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Abstract-Three collecting trips were coordinated in A ril Ma and A ? 
hypereutrophic Upper Klamath Lake (OR USA) tl Ph rh' y, ugust _006 to sample the water COIUIlUl and benthos of , 1foug e annual cyanophyte bloom of A h' fl A 
wale.r profiler was designed and fabricated to obtain the first hiuh-re' I " ( , ' . . p amzom~no/l os-aquae, pore-
gradlents of macro- and micronutrienrs for diffusive-flux d ~ . so.utlOn ccntlmetcr-scale) eStlmates of thc ycrl1cal concentration 
phosphorus (SRP) was observed with solute releas f. ~ter:matlOns, A .conslstently poslt!ve benthlc flux for soluble reactive 
an approximate 200-km2 lake area was com ar' bl e . IO~ (T e se Imem, rangmg between 0.4 ~nd 6.1 mg/m"/d, The mass flux over 
was idcntified when dissolved ammonium alio d~SP~a;~:~"mlU~e ~o nV~,nne ~npulS. An addn~onal concern related to fish toxicity 
to riverine inputs. Although phosphorus was a logic~l ~l~ir;:~~ ~~~Ic~O~'l1 :eate~nth'c fluxes of: to 134 mg/mlld,. again comparable 
mtrogen-fixing cyanophytes dominate, initial trace-elemen r . y quahty mana"ers for the lillliung nutrIent when 
role of iron limitation on primary productivity should be ~n~~~!~!:;;dm ~~e late and major mflowlng tnbutanes suggested that the 
dunng the course of the algal bloom while dissolv d ,'" sso ved Iron became depleted III the lake water column 
of the order of 10

4 
indiv'd I I 2 ' d e am",l:0lllum and SRP lllcreased. Elevated macro invertebrate densities , at least 

1 ua S m , suggeste that the dIHuS1VC-flux estImates mav b ',,'fi I h .. 

~~:~~t1~Ognt"~~~~~~:d:~~:~~n!f~~!~C:~~~s~~~~~~~;dl:::~; :~:t~~~i:::nO;' ~:~:~e:~~I~O~:~:~:t:~!n~i::~:i!?'l~~:~~~~~::ng';~:~:~~tq~i~Irnnel 
quan ta lve COUSI erauon 0 mternal solute sources, 
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INTRODUCTION 

For the past 50 to 100 years, large blooms of a near mono
culture of Aphanizomenonjios-aquae developed each summer 
[1; http://wwwalker.net/index.htm# Selected Publications] in 
Upper Klamath Lake, Oregon, USA (UKL). Because A. flos
aquae has an active buoyancy system that allows algal scum 
to be wind concentrated, low dissolved oxygen concentrations 
develop in large parts of UKL when these b looms senesce. 

The resulting hypoxia stresses two endangered fish popula
tions, the shortnose sucker (Chasmistes brevirostris) and the 
Lost River sucker (Deltistes iuxatus) , and can lead to mass 
mortality of adults, suboptimal year-to-year survival, and poor 
recruitment [2,3; http://pubs.usgs .gov/sirl2006/5209Iindex. 
htm!]. Improving sustainability of endangered fish populations 
depends on finding ways to improve lake water quality by 

decreasing the severity of blooms and shifting the algal as
semblage away from A. jios-aquae mOllocultures. 

As with most eutrophic systems, evaluation of proposed 
remediation efforts and load allocations in the Klamath River 
Basin may be linked to a variety of water quality objectives 
in UKL, such as decreasing concentrations of bioavailable 

forms of macronutrients that regulate phytoplankton com
munity structure and abundance, decreasing solute loads to 
down-gradient systems, and reducing the effects of nutrient 
cycling on biological resources, in this case a critical salmon 
fishery. As phosphorus (P) is currently considered by water 
quality managers to be the limiting nutrient for nitrogen-fixing 
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A. jios-aquae, this project provides initial determinations of 
the internal loading of dissolved phosphorus, nitrogen, trace 
metals, and organic carbon to provide comparative data critical 
for source management to the lake and information about the 
timing, spatial variability, and potential causes of benthic nu
trient flux. The present study examines the hypothesis that 
internal loading from bottom sediments can cause lake total
P concentrations to rise> 100 ).LglL in spring [3], stimul\lting 

the annual A. fios-aquae bloom. This hypothesis is tested by 
Quantifying benthic flux for soluble reactive phosphorus (SRP) 
and comparing it to the flux needed in the lake to generate [he 
summer cyanophyte bloom. Developing an understanding of 
the relative magnitude and mechanisms of this benthic flux is 
necessary for evaluating proposed remediation strategies and 
for setting realistic expectations for water quality improve

ments. This sentiment is not new, Four decades ago, Miller 
and Tash [4] concluded about UKL that "it is imperative to 

know the extent to which nutrients in the sediments can in
terchange with the overlying water," and the present study 
provides the first benthic-flux determinations for nutrients in 
UKL in response to that challenge. 

