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Abstract

Christensen VG, Maki RP, Kiesling RL. 2013. Evaluation of internal loading and water level changes: implications
for phosphorus, algal production, and nuisance blooms in Kabetogama Lake, Voyageurs National Park, Minnesota.
Lake Reserv Manage. 29:202-215.

Hydrologic manipulations have the potential to exacerbate or remediate eutrophication in productive reservoirs.
Dam operations at Kabetogama Lake, Minnesota, were modified in 2000 to restore a more natural water regime
and improve water quality. The US Geological Survey and National Park Service evaluated nutrient, algae, and
nuisance bloom data in relation to changes in Kabetogama Lake water levels. Comparison of the results of this
study to previous studies indicates that chlorophyll a concentrations have decreased, whereas total phosphorus
(TP) concentrations have not changed significantly since 2000. Water and sediment quality data were collected at
Voyageurs National Park during 2008-2009 to assess internal phosphorus loading and determine whether loading
is a factor affecting TP concentrations and algal productivity. Kabetogama Lake often was mixed vertically, except
for occasional stratification measured in certain areas, including Lost Bay in the northeastern part of Kabetogama
Lake. Stratification, higher bottom water and sediment nutrient concentrations than in other parts of the lake, and
phosphorus release rates estimated from sediment core incubations indicated that Lost Bay is one of several areas
that may be contributing to internal loading. Internal loading of TP is a concern because increased TP may cause
excessive algal growth including potentially toxic cyanobacteria.

Key words: algal blooms, chlorophyll, eutrophication, internal load, phosphorus, Voyageurs National Park, water

levels

Voyageurs National Park, Minnesota, established in 1975,
is about 50% water covered, and most recreational use of
the park is water based. Visitors boat, fish, and swim along
scenic water ways, and aquatic systems support fish, wa-
terfowl, loons, eagles, beavers, and moose; therefore, water
quality is an essential element of the Voyageurs National
Park environment with respect to the health of its ecosystem
and visitor enjoyment.

The International Joint Commission (IJC) is the interna-
tional body that sets the rules for dam operation on waters
shared by the United States and Canada. Rule curves (IJC
2001) indicate bands of permitted maximum and minimum
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water levels allowed throughout the year (Christensen et al.
2004). Dam operators have had to maintain lake levels on
Rainy Lake and the Namakan Reservoir system, the 2 large
reservoirs in Voyageurs National Park (Kallemeyn 2000),
in accordance with a series of IJC rule curves beginning in
1949 (Kallemeyn et al. 2003). The 1949 Rule Curves and
rule curves modified in 1970 allowed greater than natural
fluctuations in water levels. After multiple detrimental
ecosystem effects were attributed to the 1970 Rule Curves
and formally presented to the IJC (Kallemeyn et al. 2003),
new rule curves were implemented on 6 January 2000.
The new rule curves were expected to restore a more
natural water regime that would reduce annual water level
fluctuation on Namakan Reservoir by 1 m. In addition,
the new rule curves were expected to lower phosphorus
loading into the Namakan Reservoir system (which includes
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Kabetogama Lake), by (1) lessening the effects of drying
and rewetting sediments from fluctuating water levels, (2)
reducing nutrient inputs resulting from decaying littoral
vegetation, and (3) reducing nutrient concentrations because
of increased volume (Kepner and Stottlemyer 1988).

