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Abstract

Eldridge SLC, Wood TM, Echols KR, Topping BR. 2013. Microcystins, nutrient dynamics, and other environmental
factors during blooms of non-microcystin-producing Aphanizomenon flos-aquae in Upper Klamath Lake, Oregon,
2009. Lake Reserv Manage. 29:68–81.

Seasonal phytoplankton blooms dominated by cyanobacteria in Upper Klamath Lake, Oregon, produce toxic micro-
cystins at concentrations that may be detrimental to local wildlife. In 2009, water column, sediment trap, and surficial
sediment samples were collected to relate the occurrences of microcystins in these samples to other environmental
variables. Microcystin concentrations in sediment trap and surficial sediment samples were lower than in water
column samples, and sediment trap samples contained higher concentrations than surficial sediment samples, with a
peak in one sample (1107 µg/g) that exceeded the maximum concentration measured in any other water or sediment
sample from this area. Concentrations of microcystins and cells of Microcystis aeruginosa increased following
the decline of the first bloom dominated by non-microcystin-producing Aphanizomenon flos-aquae in response to
an increase in nitrogen and phosphorus concentrations. Results of this study also show that nitrogen fixation by
A. flos-aquae during spring and early summer provided nitrogen for growth of toxigenic M. aeruginosa and that
phosphorus availability may have played a greater role overall in determining the pattern of microcystin occurrence
in the lake, given the apparent influence of phosphorus on growth and decline of the A. flos-aquae bloom. This study
is the first report of microcystins in sediments of Upper Klamath Lake, the largest lake (by surface area) in Oregon,
and contributes to understanding the conditions under which elevated microcystin concentrations occur.

[Supplementary materials are available for this article. Go to the publisher’s online edition of Lake and Reservoir
Management for the following free supplemental resources: microscope images of major phytoplankton species,
microcystin concentrations in surficial sediment samples from randomly selected sites, loadings of the first 2 principal
components from PCA analysis of microcystin and water quality data, and the medians and ranges of measured
limnological variables.]
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High exogenous nutrient loading, warm weather, and calm
wind promote the development of cyanobacterial blooms
that produce toxic secondary metabolites, primarily micro-
cystins, which have been associated with gastroenteritic and
hepatic diseases and tumor promotion in humans, livestock,

∗Corresponding author: seldridge@usgs.gov
This article not subject to US copyright law.

domestic animals, and wildlife (Sivonen and Jones 1999).
In Upper Klamath Lake, Oregon, more than 90% of the
phytoplankton community (by biovolume) is composed of
non-microcystin-producing Aphanizomenon flos-aquae dur-
ing periods of peak bloom density (Kann 1998, Kann and
Smith 1999, Carmichael et al. 2000). The most common mi-
crocystin producer globally, Microcystis aeruginosa, is also
present in the lake. On a water column mean basis, however,
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M. aeruginosa is a minor component of the total biomass,
usually <1% (Kann 1998). Despite its low abundance, M.
aeruginosa has been directly linked to the presence of mi-
crocystins in Upper Klamath Lake (Saker et al. 2007) and in
Agency Lake (Jacoby and Kann 2007). Members of the
genus Aphanizomenon produce cylindrospermopsins and
other toxins in laboratory cultures (Preussel et al. 2006),
but A. flos-aquae is not known to produce microcystins in
Upper Klamath Lake, and since 2007, cylindrospermopsins
have been found only at concentrations near or below the
detection limit (S. Eldridge et al. 2012).

Changes in the occurrence of microcystins in water col-
umn samples from Upper Klamath Lake are associated with
parameters, particularly nutrients, which affect water qual-
ity and are similar to, but noncoincident with, the growth
dynamics of the A. flos-aquae-dominated bloom (S. El-
dridge et al. 2012). In addition, previous work showed de-
pletion in dissolved iron concentrations by the end of the
late-season (Aug) bloom period, relative to early season
conditions (Apr–May; Kuwabara et al. 2009). Iron is known
to promote microcystin production in other systems (Sevilla
et al. 2008, Alexova et al. 2011), so the seasonal depletion
observed in 2006 may signify a possible role for iron avail-
ability in microcystin occurrence in Upper Klamath Lake.

Sedimentation is one of the most important loss processes
for phytoplankton (Takamura and Yasuno 1988) and may
be a major destination for microcystins and toxigenic cells
(Chen et al. 2008, Wörmer et al. 2011). Because sediment
microcystins likely originate and are transferred from the
water column, the same environmental factors that influ-
ence water quality and A. flos-aquae bloom dynamics in
Upper Klamath Lake may be related to the occurrence of
microcystins in the water column and sediment samples.
Understanding the spatial and temporal distribution of mi-
crocystins has major implications for monitoring the health
of the federally endangered Lost River (Deltistes luxatus)
and shortnose (Chasmistes brevirostris) suckers in Upper
Klamath Lake. The decline in these fish populations has
been attributed, in part, to water quality degradation asso-
ciated with the growth of cyanobacteria (Williams 1988,
Buettner and Scoppettone 1990, Perkins et al. 2000) and to
microcystin exposure through ingestion (S. Eldridge et al.
2012). Because these fish are benthic feeders, they may be
exposed to the toxin at or near lake sediments.

The goal of this study was to examine potential associations
between sediment and water column (suspended sediment)
microcystin concentrations and measurements of other envi-
ronmental parameters, including iron. The results presented
here may provide data necessary for resource managers to
make decisions regarding restoration of the Upper Klamath
River basin and, specifically, minimization of the risk of
exposure to endangered fish and other wildlife.