516 

We directly address the issue of internal solute sources by 
providing the first in situ measurements of dissolved nutrient 
and trace-metal benthic flux between the bed sediment and 
water column of UKL both before and during the period of 
internal loading associated with the annual A. fios-aquae 
bloom , The present study provides information necessary for 
developing process-interdependent solute-transport models for 

the watershed and develops experimental approaches to facil
itate environmental assessments and the evaluation of reme
diation or load-allocation strategies for this and other lentic 
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Fig. 1. Water column and benthic sampling sites in Upper Klamath 
Lake (OR, USA) are shown for Howard Bay (HDB), within the Wil
liamson River plume (WMR), the entrance to Ball Bay (EBB), the 
Modoc Rim (MRM), and south of Bare Island (SBI). 

environments affected by cyanophyte blooms and coupled eu
trophicati on [5-7 J. 

MATERIALS AND METHODS 

Benthic-flux determinations 

Sampling was performed in UKL on April 18, 2006; May 
31 , 2006; and August 2, 2006, to chemically characterize the 

water column and benthos (Fig. 1). A nonmetallic pore-water 
profileI' was designed and fabricated tor the present study (pat
ent pending), In addition to water JURt above ( ~l cm) the 
sediment-.water interface, ~ample. p,-ohle r< collected ~nter<titi,,1 

water from five depths within the top 10 cm of the lake beu. 

with fritted polypropylene p[ubes at 1, 2, 3.3, 5.5, and 10 em, 
to charat:lcri:.c.c w:s:su1vcu-:"\olutc 'Vertical brtulicnL"1 ( i.e . . iSlx. in-

dependent sampling circuits). After being lowered onto the 
lake bed, the device was activated mechanically, causing each 
sampling circuit to draw water through an in-line, 0.2-fJ,m filter 
into an acid-washed, 60-ml syringe. Reproducibility of pore
water sampling depth was enhanced by three design factors: 
A 36-cm2 polyvinyl chloride bage with legs on each corner to 
stabilize the descent of the base into the surficial sediment, 
2-kg vinyl-coated weights attached to the base of the sampling 
towers that framed each sampling circuit to provide a low 
center of gravity, and a fioat extending 0.5 m above the center 
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of the profiler to keep it vertical uuring descent and to control 
buoyancy. Dye experiments indicated that an approximately 
24-h sampling period or slower sampling rate would avoid 
unwanted sample migration between depths and along sub
merged device surfaces. After each unit was retrieved, the 
syringe valves were closed, placed in argon-filled bags, and 
refrigerated in darkness prior to chemical analyses, For field
work conducted on May 3 I, 2006, and August 2, 2006. the 
profilers were deployed in triplicate at five locations in UKL 
con'esponding to long-term U.S. Geological Survey (USGS) 
monitoring sites in the lake [3]: In Howard Bay (HDB). within 
the Williamson River plume (WMR), the entrance to Ball Bay 
(EBB), the Modoc Rim (MRM), and south of Bare Island (~BI; 
Fig. 1). For the initial site visit on April IS. 2006, only a single 
prototype of the pore-water profiler was tested at site HDB. 
Flux calculations based on Fick's law assume that the process 
is diffusion controlled with solute-specific diffusion coeffi
cients [8-10]. Hence, the calculated benthic fiux of dissolved 
solutes based on pore-water profiles is a conservative estimate 
that may be enhanced by bioturbation, bioirrigation, wind re
suspension, and potential groundwater advective transport. 

Warer c olumn sampling 

At each profiler-deployment site, water column samples 
were collected with a fiuoroethylene polymer-coated Niskin 
bottle to minimize contamination and crossover of analytes. 
Because the average depth of UKL is approximately 3 m, sites 
HDB, WRM, MRM, and SBI were sampled at l-m depth only, 
but greater depth (-10 m) at site EBB motivated sampling at 
I-m depth and 2 m above the bottom (hereafter referred to as 
shallow and deep samples, respectively). Duplicate water col
umn samples were collected in 250-ml acid-washed high-den
sity polyethylene bottles, filtered (O.2-l-lm polycarbonate mem
brane) , split into aliquots for dissolved nutrient and dissolved 
trace-metal analysis, and refrigerated in darkness. Solute con
centrations are expressed in mass per liter units for the nutrient 
element. Concentrations for dissolved nitrate, ammonium, and 
SRP were determined by automated spectrophotometry [11]. 
Although referred to here as dissolved ammonium, the spec
trophotometric method does not distinguish between the 
charged ammonium (NH~ » and uncharged ammonia (NH3) 

species. Dissolved trace-metal samples were acidified (pH 2) 
prior to analysiS by fiow-injection inductively coupled plasma 
mass spectrometry [12]. Duplicate dissolved organic carbon 
(DOC) samples were collected in baked 60-ml glass bottles 
Wilh acid-washed flllOrOtlhylen e-polymer caps, filtered 

(O.7-/-L1l1 baked glass-fiber membrane) for analysis by high
temperature combustion [13]. Potassium phthalate was used 
as the standard. Low-DOC water (blanks <40 fJ..gfL) was gen

erated from a double-deionil1ltion unit with additional ultra
violet treatment. Quality control specifications for chemical 
analysis have been previously reported [12,14]. 