A 1977-1984 study indicated that Kabetogama Lake and
Black Bay in Rainy Lake were eutrophic, having high
algal productivity that produced cyanobacteria blooms
(Payne 1991). Although chlorophyll a (Chl-a) concentra-
tions were significantly lower in 2001-2003 (Christensen
et al. 2004), total phosphorus (TP) concentrations did not
decrease, and Kabetogama Lake still experienced yearly
cyanobacterial blooms (Kallemeyn et al. 2003). Phospho-
rus release from bottom sediments has been determined to
be a substantial nutrient source in several lakes in Min-
nesota (Larsen et al. 1981) and across the United States
(Welch and Spyridakis 1972, Mueller and Ruddy 1993). Al-
though sediment commonly acts as a sink for nutrients and
other substances, changes in water levels or stratification
patterns may release phosphorus from the bottom sediment
into the water column. Increased release of phosphorus into
the water column further stimulates the growth of algae and
cyanobacteria causing nuisance algal blooms. Algal bloom
decay leads to oxygen depletion, which can cause fish mor-
tality or further liberate toxic substances and phosphorus
bound to oxidized bottom sediments (Chorus and Bartram
1999).

Analysis of a lead-210 dated sediment core from Ka-
betogama Lake provided evidence that the lake gradually
has shifted to a higher trophic state, particularly since the
1960s (Kling 2005). The proportion of Chrysophytes, which
generally are representative of more oligotrophic conditions,
decreased as diatoms became more prevalent, indicating in-
creased nutrients and production. Cyanobacterial composi-
tions have shifted with a decrease in diversity of Anabaena-
dominated blooms, accompanied by more consistent pulses
of Aphanizomenon akinetes. This apparent shift may be in-
dicative of changing light conditions in the lake because
Anabaena are adapted to relatively high light conditions
and Aphanizomenon are adapted to relatively low light con-
ditions (de Nobel et al. 1998).

Recent studies and collected data show that TP has remained
higher and nuisance blooms continue to occur more often in
Kabetogama Lake than in the other large lakes of Voyageurs
National Park, leading us to believe that internal loading
may be a factor in the Kabetogama Lake response to water
level changes. We present data to (1) assess the effects of
the implementation of the water level changes on in-lake TP
concentrations and algal productivity, and (2) assess whether
internal loading is a factor influencing TP concentrations and
algal productivity in Kabetogama Lake.

Study site

Kabetogama Lake is one of 5 hydrologically connected nat-
ural lakes that make up the Namakan Reservoir system (Ka-
betogama, Namakan, Sand Point, Crane, and Little Vermil-
ion; Fig. 1). Water flows from the Namakan Reservoir sys-
tem (hereinafter referred to Namakan Reservoir) into Rainy
Lake at 3 locations: (1) through the dams at Squirrel Narrows
and Kettle Falls at the northwest end of Namakan Lake, (2)
at Bear Portage on the north-central side of Namakan Lake
and (3) at Gold Portage at the west end of Kabetogama Lake

(Fig. 1).

Lake levels of Namakan Reservoir have been controlled by
regulatory dams since the early 1900s (Kallemeyn et al.
2003). Most discharge from Namakan Reservoir into Rainy
Lake occurs at Squirrel Narrows and Kettle Falls (Kalle-
meyn et al. 2003). When the Namakan Reservoir level
reaches an elevation of 339.39 m above the North Amer-
ican Vertical Datum of 1988 (NAVDS88), water begins to
spill over into Rainy Lake at Gold Portage (International
Rainy Lake Board of Control, International Lake of the
Woods Control Board 1984). Pre-2000 Rule Curve stream-
flow records (1984—1998) for Gold Portage (site Q8, USGS
station 05129290; Fig. 1) indicate that water flowed through
Gold Portage, on average, 253 d/yr (USGS 2013). Operat-
ing Namakan Reservoir at the IJC-mandated midpoint water
level of the 2000 Rule Curves results in flow through Gold
Portage for about 325 d/yr. If Namakan Reservoir were oper-
ated at the maximum levels allowed by the 1JC, flow would
be expected through Gold Portage 365 d/yr (Kallemeyn et al.
2003), resulting in more water from Kabetogama Lake enter-
ing Black Bay (Fig. 1). Bear Portage is not a major outflow,
and during 1988-1999 it accounted for ~1% of the outflow
from Namakan Reservoir (Kallemeyn et al. 2003).

