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SUMMARY 
 

Here we provide the results of a two year effort to understand the effects of aquatic 
and terrestrial plant decomposition products for the control of Aphanizomenon flos-
aquae in Upper Klamath Lake, Oregon. We found that both barley straw and wetland 
plant material can suppress or kill A. flos-aquae.  Mortality of A. flos-aquae was 
dependent on the amount of colored dissolved organic matter released from plant 
material and the level of ultraviolet light available.  In general direct application of plant 
material under high UV exposure resulted near complete A. flos-aquae mortality within 
24 hours.  Because of the rapidity of the response, these results are consistent with 
toxicosis and not the binding of essential nutrients.  The toxic response is best 
characterized by the interaction of UV light and colored dissolved organic matter to form 
hydrogen peroxide.  

 
This finding supports the hypothesis that the loss of wetlands contributes to the 

massive annual blooms of A. flos-aquae in UKL.  Not only are wetlands nutrient sinks, 
but may have additional value in suppressing cyanobacterial blooms. 

 
We also report the results of a survey of wetland plant biomass and a statistical 

analysis of Klamath Tribe monitoring data.     
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OVERVIEW 
RATIONALE FOR PROJECT 
 
There are two approaches to improving the water quality of Upper Klamath Lake [UKL] that 
have been discussed in recent years.  Both focus on reduction of the overwhelmingly 
dominant alga in the lake May-October, Aphanizomenon flos-aquae, a species of 
cyanobacteria.  The first approach would reduce the input of phosphorus to the lake to 
limit the growth of A. flos-aquae .  This is a reasonable application from limnology that has 
been successfully used in the improvement of numerous eutrophic and hypereutrophic 
lakes.  Its Achilles heel is the presumed abundance of phosphorus in the extensive 
springflow entering UKL that predates human habitation that supported a eutrophic lake 
environment.  The second approach to changing UKL is to acknowledge and understand 
the extensive loss and transformation of wetlands from UKL, formerly a shallow, eutrophic 
lake system with extensive wetlands, determine what of that loss precipitated a change in 
the lake, then determine what can be done to replace what was lost.  The Oregon 
Department of Environmental Quality (Boyd et al. 2002) through its total maxium daily 
load analysis and estimates for total phosphorus provided details of the first approach.  The 
work completed for the U. S. Fish and Wildlife Service by our Consortium in September 
2005 (Geiger et al., 2005), provides the details of the second approach.  These are 
complementary, not competing, hypotheses.    
 
Here we provide the results of a two year effort to understand the effects of aquatic and 
terrestrial plant decomposition products for the control of Aphanizomenon flos-aquae in 
Upper Klamath Lake, Oregon. This project was envisioned as restoration research.  
“Restoration” of the lake is probably not possible due to the absence of accurate baseline 
data on the lake prior to its change of quality in the mid to lake 20th century.  How would 
we know when the lake is “restored” to some former condition, except for a significant 
reduction in Aphanizomenon flos-aquae?  Changing the quality of the lake by attempting to 
simulate conditions associated with wetlands, at least in the lake, prior to the extreme 
wetland reduction within the lake in the 20th century may be possible.  Our hypothesis 
about why the lake changed in the 20th century would suggest that the lake could be 
changed again, if, conditions associated wetlands in the early 20th century could be 
reestablished or replaced by substantially similar conditions.  A summary of this way of 
thinking about the lake and suggestions for follow-up research was presented by Stan 
Geiger at the Upper Klamath Water Quality and Fisheries meeting sponsored by the Bureau 
of Reclamation December 14-15, 2006 in Klamath Falls (Comprehending the effects on algae 
of wetland loss and transformation at Upper Klamath Lake, OR).      
 
The project builds on work completed by our Consortium for the Ecosystem Restoration 
Office of the Klamath Falls Fish and Wildlife Office (Preliminary Research on 
Aphanizomenon flos-aquae at Upper Klamath Lake, OR:  PO No. 1448-10181-04-M360[KY], 
September 19, 2005) (Geiger et al. 2005).  The follow-on project reported here provides 
useful information in addressing the first, second and fourth needs in the matrix of 5-year 
research and assessment needs for wetland and river restoration (page 11 in the fall 2005 
ERO RFP): 
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• Dynamics and interrelationships among internal/external P loading/algal 
biomass/water quality/fish stress; 

• Nutrient and water quality dynamics of former lake-edge wetlands under various 
management options (w/and w/o breaching); and  

• Influence of humic releases from wetlands on algal production. 
 
 
Twenty years before the listing of the two sucker species in 1988, the last diking and 
draining of in-lake wetlands occurred at the site of what is now the Agency Lake Ranch of 
the Bureau of Reclamation.  Between 1896 and 1968 over 35,000 acres of wetlands at 
various locations around UKL that were seasonally inundated by the lake were diked and 
drained.  These were wetlands in the lake (Figure 1).   
 

 
 

Figure 1.  Cumulative loss of wetlands from within UKL 1896-1968 (Snyder and Morace 1997). 

 
To a wetland scientist, this is an extraordinarily large loss; a significant loss to the lake and 
without any mitigation presently required by state and federal agencies with jurisdiction 
over wetland alteration.  The perspective of our Consortium of scientists is that the 
elimination of this extensive wetland influence from the lake by diking and draining for 
pasturing and farming, was the primary factor in changing the lake from eutrophic to 
hypereutrophic and altering algae populations to dominance by the cyanobacteria 
Aphanizomenon flos-aquae.  This is, of course, a hypothesis.  Recent reports of coring 
results in UKL supported by the Bureau of Reclamation (Eilers et al. 2004) and the U. S. 
Geological Survey (Colman et al. 2004) do not conflict with this hypothesis. 
 
There were other factors that contributed to changes in the lake such as changes in upland 
forest and wetland habitats and distributed agricultural activities that would also have 
influenced the lake but whose relative influence in the change cannot yet be assessed (see 
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Geiger et al. 2005 for additional details on residual wetland in the UKL Basin and the 
transformation of these wetlands). 
 
In the report that follows, our Oregon State University Wetland Research Consortium 
reports progress in determining what factors related to wetland loss could encourage the 
growth of Aphanizomenon flos-aquae.  Work elements and tasks relate to lost wetland 
functions and their importance related to cyanobacteria growth:  nutrient uptake and 
effects of wetland decomposition.  Included in the mix however is the known influence of 
decomposing barley straw on cyanobacteria growth and the present barley production in 
Klamath County on ~24,000 acres of land.  There is the potential for the same or similar 
suppressing effect on algae growth from the decomposition products deriving from wetland 
plants and barley varieties grown in the county. 
 
WETLAND RESEARCH CONSORTIUM 
 
The principal investigator and project scientists of work in the proposal include: 

Allen Milligan, Ph.D.  Project Manager and Principal  
Patrick Hayes, Ph.D.  Co-Principal Investigator, Professor, Department of Crop and 

Soils Science, Oregon State University, Corvallis, OR 
Stan Geiger, M.Sc., Project Scientist, Professional Wetland Scientist, Aquatic 

Scientific Resources, Portland, OR  
Kale Haggard, M.S., Oregon State University, Corvallis, OR 
Maria Kavanaugh, M.S., Oregon State University, Corvallis. OR 

 
 
OVERVIEW OF GOALS AND OUTCOMES 
 
Our major goals and outcomes are outlined as follows:  

Goal 1: Conduct four greenhouse assays using UKL water during the period June – 
September of the "potency" of multiple-source humic compounds originating from 
typical wetland plant vegetation at or near the lake, and from decomposing locally 
grown barley straw; 

Outcome 1: We conducted four mesocosm assays (4L volume) at two locations (OSU, 
Corvallis and Klamath Klamath Basin Research and Extension Center, Klamath Falls 
OR) testing the effects of barley straw, marsh plants and extracts of each on the 
growth of A. flos-aquae  (Reported in Chapter 1). 

Goal 2: Conduct two in-lake limnocorral assays July-August using marsh plant 
extract and barley straw extract.   

Outcome 2: We conducted two in-lake assays, one of which was successful.  The 
second assay coincided with an A. flos-aquae bloom crash and no growth was 
observed in controls making it impossible to test for treatment effects (Reported in 
Chapter 1). 
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Goal 3: Use laboratory cultures of A. flos-aquae and develop a protocol for screening 
potentially useful barley straw varieties and individual dominant marsh plant species 
materials. 

Outcome 3: Partial success. Laboratory cultures were eventually developed but were 
not ready to be used in bioassays during the grant period.    

Goal 4: Perform genetic analyses of A. flos-aquae  four times through the season of 
growth to provide preliminary documentation of whether there is genetic variation in 
the A. flos-aquae  in UKL during its dominance June-September. 

Outcome 4: Not successful. Due to unforeseen expenses in achieving Goals 1 and 2 
and the limited utility of diversity data we chose not to pursue this goal.  

Goal 5: Characterize the on-site decomposition of barley straw at locations where 
barley is grown to assay the “potency” of water in the winter-flooded fields for 
suppressing A. flos-aquae growth. 

Outcome 5: We found that waters from a flooded barley field was not effective at 
suppressing A. flos-aquae  growth (Reported in Chapter 1). 

Goal 6: Measure standing stock dry weight biomass per unit area of typical wetlands 
at UKL for the 2006 growing season. 

Outcome 6: Standing stock biomass for four sites around UKL were sampled and 
reported in Chapter 2. 

Goal 7: Analyze Klamath tribes UKL data set for 2004-2006 sampling years.  

Outcome 7: Statistical analysis is reported in Chapter 3. 
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Outcomes 

 
Chapter 1 

 
Vascular Plant Decomposition Products Suppress Growth of 

the Cyanobacterium Aphanizomenon flos-aquae in Upper 
Klamath Lake, Oregon 

 
 
 
 
 
 
 
 

 
Mesocosm assays at Klamath Exp. 
Station 

 
 
 
 
 
 
 
 
 

Limnocorrals deployed at Running Y Ranch 
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Introduction 

Cyanobacterial 
harmful algal blooms 
(CyanoHABs) are 
increasing in 
frequency and 
distribution around 
the world (Hallegraeff, 
1993; Roelke & 
Buyukates, 2001; 
Anderson et al., 2002; 
Lopez et al., 2008).  
CyanoHABs cause 
harm in two principal 
ways.  Some species 
produce compounds 
that are toxic to 
animals and humans 
while others impact 
the environment by 
blocking light to 
photosynthetic organisms or causing low oxygen conditions following bloom 
declines.  Since the 1960’s Upper Klamath Lake (UKL) in Oregon has 
experienced nearly monospecific blooms of the cyanobacterium 
Aphanizomenon flos-aquae.  In late spring and early summer, A. flos-aquae 
akinetes germinate and proceed to form macroscopic colonies or flakes of 
trichomes. Gas vacuoles allow A. flos-aquae trichomes to rise during 
daylight hours, resulting in a thick scum on the water surface.  During 
blooms, lake pH rises to over 10, creating stressful conditions for many 
aquatic organisms.  After sudden demise A. flos-aquae population crashes, 
bacterial decomposition creates low oxygen conditions (< 4 mg/L) that have 
contributed to die-offs of the endangered fish Deltistes luxatus (Lost River 
sucker) and Chasmistes brevirostris (Shortnose sucker) (U.S. Fish and 
Wildlife Service, 1988; Perkins et al., 2000). 

 
UKL is a large, shallow, natural lake fed by the Williamson and Wood 

Rivers, as well as numerous springs. It is drained by the Link River.  The 
drainage basin of Upper Klamath Lake is naturally high in phosphorus with 
a median phosphorus content of 60 μg L-1 (Walker, 2001). Mass balance 
analysis suggests the lake has historically received nutrients at a low N: P 
ratio (~8:1 molar ratio), a condition that favors diazotrophic (N2 fixing) 
cyanobacteria such as A. flos-aquae.  However, sediment cores indicate that 
A. flos-aquae akinetes were not present in the lake prior to the 1880’s (Boyd, 
2002; Bradbury et al., 2004; Eilers et al., 2004).  Despite low N: P nutrient 

Figure 1. Relationship between the relative abundance of A. flos-
aquae akinetes and the percent of wetlands lost from UKL over 
time (from Geiger, 2001 and Eilers et al., 2004) 
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ratios, diatoms and green algae were the dominant phytoplankton prior to 
the establishment of A. flos-aquae (Eilers et al., 2004).   

 
The appearance of A. flos-aquae akinetes in lake sediments occurred 

around 1900 ±20yr and coincided with the first extensive conversion of 
wetlands to agricultural uses.  Continued development resulted in the 
removal of 66% of the wetland area by 1968 (Snyder & Morace, 1997; 
Bradbury et al., 2004; Eilers et al., 2004) (Fig. 1).  The loss of these 
wetlands resulted in a significant reduction of dissolved organic matter 
input to the lake and has likely led to substantial changes in water 
chemistry, quality and biology (Geiger, 2001; National Research Council, 
2004).  Increased nutrient loading to open water due to wetland loss is likely 
a contributing factor to A. flos-aquae blooms, but there is accumulating 
evidence that the loss of naturally occurring plant decomposition products 
(dissolved organic matter, DOM) may also be an important driving factor 
(Jackson & Hecky, 1980; Perdue et al., 1981; Geiger et al., 2005). Emergent 
aquatic plants are typically the largest contributing source of organic matter 
to a lake system (Wetzel, 1992) and are thus the primary source of DOM.  
According to Phinney et al. (1959), the contribution of DOM to UKL from 
marshlands would be adequate to alter lake chemistry.  A study of DOM in 
Hanks Marsh, one of the remaining natural marshes in UKL, found that 
lake DOM was largely composed of carbohydrates, lipids and proteins while 
marsh DOM was mainly humic and fulvic acids. Marsh plants were the 
dominant source of the humic substances (Barber et al., 1999).  Dissolved 
organic carbon fractionation showed that the concentration of dissolved 
organic carbon (DOC) in Hanks marsh was up to twice that of the open lake 
(Barber et al., 1999).  

 
Various studies demonstrate humic substances (HS) suppress 

cyanobacterial growth (Jackson & Hecky, 1980; Kim & Wetzel, 1993; 
Beisner et al., 2003).  Jackson & Hecky (1980) reported a strong negative 
correlation between primary productivity and increased lake organic matter 
content.   There is preliminary and circumstantial evidence that HS affect A. 
flos-aquae populations in UKL.   Phinney (1959) noted the absence of A. flos-
aquae in UKL where humic content was high and found that humic 
substances stimulated the growth of green alga, but suppressed 
cyanobacteria in laboratory experiments.   Klamath Marsh, a large (14,983 
ha) wetland north east of UKL is the primary source of the Williamson River.   
Perdue et al., (1981) determined that fifty percent of the total organic carbon 
in Klamath Marsh brown waters is humic material.  Flow from the marsh is 
seasonal, ceasing in the spring and resuming in the fall.  When flowing, the 
river water is the color of strong tea.  The absence of marsh water entering 
the lake corresponds with the occurrence of A. flos-aquae, which appears in 
the spring and disappears in the fall (Perdue et al., 1981).  Traditionally, the 
recognized role of HS on aquatic population dynamics has been through a 
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reduction in light availability or as a complexing agent, reducing nutrient 
availability (Jones, 1992; Beisner et al., 2003).  Recent studies have shown 
that HS have algistatic and algicidal effects (Steinberg et al., 2008).   