Characte rization of the b enthic community 

After water column sampling was completed at each sam
pling site, three deployments of an Ekman grab sampler (15-
cm2 cross section) were used to collect replicate samples for 
macroinvertebrate taxonomic analyses . Sieved samples (500-
I-lm mesh) were immediately fixed with 10% buffered formal in, 
later transferred to 70% ethanol, and then sorted at X 10 mag
nification and identified to the lowest practicable taxonomic 
level. Samples were stained with Rose Bengal to facilitate 
sorting, and no subsampling was used. For benthic-chlorophyll 
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analysis , surficial sediment (i.e., the top 0.5 cm of lake bed 
material) was collected from a fresh Ekman grab and stored 
refrigerated in a plastic Petri dish within a sealed plastic bag. 
Triplicate subsamples from each dish were collected on glass
fiber filters, buffered with 1 ml of magnesium carbonate, de
watered by vacuum «34 kPa to avoid cell lysis), and frozen 
in darkness for preservation until spectrophotometric analysis 
within a month of sampling [11,15; http;//pubs.er.usgs.gov/ 
usgspubs/ofriofrSI1134]. In comparison to pigment-specific 
analyses (e.g., by high-performance liquid chromatography), 
our spectrophotometric analyses of pheophytin, though com
monly used, is operational. During the initial site visit on April 
18, 2006, water column and sediment were also sampled at 
three of the sites utilized thereafter for profiler deployments 
(HDB, WMR, EBB). 

RESUL TS AND DISCUSSION 

Benthic flux of nutrients 

Dissolved ortho-P is a particle-reactive solute, forming sur
face complexes on a variety of mineral and biotic surfaces 
[16-18]. As particulate P settles in the lake, it accumulates in 
the bottom sediments. Various biogeochemical processes re
lated to changes in acid-base and oxidation-reduction chem
istry near the sediment-water interface can recycle this P and 
generate a benthic flux of bioavailable P that may exceed 
external sources [14]. The flux of SRP as determined from 
pore-water concentration gradients (Fig. 2A and Table 1) was 
consistently positive (i.e., out of the sediment into the over
lying water) and ranged between 0.4 and 6.1 mg/m2/d (Fig. 
3A). Large-scale (between-site) spatial variability was ob
served, sometimes with order-of-magnitude differences. 
Meanwhile, small-scale (within-site) variability was seen at 
certain sites to a lesser degree «30% deviation from mean 
values). The lake area varies seasonally, but using an estimate 
of 200 km2 [3,19; http://pubs.usgs.gov/sir/2007/S0S0], diffu
sive flux can be areally averaged to represent a range of 80 
to 1,200 kg/d of phosphorus as SRP (i.e; , biologically available 
phosphorus, primarily as orthophosphate). This estimate is 
comparable in magnitude to the highest pumping load (or dis
charge) of dissolved and particulate phosphorus, 77 kg/d, from 
the Williamson River [20; http://or.water.usgs .gov/pubs_dirl 
Pdf/97-40S9.pdf]. Our observed range of SRP flux to the water 
column (80-1,200 kg/d) was also significant in magnitude 
compared to riverine inputs reported by Walker [1] between 
1992 and 1998 (250 :': 60 kg/d as SRP, n = 7) Miller and 
Tash [4] earlier estimated that the Wood and Williamson Rivers 
contributed about 43% of the total P to the lake with a daily 
load averaged over 14 months of 460 kg/d. Our estimates for 
SRP diffusive flux bracket these measurements of ri verine flux. 

Because the negative logarithm of tbe acid dissociation 
constant (pKa) for the ammonium (NH4 +) to ammonia (NH3) 

reaction is approximately 9.3 [21], extended periods where the 
pH is >9.3, as UKL has exhibited [3], could elevale roxic, un
ionized NH3 concentrations, raising the potential for fish tox
icity [22- 24]. As with SRp, dissolved ammonium also dis
played consistently positive benthic fluxes of 4 to 134 mgt 
m2/d (i.e., 900-27,000 kg/d). The higher fluxes for ammonium 
relative to SRP (Fig. 3B), due to steeper concentration gra
dients across the sediment-water interface, were maintained 
despite increasing water column ammonium concentrations as 
the A. jios-aquae bloom progressed (Table 2), suggesting a 
biogenic source accumulating during the bloom in the high 
porosity (> 0.8) surficial sediment (Fig. 2B). Riverine inputs 
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Fig. 2. Comparative concentration gradients for (A) soluble reactive 
phosphorus (SRP), (B) dissolved ammonium, and (C) dissolved iron. 
Panels in the left column 1 represent concentration averages with 
standard deviations for profiles from the shallow (-3 m) Williamson 
River delta (OR, USA) site (WMR; n = 3), while right column 2 
represents data (n = 2) from the deep (-10m) embayment site at 
the entrance to Ball Bay. 

for total dissolved inorganic nitrogen (TIN; the sum of am
monium, nitrate, and nitrite concentrations) were considerably 
lower (90 ::':: 20 kg/d, n = 7 [1]). In contrast to both dissolved 
ammonium and SRP, dissolved nitrate consistently exhibited 
negative fluxes (consnmed by the sediment) that were lower 
in magnitude than ammonium fluxes , with values ranging be
tween -20 and -0.1 mg N/m2/d for the replicated samples. 
The unbalanced magnitude of nitrate relative to ammonium 
fluxes suggests that mineralization of organic N rather than 
dissimilatory nitrate reduction is the primary benthic source 
of TIN to the water column. 