Figure 1.-Locations of sediment sampling (sediment surface and
sediment trap) sites, water column sample collection sites, and
continuous monitoring sites, Upper Klamath Lake, Oregon, 2009.
Only continuous monitoring sites where water and/or sediment
samples were also collected are shown.

Materials and methods
Study site

Upper Klamath Lake, including contiguous Agency Lake,
is one of the largest natural freshwater lakes in the western
United States and is the largest lake in Oregon. Although
large by surface area (305 km2), the average depth is 2.6 m,
and, with the exception of a deeper 15 m trench along the
western shoreline between Eagle Point and Buck Island
(Fig. 1), more than 90% of the lake is <4 m deep.

The lake’s drainage basin is 9415 km2 and is composed of
phosphorus-rich, volcanic soils. The Upper Klamath Lake
system has been naturally eutrophic since at least the mid-
1800s (the earliest known records; Phinney and Peek 1961).
But, major changes in land use and hydrology of the lake
over the past century by water diversions and agricultural
changes in the upper watershed and by construction of a
dam at the outlet in 1921 have increased nutrient load-
ing both to the lake and to its tributaries. This has led to
increased biomass and decreased species diversity of the
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phytoplankton blooms that occur in the lake during the sum-
mer and fall (Bradbury et al. 2004, Eilers et al. 2004). Both
the timing and quantity of lake-flushing flows essential for
nutrient export have been greatly altered, and the lake level
has been reduced to below the pre-1921 levels. As a result
of these and other changes, phosphorus loading in Upper
Klamath Basin tributaries is elevated substantially above
natural levels (∼65 µg/L; Kann and Walker 1999, ODEQ
2002), and the lake is now classified as hypereutrophic. The
Upper Klamath Lake system has been the primary water
source for agricultural activity within the Upper Klamath
Basin since 1921 (BOR 2000). It is also the largest stopover
in the Pacific Flyway for waterfowl and home to the largest
wintering congregation of bald eagles in the lower 48 states
(Carmichael et al. 2000).

Sample design, collection, and analyses

Sediment samples

Surficial sediment samples were collected weekly at 3 fixed
sites, MDN, WMR, and FBS (Fig. 1), between 15 June
and 6 October 2009 using either a benthos gravity corer or a
hand-coring device. Cylindrical sediment traps were also de-
ployed weekly near the sediment surface at these sites 4 days
before core extractions. Site selection was based on results
of previous work describing the distribution and habitat use
of juvenile suckers in the lake (Bottcher and Burdick 2010).
Additional cores were extracted on 31 July, 14 August, and
18 September at 5 randomly chosen sites. Weekly sampling
at the 3 fixed sites provided higher temporal resolution,
whereas sampling from randomly selected sites allowed data
collection from a larger area of the lake. At each site, a sed-
iment core approximately 6.5 cm in diameter was extracted,
and the top 1 cm was removed and homogenized. Repli-
cate cores were collected from one site each week (alternat-
ing between sites during subsequent samplings) to measure
variability in sample collection. Samples were frozen and
shipped overnight for microcystin analysis to the US Geo-
logical Survey (USGS) Columbia Environmental Research
Center (CERC, Columbia, MO) within 3 days.

Sediment traps consisting of triplicate columns, each a
35 × 7 cm cylinder with a height:diameter ratio of 5:1,
were positioned vertically in the water column at 0.5 m
above the sediment. Sediment traps were deployed weekly
for 24 h beginning 18 June at all fixed sites and until 12
August at WMR, 26 August at FBS, and 16 September at
MDN. The bottom 100 mL from one cylinder in the trap
at each site was collected and shipped overnight to CERC
for microcystin analysis. An additional cylinder in the FBS
trap was sampled concurrently with and in the same man-
ner as all other cylinders between 18 June and 12 August
to measure the variation (standard deviation) in microcystin
concentration between trap columns.

Between 1 July and 16 September, additional samples from
sediment-trap columns were retained for microscopic obser-
vation of the phytoplankton community and were preserved
in Lugol’s solution. The lower 100 mL (consisting primarily
of suspended sediment) and the 200 mL of overlying lake
water were collected and analyzed separately. Cells were
far more abundant in the overlying 200 mL, so this fraction
was screened to qualitatively estimate changes in the rel-
ative abundances over time of the groups most commonly
observed that year: A. flos-aquae, M. aeruginosa, Woroni-
chinia naegeliana, and Gloeotrichia echinulata. Estimates
of increasing or decreasing abundance were based on sample
photographs and recorded observations made during sam-
ple collection and screening. Differences between sites were
difficult to distinguish, so relative abundance estimates were
based on combining observations made at all sites. Samples
were screened in triplicate or greater.