 
Historically, HABs have been a natural phenomenon.  The increase in 

HABs is usually attributed to cultural eutrophication (Olem, & Flock, eds. 
1990; Hallegraeff, 1993; Roelke & Buyukates, 2001; Anderson et al., 2002).  
Reducing nutrient loads can be technically and politically challenging and 
as a consequence HAB control measures - herbicides, dyes, mechanical 
removal, increased water circulation, aeration and introduction of algae-
consuming fish – provide only symptomatic relief.  These solutions are often 
too expensive to implement on a landscape level and they do not address 
root causes of the HABs.   

 
Brown water (water rich in dissolved organic matter) may play an 

important role in suppressing populations of some species of algae, thus 
preventing HABs. According to Wetzel (1984) 70-80% of the dissolved 
organic carbon content of freshwater is composed of humic substances.  In 
this context, the most frequently cited and extensively studied plant 
material is barley straw. Suppression of annual algal blooms dominated by 
cyanobacteria and diatoms in several British reservoirs was attributed to 
applications of barley straw (Barrett et al., 1996; Everall & Lees, 1997; 
Barrett et al., 1999).  Suppression of the filamentous green algae 
Cladophora glomerata in canals has also been attributed to barley straw 
applications (Welch et al., 1990; Caffrey & Monahan, 1999).  Several 
laboratory assays have shown that barley straw, or barley straw extracts, 
suppress certain types of algae (Newman & Barrett, 1993; Ridge & Pillinger, 
1996; Martin & Ridge, 1999). However Ferrier et al., (2005) reported that for 
some algal species barley straw extract suppressed growth, while it had no 
effect on or even stimulated the growth of other species.  Overall, the 
literature supports the contention that decomposing barley straw may have 
algistatic properties under some conditions and against certain types of 
algae. The mode of action has not been determined.  Broadly speaking, the 
algistatic properties are attributed to either “carbon loading” or to “humics”.  
UKL is unique in that barley is grown adjacent to the lake in the converted 
wetlands. Fields are often flooded with lake water during the winter months. 
The remaining water is pumped back into the lake in the spring prior to 
planting. This agricultural practice may add significant volumes of brown 
water, which might have an effect on UKL A. flos-aquae.   

 
The objective of this research was to test the hypothesis that the loss of 

wetlands is a contributing factor of A. flos-aquae HABs in UKL by assaying 
the effects of wetland and terrestrial plant (barley straw) DOM on the growth 
of A. flos-aquae.  Positive results of aquatic plant DOM suppressing A. flos-
aquae would demonstrate additional ecosystem services of wetlands and 
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would provide incentives for wetland conservation, rehabilitation and 
reestablishment.  Demonstration that barley straw is an effective agent for 
suppressing A. flos-aquae could provide a role for production agriculture to 
take part in improving ecosystem quality.  

 
Materials and methods 
 

Multiple experiments were conducting using various treatments applied 
to mesocosms and limnocorrals.  These experiments are described in Table 
1.  For the mesocosm assays, the experimental units consisted of 3.8 L glass 
jars.  The mesocosm experiments were conducted under greenhouse and 
outdoor conditions. The limnocorrals allowed us to conduct experiments in 
situ in UKL by isolating columns of lake water.      
 
 
Barley Source Material 

Barley straw used in the first two mesocosm assays was a composite of 
breeding lines grown at the Oregon State University Hyslop research farm in 
2003.  Barley grown in this area is subject to high disease pressure.  When 
exposed to pathogens, plants can respond by producing antimicrobial 
compounds (Castro & Fontes, 2005).  This was a cause for concern, in that 
barley exposed to high disease pressure may have high levels of such 
compounds, which may increase the efficacy of this barley straw in 
suppressing cyanobacteria.  For all the subsequent assays, barley straw 
(variety Baronesse) was obtained from Klamath Basin farms.  For all 
mesocosm experiments, barley straw was cut into 1~2 cm pieces and added 
to each experimental unit.  For limnocorral assays barley straw was loosely 
stuffed into plastic mesh bags and attached to the top crossbar of the barley 
straw treated limnocorrals.  
 
Barley straw infusion  

The initial barley straw infusion was made by placing 175 g of dry barley 
straw in 25 L de-chlorinated tap water.  The barley straw was a composite of 
breeding lines grown at the Oregon State University Corvallis, Oregon 
Hyslop research farm in 2003.  This solution was continuously aerated and 
kept under greenhouse conditions. Fourteen hours of supplemental 
illumination per twenty four hour were provided by Sun System III 400 watt 
high pressure sodium lamps (Sunlight Supply Inc., Vancouver, Washington 
USA).  Midday light intensity, measured at solution level averaged 500 μ mol 
m/s.  Day and night temperatures were 21 +/- 50 C and 16 +/- 50 C. After 
60 days, the straw was removed and drained then de-chlorinated tap water 
added to bring the volume back to 25 L.  For the subsequent assays, barley 
straw infusion was made by adding 100 g of Klamath basin barley straw to 
10 L of de-chlorinated water. The solution was kept in a greenhouse at 
Corvallis, Oregon (as described previously) and continually aerated for four 
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Table 1. Summary of experimental details for mesocosm  assays 1 – 4 and limnocorral assay 1. 
 

Experiment  Mesocosm 1 Mesocosm 2 Mesocosm 3 Mesocosm 4 Limnocorral 1 

Date  Aug-05 Sep-05 Sep-06 Aug-07 Jul-06 

Light (μmol quanta m-

2 s-1) 
500 500 2000 500 2000 

UV  (μW/cm2) ~1 ~1 ~23 ~1 20-24 

Temp ºC 25D, 16N 25D, 16N 25 20 20-24 

Number of 
replications  4 3 4 4 3 
Barley  Straw source  - Hyslop Farm Klamath grown Klamath grown Klamath grown 
 

dose - 10 g /  L 
5 g / L and 1 g 
/ L 2.5 g / L 1.3 g / L 

Barley extract source  Hyslop Farm - Klamath grown - - 
 dose 50 ml / L - 250 ml / L - - 
Barley field H2O 

source  - - - 
Field adj. to 
UKL - 

 dose - - - 250 ml / L - 
Marsh Water 

source 
Caledonia 
Marsh - Klamath Marsh Klamath Marsh Klamath Marsh 

 dose  50 ml / L - 250 ml / L 250 ml / L 80 ml / L 
Dried Marsh Plant source  - - - Hanks Marsh - 
 dose - - - 2.5 g / L - 
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weeks, after which the straw was removed, drained and de-chlorinated 
water added to bring the volume back to 10L. 
 
Barley Field Water 

Barley field water was from a field on the north side of Coon Point, 
adjacent to Hanks Marsh. Barley was harvested from this field in the 
summer of 2006 and the field was flooded over the fall winter, and spring. 
While the water was being pumped off in preparation for planting, samples 
were collected at the outflow and were kept refrigerated until used.  

 
Marsh Plant Source Material 

Wetland plants were harvested in 2006 from Hanks Marsh, UKL and 
dried in a plant material dryer for 5 days at 41° C then stored in plastic 
bags until used.  The dried wetland plants consisted of approximately 75% 
bulrush (Scirpus acutus) and 25% cattail (Typha latifolia).  The dried wetland 
plant material was cut into 1 ~ 2 cm pieces which were added to the 
experimental units.  
 
Marsh Water  

Marsh waters from Caledonia and Klamath Marsh were collected either 
via pump or bucket and transported to experimental sites in polyethylene 
containers.  Klamath marsh water was collected from two sites, mile post 6 
on the Silver Lake Road (42º 53’ 20.14” N, 121º 42’ 44.22” W) or Kirks 
Bridge, Forest Road 43 (42º 44’ 29.5” N, 121º 50’ 2.79” W). 
  
Field and Laboratory Measurements 
Mesocosm Assays 

Mesocosm assays were performed during the summer months from 2005 
to 2007. Mesocosm studies were performed either in a greenhouse at 
Oregon State University Corvallis OR, or outdoors at the Klamath Basin 
Research and Extension Center, Klamath Falls OR (see image of mesocosm 
at head of chapter).  For mesocosm assays preformed in the greenhouse, 
light and temperature conditions were as described under “Barley Straw 
Infusion”.   Due to absorbtion by the glass roof and attenuation by neutral 
density screening UV B radiation (280 -320nm) was greatly reduced (0.96 
μW/cm2; PMA2100 meter and PMA2102 sensor, Solar Light Company, 
Glenside, Pennsylvania, USA) in greenhouse treatments.  Mesocosms were 
kept at 20° C using a PolyScience 5705P recirculation / chiller (PolyScience, 
Niles, Illinois USA).   

 
The mesocosm assay conducted outdoors at the Klamath Experiment 

Station was designed to more closely approximate lake conditions such as 
temperature, elevation and light.  This facility is located 12 km south of UKL 
at an altitude of 1066 m.  Average UV radiation was 22.7 μW/cm2 or 23 
times greater than greenhouse studies.  To test for the possible effect of 
shading by the addition of barley straw, a shade treatment was included in 
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the experiment. The shade treatment consisted of a neutral density filter 
that reduced light to levels comparable to the straw treatment (150-200 
μmol quanta m-2 s-1).  Temperature was controlled by placing the 
mesocosms in 1.2 m x 1.5 m tanks with continually circulating UKL water 
from an adjoining canal. Water temperature averaged 25° C, which is 1 - 2° 
C higher than water in the lake.    

 
For all experiments, mesocosms were sampled for A. flos-aquae 

biovolume, abundance of other algal species and phosphate concentration.  
Mesocosms were gently homogenized prior to sampling.  Dissolved soluble 
reactive phosphate samples were filtered using a syringe filter (GF/F) and 
stored frozen in polypropylene centrifuge tubes until processed. Samples for 
biovolume were fixed with Lugols solution (1% final concentration) and 
stored in polypropylene centrifuge tubes in the dark until analyzed.  
Temperature, pH and specific conductivity were monitored at each sampling 
interval with a Hydrolab Surveyor (Hach Environmental, Loveland, Colorado 
USA).  

 
 Due to the difficulty in maintaining A. flos-aquae in culture, it was 

collected directly from Upper Klamath Lake prior to the start of each assay.   
Sufficient volume for each assay (50~100 L) of lake water was collected from 
a depth of 0.25 m, approximately 30 m offshore of the Skillet Handle.  For 
each mesocosm assay, 1 L water samples were diluted with 500 ml of 
filtered lake water using a Whatman GF/F filter (Whatman International 
Ltd, Maidstone, England).  For controls, de-ionized water was added to bring 
the total volume to 2.5 L.  For treatments, de-ionized water was mixed with 
extracts or dry plant material.  Each mesocosm was treated with 1.5 ml of 
the insecticide Sevin (1.25 ug L-1 Naphthyl N-Methylcarbamate) (Sevin, 
GardenTech, Lexington, Kentucky USA) to preclude grazing by zooplankton 
(Relyea, 2006).  This concentration effectively killed all cladoceran grazers 
(data not shown) and was five-fold below the lowest observed effect 
concentration for A. flos-aquae (Ma et al., 2006).  Aeration and circulation 
were provided by micro bubble air diffusers powered by aquarium pumps.  
For each experiment, the treatments were arranged in a replicated 
randomized block designs. 
 
Limnocorral Assays 

The in situ experiments were conducted during the summers of 2006 and 
2007 (Table 1).  Limnocorrals were constructed of PVC pipe frames 1.3 m in 
diameter and 2.6 m in length, for a total volume of approximately 3000L 
(see image of limnocorral at head of chapter). The frames were placed inside 
heavy duty polyethylene tubes equipped with closed cell foam collars for 
flotation and either a chain anchor (for open bottom enclosures) or a sand-
filled 3.8 L jug (for closed-bottom enclosures).  Treatments were replicated 3 
and arranged in random block design. Limnocorrals were placed in an 
embayment protected from dominant northerly winds adjacent to the Skillet 
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handle.  Rhodamine dye was added to a randomly selected unit in order to 
determine the rate of water exchange/treatment loss.  The 2007 limnocorral 
assay was installed at the onset of a lake-wide crash of A. flos-aquae.  As 
such the assay was unsuccessful and no results are reported. 

 
A depth integrated sampler (2.5 m long PVC pipe with a remotely 

operated valve on one end) was used to remove a column of water from the 
top 2 m of each limnocorral.  The sample was then drained into a bucket, 
homogenized, and subsamples removed with a 50 ml syringe.  Each 
limnocorral was sampled before the addition of treatments, then daily 
through the duration of each experiment for A. flos-aquae biovolume and 
other algal species abundance and every other day for rhodamine and 
phosphate concentrations.  Limnocorral dissolved oxygen, pH, temperature 
and specific conductivity were monitored daily at a depth of 1.5m depth 
using a Hydrolab Surveyor.  

 
Laboratory analysis 

A. flos-aquae biovolume was determined by counting and measuring 
individual units using an inverted microscope at 200X magnification and an 
Utermohl counting chamber (2 ml volume).  Following preservation with 
Lugols formerly living ‘flakes’ of A. flos-aquae disaggregate into individual 
filaments or small bundles of ~10 filaments or less.  A. flos-aquae density 
was determined by counting all units in a randomly selected field of view 
until 400 filaments were counted, or 20 fields of view examined.  Average A. 
flos-aquae length was determined based on the measured length of 40 units 
in transects.  A. flos-aquae biovolume for each sample was calculated 
according to the equation: 

 
1−•••= VDLNBiovolume  

 
where N is the number of A. flos-aquae units. L  is the average length of a 

unit, D is the diameter (5 μm) and V the volume analyzed.  Diameter of A. 
flos-aquae was determined using a calibrated ocular micrometer. 

A. flos-aquae growth was calculated according to the equation: 
 

μ = ln (B1-B0-1) · (t1-t 0) -1 

 

where μ is the intrinsic rate of growth in units of per day; B0 is the 
biovolume value at day zero (t 0) and B1 is the biovolume value at day one 
(t1). 
 

 A. flos-aquae growth rates were then compared using the Tukey Kramer 
multiple comparisons test (α = 0.05).  Comparisons were made with in 
treatments (for each assay) as well as across treatments (all assays). 
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Phosphate concentration was determined by the ascorbic acid 
colorimetric method (Greenberg et al., 1985).  Water temperature, pH, 
specific conductivity and dissolved oxygen level were monitored throughout 
each assay with a Hydrolab Surveyor.  Rhodamine dye samples were 
measured with a Turner Designs 10AU fluorometer (Turner Designs, 
Sunnyvale, California USA) fitted with rhodamine excitation and emission 
filter set (10-0419).   