Although basic water quality indicators in the lake (e.g., 
alkalinity. dissolved oxygen, specific conductance. macronu-
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Table I. Benthic flux of dissolved nutrients into the water column of Upper Klamath Lake (OR, USA). Site locations for Howard Bay (HDB), the 
Williamson River plume (WMR). the entrance to Ball Bay (EBB), the Modoc Rim (MRM), and south of Bare Island (S8I) are shown in Figure I. 

Values are rounded to the nearest O. J mg/m2/d. SRP = soluble reactive phosphorus; SO = standard deviation; NA = data not available 

SRP Ammonium 
Site 2006 date (mg/m'/d) SO (mg/m'/d) 

HDB April 18 0.4 NA 23.1 
May 31 1.0 0.4 4.5 
August 2 6.1 4.3 133.9 

WMR May 31 2.5 1.6 3.5 
August 2 0.9 0.7 40.9 

EBB May 31 2.2 2.3 12.2 
August 2 5.2 2.0 106.6 

MRM May 31 0.5 0.2 4.6 
August 2 0.4 0.1 25.5 

SBI May 31 1.7 1.1 4.3 
August 2 1.3 0.9 11.0 

trient concentt'ations, temperature, and light penetration) have 
been extensively monitored [3,25; http://www.fws.gov/ 
canvtllc), dissolved trace-metal data for UKL and the sur
rounding watershed is sparse to absent. Our initial measure
ments indicated diffusive fluxes of dissolved iron from the 
lake bed between 0.3 and 9.4 mg/m2/d with lowest fluxes at 
HDB and MRM and highest fluxe~ al EBB (Table 1 and Fig. 
3C). This compares favorably to a range of iron benthic flux 
between 4.9 and 9.9 mg/m2/d from anoxic sediments of Esth
waite Water in Northwest England [26). Using the previously 
mentioned 200-km2 surface-area estimate for the lake, this 
range corresponds to a mass flux of dissolved iron of 60 to 
1,900 kg/d. With the paucity of dissolved trace-metal data, 
comparative loads for dissolved iron from riverine sources to 
the lake have heretofore not been reported. Dissolved-iron 
concentrations during spring high flow (sampled on May I , 
2007) in the four major tributary inputs to the lake were <5, 
23 ::':: 7,77 ::':: 1, and 178 ± 1 j.Lg/L (/1 = 2) in Spring Creek, 
Sprague River, Wood River, and Williamson Tributary, re
spectively. By comparison, dissolved-iron concentrations dur

ing summer low-flow conditions (sampled on July 9, 2007) 
from the major tributaries were <5, 50 ::!: 20, and 100 ± 3 
j.LglL (n = 2) in Spring Creek, Sprague River, and Wood River, 
respectively, with no flow in the Williamson Tributary by that 
time. Spring (high flow) and summer (low flow) load extremes 
can be crudely calculated using the dissolved-iron concentra
tions and daily averaged tributary-discharge measurements 
[27; http;//wuterdata.usgs .gov/nwis; M.W. Gannett, USGS, 
Portland, OR, personal communication] for May 1, 2007, and 
July 9, 2007 (i.e., 131 ::!:: 14 and 66 ::!:: 10 kg/d, respectively). 
Similar to SRP and dissolved ammonium, the benthic-flux es
timates for dissolved iron indicated previously (60- 1.900 
kg/d) were significant in magnitude relative to these riverine
load extremes (Fig, 3C). With an average lake depth of 3m 
[3), diffusive flux of dissolved iron would be estimated to 
increase the lakewide water column concentration of dissolved 
iron by approximately 1 J.Lg/Lld. Although spatial and temporal 
variability in the speciation of particulate P has been observed 
in lake bed sediments during the 2005 A. fios-aquae bloom 
(Simon, USGS, Reston, V A, USA), iron concentrations in lake 
bed sediments are consistently low (16 ± 1 mg/g, n = 176) 
reh~tive to average crustal concentrations. ( 56 lnglg [28] ) . 

Through the summer, the dissolved-iron concentrations ranged 
from 43 ± 7 j.LglL (n = 17) prior to the bloom to <5 j.LglL 
at all five of our s~mpling locations after the bloom. This 
observed range is consistently lower than optimal dissolved-

Nitrate Iron 
SO (mg/m2/d) SO (mg/m2/d) SO 

NA 0.0 NA NA NA 
0.7 -0.1 0.1 0.6 0.4 

59.3 -2.9 1.7 0.6 0.5 
0.5 -0.6 0,3 3.7 2.6 

40.5 -5.8 2.3 2.0 0.3 
0.7 -0.2 0.2 9.4 5.7 

33.9 -22.7 14.8 4.6 2.3 
4.5 -0.1 0.0 2.7 0.1 

29.5 -1.3 0.5 0.3 0.3 
4.4 -0.2 0.0 5.0 0.5 
5.5 -1.5 0.0 0.9 0.4 

iron concentrations (140-270 J.Lg/L) for A. jios-aquae in Upper 
Klamath Lake [29) notably, two orders of magnitude lower 
than optimal by the end of the bloom. Therefore, dissolved 
iron needs to be considered as a limiting nutrient in Upper 
Klamath Lake. 