Changes in hydrology (Flug 1986, Kallemeyn and Cole
1990) were anticipated to occur following implementation
of the 2000 Rule Curves. Increased outflow at the west
end of Kabetogama Lake likely would result in more in-
flow of water at the east end of Kabetogama Lake (from
Namakan Lake). Evidence of Namakan Lake water enter-
ing Kabetogama Lake was documented during 1977-1984
(Payne 1991) and again during 2008-2009 (Christensen
et al. 2011). In addition to the 1 m reduction in annual
water level fluctuation, the timing of hydrologic events in
Namakan Reservoir was expected to change under the 2000
Rule Curves, with peak lake-surface elevations and peak
outflow occurring in late May to early June rather than late
June to early July.

Morphologically, Kabetogama Lake is typical of lakes lo-
cated on rocks of the Precambrian shield. Gray clay deposits
left over from the glacial Lake Agassiz in the lower areas of
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the region are prevalent in the area southwest of Kabetogama
Lake. These sediments are unusually rich in soluble minerals
(Kallemeyn et al. 2003).

The climate in the Kabetogama Lake area is continental
with moderately warm summers and long, cold winters. The
frost-free season ranges from 110 to 130 d (Kallemeyn et al.
2003). Average snowfall for the International Falls climate
station is 172 cm, average temperature is 2.9 C, and to-
tal annual precipitation is 61 cm (Minnesota Climatology
Working Group 2010). The lake typically is ice covered
for about 5 or 6 months per year, with ice-up occurring in
mid- to late November and ice-out occurring in late April
(Minnesota Climatology Working Group 2009).

Dry conditions were reported in most of northeastern Min-
nesota during 2008-2009 (Minnesota Climatology Work-
ing Group 2009); however, annual precipitation measured
at International Falls in 2008 (70 cm) and 2009 (65 cm)
were above the annual average of 61 cm for the pe-
riod of record (1906-2010). Winter snowpack values for
2007-2008 (243 cm) and 2008-2009 (319 cm) were sub-
stantially greater than the average of 172 cm for the period
of record (1905-2010).

Kabetogama Lake, the largest and shallowest of the 5 Na-
makan Reservoir Lakes, covers 10,425 ha and has a maxi-
mum depth of about 24 m and a mean depth of about 9 m
(Kallemeyn et al. 2003). Kabetogama Lake has irregular
shorelines with numerous rock outcrops and islands. During
the open water season, the water column of Kabetogama is
mixed most of the time, even in the deepest parts of the lake.
Thermal stratification occurs infrequently in Kabetogama
Lake (Christensen et al. 2004). When thermal stratification
does occur, dissolved oxygen (DO) concentrations <4 mg/L
below the thermocline have been documented (Christensen
et al. 2004).

The southwest shore is a potential source of nutrients to
Kabetogama Lake (Payne 1991, Christensen et al. 2004).
The southwest shore of Kabetogama Lake is not part of the
park and, therefore, the shore is open for development, and
numerous homes, cabins and resorts have been built along
the roughly 19 km of shoreline. Residential and commercial
areas on Ash River (Fig. 1), which flows into Kabetogama
Lake from the south, also are a potential source of nutrients
(Payne 1991).

Methods

The sampling design for this study of Kabetogama Lake
consisted of several components. US Geological Survey
(USGS) and National Park Service (NPS) personnel sampled
5 lake sites, 9 inflow or outflow sites, and 8 nuisance bloom

sites (Table 1). Streamflow measurements (sites Q1, Q3,
Q7-9) and water quality samples for sites K1 and K5 were
collected only in May and August to correspond with histor-
ical sample collection dates. Samples from the remainder of
the lake, inflow, and outflow sites generally were collected
monthly during the open water season. Samples were col-
lected from algal blooms as they occurred. Bottom sediment
samples were collected at lake sites in May and August only.