 
Results  
 

Exposure to barley 
straw caused a dose-
dependent decline in 
A. flos-aquae growth 
(Fig. 2). Addition of 
barley straw at 5 g / L 
caused rapid loss of 
biomass within 24 
hours.  A reduction in 
light using neutral 
density screening to 
270 μmol m-2s-1 (the 
level of the 5 g / L 
barley straw 
treatment) had no 
significant effect on A. 
flos-aquae growth 
(Fig. 2).  In general 
barley straw additions 
caused rapid mortality of A. flos-aquae (Fig. 3 and 4) except on one occasion 
where A. flos-aquae growth was repressed (Assay 3, Fig. 3b).  In the assay 
where barley straw did not cause mortality, the addition of wetland plant 
material at the same rate resulted in rapid AFA mortality (Assay 3, Fig. 3b).  
Results of barley straw extract on A. flos-aquae growth were mixed.  A dose 
of 50 ml / L (assay 1) had no significant impact; where as a dose of 250 ml / 
L (assay 3) caused mortality (Fig. 3).  Both the barley field and marsh water 
treatments had no effect on A. flos-aquae growth, except in the limnocorral 
assay where growth was repressed by the addition of Klamath Marsh water 
(Fig. 3 and 4).   

The addition of barley straw significantly altered water chemistry 
compared to the control.  In both the mesocosm and limnocorral assays 
phosphate ranged between 4-8 mol P/g barley straw.  At the initiation of the 
assay the average percent oxygen saturation ranged of the limnocorrals was 
between 70 to 80 %, and pH was between 8.5 and 9.  By the second day the 
percent oxygen saturation in the barley straw treatment dropped to 0.9%  

 

Figure 2. Average A. flos-aquae biovolume of the control, screen, 1 g 
/ L, and 5 g / L barley straw treatments in mesocosm assay 3.  Mean 
± standard error, n=4 for all treatments. 
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Figure 3. Comparison of A. flos-aquae growth rate for all mesocoms assays.  Error bars show 95% 
confidence interval.  Different letters represent significant difference (α = 0.05) between treatments within 
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and the pH to 7.3, whereas 
the control percent oxygen 
saturation and pH remained 
about the same.                            

                                                                 
Although dose responses 

were not linear when 
compared together, two 
distinct patterns based on 
location are apparent (Fig. 
5).  Assays conducted in or 
around UKL had 23-fold 
greater UV exposure and a 3 
fold greater impact on A. 
flos-aquae mortality for a 
given dose than those 
conducted at the Corvallis 
site (Fig. 5). For each 
location treatment efficacy 
was linearly related to the 
concentration of CDOM, 
based on absorbance 
measurements between 300 
– 500 nm (Fig. 5).  
 
Discussion   
 

Both barley straw and wetland plant material can suppress or kill A. flos-
aquae.  While we are unable to definitively explain why this occurs based on 
these assays, we did find that efficacy is codependent on CDOM 
concentration and the level of UV radiation exposure.  CDOM is reported to 
affect algal growth in three ways: through shading, binding or chelation of 
essential nutrients and toxicosis (Jones, 1992; Beisner et al., 2003; 
Steinberg et al., 2008).  Shading was not a factor in our experiments.  When 
we reduced ambient light by 80% using neutral density filters, there was no 
reduction in growth of A. flos-aquae.  The wetland plant treatment was the 
most effective in suppressing A. flos-aquae growth.  It also released more 
CDOM on a dry weight basis than barley straw (Fig. 6).  Barley straw was 
most effective at suppressing A. flos-aquae in the presence of high UV 
radiation.  Both these treatments resulted in near complete A. flos-aquae 
mortality within 24 hours.  Because of the rapidity of the response, these 
results are consistent with toxicosis and not the binding of essential 
nutrients.  Mortality due to binding of essential nutrients can be prevented 
in the short term by remobilization of the compound from cellular reserves.  
It has been demonstrated that compounds such a phenols leach from plant 

Figure 4. Average A. flos-aquae biovolume over time 
course of limnocorral assay.  Error bars are SE. Control, 
Barely Straw n = 2; Klamath Marsh Water n = 3.  Growth 
rates were calculated from linear regression of natural log 
transformed raw data. Control μ = 0.54 (± 0.43 95%CI); 
Barley Straw μ = -0.41 (± 0.43 95%CI); Klamath Marsh 
Water μ = 0.36 (± 0.57 95%CI). 
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material and are toxic to cyanobacteria (Nakai et al., 2001; Waybright et al., 
2008).  Other compounds toxic to cyanobacteria are formed when CDOM is 
degraded by UV.  The best characterized reaction is the UV-mediated 
formation of hydrogen peroxide.   

 
UV-mediated CDOM degradation occurs through a series of 

photochemical reactions producing singlet oxygen, peroxy radicals, hydroxyl 
radicals, superoxide, hydrogen peroxide and humic-substance organic 
radicals (Cooper et al., 1989; Scully et al., 1996).  These radical species 
eventually produce hydrogen peroxide and concentrations can reach 1 – 2 
μM in natural waters (Scully et al., 1996).  In addition, stable semiquinoid 
radicals have been identified and oxidized phenols, especially 
methoxyphenols are known to be highly toxic (Pillinger et al., 1994; Everall 
& Lees, 1997; Steinberg et al., 2008).  Accumulation rates of hydrogen 
peroxide are positively correlated with colored dissolved organic carbon 
concentrations (carbon that absorbs light between 300 – 500 nm) (Cooper et 
al., 1989, Scully et al., 1996). Through Fenton reactions, iron (III) consumes 
some peroxide to form highly reactive hydroxyl radicals.   All organisms are 
exposed to oxidative stress and as such have developed reactive oxygen 
scavenging mechanisms, such as superoxide dismutase, catalase, ascorbate 
oxidase and peroxidase.  However when reactive oxygen species (ROS) 
production exceeds the capacity of these scavenging mechanisms, 
membrane integrity is compromised. DNA and protein are also damaged.  
Injury to mitochondrial chloroplastic membranes is particularly dangerous 
as it interrupts electron 
transport resulting in 
additional ROS 
production.  These 
effects lead to necrotic 
cell death or induce 
programmed cell death 
(Bidle & Falkowski, 
2004).  Our results are 
consistent with these 
findings.  When either 
the concentration of 
CDOM or the level of UV 
radiation was increased, 
the result was more 
suppression of A. flos-
aquae growth.  

 
Marsh water was 

inconsistent in 
suppressing A. flos-

Figure 5. Response of A. flos-aquae average growth rate 
to varying concentrations of CDOM and UV exposure. 
Data from assays 3 and 4.  High UV, Growth rate = 7.02 
x 10-4 + 0.42; Low UV Growth rate = 2.41 x 10-4 + 0.49.  
High UV is 23 fold greater than low UV. 
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aquae.  The dose rate of marsh water treatment which suppressed A. flos-
aquae growth was 80 ml / L compared to rates of 250 ml /L which had no 
effect.   

 
While barley straw was quite effective in suppressing or causing 

mortality of A. flos-aquae, the dosage rates we used did have potentially 
serious impacts on water phosphate and dissolved oxygen levels.  However, 
for the assays conducted in and near the lake (high UV), a lowest effective 
dose has not been determined.  The possibility remains that a lower dose of 
barley straw may be effective in suppressing the growth of A. flos-aquae 
without negative impacts on water quality.  Barley field water, which had 
the lowest CDOM concentration, simply had no effect on A. flos-aquae 
growth.  Without knowing the lowest effective dose of barley straw on A. flos-
aquae in UKL, it is difficult to make a recommendation as to the utility of 
barley straw for HAB control at this location.   

 
This work does support the idea that wetland loss in UKL could be a 

contributing factor to A. flos-aquae HABs due to reduced input of CDOM 
from the wetlands into the lake. This role of wetlands in maintaining water 
quality merits further research.  As converted wetlands are reconnected to 
UKL, the impact they have on A. flos-aquae can be quantified via a coupled 
remote sensing and in situ monitoring program. 
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INTRODUCTION 
 
If the extensive loss and transformation of wetlands from Upper Klamath Lake 
(UKL) (Snyder and Morace 1997, Geiger 2001, Geiger et al. 2005) precipitated a 
change in the lake, as we suppose, then we explore details of plant loss that 
produced the change.  An obvious point of departure is to assess the 
composition of extensive wetlands remaining in the lake (and the UKL basin) 
and sample that vegetation to understand what specifically was lost.   This 
section reviews the methods used and results of sampling at four in-lake 
marsh locations early September 2006.  We start with an introduction that 
reviews what is known about wetland plants of UKL, then provide methods, 
results and discussion of findings. 
 
Let’s start with the assumption that the vegetation of wetlands today at UKL is 
similar to what it was at the end of the 1800’s when wetland loss from the lake 
started.  To support this assumption it would be well to have some related data 
of, for example, surveys of wetlands, early photographs of wetlands, studies of 
pollen in sediments, etc.  Changes in the lake since late 1800’s including 
increasing the seasonal water levels and change in the timing of the periods of 
filling and depletion would have been the result of the dam construction in the 
1920’s.  Accumulating reduction in the amount of wetland in direct contact 
with the lake would have reduced the quantity and perhaps diversity of 
wetland plant seeds circulating among wetland areas in the lake.  Introduction 
of invasive wetland species through migratory waterfowl could also have 
produced changes.  As a result of these factors the composition of marshes 
today may be somewhat different from say 1890.   
 
That rushes or tules (Scirpus acutus) have been the most common marsh plant 
at UKL and the Lower Klamath Lake area is suggested in the work of William L. 
Finley in Mathewson’s study of Finley, the pioneer wildlife photographer 
(Mathewson 1987).  While limited to plants photographed at Lower Klamath 
Lake and Tule Lake, photos included images of narrow-leaved water plantain 
(Alisma gramineum), cattail (Typha latifolia), wapato (Sagittaria latifolia), 
unknown sedge (Carex sp.), possibly Watson’s willow herb (Epilobium ciliatum) 
and an unknown willow (Salix sp).  Finley’s photodocumentation of the 
uniquely beautiful marshes of the Klamath Basin laid the groundwork for 
Theodore Roosevelt designating these marshes the first National Wildlife 
Refuges west of the Mississippi River (1908).  
 
Studies of the pollen content of strata of sediment in the lake give us some 
additional clue to changes in marsh vegetative composition (e.g. Bradbury et al. 
2004, Colman et al. 2004, Eilers et al. 2004).  Bradbury et al. (2004) note of 
sediment findings from a site north of Shoalwater Bay in northern UKL:    
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“The pollen record for the past 260 years at Upper Klamath Lake (Fig. 7) 
shows an unexpected uniformity…Neither does the stratigraphy of marsh 
vegetation (Scirpus and Typha) seem to reflect reduction of wetland 
vegetation known to have taken place during the past century.  Perhaps 
stratigraphic complacency is to be expected in a large lake system that 
receives both airfall and river transported pollen from a wide variety of 
habitats dominated by conifers and upstream marsh habitats. 
 
Pollen concentration does show a significant increase as fluctuating pulses 
after the end of the 19th century. Increases in pollen concentration may 
reflect increases in redeposited pollen from marsh sediments as wetland 
habitats were ditched and drained into Upper Klamath Lake.” 

 
The earliest surveys of wetlands by botanists at UKL and in the UKL basin 
occurred when the U. S. Fish and Wildlife Service National Wetlands Inventory 
mapped the wetlands of the UKL basin.  Black & white aerial photographs from 
1982 were used for the 1987-1994 work, which included on the ground 
confirmation of kinds of vegetation deduced from the photographs.  The ground 
work, however, was sparse considering the area of the survey so very little 
species information was produced, but wetland classes (e.g. forest, emergent, 
scrub-shrub, etc.) were identified on aerial photo overlays.  Only more recently 
has work been done to establish species composition of UKL wetlands.  Two 
studies, each by the Bureau of Reclamation, provided some species information 
on marsh vegetation. 
 
The first study (Salas 1995) was done within the area of Hanks Marsh in the 
UKL NWR.  Nine plots with radii of 10 m were assessed within the marsh 
boundaries.  The results of the first wetland study plots in Hanks Marsh in 
July 1994 were the following wetland species that were noted on study plot 
data sheets in the report Appendix:  Veronica americana, Sparganium 
eurycarpum, Scirpus acutus, Equisetum sp., Lemna minor, Azolla Mexicana, 
Nuphar luteum [N. polysepalum?], Potamogeton sp., Polygonum amphibium, 
Potamogeton crispus, Ceratophyllum demersum, Elodea canadensis, 
Potamogeton pusillus, Polygonum aquaticus, Ranunculus aquatilus, Scirpus 
aquatilis (only 7 of the 9 releves were reported in the document Appendix).  
Solanum dulcamara was also noted in a list of species observed in the report.  
The report notes there were six wetland cover classes in the marsh (Table 1), 
the total acreage of which was 1,251 acres. 
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Table 1.  Classes of wetland cover in Hanks Marsh (Salas 1995). 
 
Wetland Cover Classes Composition Acres 
Bur Reed Sparganium eurycarpum 45.8 

 
Hardstem Bulrush Scirpus acutus 413.7 
Mixed Bur Reed and 
Bulrush 

Sparganium eurycarpum 
Scirpus acutus 

 
86.4 

Yellow Cow-lilly Nuphar luteum [N. 
polysepalum?] 

 
199.6 

Mud  32.5 
Water   473.3 
 
 
The second Bureau of Reclamation study (Werth and Peck 2003) was framed to 
examine wetlands at the perimeter of UKL, including Agency Lake environs 
behind dikes (e.g. Agency Lake Ranch and Wood River).  This study used aerial 
photographs and on the ground observations.  Color aerial photographs were 
made in August 1998 and July 1999.  The marsh areas were then visited, first 
for a week in early September 1998 and then in May of 2000 after the photo 
interpretation was complete.  Table 2 is a list of the classes developed for 
wetlands encountered.  Twenty-six classes of wetlands were developed using 
the 1998 photos.  After the visit in 2000 which was expedited by a ‘jet boat’ 
(airboat?), the classes were increased to 46.  At the time of the report, wetland 
classes had been consolidated to 23, the number shown in Table 2.  There is 
no list of species encountered in the report to which we had access for this 
report.  However, at least the dominant species encountered can be inferred 
from class names noted in Table 2.  The new additions to wetland plant species 
listed were:  Typha latifolia, Water birch (?), bogbean (Menyanthes trifoliata), 
and Willow (?).  The table plant names suggest that the study did not entail a 
detailed species identification of plants encountered and there is no reference 
to plant samples for later verification.  Table 3 is a list of the dominant marsh 
classes encountered.  The authors remark that the class that covers the most 
area in five of the dominant marsh classes is code 3 or Bulrush/Wocus 
Lily/Water/Cattail/Emergent/Bur-reed. Total area of this class in the 7 
marshes is 15,790 acres or 49% of the total marsh area of 31,907 ac in the 
lake and behind dikes in the vicinity of the lake. The next largest class in five of 
the marshes is code 18 or Water or Mud with a total acreage of 8,214 or 26% of 
the marsh area.  The location of the dominant classes is shown in Table 3.       
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Table 2.  Classes of wetlands assessed in 1998-2000 by the Bureau of 
Reclamation (Werth and Peck 2001). 
  