Dissolved macronutrients in the water column 

Total dissolved inorganic nitrogen gradually increased be
tween April and May 2006 but experienced at least threefold 
and up to order-of-magnitude increases in August relative to 

previous dates (Table 2). Consistent with previous monitoring 
in the lake [3], samples taken at the end of the bloom period 
in August 2006 away from the Williamson River Plume ex
hibited ammonium concentrations between 300 and 800 
j.LglL. Although the observed upper bound is lower than pub
lished median lethal concentrations for fish and other fresh
water species (2.3 mg/L [24)), concentrations reported here 
have been shown to induce sublethal effects in fish [23,30]. 
A verage TIN concentrations nearest the Williamson River 
plume (sites WMR and MRM) were low relative lo all other 
sampling sites, suggesting that the river inputs may dilute lake 
concentrations once the bloom ceases. At EBB , concentrations 
of TIN and phosphorus species in May were elevated at depth 
(1 m above the lake bed) relative to shallow (I m) samples. 
but this trend was reversed in August (Table 2). In this shallow 
lake (~3-m average depth), concentrations differences be
tween depths (units to tens of j.Lg/L) were small relative to the 
order-of-magnitude temporal differences observed between 
May and August. 

Uncharacteristic of a limiting nutrient, SRP also increased 
during the A. flus-aquae summer bloom period. Overall av
erages for April and 'May were 9.7 ::t: 10.5 fJ,.-glL (n = 18) 
versus 108 ± 19 j.Lg/L (n = 12) in August. Only a minor (i.e., 
statistically insignificant) increase was observed for SRP be
tween prebloom CApril) and initializing bloom (May) condi
tions. Variability about the overall averages for April and May 
nutrient concentrations was due to the Williamson River point 
source at WRM (Table 2). Samples from WMR displayed the 
highest SRP concentrations in both April and May (i.e., pre
bloom and initializing bloom conditions, re1;pective1y) ce1utive 
to the other lake sites but the lowest SRP among sites in August 
(postbloom conditions). That is. by the end of the A. flos

aquae bloom, the Williamson River served as an SRP diluent. 
Dissolved organic matter, measured as DOC, not only pro

vides an organic-carbon source in the water column but also 
represents a ligand that can compete for trace-metal complex-
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Fig. 3. Benthic fluxes into the water column of Upper Klamath Lake 
(OR, USA) at all samplings sites (i .e., Howard Bay [HDB], within 
the Williamson River plume [WMR], the entrance to Ball Bay [EBB], 
the Modoc Rim [MRM], and south of Bare Island [SBI]) were con
sistently significant in magnitude relative to riverine point sources for 
(A) solubJe reactive phosphorus (SRP). (B) dissolved ammonium. and 
(e) dissolved iron (all in mg/m2/d). Riverine source estimates (areally 
averaged over a 200-km2 lake area) for SRP and total dissolved in
o rgan ic nitrogen were from Walke r [1], while the iron-loading esti
mates were calculated from tributary flows and iron concentrations 
sampled in 2007. Site variability of benthic fluxes about the depicted 
mean is presented in Table 1. 

ation in the water and hence affect the remobilization and 
bioavailability of biologically reactive trace metals [IS] . For 
example, spatial trends for certain dissolved trace metals (cop
per and zinc) in South San Francisco Bay, California, USA, 
and Lahontan Reservoir, Nevada, USA (mercury), are well 
correlated with DOC [31; http://water.usgs .gov/pubs/wri/ 
wri02413S; 32]. Although DOC concentrations in the water 
column of UKL were spatially consistent on a given sampling 
date, concentrations taken before and at the onset of the A. 
fios-aquae bloom (5 .9 ::'::: 0.2 mg/L for April and May samples; 
n = IS) were consistently lower than observed in August (8.3 

1.S. Kuwabara et al. 

± 0.4 mg/L; n = 12) at the conclusion of the bloom (Table 
2) associated with cell senescence and lysis . 

Dissolved trace metals in the water column and tributaries 

Examination of trace elements is relevant to the present 
study because metals are biologically reactive and complex 
strongly with dissolved organic ligands represented by DOC 
measurements, elevated concentrations of certain trace ele
ments (e.g. , dissolved iron) in pore waters are an indication 
of reducing conditions favorable for phosphorus remobiliza
tion, and trace elements can represent both essential micro
nutrients as well as highly effective algal toxins . In particular, 
the mobility and associated benthic flux of orthophosphate can 
be significantly affected by the speciation and partitioning of 
trace metals like iron [14,16,17]. In the dissolved phase, trace 
elements (e.g., copper, manganese, and zinc) are more bio
available than if particle bound and can compete for ligands 
in both dissolved and particulate phases and hence affect trace
metal speciation and partitioning. During all sampling trips, 
dissolved cadmium (Cd) and zinc (Zn) were below method 
detection limits (i.e., Cd <0.002 fJ->g/L and Zn <1 fJ->g/L. n = 