Water column samples

Water column samples were collected weekly at 2 of the 3
fixed sediment sites, MDN and WMR, as part of a USGS
long-term water quality monitoring program. At these sites
and at 3 additional sites in the monitoring program, MDT,
EPT, and RPT (Fig. 1), samples were collected for anal-
yses of total microcystins, chlorophyll a, dissolved inor-
ganic phosphorus (DIP; PO4

3−), dissolved inorganic nitro-
gen (DIN: NH3, and NO2

− + NO3
−), total phosphorus (TP),

and total nitrogen (TN) following the procedures outlined in
D. Eldridge et al. (2012) and S. Eldridge et al. (2012). Sam-
ples collected for microcystin analysis at sites MDN, WMR,
and RPT on 10 August 2009 and thereafter were collected
by depth integration. Additional water column samples (all
constituents) were collected from site MDN for quality con-
trol (blank, replicate, and split samples). The collection pro-
cedures and results of quality control analyses are discussed
in D. Eldridge et al. (2012) and in S. Eldridge et al. (2012).
At sites MDN, WMR, and FBS, 1-L grab samples were also
collected from approximately 0.5 m below the lake surface
and analyzed for cellular iron analysis by flow-injection in-
ductively coupled plasma mass spectrometry (ICP-MS) as
described in Topping and Kuwabara (2003) at the USGS in
Menlo Park, California. Samples collected at all sites 1 July
and 22–29 July and at sites MDN and WMR on 16 Septem-
ber contained insufficient phytoplankton biomass for trace
metal analysis.

Continuous water quality monitors (YSI, Inc., Yellow
Springs, OH) were deployed at all sites prior to sample
collection to measure water temperature, dissolved oxygen
concentration and percent saturation, pH, and specific con-
ductance according to D. Eldridge et al. (2012). Calibration,
maintenance, and data handling were performed as outlined
in Wagner et al. (2006).
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Microcystin analysis

Water column samples were fractionated (filtered) to mea-
sure microcystin concentrations in the different phytoplank-
ton size classes separately. Samples were filtered with a
63 µm sieve to isolate large colonies (the large particulate,
or cell-associated, fraction). The small particulate fraction,
1.5–63 µm, was collected by filtering the 63 µm fraction
filtrate. The filtrate from this step was considered the dis-
solved fraction and retained for determination of dissolved
microcystin (<1.5 µm) concentrations. All fractions were
analyzed for microcystin concentrations using the congener-
independent enzyme-linked immunosorbent assay (ELISA)
as described in S. Eldridge et al. (2012). Microcystin con-
centrations in the particulate and dissolved fractions of each
sample were added together to give total microcystin con-
centrations (Graham and Jones 2007). The detection limit
for the microcystin assay was 0.1 µg/L. Values <0.1 µg/L
that were not censored (as <MQL, the method quantitation
limit) were considered detections, although they appeared to
be less than the detection limit because concentrations were
calculated from the total extracted biomass and sample vol-
umes. Sediment samples were dried for 96 h and extracted
following a protocol modified from Chen et al. (2006) in
which sonication was replaced by use of the Dionex Au-
tomated Solvent Extractor (Dionex, Sunnyvale, CA). Fol-
lowing extraction, samples were analyzed for microcystin
concentrations using ELISA.

Sedimentary flux of microcystins

The total sedimentary flux (µg/m2/h) of microcystins col-
lected in sediment traps was measured at MDN and WMR by
dividing the microcystin concentrations in settled trap ma-
terial (micrograms of microcystins measured in dried sedi-
ment per meter square of surface area in each trap column)
by the total time that each trap was in the water. To deter-
mine the fraction of trap material collected by resuspension,
a modification of the equations proposed by Gasith (1975;
as presented by Bloesch 1994) was used:

R = S − T, (1)

Rf R = Sf S − Tf T, and (2)

R/S = (fS − Ft )

(fR − fT )
, (3)

where T is the mass of material in each trap that settled
from the water column (suspended sediment), S is the total
mass of entrapped material, and R is the mass of trap ma-
terial that was resuspended from lake bottom sediments. In
Gasith (1975), f T, f S, and f R represented the organic frac-
tions of resuspended material, but in the current study, these
were replaced with the microcystin fractions found in wa-

ter column, sediment trap, and surficial sediment samples,
respectively.

Data analysis

Seasonal trends and site comparisons were based on weekly
median values of measured parameters. Water column stabil-
ity was calculated as the median relative thermal resistance
to mixing (RTRM) according to Jones and Welch (1990) and
Kann and Welch (2005). To compare variables between sites
and study years, nonparametric statistical analyses were per-
formed using SigmaPlot, version 11 (Systat Software, Inc.,
San Jose, CA) because the data continued to deviate from
normality and homoscedasticity after log transformation.
The Mann-Whitney rank sum one-way analysis of variance
(ANOVA) and the Tukey test were used for pairwise compar-
isons. Correlations between microcystin, chlorophyll a, and
nutrient concentrations and physiochemical data were deter-
mined using the Spearman’s rank-order correlation analysis.
Correlations were considered significant at p < 0.05. Auto-
correlation of measured parameters was evaluated with the
methods described in Helsel and Hirsch (2002).

To reveal the internal structure of the data in a way that best
explained the variance in the data, a principal components
analysis (PCA) was performed using the median values of
15 parameters from each site and following the procedures
described in Parinet et al. (2004). To compare differences
in the data over time, surficial sediment and suspended sed-
iment microcystin concentrations, water column pH, dis-
solved oxygen, water temperature, and concentrations of
chlorophyll a, TP, TN, dissolved nutrients, and cellular iron
in water samples (all sites combined on each sample date)
were reduced to 5 principal components, which accounted
for >97% of the variation in the data.