NEW 
CODES 

 
CLASSIFICATION                       COMPOSITION 

 
1 

 
Bulrush 

 
2 

 
Bulrush/Bur-reed/Cattail/Wocus Lily 

 
3 

 
Bulrush/Wocus Lily/Water/Cattail/Emergent/Bur-reed 

 
4 

 
Bulrush/Emergent/Cattail 

 
5 

 
Bulrush/Willow/Emergent/Cattail 

 
6 

 
Bulrush//Water 
Birch/Cattail/Water/Duckweed/Emergent/Cattail 

 
7 

 
Bur-reed 

 
8 

 
Bur-reed//Bulrush/Wocus Lily 

 
9 

 
Bur-reed/Wocus Lily 

 
10 

 
Bur-reed/Cattail/Emergent/Bulrush 

 
11 

 
Bur-reed/Cattail/Bulrush 

 
12 

 
Wocus Lily 

 
13 

 
Wocus Lily/Water/Bur-reed/Horsetail Rush/Cattail/Duckweed 

 
14 

 
Wocus Lily/Emergent/Water/Bur-reed/Bogbean/Cattail 

 
15 

 
Wocus Lily/Bulrush/Emergent/Bogbean/Water/Cattail 

 
16 

 
Willow 

 
17 

 
Willow/Emergent/Cattail 

 
18 

 
Water or Mud 

 
19 

 
Water/Emergent 

 
20 

 
Emergent/Water/Bulrush/Wocus Lily/Cattail 

 
21 

 
Emergent 

 
22 

 
Emergent/Cattail/Bulrush/Wocus Lily 

 
23 

 
Emergent/Water Birch/Cattail/Bulrush 
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Table 3.  Dominant classes of wetlands and their total acreage in the Bureau of 
Reclamation assessment of 1998-2000 (Werth and Peck 2001). 
 
 
 

Marsh 
 

Dominant 
Classes 

 
Classes 

 
Acres 

Upper 
Klamath 

3 and 18 15                 17, 961.35 

Agency 
Ranch 

3 and 20 5                     7208.20 

Woods River 18 and 2 13                       950.66 

Hanks 18 and 3 7                    1,623.90 

Squaw Point 3 and 18 6                       495.60 

Shoalwater 
Bay 

18 and 1 6                       584.44 

Pelican Bay 
South 

2 and 3 16                     3083.02 

 
 

 
 

Total 
 

  
31,907.17 

 
 
There have been at least two multi-season studies of wetland recolonization 
and diversification at former wetland areas that were diked and drained in the 
early part of the 1900’s then restored to wetland use.  Other wetland vegetation 
monitoring might have been performed by the Oregon Department of 
Transportation for mitigation sites near the lake.  The Bureau of Land 
Management (BLM ) purchased ~2,800 acres of grazed and irrigated wetland 
between the lower reaches of the Wood River and SevenMile Canal where they 
discharge into Agency Lake.  The vegetation on that wetland has been 
monitored since its acquisition in 1994 (e.g. US BLM 1995, 1997).   The other 
area is on the Caledonia Marsh lands on the southwest edge of UKL owned by 
Running Y Ranch Resort.  The former wetland area of Caledonia Marsh 
extending from the inner south edge of Howard Bay around to the inner side of 
the Skillet Handle was converted to farm land around 1916-19.  Nearly 250 
acres of this farm land were restored to marsh from 1997-2001.  Monitoring of 
the initial 94 acres of the Running Y restoration was conducted from 1998-
2001 (SRI/SHAPIRO/AGCO, 1997, 1998, Shapiro and Associates, Inc. 1999, 
2000, MacLaren and Geiger 2001). 
The monitoring done at each of these locations was conducted by wetland 
scientists and botanists and results (see Appendices A and B) show the striking 
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diversity of wetland and wetland associated vegetation in contrast to the 
relatively simple species composition in Bureau of Reclamation 1995 and 2003 
results for Hanks Marsh and the UKL lake perimeter wetland reconnaissance.  
Dominance of the wettest part of the wetland at Running Y with respect to 
plant density (and presumably plant biomass which was not measured) was by 
tule (Scirpus acutus) and cattail (Typha latifolia).  This dominance of density 
(and biomass) is not apparent in the data from the circular plots monitored 
where cover of each species was low in plots monitored.   The monitoring at 
Running Y used 12 100-square-meter circular plots (5.64-meter-radius circular 
plots) established in 1998 in the Test Unit to describe vegetation in the 
mitigation wetland. The choice of the circular releve was made to obtain data 
that would be comparable to that obtained from the monitoring of the Wood 
River Ranch by the Bureau of Land Management (BLM 1995, 1997; also 
Mueller-Dombois and Ellenberg 1974). The percent cover of each individual 
plant species was given a value between one and eight as follows: 
 

1 =  <1% 
2 = 1-10% 
3 = 10-25% 
4 = 25-50% 
5 = 50-75% 
6 = 75-90% 
7 = 90-99% 
8 =  >99% 
 

Typical results, in this case from 1998, are provided in Appendix A.  The 
wetland indicator status of each species (using the U S Fish and Wildlife 
wetland plant data) is also provided.  
 
Selected vegetation data for the BLM Wood River Wetlands has been included 
as Appendix B of this report as a place holder for those who would do future 
work on wetland vegetation at UKL.  This work, as noted in the L. Whittaker 
2005 Report in Appendix B, is a comprehensive and continuing documentation 
of vegetation changes through reclamation of this diked and drained former 
wetland area on the north side of Agency Lake. 
 
The probable importance of Upper Klamath Lake wetlands having had and 
currently influencing the water quality of the lake has been noted by Geiger 
(2001), NRC (2004), and Geiger et al. 2005.  As noted, the way to begin to 
understand how this works at UKL starts with comprehensive floristic surveys 
of both in-lake wetlands and former diked and drained wetland areas that have 
been converted to wetlands.  The work of where wetlands were before diking 
and draining commenced has been done by Snyder and Morace (1997).   While 
the 1998-1999 Bureau of Reclamation reconnaissance of the perimeter in-lake 
wetlands was an excellent overview of dominant wetland plants and extent of 
areal coverage of wetland plants of the lake bottom, it lacks the documentation 
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of the rich diversity of wetland-related species that has been documented at the 
BLM Wood River Wetlands and at the Running Y Ranch Resort wetlands (e.g. 
Whittaker 2005). 
To our knowledge there has not been harvesting of wetland plants to determine 
standing wet and dry weight biomass for any wetlands of the Upper Klamath 
Basin.  The methods used and the results from our harvesting of wetland 
vegetation from in-lake UKL wetlands are described in the following two 
sections.  
 
METHODS 
Harvest sites (Fig. 1) were selected based on personal knowledge of wetland 
composition at in-lake wetland sites in UKL, on the use of Shoalwater Bay for 
studies by Portland State University of open water and wetland-related 
environments, and on the results of Salas (1995) and the Werth and Peck 
(2003) studies reviewed above. 
A one meter square collapsible metal frame unattached at one corner, was 
threaded through vegetation at the harvest site and placed as a square 
surrounding the wetland vegetation with loose ends touching.  All vegetation 
above ground was first apprised as to per cent cover of the meter square area.  
Because of different heights of vegetation (e.g. litter at base, short plants and 
tall plants) total percent cover values could exceed 100%.  Following cover 
estimation, all live plant material was harvested and placed in labeled mesh 
bags.  Bags were then weighed to determine wet weight (bag weights subtracted 
from total weight), then bags of plant materials were dried at the OSU 
Experiment Station, Klamath Falls for 5 days at 105oC.  Bags of dried material 
were again weighed.  Samples were archived at OSU, Corvallis. 
 
 

 
 
 
 
 
 
 
Figure 1.  Location of wetland plant harvest sites at 
Upper Klamath Lake.  Base map is the Klamath 
Tribes-Bureau of Reclamation map showing water 
quality monitoring stations. 
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RESULTS 
 
The selected sites were different from each other and yet representative of 
dominant vegetation assemblages in the perimeter in-lake wetlands of UKL 
(Table 4).  The three dominant UKL wetland species, Typha latifolia, Scirpus 
acutus, and Phalaris arundinacea, were observed at one or more of the four 
sites.  Figure 2 shows the vegetation sampled at the Recreation Creek site 
before and after harvesting.  Table 4 notes that the assemblage was comprised 
of Typha, Scirpus and Phalaris, with an average cover at the three replicate 
sites of 20%, 46.7% and13.3% respectively.  Dead vegetative debris, noted in 
Figure 2 (photo at right), averaged 50% for the three sites.  Table 5 provides the 
data on above-ground live wet and dry biomass.  The average wet weight was 
1,436.3 g at the three sites and 756.0 average dry weight with an average ratio 
of 53.5% dry wt/wet wt.   
 
At Hanks Marsh the dominant plants in the area sampled were Typha and 
Scirpus with a higher percent cover by Typha at each of the replicate locations 
(60%) versus 8.3% for Scirpus.  Dead debris at the Hanks Marsh sites averaged 
21.7%.  The average wet weight of vegetation harvested was higher than 
Recreation Creek sites at 3,204 g, however average dry weight at 642 g was 
lower than the average dry weight at Recreation Creek sites (average ratio of 
dry wt/wet wt was 21.3%).  This data shows the higher water content of Typha 
versus the Scirpus dominated site at Recreation Creek.  This suggests that 
similar areas, one dominated by Typha and the other dominated by Scirpus, 
would not produce similar amounts of decomposition products, e.g. humic 
substances.           
 
The Crystal Creek site was dominated by Scirpus (Table 4).  Average percent 
cover of Scirpus was 60%.  The ground surface was nearly completely covered 
with dead Scirpus culms with an average cover value of 96.7%.   The average 
weights of the three replicates were 1,285 g wet weight and 680 g dry weight 
(average ratio of dry wt/wet wt was 54.2%).  
 
The last of the four sites, the upper, southern end of Shoalwater Bay, was 
situated differently from the other three sites in having wetland soil surfaces 
closer to the surface of the standing water.  Sampling of vegetation was more 
complicated due to uncertain footing at sample sites and sudden drops into 
deep muck.  The presence of water so close to the emergent plants, in this case 
all Scirpus, was probably the cause of the absence of dead vegetation at the 
base of the culms as noted at the Crystal Creek site which was also singly 
dominated by Scirpus.  The average percent cover by Scirpus of the sampled 
areas was 50%, with the average cover of mud or muck comprising the 
remaining area of quadrats sampled.  The average above-ground live biomass 
sampled was 1,587.7 g wet wt and 605 g dry wt (average ratio of dry wt/wet wt 
was 37.0%). 



 

 34

 
 

 
 

 
 
Figure 2.  Harvest site at Recreation Creek (see Fig. 1) September 2 showing vegetation 
framed with metal frame prior to harvesting and on right after harvesting. 

 
 
Table 4.  Wetland plant harvest sites 2006, dates sampled, and estimated 
species cover (%) within 1 m2 quadrat. 
 
Harvest Site Date Typha  Scirpus Phalaris Dead 

Debris 
Mud 

       
Hanks Marsh rep 1 Sep 3 70 5  40  
Hanks Marsh rep 2 Sep 3 40 15  15  
Hanks Marsh rep 3 Sep 3 70 5  10  
       
Shoalwater Bay rep 1 Sep 2  40   60 
Shoalwater Bay rep 2 Sep 2  40   60 
Shoalwater Bay rep 3 Sep 2  70   30 
       
Recreation Creek rep 1 Sep 2 20 40 5 60  
Recreation Creek rep 2 Sep 2 10 50 30 35  
Recreation Creek rep 3 Sep 2 30 50 5 55  
       
Crystal Creek rep 1 Sep 2  60  90  
Crystal Creek rep 2 Sep 2  70  100  
Crystal Creek rep 3 Sep 2  50  100  
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Table 5.  Wetland plant harvest sites 2006, dates sampled, estimated total wet 
and dry weights of plants harvested. 
 

 

 
DISCUSSION 
There are a variety of caveats to be noted related to sampling wetland 
vegetation.  The first relates to harvest area selection and replication.  There 
are approximately 17,000 acres of unconfined, in-lake wetlands at UKL which 
includes Agency Lake (wetlands below the 4143.3 ft elevation of full pool, 
Bureau of Reclamation datum)(Geiger 2001).  The Werth and Peck (2003) work 
included wetlands behind dikes that have been reclaimed and are in transition, 
as is noted in the Whittaker (2005) BLM report in Appendix B.  Stratifying in-
lake wetland acreage based on information developed in Werth and Peck (2003) 
would be a start to identifying where to sample.  We used this work to make 
sure we sampled dominant wetland assemblages.  As there has been no 
harvest of wetland plant materials other than our work in this report to 
determine biomass (wet or dry), there needs to be more sampling to determine 
the variation to expect among samples, and tests of variation among various 
sizes of sampled areas.  Our study provides an initial sense of what kind of 
variation will be encountered among similar areas sampled.  
Other caveats relate to the timing of sampling.  Wetzel (2001) notes the 
subtleties of estimating above-ground seasonal biomass production.  New 
cohorts of plant growth in shoots and the sequential decomposition of these 
cohorts as the growing season progresses complicates decisions about when to 
sample.  Wetzel  (2001) cautions that one-time measurements of biomass at 
what might be thought to be the time of maximum production (the approach in 

Harvest Site Date Wet (g) Dry (g) dw/wt 
(%) 

     
Hanks Marsh rep 1 Sep 3 3829 680 20.7 
Hanks Marsh rep 2 Sep 3 2948 680 23.1 
Hanks Marsh rep 3 Sep 3 2835 567 20.0 
     
Shoalwater Bay rep 1 Sep 2 1361 454 33.3 
Shoalwater Bay rep 2 Sep 2 1361 454 33.3 
Shoalwater Bay rep 3 Sep 2 2041 907 44.4 
     
Recreation Creek rep 1 Sep 2 1361 680 60.0 
Recreation Creek rep 2 Sep 2 907 567 46.2 
Recreation Creek rep 3 Sep 2 2041 1021 54.2 
     
Crystal Creek rep 1 Sep 2 1134 680 50.0 
Crystal Creek rep 2 Sep 2 1474 680 62.5 
Crystal Creek rep 3 Sep 2 1247 680 50.0 
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this study) may underestimate actual seasonal biomass production.  Tagging of 
plant shoots during seasonal growth prior to sampling at some seasonal end 
point has been developed as an acceptable method for refining above-ground 
biomass estimates (e.g. APHA-AWWA-WEF 1998, Section 10400)        
It is difficult to meaningfully compare data from this in-lake UKL wetland 
sampling with data from the sampling of other wetlands.  Emergent freshwater 
marsh wetlands differ greatly in the size and composition of wetland plants 
(Mitsch and Gosselink 2000).  At the heart of the investigation would be the 
comparison of how much dissolved organic material (DOM) or humic 
substances (HS) would be produced per acre of wetland.  This derivative data 
ultimately depends on the estimates and analysis of above-ground wetland 
plant biomass.  The author has sampled Phalaris arundinacea at locations near 
Portland, Oregon and found that above-ground dry weight biomass in 
monospecific assemblages had 2 to 3 times more biomass than results from 
this study (e.g. averages of 1,501.9 g m2 shoots and 1,207.1 g m2 

roots)(Bautista et al. 1994).  Studies tabled by Wetzel (2001) of annual 
maximum biomass and productivity of aquatic macrophytes included data on 
Typha latifolia dominated wetlands:  4,640 g dry m2  (Cedar Creek, MN); 770 g 
dry m2  (Lawrence L., MI). 
 