Streamflow measurements were made consistent with pre-
vious studies (Christensen et al. 2004, 2011), according
to methods described in Turnipseed and Sauer (2010) and
Mueller and Wagner (2009). In 2011, the narrows between
Kabetogama and Namakan lakes was outfitted with an
acoustic Doppler velocity meter to continuously measure
the direction and magnitude of flow between these 2 water
bodies.

Vertical profiles of specific conductance, pH, water tempera-
ture, and DO concentration were recorded; Secchi depth was
measured at the lake sites (K1-KS5, Fig. 1), and lake water
samples were collected from the euphotic zone and near the
sediment—water interface every 2 weeks during 2008—-2009.
Water quality data collection methods were consistent with
previous studies (Christensen et al. 2004, 2011) and fol-
lowed standard USGS techniques (Wilde and Radtke 1998).
Water samples collected at the lake, inflow, and outflow
sites were analyzed for nutrients and Chl-a by the USGS
National Water Quality Laboratory in Denver, Colorado,
and the Natural Resources Research Institute Laboratory in
Duluth, Minnesota. Method information, long-term method
detection levels, and method detection limits for the 2 labo-
ratories are given in Christensen et al. (2011).

Areas with visible algae accumulation (sites A1-A8, Table 1)
were sampled to determine total microcystin concentration.
Samples were collected according to methods described in
Graham et al. (2008) and analyzed at the USGS Kansas
Organic Geochemistry Research Laboratory in Lawrence,
Kansas. Samples were analyzed by enzyme-linked im-
munosorbent assay (ELISA) with Abraxis ELISA kits.

Immediately following the collection of water quality sam-
ples at sites K1-K5, sediment samples were collected using
a stainless steel Eckman dredge grab sampler. We collected
the upper ~4 cm of bottom sediment and sent samples to
Test America Laboratory, Arvada, Colorado, for analysis of
ammonia (method 350.1), total Kjeldahl nitrogen (method
351.2), nitrite plus nitrate (method 353.2), orthophospho-
rus (method 365.3), and TP (method 365.3; USEPA 1983).
These methods for water have been extended to analysis of
nutrients in sediment samples. A sediment sample of 10 g
was added to 200 mL of deionized water and distilled; the
distillate was analyzed in the same manner as distillates from
water samples.
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Table 1.-Sampling sites in and near Voyaguers National Park, Minnesota

Site number US Geological Survey
Site name (Fig. 1) identification number
Lake sites
Kabetogama Lake near Gappas Landing near Ray, MN K1 482642093011901
Kabetogama Lake at mouth of Meadwood Bay near Ray, MN K2 482607092511701
Kabetogama Lake at Cemetary Island near Ray, MN! K3 483012093035001
Kabetogama Lake near Grave Island near Ray, MN K4 482731092574701
Kabetogama Lake at Lost Bay near Ray, MN K5 482747092503001
Inflow or outflow sites
Namakan River at outlet of Lac La Croix, ON, Canada?® Q1 05128000
Namakan Lake at mouth of Namakan River, ON, Canada Q2 482709092264601
Vermilion River near Crane Lake, MN? Q3 05129115
Kabetogama Lake, Sullivan Bay Narrows, near Ash River, Q4 482554092500301
MN?
Kabetogama Lake, mouth of Tom Cod Creek, near Ray, MN! Q5 482846093073001
Daley Brook at Co. Rd. 129 near Q6 05129287
Kabetogama, MN
Kabetogama Lake, east end, near Old Dutch Bay, MN Q7 482611092483801
Gold Portage outlet from Kabetogama Lake near Ray, MN'2 Q8 05129290
Namakan Lake at Squirrel Narrows, near Kettle Falls, MN Q9 482946092394301
Algal bloom sites
Kabetogama Lake, Sullivan Bay NW, near Ash River, MN Al 482542092493701
Kabetogama Lake at Ash River Landing near Ash River, MN A2 482604092511801
Kabetogama Lake near Kabetogama Visitor Center near A3 482640093013901
Kabetogama, MN
Kabetogama Lake at Ellsworth Rock Garden near A4 482947092584401
Kabetogama, MN
Kabetogama Lake at Ek Lake Trail near Ash River, MN A5 482804092494701
Kabetogama Lake at Eks Bay near Ash River, MN A6 482808092504901
Kabetogama Lake west of Bald Rock Bay near Ray, MN A7 483118093033601
Kabetogama Lake at Bald Rock Bay near Ray, MN A8 483146093032201