Results
Qualitative changes in phytoplankton
community

Sediment trap samples were screened to estimate changes
in the relative abundances of specific phytoplankton taxa.
Relative changes were compared over time, not between
the different taxa, although it was apparent that A. flos-
aquae was the dominant species in all samples during bloom
periods (micrographs of representative samples are shown in
Supplement Fig. S1). Changes in the relative abundance of
A. flos-aquae in sediment traps followed the pattern in water
column chlorophyll a concentrations previously observed
by Kann (1998), Carmichael et al. (2000), and Lindenberg
et al. (2009). Both A. flos-aquae colonies and chlorophyll
a concentrations increased between late spring and early
summer (before July), decreased during the mid-July bloom
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Figure 2.-Relative abundances through the sampling season of cyanobacterial groups in phytoplankton observed in sediment trap
samples between 1 July and 16 September, Upper Klamath Lake, Oregon, 2009.

decline, and increased again as the bloom recovered in early
August (Fig. 2 and 3a).

M. aeruginosa and W. naegeliana appeared in the water col-
umn in mid-July, and along with A. flos-aquae, M. aerugi-
nosa persisted in the lake until late fall. M. aeruginosa first
appeared in sediment traps on 15 July, when microcystin
concentrations in water column and sediment trap samples
were near or below the detection limit. The number of M.
aeruginosa colonies steadily increased in sediment traps
until early September, following the pattern observed for
microcystin concentrations in the water column (Fig. 2, 4a,
and 4b) and in sediment trap material from site FBS and,
to a limited extent, site MDN (Fig. 4d). This increase in
apparent M. aeruginosa cell density also coincided with in-
creasing microcystin concentrations measured in sediment
surface samples from sites FBS and WMR (Fig. 4c). When
present, M. aeruginosa was observed by field personnel as
a thin film on the lake surface and as accumulations along
the leeward shore during daily high wind events. G. echinu-
lata, a known microcystin producer (Carey et al. 2007), first
appeared in sediment trap samples on 29 July, so there may
be some contribution from this species to the occurrence of
microcystins in the lake.

Microcystin concentrations in sediment samples

Microcystins were detected in all surficial sediment and
sediment trap samples collected in 2009; however, me-

dian concentrations in sediment samples were much lower
than concentrations measured in the large particulate (cell-
associated) fraction of water column samples (suspended
sediments; expressed as µg/g dry weight of suspended
solids) at sites MDN and WMR (Table 1; microcystin con-
centrations measured in water column samples from the
deep sites, EPT and MDT, are reported in S. Eldridge et al.
2012). Sediment trap samples contained higher microcystin
concentrations by weight than surficial sediment samples
(Mann-Whitney, p < 0.001), with most concentrations rang-
ing between 0.08 and 38.2 µg/g. One trap sample collected
on 26 August 2009 from site FBS contained microcystins
at a seasonal peak concentration of 1107 µg/g, which ex-
ceeded the maximum concentration measured in any other
suspended material or sediment sample from this area. Ex-
ceptionally high biomass composed mostly of M. aerugi-
nosa cells in the sediment trap collected on this date was also
visually evident and noted by field and lab personnel. This
high concentration was observed only once, but because of
the toxicity of microcystins, it is particularly noteworthy.

Median surficial sediment microcystin concentrations
ranged from 0.004 to 34.4 µg/g and correlated positively
with water sample concentrations (Tables 1 and 2). Mi-
crocystin concentrations measured from randomly selected
surficial sediment samples (Supplement, Table S1) were not
significantly different between regions (Table 2). Samples
collected on 18 September were higher, ranging from 0.49
to 21.6 µg/g, than samples collected 31 July, which varied
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Table 1.-Medians (Med) and ranges of microcystin concentrations in water column and sediment samples collected at shallow (<10 m)
sites in Upper Klamath Lake, Oregon, 2009. Values of total µg/L in water column samples are the sums of all fractions measured in the
water samples. NA indicates that no samples were collected, and MQL represents the method quantitation limit.

Site

MDN WMR RPT FBS

Sample type n Med Range n Med Range n Med Range n Med Range

Water column
Dissolved

fraction (µg/L)
14 0.57 < MQL-3.93 14 0.68 < MQL-2.49 14 0.69 < MQL-2.77 NA NA NA

Large particulate
fraction (µg/L)

14 0.34 < MQL-11.8 14 0.43 < MQL-6.23 14 0.88 < MQL-9.06 NA NA NA

Large particulate
fraction (µg/g)

14 47.3 < MQL-865 14 93.2 < MQL-951 14 90.0 < MQL-512 NA NA NA

Total (µg/L) 14 1.68 < MQL-12.5 14 1.36 < MQL-8.72 14 1.85 < MQL-9.96 NA NA NA

Sediment
Sediment surface

(µg/g)
15 0.06 0.01–3.07 15 0.64 0.004–6.78 NA NA NA 15 0.29 0.007–34.4

Sediment trap
(µg/g)

14 1.31 0.08–38.2 9 1.80 0.16–25.2 NA NA NA 11 5.94 0.12–1107
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Figure 3.-Median concentrations of microcystins in particulates from water column and sediment trap samples and (a) chlorophyll a
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Figure 4.-Microcystins as (a) total concentration (in dissolved + particulate fractions) in water samples measured volumetrically, (b)
concentrations in particulates of water samples measured gravimetrically, (c) concentrations in surficial sediment samples from fixed sites
(line graph) and from randomly selected sites (bar graph), and (d) concentrations in sediment trap samples. Deep sites are indicated by a
solid line. Error bars indicate the standard deviations from mean values of replicate sediment surface samples (c) or duplicate columns
sampled at site FBS (d).

between 0.02 and 0.30 µg/g (Fig. 4c; Supplement, Table
S1).