The ultimate usefulness of above-ground wet and dry weight biomass data 
relates to the interest in determining how much dissolved organic carbon 
would have been produced by the decomposition of wetland plants prior to 
diking and draining versus how much is presently produced by the wetlands at 
UKL today.  Our preliminary effort to harvest wetland vegetation is a small step 
in that direction.  More extensive harvesting coupled with chemical analyses of 
harvested plant material and laboratory studies of DOC production from 
decomposing marsh plant species would provide data that would begin to 
frame more specific modeling of DOC and humic material production, as was 
attempted by R. Gearheart with limited data at the conclusion of the Geiger et 
al. 2005 report.    
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APPENDIX A:  SHAPIRO AND ASSOCIATES, INC. RUNNING Y 1998 

  
Caledonia Marsh: 
90-Acre Test Cell                

  July 1, 1998    
No. of FAC or wetter 
species    

25 
(7
1
%)    

    
No. of FAC- or drier 
species    

10  
(2
9
%)    

                

    
Total Species (w/o 
Algae)  

3
5    

                

 

Circular Vegetation 
Plots  

Plot 
Number         

    1 2 3 4 5 6 7 8 9 10 11 
1
2 

 Plant Species 
Common 
Name 

Ind. 
Stat
us 

Frequenc
y*         

Gras
ses Agrostis exarata 

spike 
bentgrass 

FAC
W             3           

 
Agrostis 
stolonifera bentgrass FAC  1                       

 Bromus tectorum cheat grass UPL           1     1       

 
Elytrigia repens 
(Agropyron) quack grass FAC- 1     2   2 1           

 Panicum sp. witchgrass FAC           2 3 2 3       

 
Phalaris 
arundinaceae 

reed 
canarygrass 

FAC
W       5 4   1 4 2 1     

 Poa palustris bluegrass FAC                     3   

 Poa pratensis 
Kentucky 
bluegrass FAC         3 1             

 
Polypogon 
monspeliensis 

rabbitfoot 
grass 

FAC
W         2 3     1       

                
Sedg
es Carex sp. sedge 

FAC
W                   1     

 
Eleocharis 
palustris 

creeping 
spikerush OBL 7 7 5 2 3 1 2 2 2 7 4   

 Scirpus acutus tule OBL 1   1             1 1   

 
Scirpus 
maritimus 

seacoast 
bulrush OBL                 1       

                
Rush
es Juncus balticus baltic rush 

FAC
W+ 2 1                 1   

 Juncus bufonius toad rush 
FAC
W                2         

                
Herb
s 

Capsella bursa-
pastoris 

shepherd's 
purse 

FAC
U               1 1       

 Chenopodium white FAC           2 2   2       
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album goosefoot 

 Cirsium arvense 
Canada 
thistle 

FAC
U+         1 2 3 1 6       

 Cirsium vulgare bull thistle 
FAC
U               1 1       

 
Descurainia 
sophia 

tansy 
mustard NI               1 2   1   

 Lactuca serriola prickly lettuce 
FAC
U           1     1       

 
Lupinus 
albicaulis 

sickle-keeled 
lupine NOL           1 1 1 2       

 Medicago sativa alfalfa NOL             2   1       
 Mimulus guttatus monkey flower OBL               2 1       

 
Polygonum 
aviculare 

common 
knotweed 

FAC
W-               1         

 
Polygonum 
hydropiper 

marshpepper 
smartweed OBL               1     1   

 
Polygonum 
persicaria knotweed 

FAC
W       1     3   1       

 
Potentilla 
anserina 

common 
silverweed OBL           1 2 1 1   1   

 
Ranunculus 
cymbalaria 

shore 
buttercup OBL   1 1 1 1 1   1     1   

 Sparganium sp. burreed OBL           1             
 Thlaspi arvense fan-weed  NI               3 3       
 Typha latifolia cattail OBL   1 1 1         1 1     

 
Veronica 
americana 

American 
brooklime OBL       3 1               

 
Veronica 
anagallis-aquatica 

Water 
speedwell OBL 2 3     2         1     

                 
Tree
/shr
ub Salix sp. willow  FAC           1 1 1 1       
                 
Othe
r Algae     4 4 3   3 1 1           
 Bare Ground            4 2 6 6   4   2   
 Open Water     7   7 1 4 3         4 8 
 Vegetative Litter       6                 3   
                

  

Wetland veg. 
criterion 

met?  Y/N Y Y Y Y Y Y Y Y N Y Y Y 
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APPENDIX B:  2005 REPORT ON BUREAU OF LAND MANAGEMENT WOOD 
RIVER WETLAND VEGETATION ASSESSMENTS (prepared by Lou 
Whittaker, BLM botanist, Klamath Falls, OR; forwarded by Andy Hamilton, 
hydrologist, BLM, Klamath Falls, OR) 

 
WOOD RIVER WETLAND 2005 MONITORING 

VEGETATION 
 
Data were collected from 30 vegetation monitoring plots on the Wood River Wetland properly 
during 2002.  Twenty of the plots were originally established in 1995, and 9 plots were first 
established in 1996 to complete the planned plot design for vegetation monitoring.  One new plot 
was established in 1999 within the riparian wetland created by filling a portion of the dredged 
Wood River channel. The objective is to monitor vegetation change over time in response to 
wetland restoration management actions.  Since the changes in plant community that may occur 
as a result of restoration actions is unknown, a minimal area could not be determined for the size 
of the releves.  Therefore, a standard releve size of 100 m2  (5.64 m radius circular plots) for 
grassland-type plant communities was used.  Coordinates for each plot were determined in 1996 
using a GPS.  Details of the sampling methods are included in the 1995 monitoring report. 
A preliminary tabulation of the data for selected species from 1997, 1999, 2003 and 2005 shows 
that the changes in water management have resulted in some changes in the vegetation, as 
reflected in changes in individual species distribution and cover/abundance.  Although reed 
canary grass (Phalaris arundinacea) increased slightly in frequency (per cent of plots in which it 
occurred) between 2002 and 2005 from 20% to 27%, it is still much lower than the 59% 
frequency found in 1997.  The current increase represents only two additional plots with reed 
canary grass, and the 2005 frequency still represents less than half as many plots as in 1997.  
Similarly, quack grass (Elytrigia repens), an exotic pasture grass listed as noxious by the Oregon 
state weed board, also decreased in frequency from 28% in 1997, to 10% in 1999, to only 3% in 
2003 and 2005 (which represents occurrence in only one plot).  These data indicate that 
conditions at the Wood River Wetland are less conducive to the persistence of species adapted to 
seasonal and/or disturbed, marginal wetlands. 
Some emergent obligate wetland species have remained relatively constant in frequency, while 
others have increased signifcantly in frequency over the years.  The frequency of spike rush 
(Eleocharis macrostachya) declined to 63% in 2002, but increased to 90% in 2005.   Baltic rush 
(Juncus balticus) continued to decline from 40% in 2002 to 30% in 2005.  Baltic rush is 
described by some as an early seral wetland species, and may be declining as the site becomes 
more stable.  Although hardstem bulrush (Scirpus acutus) declined slightly from 20% in 2002 to 
13% in 2005 (the same number of plots as in 1997), its cover/abundance increased in 3 of the 4 
plots in which it occurred. 
 
Two late seral obligate wetland species, cattail (Typha latifolia) and giant bur-reed (Sparganium 
eurycarpum), increased in frequency in 2005.  Cattail increased to 33% frequency from low of 
only 7% in 2002.  Giant bur-reed continued to increase in frequency to 17% in 2005 from 13% in 
2002. 
Several submerged and floating aquatic species were found in the vegetation sample plots for the 
first time during the 1999 sampling.  Coontail (Ceratophyllum demersum), Canadian waterweed 
(Elodea canadensis), and common duckweed (Lemna minor) were found in plots that were 
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described as aquatic since they had standing water up to 3 feet deep at the time of sampling.  
Water management that did not pump water off and only pumped water on in the fall resulted in 
standing water in some plots in some years, but no standing water on those same plots in drier 
years, such as 2005.  Therefore, no plots in 2005 had these submerged and floating aquatic 
species or the aquatic conditions that support them, with the exception of duckweed noted as 
visible on the substrate in some plots. 
Although the vegetation still seems to be in a dynamic state of change, there seems to be a trend 
towards an increase or stabilization of obligate wetland species and a decline or stabilization of 
weedy, upland or edge species.  Therefore, future monitoring should detect more changes in the 
vegetation, with a general trend towards the establishment of a plant community typical of a 
functioning wetland. 
A list of plant species that have been identified on the Wood River property is available in the 
botany files at the Klamath Falls Resource Area office. 
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WOOD RIVER VEGETATION PLOTS CHANGE 
SUMMARY:  2002 - 2005 

 

 Weedy Emergant Aquatic Alga 

 PHAR ELRE CAUR ELMA JUBA SCAC TYLA SPEU CEDE LEMI ELCA APFL

Increase 4 1 1 8 4 3 0 2 0 0 0 0 

Decrease 1 0 1 0 1 0 0 0 0 2 0 0 

Added 2 0 3 8 1 0 9 1 0 2 0 0 

Removed 0 0 0 0 1 2 1 0 1 7 0 2 

Same 1 0 2 11 3 1 1 2 0 5 0 0 

97 Plots 17 8 7 23 16 4 0 0 0 0 0 0 

99 Plots 15 3 8 26 18 6 6 3 8 12 3 6 

02 Plots 6 1 8 19 12 6 2 4 1 16 0 2 

05 Plots 8 1 7 27 9 4 10 5 0 9 0 0 
97 Freq 

(%) 59 28 24 79 55 14 0 0 0 0 0 0 
99 Freq 

(%) 50 10 27 87 60 20 20 10 27 40 10 20 
02 Freq 

(%) 20 3 27 63 40 20 7 13 3 53 0 7 
05 Freq 

(%) 27 3 23 90 30 13 33 17 0 30 0 0 
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Wood River Wetland (BLM) list of species found in releve plots 
       

Abbrev. Scientific Common Plots 
ACMI2 Achillea millefolium  yarrow 21 
AGEX Agrostis exarata spike bentgrass 20, 24, 29, 27 
AGID Agrostis idahoensis Idaho bentgrass 3, 5, 10, 16-17, 20-21, 22, 

25-29 
ALAE Alopecurus aequalis shortawn foxtail 17-18, 22, 24, 26-27, 29 
ALPR3 Alopecurus pratensis meadow foxtail 1, 2 
ALPL Alisma plantago-

aquatica 
water plantain 30 

ANCO2 Anthemis cotula mayweed 10, 27 
APFL Aphanizomenon flos-

aquae 
nostoc   

ARDO3 Artemisia douglasiana Douglas' sagewort 20-21 
ARBI2 Artemisia biennis biennial wormwood 17, 20, 22, 24, 26-28 
BICE Bidens cernua nodding beggars-tick 6, 15-28 
CAAQ Carex aquatilis water sedge 20 
CAAT3 Carex athrostachya slenderbeaked sedge 3, 16, 21, 24, 27 
CANE2 Carex nebrascensis Nebraska sedge 1 
CASI2 Carex simulata short beaked sedge 2 
CAUT Carex utriculata beaked sedge 1-3, 11, 15 
CEDE4 Ceratophyllum 

demersum 
coontail 13, 19 

CHAL7 Chenopodium album white goosefoot 24 
CHBE4 Chenopodium 

berlandieri 
pitseed goosefoot 2, 10, 16-18, 20, 22, 23-

24, 26-27, 29 
CHFO2 Chenopodium 

foliosum 
goosefoot 3-7, 9, 11-12, 15-7 

CHMU2 Chenopodium murale nettleleaf goosefoot 24-26 
CIDO Cicuta douglasii water hemlock 30 
CIVU Cirsium vulgare  bull thistle 27 
ELMA5 Eleocharis 

macrostachya 
spikerush 3-4, 6-16, 18-20, 22, 24-

25, 27-30 
ELRE4 Elytrigia repens 

(Agropyron repens)  
quack grass 21 

EPCIC Epilobium ciliatum 
var. ciliatum 

willowherb 2-5, 1-, 16-18, 20, 22, 24-
29 

ERspp Erigeron sp. aster sp 2, 10-11, 16-20, 22-29 
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ERCH9 Erysimum 
cheiranthoides 

wormseed mustard 2, 20, 29, 27-27 

FOAN2 Fontinalis antipyretica antifever fontinalis 
moss 

30 

GAAP2 Galium aparine bedstraw 10, 26, 30 
GATR2 Galium trifidum small bedstraw 3, 5, 15 
GNPA Gnaphalium palustre cudweed 17-18, 20, 22, 24-29 
HIVU2 Hippuris vulgaris common mare's tail 9, 13-14, 16, 28, 30, 29 
HOBR2 Hordeum 

brachyantherum 
meadow barley 2, 10 

HOJU Hordeum jubatum foxtail barley 2, 10, 17, 20-21, 25, 27 
JUBA Juncus balticus baltic rush 1-2, 4, 11, 14, 15, 21, 27 
LASE Lactuca serriola prickly lettuce 21 
LYPO4 Lythrum portula greenweed 30 
MAGL2 Madia glomerata mountain tarweed 2, 10 
MEAR4 Mentha arvensis mint 3, 23, 30, 26 
MIGU Mimulus guttatus monkey flower 19, 23, 26, 30 
MONU Monolepis nuttalliana Nutall’s povertyweed 22, 26 
MUAS Muhlenbergia 

asperifolia 
scratchgrass 2, 24 

MYLA Myosotis laxa forget-me-not, 
stickseed 

30 

PHAR3 Phalaris arundinacea canary reed-grass 10-11, 21, 27, 30 
PLMA2 Plantago major plantain 20 
POPR Poa pratensis Kentucky bluegrass 21 
POAM8 Polygonum 

amphibium 
water smartweed 3-9, 11-21, 22, 24, 26-30 

PODO4 Polygonum  douglasii Douglas' knotweed 17, 20, 24, 26-29 
POPE3 Polygonum persicaria knotweed 16, 22-23, 25-27, 29 
POMO5 Polypogon 

monspeliensis 
rabbitfoot grass 17, 22, 27 

ARAN7 Argentina anserina 
(Potentilla anserina) 

common silverweed 3-6, 9-10, 15, 20-21, 27, 
29 

PONO3 Potentilla norvegica cinquefoil 21-22, 26-27 
RASC3 Ranunculus 

sceleratus 
buttercup 22, 25 

ROCU Rorippa curvisiliqua curvepod yellowcress; 
watercress 

16-17, 20, 22, 24, 26-27, 
29 

ROTE2 Rorippa obtuse 
(Rorippa teres) 

cress; southern marsh 
yellowcress 

16-17, 20, 23, 26 
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ROPA2 Rorippa palustris common yellowcress; 
marsh yellowcress 