29) while dissolved lead (Pb) was sometimes detectable but 
consistently low «0.015 J.Lg/L, n = 29). In terms of spatial 
trends, dissolved trace-metal concentrations did not vary sig
nificantly between sites on any of the sampling dates. Dis
solved-nickel concentrations were both spatially and tempo
rally consistent (0.369 ::'::: 0.034 fJ->g/L for the mean concentra
tion over all three trips ; n = 29) . Dissolved manganese (Mn) 
and cobalt (Co) increased in August (17 ± Sand 0.106 ± 
0.01 5 fJ->g/L for Mn and Co, respectively, n = 12) relative to 
April and May (6 ± 4 and 0.065 ± 0.004 fJ->g/L for Mn and 
Co, respectively, n = 17). In contrast, dissolved iron, an es
sential micronutrient, became depleted «5 fJ->g/L, n = 12) at 
all five sampling sites by the end of the algal-bloom period in 
August relative to April and May (overall April/May average 
of 43 ± 7 J.Lg/L, n = 17). The fact that SRP increased at the 
end of the A. fios -aquae bloom (Table 2) while dissolved iron 
was depleted lends further support to the contention that iron 
availability may, at least episodically, regulate primary pro
ductivity in UKL, as it does in other lentic systems dominated 
by cyanophytes [7,33,34]. Excretion of siderophores (iron-se
lective ligands) by cyanophytes like A. fios -aquae make them 
well suited to dominate algal assemblages under iron-limited 
conditions [35], but such exudate production has not been 
quantified for A. jios-aquae in the lake. Other analytical tech
niques may provide lower dissolved-Fe detection limits than 
achieved here [36] , but even at 5 fLg/L «0.1 fLM) , the func
tional groups of DOC (>5 mg/L at ~ 1 I-lM ligand sites per 
mg/L) would form stable Fe(lll) complexes and greatly reduce 
the available iron for algal uptake [37- 39]. As described pre
viously, dissolved-iron analyses from the four major tributary 
inputs to the lake spatially varied by orders of magnitude «5-
178 fJ->g/L) and correlated well with DOC (r2 = 0.83, n = 8). 
As with iron, lowest DOC was observed in Spring Creek (0.40 
± 0.01 mg/L) and highest in the Williamson River (1S.7 :::c: 
1.4 mg/L, n = 2) . 

It should be noted that trace-metal concentrations for the 
lake and proximal rivers have been previously reported [4]. 
However, seminal studies by Patterson and Settle [40] and later 
by Fitzwater et al. [411 revealed that the utility of data from 
early trace-metal studies (i.e. , at least before the mid-l970s) 
was constrained by contamination problems associated with 
inadequate sampling, processing, and analytical methods. The 
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Table 2. Dissolved-nutrient concentrations (!J,g/L, II = 2) in the water column of Upper Klamath Lake (OR, USA). Site locations for Howard 
Bay (HDB), the Williamson River plume (WMR), the entrance to Ball Bay (EBB), the Modoc Rim (MRM). and south of Bare Island (SBT) are 
shown in Figure L The Ball Bay location sampled April 18.2006. was approximately I km south from EBB and was too shallow for sampling 
at multiple depths. Designations shallow and deep denote samples taken at I-m depth and 2 m off the lake bed, respectively. All replicate samples 
for all lake sites were below the detection limit for dissolved iron (i.e., <5 j.lg/L. 11 = 12) in August 2006. Depth-integrated. water column 
chlorophyll concentrations are from Lindenberg et al. [58] and Fischer (Klamath Tribes, Chiloquin. OR, USA). For comparison with tabulated 
values, a peak chlorophyll concentration of 9,305 !J,g/L was determined at site HOB on July 24, 2006. SRP = soluble reactive phosphorus; SD 

= standard deviation; DOC = dissolved organic carbon; NA = chlorophyll data not available 

SRP Ammonium 
Site 2006 date (,.,..gIL) SO (!J,g/L) SO 

HDB April 18 1.8 0.2 8.2 l.l 
May 31 2.2 0.9 26.6 6.8 
August 2 94.6 0.3 285.4 14.1 

WMR April 18 30.0 0.0 11.3 0.4 
May 31 25.3 3.8 24.7 9.5 
August 2 83.5 6.2 82.8 48.8 

EBB April 18 4.6 0.7 7.5 0.1 
Shallow May 31 3.9 0.9 37.8 13.5 

August 2 130.0 1.2 789.9 37.5 
Deep May 31 11.0 0.8 66.0 1.2 

August 2 103.1 1.2 556.2 4.5 
MRM May 31 9.0 0.7 21.5 3.7 

August 2 101.7 1.5 72.5 2.7 
SBI May 31 3.1 0.8 29.6 5.3 

August 2 133.8 4.8 748.7 12.0 

analysis of dissolved Zn is particularly susceptible to sample 
contami.nation during collection, handling, and processing 
[41,42]. As noted previously, dissolved-Zn concentrations re
ported here were consistently below a conservative inductively 
coupled plasma mass spectrometry detection limit of 1 
J.Lg/L. In contrast, the lowest dissolved-Zn concentration pre
viously reported for the lake was 7 J..lg/L [4] with the majority 
of measurements >20 J.Lg/L. 

Factors affecting benthic fiux 

Observed concentration gradients form the physical basis 
for solute benthic flux, but diffusive flux estimates presented 
here may be affected by a range of multidisciplinary processes 
[43] that have not been quantified in the present study. For 
example, growth and subsequent settling of phytoplankton pro
vide a carbon source to microbial and macroinvertebrate as

semblages near the lake bed. It has been demonstrated that 
feeding and foraging mechanisms by certain macroinverte
brates may significantly enhance the benthic flux of solutes 
[43-45; http://toxics .usgs.gov/pubs/wri99-40l8/Volume2J. 