Changes in the ratio of total or gross sedimentation (includ-
ing resuspended microcystins) to sedimentation of water
column-derived particulate microcystins (R/S) were mea-
sured in samples collected from sites MDN and WMR.
Sediment collected in traps before 1 July contained a
considerable fraction (≥38%) of resuspended material from
bottom sediments. Because microcystin concentrations were
low in all samples and below detection in most water column
samples during this time, the contribution of resuspended
microcystins to concentrations measured in trap samples
was negligible (Fig. 5). The contribution of resuspended
microcystins to the concentrations in the traps throughout
the rest of the season was also insignificant because the
traps collected after 1 July contained around 1% or less of
resuspended material.

Relation to environmental variables

In 2009, median lakewide chlorophyll a concentrations were
elevated early in the sample season, around 1 July, and again
between late August and early September, indicating 2 ma-
jor bloom episodes at sampled sites (Fig. 3a). Following the
decline of the first major bloom, total microcystin concen-
trations in water column samples began to increase. Micro-
cystin concentrations then increased more rapidly as the sec-
ond bloom began to develop in early August. A late-season
increase in microcystin concentration was also observed in
sediment samples (Fig. 4c and d), but these concentrations
remained near the detection limit until mid-August. Mi-
crocystins began accumulating in sediment traps deployed
at sites WMR and FBS the week of 3 August as median
chlorophyll a concentrations neared the second peak of the
season. During this time, the sedimentary flux of micro-
cystins reached a maximum of 558 µg/m2/h at site WMR,
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Table 2.-Spearman’s rank-order correlations (r) between median microcystin concentrations in surficial sediment samples (MCsed), water
column samples (MCwater; the sum of all fractions), and environmental variables measured by sample date (all sites combined).
Correlations were considered significant at p < 0.05. Significant correlations are shown in bold. Correlations that were not statistically
significant with either MCsed or MCwater are not shown.

MCsed MCwater

Variable n r p n r P

Total water column
MC

141 0.73 < 0.01

Total phosphorus 151 0.61 0.02 14 0.61 0.02
DIP 151 0.57 0.03 14 0.41 0.14
TN:TP 151 −0.79 < 0.01 14 −0.69 0.01
DIN:DIP 151 −0.59 0.02 14 −0.70 < 0.01
pH 152 0.58 0.02 14 0.32 0.26
Dissolved oxygen 152 0.61 0.01 14 0.23 0.42
RTRM at MDN 142 0.24 0.39 14 0.51 0.05
Site depth by region

(compiled)
243 −0.55 < 0.01 NA NA NA

1Sites MDN and WMR.
2Sites MDN, WMR, and FBS.
3Sites MDN, WMR, FBS, and 15 randomly selected sites in Agency and Upper Klamath Lakes.

when the peak microcystin concentration in suspended ma-
terial from this site was measured (Fig. 4b and d). In FBS
trap samples, a maximum sedimentary flux of 650 µg/m2/h
was measured during the week of 24 August, when the last
sediment trap sample was collected from that site.

Concentrations of TN and TP increased, although not at
the same rate, while TN:TP ratios decreased between May
and October 2009 (Fig. 3b and 3d). In addition, DIN and
DIP concentrations increased through July and declined
sharply along with DIN:DIP ratios after 1 August (Fig. 3c
and d). Water column microcystin concentrations also be-
gan increasing during this period of elevated DIN and DIP
and continued to increase after DIN and DIP concentrations
peaked in late July. Lower DIN and DIP concentrations (rela-
tive to the late-July maxima) were observed prior to the mid-

August peak in water and sediment microcystins. Therefore,
it seemed that concentrations of dissolved nutrients (particu-
larly DIN) remained high enough until September to support
growth of non-diazotrophic, microcystin-producing strains.

Based on Spearman’s rank-order analysis, surficial sedi-
ment and water column microcystin concentrations were
negatively correlated with total and dissolved nutrient ra-
tios, TN:TP and DIN:DIP, and positively correlated with
TP and DIP (Table 2). DIP correlated significantly with
sediment microcystins only, and no significant correlations
were found between surficial sediment or water column
microcystins and DIN (NH3 or NO2 + NO3

−). Among
the physiochemical parameters measured in 2009, pH, dis-
solved oxygen concentrations, water column stability (mea-
sured as RTRM), and site depths correlated positively with
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Figure 5.-Changes in R/S, the ratio of sedimentation containing resuspended particles to sedimentation of settling material from the water
column 0.5 m from the sediment surface.
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Figure 6.-Intracellular iron concentrations in phytoplankton from filtered water column samples. The missing values on 1 July, between 15
July–5 August, and at sites MDN and WMR on 16 September represent samples with insufficient biomass for trace metal analysis or high
amounts of inorganic material.

microcystin concentrations; pH and dissolved oxygen were
significantly correlated with sediment microcystins only,
and RTRM correlated significantly with total water column
microcystin concentrations only.