16, 22, 24-25, 28-29 

RUCR Rumex crispus curly dock 18, 21-22, 25-27, 29 
RUMA4 Rumex maritimus golden dock 2-7, 9, 16-18, 20, 22, 24-

29 
SALUL Salix lucida ssp. 

lasiandra 
shining willow or 
Pacific willow 

27 

SCACA Schoenoplectus 
acutus 

hardstem bulrush / 
TULE 

3, 6, 9, 20, 23, 26, 30 

SCMA9 Schoenoplectus 
maritimus 

alkali bulrush 25 

SODU Solanum dulcamara  bitter nightshade 27 
SOAS Sonchus asper ssp. 

asper 
yellow sow thistle 27 

SPEU Sparganium 
eurycarpum 

giant bur-reed 9, 12, 27, 29, 30 

TAOF Taraxacum officinale dandelion   
THAR5 Thlaspi arvense  fan-weed 20-21 
TRMI5 Trifolium microdon clover 21, 27 
TYLA Typha latifolia common cattail 17-19, 23-25, 29-30 
VEAM3 Veronica americana American brooklime 23 
VEPEX2 Veronica peregrina 

ssp. xalapensis 
purslane speedwell 22, 24, 27, 30 
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Introduction 

Recent phytoplankton data (2005, 2006) and environmental data were received 
from the Klamath Tribes via Jacob Kann, consultant to the Klamath Tribes.  
These data had undergone quality control by multiple lab cross-validation of 
species identification and biomass estimates. It was determined that biovolume 
data provided the most consistent interyear comparison. For this study, the 
major analytical goals were to address the following questions, focusing on the 
years 2005 and 2006: 
 

1) What are the major patterns of phytoplankton community structure in 
the Upper Klamath Lake System? 

a. What are the environmental variables that may contribute to these 
patterns? 

b. Can groupings in space or time be identified that may allow for 
optimization of sampling? 

 
2) What are potential effects of the annual bloom of the cyanobacterium 

Aphanizomenon flos-aquae on other components of the system? 
a. Do we see changes in species structure or diversity  in the rest of 

the phytoplankton community> 
b. Do we see responses in other cyanobacteria to changes in 

Aphanizomenon- specifically the toxin forming species of Anabaena 
flos-aquae and Microcystis aeruginosa? 
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General methods 
 
Taxa considered 
Species abundances in the form of biovolume per species were compiled from 
the Klamath tribe data. Time series data was binned into monthly data; of 
those months 10/15+ sites were sampled from May to September.  Of the 200+ 
species counted in the history of the data record, 108 species were present in 
the years 2005 and 2006.  Rare species (identified as those that appeared only 
once) were deleted resulting in 25 species included in the community structure 
analyses. Those 25 species, with their respective phylogenetic affinities, appear 
in Table 1 in order of mean rank abundance (pooled months, n= 10 per 
species). 
 
Considering species that were present more than once during the survey 
period, 3 were cyanobacteria,  4 were cryptophytes, 11 were diatoms, four were 
chlorophytes, two were chrysophytes, one was a pyrrophyte and one was un-
identifiable.  As expected Aphanizomenon flos-aquae, APFA, was the most 
dominant species in the Klamath Lake system. Second to APFA was a known 
toxic forming species, Anabaena flos-aquae.  The typically common diatoms in 
freshwater systems, Fragillaria and the chain-forming  Stephanodiscus 
niagarae, had biovolumes that were less than one 1000th of APFA. 
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Table 1. Non-rare taxa of phytoplankton found in the Upper Klamath Lake 
System and included in analyses. See text for definition of rare.  

Rank Species Name or grouping 
Species 
Code 

Mean 
Biovolume 

(May-
September) 

Phylogenetic 
Group 

1 Aphanizomenon flos-aquae APFA    22.1275914 Cyanophyta 
2 Anabaena flos-aquae ABFA    0.11261853 Cyanophyta 
3 Mougeotia sp MGXX   0.06378342 Chlorophyta 
4 Cryptomonas erosa CXER    0.04009816 Cryptophyta 
5 Fragilaria capucina mesolepta FRCM   0.02701465 Diatoms 
6 Stephanodiscus niagarae STNG    0.01658758 Diatoms 
7 Microcystis aeruginosa MSAE   0.01485133 Cyanophyta 
8 Cryptomonas ovata CXOV   0.01316451 Cryptophyta 
9 Melosira granulata MLGR   0.01100518 Diatoms 
10 Chromulina sp KMXX   0.0085206 Chrysophyta 
11 Synedra cyclopum SNCY    0.00571786 Diatoms 
12 Rhodomonas minuta RDMN   0.00537916 Cryptophyta 
13 Asterionella formosa ASFO    0.00512257 Diatoms 
14 Stephanodiscus astraea minutula STAM   0.00350865 Diatoms 
15 Sphaerocystis schroeteri SFSR    0.00182624 Chlorophyta 
16 Chlamydomonas sp CHXX   0.00168568 Chlorophyta 
17 Melosira ambigua MLAM   0.00148382 Diatoms 
18 Ankistrodesmus falcatus AKFL    0.00109972 Chlorophyta 
19 Glenodinium sp GDXX   0.00094041 Pyrrophyta 
20 Fragilaria construens FRCN    0.00055843 Diatoms 
21 Navicula pupula NVPP    0.00041768 Diatoms 
22 Unident. flagellate MXFG   0.00036148 Unknown 
23 Stephanodiscus hantzschii STHN    0.00023209 Diatoms 
24 Fragilaria construens venter FRCV    0.00011523 Diatoms 
25 Mallomonas-like MMLK   0.00011498 Chrysophyta 
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Site groupings. 
 Eleven sites were included in initial analyses (Table 2). Sites were further 
grouped according to the following four categories: Agency Lake, Klamath Lake 
shore, Klamath Lake intermediate, and Klamath Lake midwater. While two 
wetland sites appear in the tribal metadata (Pelican Bay and Pelican Bay 
interface), these data are missing from later years. Pelican Bay was last 
sampled in June of 1997 and it is not apparent from the data record if Pelican 
Bay interface was ever sampled. This exclusion of sampling of phytoplankton, 
zooplankton, and environmental variables from emergent marshlands is a 
definite deficiency in an otherwise rich data set. The tribes should be highly 
encouraged to include these sites in their sampling protocols; collaborations 
should be encouraged to fill in spatial gaps.   
 
 
 

Table 2. Common names of sites used in 
analyses and habitat type they represent. 
Site 
code Site Name Type 
KL0001 Fremont Bridge wetland 
KL0002 Pelican Marina wetland 
KL0003 North Buck intermediate 
KL0004 Wocus Bay intermediate 
KL0005 Mid Lake midwater 
KL0006 Eagle Ridge shore 
KL0007 Shoalwater Bay shore 
KL0008 Mid North midwater 
KL0009 Coon Point intermediate 
KL0010 Agency South Agency Lake 
KL0011 Agency North Agency Lake 

 
 
Environmental variables included in analyses.  
The data record was subsampled only to included environmental parameters 
drawn from the surface. These data included:  photosynthetically active 
radiation at the surface (Light), temperature (T), dissolved oxygen (DO), percent 
saturation of oxygen (PSAT), pH, conductivity (Cond), total phosphorous (TP), 
soluble reactive phosphorous (SRP), total nitrogen (TN), nitrate/nitrite (NO), 
ammonium (NH), chlorophyll a (chl), phaeopigments (Phae), attenuation (Kd). 
 
Visual Comparisons 
Log-transformed abundances were plotted for diatoms, APFA, Anabaena flos-
aquae (ABFA) and Microcystis species (MSAE) as a function of week of year for 
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the years 2004-2006. For the same weeks, the concentrations of soluble 
reactive phosphorus (SRP), nitrate-nitrite (NO) and ammonium (NH) were 
plotted to show the intersite variability and seasonal changes in nutrient 
concentrations for a given year. Temperature was plotted in a similar manner.   
 
Statistical Analyses: Correlation analysis 
Using data available from 2004-2006, bivariate analyses were conducted within 
each site to determine the correlation of APFA to five physical variables 
(temperature, soluble reactive phosphorous, nitrate-nitrite, ammonium, and 
the sum of the dissolved nitrogen groups) and to the abundances of three 
taxonomic groups (Anabaena, Microcystis, and diatoms). Years were pooled in 
order to increase the power of the analyses as well as to reduce the total 
number of comparisons from 264 to 88. Time series were reduced to mean 
monthly values- abundances were log-transformed prior to analyses.  
 
Statistical Analyses: Multivariate analysis  
In order to compare to previous efforts, several analyses were conducted on 
only the last available two years (2005, 2006). Non-parametric multivariate 
statistics were conducted to determine how the phytoplankton community as a 
whole would change and if these changes were correlated to linear changes in 
environmental parameters. These analyses included non-parametric 
multidimensional scaling (NMS: Anderson 2001), a type of ordination that uses 
ranked values of species abundances to assess similarity between sites and 
across time; a multi-response permutation procedure (MRPP: Anderson and ter 
Braack, 2003; McCune and Grace, 2001) that uses a similarity matrix to 
statistically test group affinity i.e. differences between sites, months, and years.  
In order to further determine the effect of AFA on other species, three 
additional analyses were conducted. First, the mean seasonal patterns (using 
all years) of APFA was compared to other common cyanobacteria, specifically 
Anabaena and Microcystis, in order to infer potential facilitation. If APFA 
blooms facilitate increases in other cyanobacteria via further stratifying the 
water column, then we may expect that the onset of APFA blooms would 
precede the increases in other cyanobacteria. Second, linear regression 
analyses were used to determine the relationship between APFA abundance 
and non-APFA phytoplankton species richness in space and time (all years). 
Finally, indicator species analysis (Dufrene and Legendre, 1997) was conducted 
as a measure of group affinity of species. In this context, we used a threshold 
level of AFA to determine three groups based on deviances from the 
chlorophyll: APFA relationship over the years from 2005 to 2006. 
 
Results 
 
Visual Comparisons- Challenges exist in determining the succession of 
species within and between sites in early spring due to the irregular sampling 
density. For instance, during 2004 and 2006 (Figures 1,2,3), sampling was not 
initiated until late April. During 2005, sampling was conducted at a select few  



 

 53

Log(ABFA) Log(APFA)
Log(MSAE) Log(Diatoms)

Figure 1.  Log Biovolume of cyanobacterial taxa and diatoms through time in the 
Upper Klamath Lake system. Each symbol represents a particular taxa at one of 
11 sites. ABFA, Anabaena flos-aquae; APFA, Aphanizomenon flos-aquae; 
MSAE, Microcystis aeruginosa 
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SRP NO NH

Figure 2. Nutrient variability and sampling density through time in the Upper Klamath Lake System 
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sites for the early spring, during which a distinct diatom bloom event was 
detected (Figure 1). Notably, this bloom reached similar density of that which is 
reached by APFA annually. Unfortunately, because of the lack of sampling 
density in spring- it is difficult to determine factors that contribute to the onset 
of the APFA bloom during the 2004-2006 years. 
 
Correlation analysis- Of the physiochemical attributes, temperature, SRP 
and NO had the strongest relationships with APFA abundances (Table 1). 
However, the strength and significance of the relationship varied between sites. 
Temperature was strongly positively correlated with APFA abundances at 
Fremont Bridge, Wocus Bay, Pelican Marina, Mid Lake North sampling station 
and Agency Lake North but not at the other six sites regularly sampled.  SRP 
was strongly positively correlated with APFA abundances at all sites except 
Fremont Bridge (where it was not measured), Eagle Ridge, and Agency South. 
Nitrate-nitrite was strongly negatively correlated with APFA at Wocus Bay, 
Shoalwater Bay, Mid Lake North, and at Coon Point. No other nutrient or 
nutrient combination was significantly correlated to APFA abundances. 

0
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15

20

25

T

0 10 20 30 40 50 60
Week 

Figure 3. Temperature variability in the Upper Klamath Lake system. Red designates the year 2004, 
green designates 2005, and blue represents 2006. Each point represents temperature measured at 
one of eleven sites. The lines are a result of a relatively stiff (lamda =100) smoothing spline. 
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Table 1. Bivariate correlation coefficients of physiochemical attributes and key taxonomic groups with Aphanizomenon flos-
aquae abundances. Coefficients of -1 of 1 indicate perfect correlation between 2 variables; a coefficient of 0 indicates no 
relationship. Values bolded indicate significant correlations (p<0.05). All abundances were log10-transformed prior to analyses. 
Abbreviations are as follows: T= mean water temperature; SRP= soluble reactive phosphorous; NO= nitrate and nitrite; NH= 
ammonium; ABFA= Anabaena flos-aquae; MSAE= Microcystis species. 

  

APFA 
abundances-

log10(biovolume)
Correlations with physio-chemical 

attributes Correlations with taxa 
Site Name  N (months) Mean Max T SRP NO NH NO+NH ABFA MSAE Diatoms 
Fremont Bridge 12 0.51 1.47 0.78 nd nd nd nd 0.19 0.19 -0.40 
Pelican Marina 20 0.80 1.55 0.45 0.60 -0.37 0.02 -0.16 -0.07 0.20 -0.63 
North Buck 20 0.68 1.35 0.38 0.67 -0.39 0.11 -0.05 -0.04 0.01 -0.38 
Wocus Bay 20 0.97 2.03 0.56 0.67 -0.46 -0.02 -0.09 -0.16 0.00 -0.54 
Mid Lake 20 0.76 1.42 0.32 0.56 -0.39 0.30 0.13 -0.02 0.17 -0.74 
Eagle Ridge 20 0.68 1.41 0.20 0.30 -0.31 0.22 0.13 0.07 0.34 -0.43 
Shoalwater Bay 20 0.79 1.60 0.26 0.55 -0.43 0.20 0.01 -0.32 0.04 -0.21 
Mid North 19 0.75 1.38 0.48 0.61 -0.51 0.01 -0.26 -0.16 0.32 -0.45 
Coon Point 20 0.72 1.32 0.42 0.57 -0.49 0.08 -0.22 -0.21 0.14 -0.57 
Agency South 20 0.50 1.74 0.40 0.22 -0.04 0.07 0.00 0.17 -0.17 -0.45 
Agency North 20 0.54 1.95 0.53 0.46 -0.31 -0.19 -0.26 -0.02 0.03 0.14 
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The lack of relationship between APFA and ammonium is surprising as bloom 
decay seems to be associated with ammonium spikes in the system (Figures 1 
and 2). Cross-correlation analyses may be necessary to determine if there 
indeed was a time lag. Horizontal mixing of water may also play a role in 
transporting dissolved nutrients away from their site of origin. 
 
