be initiated immediately based upon time to implement and 
multiple benefits. 

3. The Williamson River watershed beginning and proceeding toward Agency 
Lake. 

4. The Sprague River watershed beginning in the central portion of the 
watershed. 

It is recommended that 16,500 acres (6,680 hectares) of existing agricultural land use be 
reclaimed to wetland functions. The principal areas are at the mouth of the major river systems 
entering the lake. Wetland restoration/creation will provide refugia, cover from predation, 
structure, food chain support, buffered pH, improved temperatures, etc .. 

Fishery Habitat Enhancement 

The recommendations for source control of phosphorus and a lake elevation management 
plan would allow for some flushing of TP and for higher lake elevations in the summer months 
which will enhance fisheries habitat in UKL. Phosphorus reduction will reduce chlorophyll-a 
concentrations will reduce the probability of high pH's and limit episodes of low DO. The 
management practices recommended above will also provide more littoral habitat and 
cool water temperatures in the major rivers feeding the lake. 

It is recommended that the water level in the lake be kept at or above 4140 feet to further 
improve in-lake water quality and to ensure that endangered suckers have access to refugia and 
spawning areas in existing littoral regions of lake. 
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Placing historically diked wetlands back into service as sinks of phosphorus not sources of 
phosphorus will also afford refugia for a wide variety of fish population, including the sucker. 
The goal ofMP 3 is to have these refugia located near the mouths of the Williamson and the ' 
Wood rivers. 

Water Management 

Water management recommendations are included in the MP 3 recommendations. The 
cumulative beneficial effect of these recommendations are listed below: 

1. Consuuaed wetlands will enhance above·lake storage capacity less 
additional losses for evapotranspiration. Evapotranspiration losses will be 
offset somewhat by enhanced groundwater recharge. 

2. Water releases from constructed wetJands will provide desynchronization of 
annual runoff and provide low nutrient water to the lake during periods of 
critical water quality. 

3. The fill and release strategy of UKL should be re-examined to allow for 
complete flow-tluough of early peak runoff events that typically contain very 
high TP loads. The runoff that anives later in the season is typically more 
dilute. 

4. Drawdown strategy should allow for maintenance of the 4140 foot Jake level. 
Toward this end, we reconunend implementations of programs such as the 
Western Acreage Set-Aside Program proposed by 1. Marshall Staunton of 
the TuJelake Growers Association. 

Wildlife 

Most of the wildlife requirements and enhancements will be met with the recommendations 
suggested for TP load removal. 

Recommendations for improving wildlife habitat are listed below: 

1. Construct wetlands that will increase the amount of wetland areas for wildlife. 

2. Improve water quality which will enhance waterfowl habitat. 

3. Maintain lake levels that will reduce the Iiklihood of avian botulism. 

In particular, constructed wetlands wiU be designed to control inlet and outlet 
hydraulics,a variety of water depths, island configuration, and various slopeslbeaches. 
This ability to control the hydraulics will allow bener management of these wetlands. 

Operational Research 

Operational research is defined as those on·going implementation issues which need to be 
studied and shared with all parties in the watershed restoration efforts. Listed below are the 
operational research areas deemed most critical at this point in time. 
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I . Develop riparian fencing demonstration sites for various best management 
practices which includes appropriate low cost approaches. Technical 
assistance and education shoUld be afforded the owners and managers of the 
various land use. 

2. Data is needed on certain specific water quality parameters, particularly 
suspended sediment loads originating on U.S. Forest Service land. 

3. Demonstration projects should be pursued that will assist in refining the 
design and operational approaches for treating NPS agricultural runoff and 
field drainage. 

4. Develop research on P-release or retention of peat soils which could assist 
design and operational strategies. 

5. Pursue research on the life cycle of sucker, with an emphasis on juvenile use 
of vegetated aquatic areas, could improve wetland design and operation for 
sucker refugia. More information is needed on fish kill incidences (time, 
location, duration). 

6. Investil!ate the relationshio between the flood plain and the hvdrol!raoh of the 
Sprague River system with the objective of increasing water storage and 
desynchronization. 

7. Develop a management plan for utilizing large land conversions to wetland. 
This plan should embrace multiple objectives and include a loading strategy, 
hydroperiod analyses, terra forming, low cost construction and maintenance 
techniques, etc .. 

Monitoring 

In order to assess the effectiveness and utility (institutional, economical, ease of 
implementation) of proposed strategies, it is recommended that the following monitoring and 
reporting steps be implemented. 

I . Streamflow and inflow data should be maintained or incorporated throughout 
the study area, this includes pumpdown drainage flows from agricultural 
areas. 

2. Water quality data should be gathered both from streams, rivers, and multiple 
stations within the lake. Mitigation projects should be monitored at the 
inflow, outflow and at appropriate stations within the project. Suggested 
parameters to monitor include suspended solids, TP, OP, temperature and 
pH. 

3. Track and document fish kills to determine the most likely causes as well as 
where fish do seek refugia and where they don't. 

4. A system should be developed to track the mitigation effort, i.e. level of 
participation, training needs and activities, percent land converted, miles of 
stream fenced, etc .. 

269 



5. Annual monthly IR (infrared), photographs of the lake and critical portions of 
the watershed. 

6. Annual status report should be developed as a part of the recommendations in 
the institutional area which includes the information collected in items 1-5. 

Institutional 

Institutional recommendations are critical to the success of any of the technical 
requirements. This institutional framework should be well grounded in local representation 
and should have a secured funding future which is on-going. 

1 . In order to implement the restoration strategies, an authority should be created 
to coordinate the efforts. This "committee" must have representation from all 
affected parties, such as water users groups, ranchers, tribes, government 
agencies, etc. Education and outreach must be part of this approach. 

2. Develop a method for reducing the amount of overlap and redundancy in data 
collection. Presently, more than one groups may collect data on certain 
parameters at basically the same time and place, while key areas or parameters 
are ieft unstudied. An overaH coordination of data coiiecllon could help make 
research dollars go a lot further. 

3. Develop an education program for all parties involved in the watershed 
restoration efforts which incorporate schools, non-government organizations, 
user groups, government agencies, and researachers. 

4. Effort should be made to identify resources that will encourage participation 
such as set-aside payments, restoration grants, etc. 
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