Intracellular concentrations (from phytoplankton biomass)
of total iron were also measured in water column samples
to evaluate the effects of this trace metal on microcystin
occurrence. Median concentrations of cellular iron were
similar between sites and were generally lower between
July and September (Fig. 6), when microcystin levels were
higher in the water column, than in the initial samples col-
lected in June, when microcystin concentrations were near or
below detection. Cellular iron concentrations were between
244 and 375 µg/g from 19 August to 16 September, when
microcystin concentrations increased in water column, sur-
ficial sediment, and sediment trap samples. M. aeruginosa
was identified in all samples collected for trace metal anal-
ysis after 1 August but not in samples collected earlier. In
addition, cellular iron concentrations were not correlated
with water column or sediment microcystin concentrations
by Spearman’s rank-order analysis.

Principal components analysis (PCA)

Principal components analysis (PCA) identified 5 compos-
ite variables (principal components) that accounted for 97%
of the total variability in the larger dataset. Most of the vari-
ability among the tested parameters was accounted for by
the first 2 principal components, PC1 and PC2, which rep-
resented 51 and 18% of the variability in the original data,
respectively. PC1 was primarily defined by characteristics
of A. flos-aquae-dominated biomass and activity, including
chlorophyll a concentrations, DIN concentrations, dissolved
oxygen concentrations, and pH (Fig. 7; Supplement, Table
S2). Loadings of PC1 and PC2 (correlations between the

original parameters and the principal components) showed
2 primary “modes” of variation in the original data. Positive
correlations were found between PC1 and DIN (NH3, NO2

−

+ NO3
−), water temperature, and cellular iron. PC1 was

negatively correlated with pH, TN, dissolved oxygen, and
chlorophyll a concentrations. PC2 was mainly influenced
by surficial sediment microcystin and phosphorus (total and
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Figure 7.-PCA ordination plot (loadings) of variables for
microcystins in surficial sediment (MCsediment) and water column
(MCwater) samples (median concentrations of all sites on each
sample date) and other environmental parameters between 15
June and 16 September 2009. TP = total phosphorus, DIP =
dissolved inorganic phosphorus, Chl-a = chlorophyll a, DO =
dissolved oxygen, TN = total nitrogen.
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dissolved) concentrations, based on the loading scores ob-
tained for these variables. Similar results were obtained
when sediment trap microcystin concentrations were in-
cluded or when the seasonal median values at each site were
compared. The variability in water column microcystin con-
centrations was not captured by either principal component
because these loading scores were relatively low on both
PC1 and PC2.

The PCA score plot (Fig. 8) shows that sample dates seem
to have clustered into 4 periods between 15 June and 16
September 2009, based on the relative median concentra-
tions of the tested parameters. Cluster I received positive
scores on PC1 primarily due to the increase in DIN be-
tween 6 July and 3 August. Chlorophyll a concentrations
were decreasing during this time, but the negative corre-
lation between PC1 and chlorophyll a may have been due
to the relatively wide range (across PC1, low to high) in
values on sample dates within this cluster. Sample dates in
cluster II, 24 and 30 August, scored positively on PC2 be-
cause maximum median microcystin concentrations were
detected in sediment-trap samples collected on those dates.
Low DIN and high DIP concentrations were also detected
in water column samples during that time. Clusters III and
IV included sample dates with negative scores on both PC1
and PC2 as a result of increasing or peak bloom develop-
ment (as indicated by higher chlorophyll a, concentrations,
pH, and dissolved oxygen concentrations). Cluster III scores
were higher (closer to 0) on PC2 than cluster IV scores due

PC 1
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Figure 8.-Scores for each sample date between 15 June and 16
September 2009 on the first 2 principal components. Group 1
represents sample dates during the decline of the first bloom of the
season (weeks of 6 Jul–3 Aug); group II includes dates of slow
decline in the second bloom (weeks of 23–30 Aug); and group III
consists of sample dates when water column samples contained
elevated microcystin concentrations (week of 10 Aug) and
maximum lakewide chlorophyll a concentrations (weeks of 29 Jun
and 17 Aug). The period of rapid growth in the Aphanizomenon
flos-aquae-dominated bloom (weeks of 15–22 June) early in the
season is shown in group IV.

to high microcystin concentrations in sediment and water
samples as the first bloom of the season peaked.

Discussion
This study is the first to document the occurrence of mi-
crocystins in sediments of Upper Klamath Lake and sup-
ports a previous analysis of microcystins in concurrently
collected water column samples (S. Eldridge et al. 2012).
In the current work, microcystins were detected in all sedi-
ment samples at concentrations lower than in the suspended
material collected from the water column. Because the sed-
iment traps were positioned to capture negatively buoyant,
actively settling colonies, these concentration differences
suggested that microcystins were produced or concentrated
in positively buoyant cells and accumulated in the benthic
sediments to a limited extent during major bloom episodes.
In addition, the lower sediment microcystin concentrations
measured in surficial sediments (relative to suspended mate-
rial) suggested rapid biodegradation at or near the sediment
surface. Degradation at the sediment surface has been ob-
served in other shallow lakes where, for example, in Lake
Taihu, the half-lives of microcystin RR and LR were recently
reported to be about 1 day in sediment and about 6 days in
the water column (Chen et al. 2008).

Although high dissolved microcystin concentrations in the
water column may promote direct adsorption onto bottom
sediments, microcystin adsorption may be limited in shal-
low systems (Grützmacher et al. 2010). In Upper Klamath
Lake, a strong negative correlation was observed between
microcystin concentrations and site depth in surficial sedi-
ment samples from randomly selected sites (Table 2). Also,
higher sedimentation rates were observed during the sec-
ond bloom, while microcystin concentrations were elevated
in suspended material. These patterns indicated that mi-
crocystins were transferred to the lake sediments primar-
ily through settling or sedimentation of intact cells during
bloom episodes.