While previous work (see ISA analysis, this study; Jacob Kaan thesis) has 
indicated relationships between APFA and other cyanobacterial species, linear 
regression/correlation within sites revealed no such relationship. These taxa 
may affect one another; however the relationship may not be linear.  A negative 
relationship with diatom abundance, however, was evident at several sites 
including: Pelican Marina, Wocus Bay, Mid Lake, Mid Lake North, Coon Point, 
and Agency Lake South. 
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Figure 4.  Seasonal divergence of community structure similarity between sites 2005-2006. Sites are 
identified by color by the month in which they were sampled and by text (KL_sitenumber_YY_MM). 
Overlayed are vectors that represent the strength of correlation of the environmental variables. 
 
Multivariate analysis- 
Patterns of community structure and environmental forcing 
Axis 1 is strongly correlated with increases in pH, TN, Chl, Kd, and PSAT 
(Figure 4, Table3.a). Considering species, Axis 1 is only positively correlated 
with Aphanizomenon (Table 3.b) and negatively correlated with several species 
including Ankistrodesmus, two species of Cryptomonads, F. capucina 
mesolepta, Mougetia, Rhodomonas, and Synedra.  Axis 2 is not strongly 
correlated with either species or environmental data. With the low incremental 
variance (Table 5) explained in that axes, caution is warranted in associating it 
with any meaningful environmental gradient, measured or not measured. 
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Table3 a. Pearson and Kendall Correlations of Environmental 
Variables with Ordination Axes of NMS Analysis.  Values bolded 
denote strong correlation (|r|>0.4). 

Axis 1 Axis 2 Environmental 
Variable r r-sq tau r r-sq tau 
Light -0.38 0.15 -0.30 -0.01 0.00 -0.03 
T 0.48 0.23 0.37 0.14 0.02 0.11 
DO 0.44 0.20 0.29 0.15 0.02 0.09 
PSAT 0.52 0.27 0.43 0.17 0.03 0.11 
pH 0.80 0.65 0.59 0.27 0.08 0.17 
Cond 0.53 0.28 0.40 0.32 0.10 0.23 
TP 0.74 0.54 0.55 0.01 0.00 0.08 
SRP 0.43 0.19 0.32 0.03 0.00 0.10 
TN 0.80 0.65 0.69 0.11 0.01 0.17 
NO -0.36 0.13 -0.36 -0.23 0.05 -0.15 
NH 0.32 0.10 0.12 0.15 0.02 0.06 
Chl 0.67 0.45 0.65 -0.09 0.01 0.05 
Phae 0.21 0.04 0.19 0.02 0.00 0.00 
Kd 0.69 0.47 0.58 0.06 0.00 0.10 
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Table 3b. Pearson and Kendall Correlations of Taxonomic groupings with 
Ordination Axes of NMS Analysis 

Axis 1 Axis 2 
Taxa r r-sq tau r r-sq tau 
Anabaena flos-aquae -0.20 0.04 -0.49 -0.05 0.00 -0.17 

Ankistrodesmus falcatus -0.55 0.30 -0.42 -0.15 0.02 -0.13 

Aphanizomenon flos-aquae 0.44 0.20 0.67 -0.29 0.09 0.01 
Asterionella formosa -0.57 0.32 -0.53 -0.34 0.11 -0.26 
Chlamydomonas sp -0.22 0.05 -0.27 -0.02 0.00 -0.10 
Cryptomonas erosa -0.71 0.50 -0.68 -0.26 0.07 -0.18 
Cryptomonas ovata -0.55 0.31 -0.51 -0.12 0.02 -0.18 

Fragilaria capucina mesolepta -0.54 0.30 -0.52 -0.37 0.14 -0.32 
Fragilaria construens -0.18 0.03 -0.24 -0.28 0.08 -0.24 

Fragilaria construens venter -0.25 0.06 -0.30 -0.19 0.04 -0.20 
Glenodinium sp -0.33 0.11 -0.33 -0.31 0.10 -0.16 
Chromulina sp -0.33 0.11 -0.33 -0.30 0.09 -0.15 
Mougeotia sp -0.57 0.33 -0.60 -0.24 0.06 -0.22 
Melosira ambigua -0.24 0.06 -0.23 -0.19 0.04 -0.14 
Melosira granulata -0.24 0.06 -0.29 -0.25 0.06 -0.17 
Mallomonas-like -0.36 0.13 -0.43 -0.24 0.06 -0.24 

Microcystis aeruginosa -0.06 0.00 -0.04 -0.03 0.00 0.01 
Unident. flagellate -0.20 0.04 -0.12 -0.25 0.06 -0.15 
Navicula pupula -0.15 0.02 -0.27 -0.16 0.03 -0.09 
Rhodomonas minuta -0.45 0.20 -0.33 -0.22 0.05 -0.15 

Sphaerocystis schroeteri -0.27 0.07 -0.44 0.04 0.00 -0.13 
Synedra cyclopum -0.54 0.29 -0.58 -0.20 0.04 -0.21 

Stephanodiscus astraea 
minutula -0.39 0.15 -0.41 -0.24 0.06 -0.25 

Stephanodiscus hantzschii -0.13 0.02 -0.20 -0.07 0.01 -0.11 

Stephanodiscus niagarae -0.17 0.03 -0.24 -0.35 0.12 -0.30 
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Until June, the lake is relatively homogenous with regards to community 
structure. With the increases in APFA (Figure 1), sites diverge. Only from July 
to September are differences between sites observed which suggests that APFA 
is a major driver in community structure.  Differences between years are weak, 
differences between months are strong with the whole data set, weak 
considering only July-September suggesting that once AFA gets established, 
seasonality is dampened and intersite differences are augmented. This 
observation is confirmed in the results of the MRPP analysis (Table 5). 
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Figure 5.  NMS analysis of late summer measurements only, highlighting Axes 1 and 3. 
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Considering July – September only, a three dimensional solution was 
determined by NMS (Figure 2, Table 5). APFA (here introduced as an 
environmental forcer) was strongly correlated with Axis 1, light with Axis 2, and 
DO, PSAT, and pH with Axis 3 (Figure 2, Table 4a). Where APFA were high, 
decreases in the diatoms Asterionella, Fragilaria (2 species), and Melosira were 
observed (Axis 1, Table 4b). Negatively associated with Axis 2 were several 
species including Microcystis aeroginosa.  After accounting for changes in APFA 
(Axis 1), which likely cause the changes in DO, PSAT, and pH, Axis 3 was not 
associated with strong changes in species abundances.  Axis 1 explained about 
34% of the variance, Axis 2 added an additional 26 % explained, and Axis 3 an 
addition 16% for a cumulative of 75% of variance in community structure 
explained (Table 5).  
 
Table 4a. Pearson and Kendall Correlations of Environmental Variables with 
Ordination Axes of NMS Analysis: Late Summer Only.  Values bolded denote 
strong correlation (|r|>0.4) of environmental variable with ordination axis. 
 Axis 1 Axis 2 Axis 3 
 r r-sq tau r r-sq tau r r-sq tau 
Light -0.02 0.00 -0.07 0.42 0.17 0.29 -0.34 0.12 -0.26 
T -0.02 0.00 0.00 -0.03 0.00 -0.03 0.05 0.00 0.04 
DO -0.02 0.00 -0.02 -0.14 0.02 -0.11 0.42 0.17 0.27 
PSAT 0.00 0.00 -0.03 -0.15 0.02 -0.12 0.42 0.18 0.30 
pH -0.17 0.03 -0.10 -0.22 0.05 -0.15 0.51 0.26 0.32 
Cond 0.07 0.00 0.01 -0.09 0.01 -0.10 0.05 0.00 0.08 
TP 0.21 0.05 0.14 -0.24 0.06 -0.16 0.19 0.04 0.13 
SRP 0.15 0.02 0.08 -0.08 0.01 0.03 -0.11 0.01 -0.10 
TN 0.07 0.00 0.00 -0.21 0.04 -0.18 0.37 0.14 0.34 
NO 0.12 0.02 0.06 0.05 0.00 -0.01 -0.34 0.11 -0.25 
NH -0.07 0.01 -0.10 -0.06 0.00 -0.13 0.24 0.06 0.23 
Chl 0.17 0.03 0.09 -0.26 0.07 -0.24 0.20 0.04 0.15 
Phae -0.20 0.04 -0.15 -0.10 0.01 -0.23 0.12 0.02 0.31 
Kd -0.01 0.00 -0.02 -0.28 0.08 -0.21 0.34 0.11 0.29 
AFA 0.42 0.17 0.28 -0.30 0.09 -0.27 0.09 0.01 0.20 
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Table 4b. Pearson and Kendall Correlations of Taxonomic groupings with Ordination Axes of 
NMS Analysis: Late Summer Only.  Values bolded denote strong correlation (|r|>0.4) of 
environmental variable with ordination axis. 
 Axis 1 Axis 2 Axis 3 
 r r-sq tau r r-sq tau r r-sq tau 
Anabaena flos-aquae not present in late summer during 2005 or 2006 
Ankistrodesmus falcatus -0.08 0.01 -0.13 -0.40 0.16 -0.26 -0.29 0.09 -0.26 

Aphanizomenon flos-aquae 0.41 0.17 0.27 0.10 0.01 0.22 0.28 0.08 0.16 
Asterionella formosa -0.55 0.30 -0.34 0.03 0.00 0.08 -0.24 0.06 -0.26 
Chlamydomonas sp 0.24 0.06 0.30 -0.49 0.24 -0.39 -0.08 0.01 -0.10 
Cryptomonas erosa 0.22 0.05 0.21 -0.49 0.24 -0.40 0.04 0.00 -0.04 

Cryptomonas ovata not present in late summer during 2005 or 2006 

Fragilaria capucina 
mesolepta -0.12 0.02 -0.21 -0.18 0.03 -0.16 0.10 0.01 0.01 
Fragilaria construens -0.44 0.19 -0.11 -0.22 0.05 -0.15 0.04 0.00 0.08 

Fragilaria construens 
venter -0.41 0.17 -0.11 -0.11 0.01 -0.11 -0.09 0.01 -0.10 
Glenodinium sp 0.04 0.00 0.08 -0.39 0.15 -0.29 0.15 0.02 0.07 
Chromulina sp 0.12 0.01 0.18 -0.56 0.31 -0.50 0.19 0.04 0.12 
Mougeotia sp -0.13 0.02 0.10 0.21 0.04 0.20 -0.26 0.07 -0.20 
Melosira ambigua -0.42 0.18 -0.23 -0.04 0.00 -0.06 0.08 0.01 0.06 
Melosira granulata 0.15 0.02 0.15 -0.16 0.03 -0.14 0.08 0.01 0.07 
Mallomonas-like not present in late summer during 2005 or 2006 
Microcystis aeruginosa 0.16 0.03 0.27 -0.46 0.21 -0.39 -0.10 0.01 -0.12 
Unident. flagellate 0.13 0.02 0.08 -0.48 0.23 -0.29 0.64 0.41 0.55 
Navicula pupula -0.25 0.06 -0.19 -0.25 0.06 -0.21 -0.09 0.01 -0.10 
Rhodomonas minuta 0.20 0.04 0.18 -0.80 0.64 -0.67 0.14 0.02 0.05 

Sphaerocystis schroeteri 0.10 0.01 0.03 -0.28 0.08 -0.25 0.00 0.00 -0.02 
Synedra cyclopum not present in late summer during 2005 or 2006 

Stephanodiscus astraea 
minutula -0.07 0.01 0.01 -0.15 0.02 -0.10 0.03 0.00 -0.11 

Stephanodiscus hantzschii 0.12 0.01 0.11 -0.09 0.01 -0.08 -0.13 0.02 -0.06 

Stephanodiscus niagarae -0.60 0.36 -0.42 -0.30 0.09 -0.28 -0.13 0.02 -0.12 
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Table 5. Results of NMS analysis for Klamath Lake phytoplankton  
  Variance Explained per Axis   

Time Period Stress 
Axis 

1 
Axis 

2 
Axis 

3 Total 
p-

value Orthogonality 
May-
September 17.1 0.381 0.083 NA 0.464 <0.05 88% 
July- 
September 15.8 0.337 0.259 0.155 0.751 <0.01 97% 

 
 

 
Table 6. Summary of Multiple Response 
Permutation Procedures to determine assess 
differences between groups. Types refer to 
Table 2. 
Time 
Span 

Grouping 
Variable A p 

May-Sep  Years 0.018 0.03 
 Months 0.32 <0.0001 
 Sites 0.017 0.2 
 Type 0.01 0.07 
July-Sep Years 0.019 0.06 
 Months 0.04 0.03 
 Sites 0.17 <0.0001 
 Type 0.10 <0.001 

 
 
With MRPP analysis, the higher the A-value, the stronger the within group 
affinity (Table 6). A values >0.13 are typically considered informative.  With p 
values <0.05, the within group variance (distance) is significantly less than the 
total variance (distance). Considering the spring and summer, MRPP analysis 
revealed differences between years and across months (Table 5) supporting the 
changes apparent in Figure 1. If the May and June measurements are removed 
from the data set, the seasonality is dampened (Months, not significant), site 
differences are strongly apparent (A=0.17, p<0.0001), and even differences 
between types can be seen (p<0.1 p<0.001). 
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Figure 6. Mean monthly biovolume of cyanobacteria in the Klamath Lake System from 1990 to 2006. 
Anabaena flos-aquae is denoted in black, Aphanizomenon flos-aquae in green, and Microcystis 
aeroginosa in red. Data are pooled means across sites (N=4-12 for each month).  
 

Effects of Aphanizomenon on the phytoplankton assemblage 
 
Three major patterns emerge from the time series: the first is the seasonality of 
blooms, the second is the bimodal annual pattern for Microcystis for some of 
the years in the beginning of the data record- two distinct blooms appear – one 
in May and one in late summer. Due likely to low overall abundances of 
Microcystis, this pattern is not as apparent in later years (>2004). Only during 
1996 and 1997 were APFA and Microcystis (MSAE) positively correlated 
through time (1996: Mean(MSAE) = -0.734373 + 0.3926665 Mean(APFA), N=10 
months, R2=0.56, p<0.01; 1997: Mean(MSAE) = -0.208626 + 0.2577259 
Mean(APFA),  N=10 months, R2=0.46, p<0.05). During no years were the 
seasonal dynamics of APFA and Anabaena correlated. 
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Figure 7. Seasonal cycles of three common species of cyanobacteria in the Upper Klamath Lake 
System. Values denote mean biovolume (+/- SE ) for each month, averaged across all sites and 
years. Sites are pooled; error denotes interannual variability only and does not reflect spatial 
variability (between sites). 