! Algal samples also collected at this site
2US Geological Survey streamflow-gauging station

In addition to bottom sediments, sediment cores were col-
lected under anoxic conditions to determine phosphorus re-
lease from sediments at sites K1, K3, K4, and K5. Sediment
cores were collected with a Wildco Model 191-A12 stain-
less steel box corer (box size: 150 x 150 x 230 mm) fitted
with an acrylic sleeve. Box cores and 4—-6 cm of overlying
water were brought onto the deck of the boat, and 4 replicate
push cores were subsampled from each box core using 4 cm
diameter, 30 cm long thin-walled polycarbonate tubes. Push
cores and overlying water were capped on the top and bottom
with tight-fitting polyvinyl chloride caps to maintain anoxic
conditions. After collection, push cores were transported to
the lakeside field laboratory, and ambient anoxic water was
replaced with water collected at depth from the same site
as the core. The ambient water temperature was maintained
in an environmental chamber, and water remained anoxic
throughout sample collection.

Initial nutrient concentrations were measured from overly-
ing water from one of the replicate cores after 1 h in the
environmental chamber. After incubation for 24 h, overly-
ing water was decanted from the remaining cores, filtered
through 0.45 micron disk filters, and frozen until analysis
for dissolved phosphorus and nitrate. Penn et al. (2000) de-
scribed phosphorus-release rates in anoxic cores as constant
for about the first 7 d, and therefore a 24 h incubation period
was deemed sufficient. Phosphorus release rates (mg/m?/d)
for Kabetogama Lake locations were calculated as the dif-
ference between final and initial concentrations scaled to
sediment surface area and duration of incubation. Frequent
instrument calibration and other quality-assurance proce-
dures were used to ensure reliable and high-quality data.
The quality-assurance plan for this study followed USGS
guidelines (Brunett et al. 1997) and are described in more
detail in Christensen et al. (2011).
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Table 2.-Instantaneous streamflow measurements or streamflow from gauging-station records for sites affecting Voyaguers National Park,

Minnesota, 2008—-2009.

[Streamflow is reported in m%s; — indicates not measured]

Site number US Geological Survey

Site name (Fig. 1) identification number  May 2008 May 2009 August 2009

Namakan River at outlet of Lac Ql 05128000 405 376 106
La Croix, Ontario, Canada'

Vermilion River near Crane Q3 05129115 90.6 56.6 11.2
Lake, MN!

Kabetogama Lake, east end, near Q7 482611092483801 30.3 [—86.0] [—70.2]
0ld Dutch Bay?

Gold Portage outlet from Q8 05129290 15.6 12.0 14.6
Kabetogama Lake near Ray,
MNI,S

Namakan Lake at Squirrel Q9 482946092394301 368 374 —
Narrows, near Kettle Falls,
MN

'US Geological Survey streamflow-gauging station

2Negative streamflow (in brackets) indicates water flowing out of Kabetogama Lake toward Namakan Lake
3Water elevations for May 2008, May 2009, and August 2009 were 340.49, 340.396, and 340.531 m above the US Coast and Geodetic Survey of 1912, respectively

Results

Streamflow and water levels

Water generally flows through Voyageurs National Park
from the southeast to the northwest along the United States
and Canadian border. Water from the Namakan and Ver-
milion rivers provide about 80% of the inflow to Namakan
Reservoir (Christensen et al. 2004). The hydrologic system
is complex however, and it is difficult to determine how
much of the flow from these 2 sources is transported into
Kabetogama Lake through the narrows near Old Dutch Bay
(site Q7, Fig. 1). Water also flows into Kabetogama Lake
from Ash River, Tom Cod Creek, and Daley Brook to the
south, and from a few other minor tributaries.