Although varying substantially both temporally and spatially, 
benthic macroinvertebrate densities were at least ot" the order 

of 104 individuals/m2 at each of the five sampling sites, similar 
to those reported previously for other eutrophic systems [46-
48]. The magnitude of these macroinvertebrate densities sug
gests that the diffusive-flux estimates reported herein represent 
lower bounds for solute benthic fluxes that will to some extent 
be physically enhanced by bioturbation. As a point of refer
ence, benthic flux of trace elements and nutrients in Coeur 
d' Alene Lake (lO, USA), a transitional oligotrophic- mesotro

pillc system affected by a century of mining activities, is dif
fusion dominated (i.e., negligible biological enhancement of 
benthic flux) because the abundance of macroinvertebrates is 
sparse ( - 102 individuals/m2; 11 = 12 (14)). In a hypothetical 
example, if one a~~ume~ that a water column ~ource of total 

P around 300 !1gfL/month stimulates the annual summer A. 
fios -aquae bloom as estimated by Fisher and Wood [49; 
http://pubs.usgs .gov/wri/wri034271], then a bioturbation-en
hancement factor of approximately 15 would account for a 

Nitrate iron DOC Chlorophyll a 
(!J,gIL) SD (!J,gIL) SD (mgIL) SD (,.,..gIL) 

3.0 0.4 45 5 5.8 0.1 3 
8.8 0.6 44 13 6.0 0.1 6 

75 .5 0.6 <5 8.8 0.2 345 
6 .2 0.2 48 5 6.1 0.2 NA 
9.4 0.9 43 5 6.1 0.2 7 

95.8 0.4 < 5 8.6 0.2 138 
2.8 0.3 44 5 5.5 0.1 2 

615.4 0.7 37 5 6.0 0.0 6 
60.5 3.3 <5 8.3 0.1 39 
17.2 0.4 38 5 6.0 0.0 NA 
51.8 0.7 <5 8.3 0.1 NA 

5.3 0.3 40 5 5.9 0.2 4 
93.1 2.6 <5 8.1 0.1 107 
14.4 1.5 48 5 6.1 0.1 6 

112.7 1.0 < 5 0 7.5 0.1 174 

predominantly benthic source (i.e ., 300/20 using the average 
dissolved ortho-P benthic flux from Fig. 3A and assuming an 
average water column depth of 3 m). Although enhancement 
of diffusive flux has not been quantified in the present study, 
an enhancement factor of approximately 15 is within reason 
because in certain aquatic environments, bioturbation and 
bioilTigation by benthic macro invertebrates can enhance the 
benthic flux of solutes by orders of magnitude (i.e., a biotur
bation/bioirrigation enhancement factor of tens to hundreds 
[44,45]), and the benthic flux of dissolved ortho-P is only one 
of many dissolved forms of phospholUS, albeit the most bio
available fonn, that may be transported into the water column 
from the underlying sediment. Aside from a trench on the 
western side of the lake, the water column is consistently 
shallow (a seasonally varying 3 ± I-m depth). Surface-water 
hydrodynamics are wind driven, and on 66% of the days during 

the 1991 summer algal bloom, wind patterns over the lake 
exceeded 4.5 mis, the velocity determined to resuspend lake 
bed sediment~ , fo r ovet· 1 h [3,50; http://or.water.nsgs .gov/ 
pubs_dirlPdf/9S-414.pdf]. Sediment resuspension therefore 

provides an additional process to enhance diffusive flux by 
exposing elevated pore-water concentrations of nutrients to an 

episodically turbulent benthic boundary layer. 
Because of elevated nutrient concentrations just below the 

sediment-water interface (Fig. 2), groundwater advection can 
enhance diffusive flux of nutrients. Groundwater flux to the 
lake was estimated using heat as a tracer [5 I; http;//pubs. 
usgs.gov/circ/2003/circ 1260] by applying the heat-transport 
model VS2DH [52; http://pubs.er.usgs.gov/pubs/Wlilwri964230] 
and matching temperature profile data at 3, 10, 20, and 40 cm 

for the lake bed at a midlake site between April 28 and July 
7, 2005. These temperature-based groundwater flux estimates 
for the spring (before the June bloom) and summer were 11 
and 4 mm/d, respectively, and compare favorably with pre
vious water-hudget estimates of average annual groundwater 
influx (3.8 rnrnId [19,53; http://www.usbr.gov/mplkbao/speciaL 

projects.html]). Using these groundwater flux estimates along 
with solute concentrations measured at J-cm depth with the 
pore-water profilers (i .e. , the pore-water sample closest to the 
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sediment-water interface), the groundwater advective inputs 
for SRP, ammonia, and dissolved iron were approximately 1.1, 
5.6, and 3.6 mg/m2/d, respectively. These solute-flux estimates 
are in the same order of magnitude as the measured riverine 
and diffusive benthic fluxes (Table 1 and Fig. 3) and therefore 
should be considered as a potentially important enhancement 
to the benthic flux of nutrients in the lake as well as an in
dication that the observed pore-water gradients may be ver
tically affected by groundwater advection. Furthermore, the 
spring and summer groundwater flux estimates for SRP and 
ammonia are temporally consistent. that is , both l.l and 5.6 
mg/m2/d, respectively, because the decrease in the groundwater 
flux during the summer relative to spring is coincident with 
an increase in the surficial pore-water concentrations of both 
SRP and ammonia. In contrast, the groundwater advective flux 
fo r dissolved iron decreased from 6.7 to 0.4 mg/m2/d from 
spring to summer because of lower pore-water concentrations 
and gradients in the surficial pore waters as the algal bloom 
progressed in the lake (Fig. 2C and Table 1). This result, based 
on heat-transport modeling, provides further support for the 
assertion that dissolved iron should be considered among lim
iting nutrients for this hypereutrophic system. 