 

Note log10 scale (Figure 4). All species are relatively sparse (< 1 BV unit) before 
April and interpreting the seasonal cycle is challenging in winter and early 
spring due to the scarcity of data. However, it appears that ABFA rapidly 
increases in relative abundance in April, followed by large increases in relative 
abundances of APFA in May-July. Microcystis appears to reach its maximum 
abundance in August, persisting at high abundances with APFA through 
October lending itself toward the hypothesis that APFA may actually facilitate 
Microcystis, a species of concern due to its toxicity and potential to adversely 
affect human health. However, the data record is insufficient to determine the 
onset of Microcystis and only in 1996 and 1997 were there significant positive 
correlation between the abundances of APFA and Microcystis. 
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Table 7: Correlation between APFA biovolume and phytoplankton species 
richness. 
Year N(sites) N(months) Intercept Slope (effect) R2 p-value 
1990 8 8 11.6 -0.23 0.56 0.02 
1991 9 8 12.4 -0.47 0.66 0.01 
1992 9 10 11 -0.24 0.67 0.002 
1993 4 8 14.7 -0.65 0.61 0.02 
1994 10 10 10.6 -0.39 0.7 0.002 
1995 10 12 9.15 -0.34 0.35 0.03 
1996 6 10 6.92 -0.21 0.52 0.01 
1997 11 10 10.1 -0.58 0.62 0.004 
1998 10 7 12.4 -0.56 0.65 0.02 
1999 10 5 11.2 -0.28 0.17 0.27 
2004 11 8 12 -0.35 0.57 0.02 
2005 11 12 10.9 -0.41 0.71 0.003 
2006 10 7 12.4 -0.12 0.57 0.051 

 
 
Overall, the pattern between AFA abundances and phytoplankton species 
richness (Table 7) is striking.  For every year except 1999 in which sampling 
frequency was low, high APFA abundances were associated with low species 
richness in the rest of the phytoplankton community.  
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Figure 8. Correlation of APFA biovolume with chlorophyll concentration. Note cluster of 
APFA with high biovolume with relatively low concentrations of chlorophyll. 

 
Indicator species analysis (ISA) was employed to determine the affinity of 
species to three groups: (0) No APFA, (1) the community associated with a 
linear AFA: chl-a relationship (Figure 5), and(2) high APFA (circled region, 
Figure 5).  As expected the highest indicator values for group (2) was APFA, no 
other species had significant indication to this group suggesting complete 
dominance of APFA.  There was no significant affinities of any species to group 
(1).  Group (0), representing sites and times with no APFA, had several 
significant indicator species: Ankistrodesmus falcatus, Asterionella Formosa, 
Cryptomonas erosa, Mougeotia sp, Sphaerocystis schroeteri and Synedra 
cyclopum (Table 8). Similar to what was revealed by the time series, the 
cyanobacterium Anabaena flos-aquae was only prevalent when APFA was 
absent or in low abundance. 
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Table8. Indicator Species Analysis determining affinity of species to regions of no 
APFA(0), strong correlation between AFA and chl a (1), and regions where AFA is 
decoupled from chl a(2). Values bolded indicate affinities that are stronger than 
what would be expected by chance (p<0.05). 

 
Max 

group Max Group 

Indicator Value 
from 

randomized 
groupings  

Taxa Value 
Indicator 

Value Mean S.Dev p-value 
Anabaena flos-aquae 0 50.6 28.6 10.64 0.04 
Ankistrodesmus falcatus 0 70.2 36.7 7.22 0.0002 
Aphanizomenon flos-aquae 2 92.4 51.4 9.02 0.0002 
Asterionella formosa 0 81.4 24.1 9.73 0.0004 
Chlamydomonas sp 1 13.7 23.2 9.93 0.8966 
Cryptomonas erosa 0 67.8 33.1 8.98 0.0022 
Cryptomonas ovata 0 49.3 23.7 9.89 0.0224 
Fragilaria capucina mesolepta 0 57.6 23.1 9.86 0.0086 
Fragilaria construens 0 9.8 15.6 8.7 0.7654 
Fragilaria construens venter 0 33.3 14 8.23 0.0466 
Glenodinium sp 0 41.3 15 8.37 0.0174 
Chromulina sp 0 58 45.7 8.38 0.0934 
Mougeotia sp 0 84.8 26.8 10.26 0.0004 
Melosira ambigua 0 22.3 12 7.31 0.0646 
Melosira granulata 0 15.5 17.9 9.05 0.5177 
Mallomonas-like 0 11.4 16.2 8.69 0.6849 
Microcystis aeruginosa 2 13.6 20 9.21 0.794 
Unident. flagellate 0 47.5 33.2 8.28 0.0694 
Navicula pupula 0 56.5 12.9 7.7 0.003 
Rhodomonas minuta 0 46.8 40.5 4.48 0.094 
Sphaerocystis schroeteri 0 62.4 18.2 9.04 0.0042 
Synedra cyclopum 0 74 21.3 9.72 0.0016 
Stephanodiscus astraea 
minutula 0 24.6 24.4 10.03 0.4027 
Stephanodiscus hantzschii 0 35.9 14.6 8.38 0.0448 
Stephanodiscus niagarae 1 18.4 16.7 8.78 0.3227 
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Statistics Summary 

1. Temperature (5/11 sites) and soluble reactive phosphorous (8/10 sites) 
are strongly positively correlated with APFA abundances but not at all 
sites.  

 
2. Nitrate-nitrite is strongly negatively correlated with APFA abundances 

(4/10 sites) but not at all sites. 
 
3. There was no evidence of a linear relationship between APFA and other 

cyanobacterial species for the years 2004-2006. 
 
4. Diatom abundances were strongly negatively correlated with APFA 

abundances at more than half (6/11) sites.  
 
5. There are large annual differences in magnitude of APFA bloom and 

presence of other toxic-forming cyanobacteria. 
 
6. Across a multi-year climatology, the timing of the APFA bloom and onset 

in increases in other cyanobacteria do not support the notion of APFA 
facilitation. 

 
7. Increases in APFA abundances are associated with decreases in 

phytoplankton richness and changes in community structure, most 
adversely affecting several species of diatoms and crpytomonads. 

 
8. Seasonal changes in community structure are aligned with increases in 

APFA and increases in pH.  There appears to be some changes in pH late 
in the summer that is independent of APFA. 

 
9. The Klamath Tribe does not appear to be currently sampling regions 

adjacent to wetlands. Efforts should be made to facilitate these 
measurements. 

 
10. Akinetes and heterocysts have not been enumerated during the 2005-

2006. 
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General Conclusions 

 
These investigations have demonstrated that barley straw is effective at 

suppressing growth, or causing mortality, of the cyanobacterium 
Aphanizomenon flos-aquae in Upper Klamath Lake (UKL) and in controlled 
environments.  These findings are based on replicated and repeated 
experiments, focusing on a single algal species. This represents a positive 
step beyond the many “before and after” observational and anecdotal 
reports circulating that barley straw is effective at controlling unspecified 
species of algae. 

This work also shows that senesced wetland plant tissues suppress the 
growth and/or cause mortality of UKL A. flos-aquae.  This finding supports 
the hypothesis that the loss of wetlands contributes to the massive annual 
blooms of A. flos-aquae in UKL.  Not only are wetlands nutrient sinks, but 
may have additional value in suppressing cyanobacterial blooms and 
support efforts to conserve, maintain and restore wetlands.   

Furthermore, this work demonstrates that there are two primary factors 
involved in the efficacy of suppression of A. flos-aquae by plant residues.  
These are the concentration of colored dissolved organic matter and light 
intensity.  This provides evidence supporting the hypothesis that 
suppression of algal growth is due to cell damage from hydrogen peroxide 
and radical oxygen species produced by the photo degradation of colored 
dissolved organic matter.       

This work also revealed that the addition of barley straw can have 
negative impacts on two water quality parameters.  When added to a dense 
population of A. flos-aquae, low dissolved oxygen conditions can occur.  
Decrease in dissolved oxygen is due to bacterial decomposition of organic 
matter.  However, at this time it is not known how much of the bacterial 
oxygen demand is for decomposing the dead AFA, and how much is for 
decomposing the barley straw.  Barley straw additions also resulted in 
increased phosphate concentrations in treated water.  

Cyanobacterial domination in UKL may be due to the loss of CDOM 
input, but the course of events in UKL is somewhat unique.  Most 
freshwater bodies experiencing cyanobacterial harmful algal blooms 
(cyanoHABs) have not lost wetlands and have not shown marked changes in 
CDOM.  In such cases, other factors are obviously responsible for the 
increase in freshwater cyanoHAB events.  In many cases it appears that an 
increase of nutrients in water bodies is responsible.  However there are 
examples of freshwater cyanoHAB events in high mountain and/or pristine 
lake systems with no identifiable sources of additional nutrients (e.g. 
agriculture or development).  In these cases, the factors responsible 
cyanoHAB events are unknown and little work is being done to determine 
them.   

Due to the size of UKL it would be extremely difficult to treat the entire 
lake with barley straw but targeted applications of barley straw or barley 
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straw extract to areas where A. flos-aquae has accumulated may be feasible.  
These studies show that application of barley straw will reduce existing 
blooms of A. flos- aquae.  However the ideal situation would be to suppress 
A. flos- aquae before it becomes so dense as to form a bloom.  At this time 
we do not know what rate of barley straw would be effective in suppressing 
the onset of blooms, nor do we know how long such a barley straw 
treatment would remain effective.  

A. flos- aquae is not the only HAB-causing cyanobacteria affecting lakes, 
ponds, reservoirs and rivers.  Several other genera of toxigenic 
cyanobacteria are responsible for the 44 public health advisories the Oregon 
Department of Human Services has issued for freshwater bodies in the past 
five years.  CyanoHABs are increasing in number and distribution.   While 
the impact of these events has largely been on recreational activities, there 
have been cases where municipal water sources have been contaminated 
and rendered unusable.  If the trend continues, more potable water supplies 
will be affected.  As these other cyanobacteria continue to infest lakes and 
potable water reservoirs, methods of control with few or no adverse effects 
will need to be found.  Considering its effect on A. flos- aquae, barley straw 
may also be effective on these other genera of cyanobacteria.  

This series of experiments provides a general framework for assay of 
efficacy of barley straw on other HAB-causing organisms.  However, 
important issues remain to be answered. These include (i) level of control 
achieved on different types of algae, (ii) assessment of prophylactic effects of 
straw applications, (iii) dose rates for prophylactic and symptomatic relief, 
(iv) degree of negative side effects (e.g. reduction in dissolved oxygen) as a 
function of dose, and (v) effects of light duration and quality. 

 
FUTURE WORK 

For the past seventeen growing seasons, monitoring has been conducted 
in the limnetic areas of UKL of Agency Lake and Upper Klamath Lake 
ignoring the extensive littoral areas of the lake of approximately 17,000 
acres (Snyder and Morace 1997) that comprise 21.1% of the area of the lake 
at full pool (Geiger 2001). We suggest that wetland monitoring should be a 
included in the management plan for UKL. 

The prominence of A. flos-aquae during late spring, summer and fall in 
UKL and the role of A. flos-aquae in influencing lake water quality resulted 
in the primary focus of past work on the planktonic algae of the open waters 
of the lake.  This focus has, however, diverted attention from other algae 
that are present in the wetland areas and areas of the lake influenced by 
these wetlands during and after the times of the year when A. flos-aquae is 
typically dominant.  Bureau of Reclamation funding for the Klamath Tribes’ 
data collection supports examination of limnetic samples.  A sole exception 
to the limnetic location of sample sites, was the Pelican Bay site monitored 
from 1990-1997 (see Figure 1).  The potential influence of wetlands in the 
lake on the growth of A. flos-aquae is supported by our experiments 
(Chapter 1) and suggested by the data on this species’ biomass at the 
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Klamath Tribes Pelican Bay station (in the vicinity of the Upper Klamath 
Lake NWR) compared with its biomass at other locations (mid-north and 
mid lake stations of the Klamath Tribes monitoring program).  There is very 
significant reduction in AFA biomass in the vicinity of the marsh at Pelican 
Bay compared with the other open lake stations.  

Areas in the lake where A. flos-aquae is not dominant or is absent are of 
obvious interest since environmental factors in these areas may provide 
clues that could lead to A. flos-aquae control.  Geiger (2001) and Geiger et 
al. (2005) has asserted that the loss of over 35,000 acres of in-lake wetland 
from UKL was a very important, if not primary, factor in the alteration of the 
quality of the lake to domination by one species of cyanobacteria.  The 
drivers for lake change related to the accumulating loss of wetlands would 
have been the loss of wetland nutrient uptake capacity, and the loss of 
decomposing wetland plant materials that have been found to suppress the 
growth of cyanobacteria species. 

Observations in August 2004 of water quality conditions by the author 
approximately one mile south of the mouth of Thompson Creek (UKL NWR) 
in north UKL were of the absence of A. flos-aquae, presence of brown water, 
and pH in mid-day considerably lower than southern lake sites.  The 
summer introduction of water to restored marsh at Running Y at UKL, to 
compensate for evaporation from the marsh, containing high densities of A. 
flos-aquae and the subsequent rapid reduction in these densities, observed 
by the author, within the open water of the marsh was additional anecdotal 
evidence of such an effect.  The absence or reduction of A. flos-aquae just 
downstream, at or within marsh environments has been noted by those few 
scientists who have spent time obtaining data on marsh character.  Forbes 
(1997) noted the absence of A. flos-aquae except at the waters off the edge of 
Hanks Marsh, and Sartoris, Sisneros and Campbell (1993) noted the same 
in their report on characteristics of Upper Klamath Marsh National Wildlife 
Refuge.  Perdue et al. (1981) noted the absence of A. flos-aquae in Upper 
Klamath Lake at a location heavily influenced by the Williamson River that 
drains extensive wetland areas upstream.  The difference of the marsh 
influenced areas of the lake was also suggested by a note on zooplankton 
differences in the lake where four species of zooplankton were typical here 
but not in the open waters of the lake (USCOE 1982). 

Currently there is no continuing assessment of the character and 
condition of wetlands in the lake that comprise a significant amount of lake 
area.  This can be remedied to provide a valuable window into UKL seasonal 
dynamics and possibly lead to the development of strategies to change the 
quality of the lake.  It is unlikely the lake can be “restored” through the 
“restoration” of former wetland areas, but lake quality can be nudged 
towards what it presumably once was when marshes comprised around 
50% of the surface area of the lake and A. flos-aquae was not the dominant 
algae species.   
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