Sedimentation has been shown through other studies to be
a major destination for microcystins and toxigenic cells
(Takamura and Yasuno 1988, Wörmer et al. 2011). In addi-
tion, acoustic backscatter and vertical velocities from acous-
tic Doppler current profilers previously deployed in Upper
Klamath Lake indicated that, during stratification, colonies
floated to the surface and settle to the lake bottom (Wood
and Gartner 2010). Comparisons of benthic chlorophyll
a and phaeophytin concentrations measured in 2009 fur-
ther reflect the settling and degradation of phytoplankton
biomass during the bloom cycle (Kuwabara et al. 2010).
Live, sedimented toxigenic cells maintained their toxin con-
tent in other studies, although concentrations may differ
from neutrally or positively buoyant cells (Wörmer et al.
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2011). Therefore, cell-associated microcystins (within the
large particulate fraction) from the water column of Up-
per Klamath Lake were likely transferred to the sediment,
which increased the potential for benthic or benthic-feeding
organisms to be exposed.

Although not measured in this study, it is possible that
cells of microcystin-containing (and other) cyanobacteria
migrated from the sediments to the water column. Several
studies showed the importance of nutrient and microcystin
translocation via migration from the sediments in other lakes
(e.g., Johnston and Jacoby 2003). If this also occurs in Upper
Klamath Lake, then the sediments would not only be a ma-
jor destination of microcystins and microcystin-containing
cells, but also a source of toxic cells to the water column,
particularly under certain temperature and light conditions.
Additional sampling and analysis during the winter and early
spring may help to better understand this exchange.

Maximum surficial sediment concentrations measured in
this study far exceeded those of other studies where sim-
ilar sampling and analytical techniques were used. For ex-
ample, Mohamed et al. (2007) measured concentrations
<0.092 µg/g in the Nile River and irrigation canal sedi-
ments in Egypt, and Tsuji et al. (2001) reported a maximum
concentration in Japanese lake sediments of 2.33 µg/g. In
other studies, microcystin concentrations in lake or reservoir
sediments were below 0.5 µg/g (e.g., Babica et al. 2006).
Differences in the results between these and the current study
may be due to their different extraction methods. Concen-
trations measured from adsorbed microcystins in sediment
samples may vary considerably by the solvent system used,
and the microcystin variants may exhibit different extraction
efficiencies based on their relative hydrophobicities (Babica
et al. 2006). Chen et al. (2006) reported lower recoveries
using extraction in the acetic acid in trifluoroacetic acid
(TFA)-methanol solvent system (used in Babica et al. 2006
and Mohamed et al. 2007) than when the EDTA/Na4P2O7

TFA system, performed in the current study, was used. Re-
sults obtained using the former method may, therefore, be
underestimated.

The seasonal variability in environmental parameters ob-
served in 2009 was similar to conditions in Upper Klamath
Lake previously reported (Kann 1998, Hoilman et al. 2008,
Lindenberg et al. 2009, D. Eldridge et al. 2012; Supple-
ment, Table S3) and reflects the environmental influences
on growth and senescence of the phytoplankton bloom,
which may also have implications for the ecological rela-
tion between A. flos-aquae (the dominant bloom former) and
M. aeruginosa (the primary microcystin producer). In most
years, an early A. flos-aquae bloom is followed by a rapid
decline between the second half of July and the first half
of August. After 1–3 weeks, a second A. flos-aquae bloom
follows between mid- to late August and early September.

Supersaturated dissolved oxygen concentrations and pH val-
ues near 9.5 coincide with the chlorophyll a maximum, while
minimum chlorophyll a concentrations typically occur with
undersaturated dissolved oxygen concentrations, decreased
pH, and peak dissolved nutrient concentrations. As was ob-
served in 2009, dissolved nutrient concentrations are usually
low through the first bloom, peak with the rapid decline of
this bloom, and decrease but remain elevated during the
rapid growth and stable phase of the second bloom.

The trends in chlorophyll a and microcystin concentra-
tions observed in water column samples collected between
June and October 2009 indicated a relation between mi-
crocystin occurrence in Upper Klamath Lake and the mid-
season decline and subsequent increase in the A. flos-aquae-
dominated bloom. Microcystin concentrations increased at
all sites in the water column and sediment following the de-
cline of the first major bloom and remained elevated during
growth of the second bloom as a result of the increase in
available nutrients. Before the first bloom, microcystin con-
centrations were likely minimal because nutrient concen-
trations were consumed during rapid A. flos-aquae bloom
growth. As indicated by the PCA score plot (based on the
first 2 principle components; Fig. 8), sample dates between
15 June and 30 August clustered into 4 distinct periods. In
comparison to the growth and decline of the A. flos-aquae-
dominated bloom, these periods were qualitatively charac-
terized as (I) declining or minimum chlorophyll a concentra-
tions and increasing nutrient (primarily DIN) concentrations
after the first major bloom, (II) slow decline of the second
major bloom, (III) high microcystin concentrations in water
and sediment during peak concentrations of chlorophyll a,
and (IV) the rapid increase in chlorophyll a concentrations
early in the sample season. A similar pattern was observed
in 2007 but not in 2008, when the bloom peaked much later
and did not fully recover lakewide (S. Eldridge et al. 2012).