Despite elevated pore-water DOC (consistently >4.7 
mg/L) and its high affinity to complex with Fe(III) [38] , dis
solved-iron concentrations in the pore waters reached nearly 
4,000 iJ-g/L (~70 iJ-M) at our deepest site EBB (Fig . 2C), more 
than the complexing capacity of the dissolved organic ligands. 
The excess inorganic Fe is likely soluble Fe (II) that, when 
transported near the oxic sediment-water interface, oxidizes 
to Fe (III) to complex with water column DOC and other in
organic ligands, to be subsequently taken up by algal cells in 
the surficial sediments or water column, or to repartition to 
surficial sediment [7 ,14]. Presence of Fe oxides in surficial 
sediments at pH <8 would tend to retard the release of surface
reacti ve adsorbents like SRP [17]. We argue, however, that in 
the elevated pH waters of Upper Klamath Lake (8 < pH < 
10 during the bloom [3]), retardation of SRP release by par
ticulate iron that is low .in surficial lake bed sediments (16 ::!: 
1 mg/g, n = 176) is unlikely to be a dominant process because 
observed increases in water column SRP that support algal 
biomass during the annual bloom require a net enhancement 
of nutrient release to the water column from the lake bed 
beyond passive diffusion or groundwater advection [49]). 

Benthic-chlorophyll measurements provide an indication of 
the settled carbon load to the lake bed as phytoplanktonic bloom 
conditions wax and wane. As one ntight expect, measurements 
for benthic chlorophyll at all five sampling sites varied widely 
over the bloom season (0.4-5.0 iJ-g-Chl/cm2), as did associated 
pheophytin (3.1-14. 1 iJ-g-pheophytinlcm2). Benthic-chlorophyll 
concentrations decreased at all sites as the bloom progressed, and 
because pheopigments represent degradative products of chlo
rophyll, pheophytin concentrations coincidently increased. The 
concentration ratio of benthic chlorophyll to the sum of chloro
phyll and pheophytin, a coarse indicator of the reproductive status 
of the benthic algal assemblage, was < 0.5 for all dates and lo
cations. Such low ratios are typically associated with the termi
nation of blooms, degradation or senescence of cells settled on 
the lake bed, or an active benthic fauna that consumes benthic 
algae and generates pheopigment-rich feces [15 ,54,55; http:// 
www.epa.gov!waterscience!criterialnutrientlguidance!rivers]. 

Results from the present study are believed to be of eco
logical and management significance for a number of reasons. 
First, they demonstrate that benthic fluxes of biologically avail-
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able macronutrients (SRP and dissolved ammonium) and rni
cronutrients (dissolved iron) from the lake bed to the overlying 
water column are quantitatively important relative to riverine 
sources that are often the focus of source regulation. Hence, 
reasonable environmental assessments and expectations for 
point-source management in lentic systems need to consider 
internal solute sources. For example, iron limitation of primary 
productivity has been reported for Lake Kasumigaura, Japan, 
and linked to distribution patterns of iron speciation [7]. Ex
perimental approaches described herein would be relevant and 
applicable to nutrient-source assessment in this and other lakes 
where primary production is of management concern. Second, 
they indicate that diffusive flux alone cannot account for the 
mass flux of nutrients needed to generate the biomass of the 
A. fios-aquae annual bloom. Those fluxes must be enhanced 
beyond riverine and diffusive-flux sources . Both the high den
sities of macroinvertebrates and advective flux from the lake 
bed to the water column represent enhancements that could 
reasonably generate the necessary additional nutrient source 
for the bloom. Our results therefore highlight the need for 
additional studies to isolate and quantify the effects of inter
dependent benthic processes (i.e., diffusion, advection , bio
turbation, and resuspension) on solute transport. Third, the 
pore-water pro filer developed for the present study may serve 
as a tool to complement microbial and molecular indicators 
[56] and to help locate areas of particular concern and sub
sequent emphasis (sometimes referred to as hot spots) for res
toration activities in this and other lentic environments (e.g. , 
reclamation of agricultural lands for wetland restoration ad
jacent to lakes [57]). Finally, it may be reasonable to initially 
hypothesize that a macronutrient like phosphorus is a limiting 
nutrient when the dominant phytoplankton species is a nitrogen 
fixer or that light can limit photosynthesis even in a lake as 
shallow as UKL [2] because of intermittent high turbidity and 
formation of algal scum by winds and currents. However, we 
provide initial trace-element information for UKL that iden
tifies dissolved iron (a micronutrient) as a potential regulator 
of primary production in this hypereutrophic lake. 
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