Dissolved nitrogen (NH3) seemed to be a growth-limiting
nutrient in Upper Klamath Lake, given the dominance of di-
azotrophic A. flos-aquae; heterocysts were present on A.
flos-aquae filaments during the entire bloom season. M.
aeruginosa does not fix atmospheric nitrogen (N2), unlike
A. flos-aquae, and is therefore dependent on the dissolved
form. Rapid increases in both TN and chlorophyll a in late
June and late August indicated that development of the major
A. flos-aquae blooms was facilitated by atmospheric nitro-
gen sequestration. In Upper Klamath Lake, nitrogen addi-
tion to the water column may also occur through benthic
fluxes (Kuwabara et al. 2007) and riverine inputs, but these
have been reported to be much smaller sources of nitro-
gen to the lake than nitrogen fixation (Kann and Walker
1999). Therefore, as shown previously in a marine environ-
ment (Agawin et al. 2007), growth of M. aeruginosa was
likely facilitated by nitrogen addition through N2 fixation
by A. flos-aquae early in the season, when concentrations
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of A. flos-aquae were highest and microcystin levels were
lowest.

Results of this study, along with S. Eldridge et al. (2012),
suggest that phosphorus availability and the ecological re-
lation between M. aeruginosa and A. flos-aquae may have
been the most influential overall factors on microcystin oc-
currence in the lake. Correlation does not indicate cause,
but the significant correlations between microcystin con-
centrations and TP and/or DIP concentrations in sediment
or water column samples, the lack of correlation between
microcystin concentrations and TN or DIN concentrations in
these samples, and the seasonal trends in nutrient concentra-
tions and ratios (discussed in S. Eldridge et al. 2012) suggest
that high phosphorus levels during mid- to late summer may
have played a greater role than nitrogen availability in the in-
creased microcystin concentrations. Similar correlations be-
tween water column microcystin and nutrient concentrations
were observed in 2007 and 2008 (S. Eldridge et al. 2012).
In addition, PCA showed that sediment microcystin concen-
trations were more related to total and dissolved phosphorus
concentrations than to the other measured parameters.

Previous data collected from Upper Klamath Lake indicate
potentially phosphorus-limiting conditions characterized by
chlorophyll a:TP ratios >1 (White 1989) and TN:TP ratios
>17 (Forsberg and Ryding 1980) early in the sampling sea-
son (Jun–Jul; Lindenberg et al. 2009). In 2009, increases in
chlorophyll a:TP ratios over time (S. Eldridge et al. 2012)
indicated that phytoplankton biomass was less phosphorus
limited after the first major bloom decline than during early
bloom development, particularly at sites MDT and MDN.
A higher rate of organic matter mineralization occurs in
most years in the deepest part of the lake (along the west-
ern shoreline, near site MDT) from decay of the greater
biomass typical of this area. This elevates dissolved nutrient
(DIN and DIP) concentrations and returns DIP to the water
column, where it stimulates development of a second major
bloom. Furthermore, the steady increase in TP observed in
2009 (and in most other years) during the sampling season,
which is common in shallow lakes, suggested that inter-
nal recycling from lake sediments was not episodic. Given
the likely dependence of M. aeruginosa on A. flos-aquae
to supply new nitrogen to the system, it seemed that toxi-
genic M. aeruginosa growth and/or microcystin occurrence
was stimulated directly by the release of DIN during the
bloom decline. Microcystin occurrence may have been de-
pendent overall, however, on the presence of phosphorus to
regulate growth and decline of A. flos-aquae because the
A. flos-aquae bloom was controlled largely by changes in
phosphorus availability.

Other environmental factors were found in this study to be
potentially associated with microcystin occurrence in Upper
Klamath Lake, but Spearman’s rank-order analysis showed

generally mixed results, and no other measured factors
seemed to be more important for increasing microcystin con-
centrations than phosphorus. Suspended sediment micro-
cystin concentrations (in water column samples) correlated
positively with water column stability (RTRM). This indi-
cated that, as with other bloom formers in the lake (primarily
A. flos-aquae), the accumulation of microcystins (or toxi-
genic cells) in the water column was enhanced or promoted
when the water column was stable. Along with chlorophyll
a concentrations, higher pH and dissolved oxygen concen-
trations are typically associated with the metabolic activ-
ity of the major bloom; therefore, the positive correlations
between pH and dissolved oxygen with sediment micro-
cystin concentrations may have reflected the corresponding
increases in sediment microcystin and chlorophyll a con-
centrations during the second, late-summer bloom.

Results of cellular trace metal analysis failed to show any
influence of cellular iron concentrations on microcystin oc-
currence. Iron concentrations were lower when microcystin
levels were elevated in the water column, and M. aeruginosa
was not identified in the samples collected for trace metal
analysis before 1 August when microcystin concentrations
were highest at site WMR. This is supported by the lack of
correlation between cellular iron concentrations and water
column or sediment microcystin concentrations.

Understanding the ecological relation between M. aerugi-
nosa and A. flos-aquae has implications for the management
of Upper Klamath Lake. If these species compete directly for
nutrients or other resources, the occurrence of microcystins
may increase if nutrient management (reduction of phospho-
rus inputs, the focus of most proposed plans) successfully
limits the A. flos-aquae bloom. If the relation between these
species is facilitative, as the results of this study indicate,
however, then an overall decrease of A. flos-aquae in the
lake also may eliminate (toxigenic) M. aeruginosa because
this species already occurs in low abundance here.
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