During streamflow measurements made in May 2008, May
2009, and August 2009 (Table 2) and continuous measure-
ments during 2011-2012, water flowed in an unpredictable
pattern in both directions between Kabetogama Lake and
Namakan Lake. In May 2008, water flowed west from Na-
makan Lake to Kabetogama Lake. During May and August
2009, water flowed east, from Kabetogama Lake to Na-
makan Lake. During 2011, flow was generally toward Ka-
betogama Lake in the winter months and toward Namakan
Lake in the summer months. The variability in flow direc-
tion complicates the computation of nutrient loads. Based
on the volume of water flowing between Kabetogama and
Namakan lakes through the narrows near Old Dutch Bay in
2008 and 2009, the narrows near Old Dutch Bay is the largest
potential external input of nutrients to Kabetogama Lake;
however, the unpredictable direction and magnitude of the

flow between Kabetogama and Namakan lakes demonstrates
that Kabetogama Lake also may be a substantial source of
nutrients to Namakan Lake.

Requisite maximum and minimum water levels for Na-
makan Reservoir (International Rainy Lake Board of Con-
trol 1999) were compared to actual water levels (DeWolfe
M, Lake of the Woods Secretariat, 20 Apr 2010, written
comm.) for Namakan Reservoir at Gold Portage on the west
end of Kabetogama Lake and at Squirrel Narrows and Kettle
Falls on the northern side of Namakan Lake (Fig. 2). During
2008, the maximum rule curve water levels were exceeded
from 12 May through 7 July 2008 by as much as 0.329 m
(15 Jun 2008; Fig. 2). Minor exceedances also occurred on
a few days in fall 2008 and spring 2009 (8-23 Oct 2008 and
17-27 May 2009; Fig. 2). Water levels were not lower than
the minimum rule curve during the study period.

To put 2008-2009 water levels into historical context, Ka-
betogama Lake levels for the period of record were ob-
tained (DeWolfe M, Lake of the Woods Secretariat, 20 Apr
2010, written comm.). The annual maximum and minimum
lake levels by year and the annual difference (Fig. 3) indi-
cate a change in the mid-1980s when dam operators started
to target the middle of the rule curve rather than the ex-
tremes (Meeker and Harris 2009). Wilcox rank-sum tests
(Helsel and Hirsch 1992) were performed on the 2 datasets
(1970-1999 and 2000-2009) to test the significance (p-
value of 0.05) of the differences in water level fluctuation.
The 1970-1999 water level fluctuations were significantly
greater (p-value = 0.001) than water level fluctuations dur-
ing 2000-2009. The difference in the annual water level
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fluctuations between the 2 time periods seems to be the re-
sult of a substantial increase in the minimum water level
from the 1970-1999 period to the 2000-2009 period.

Total phosphorus, chlorophyll a, and
microcystin concentrations in water samples

Near-surface TP concentrations (Fig. 4) from Kabetogama
Lake were generally lower in the spring than in the summer.
One sample from Grave Island (site K4, 14 Jul 2009: TP
= 0.149 mg/L; Fig. 4D) was unusually high. A clean (no

3 T | |

detections) field blank sample on this date did not indicate
contamination; however, we cannot rule this out because the
concentration is extremely high when compared to samples
collected at this site during the past (e.g., Christensen et al.
2004).

Chl-a concentrations varied seasonally, with peak concen-
trations normally occurring in late summer (Christensen
et al. 2011). Kabetogama Lake sites near Gappas Landing
(site K1), at Meadwood Bay (site K2), at Cemetary Island
(site K3), and at Lost Bay (site K5) maintained low Chl-
a concentrations (<11 ug/L) during 2008-2009 (Fig. 5).
One sample collected at Grave Island (site K4) had a Chl-a
concentration of 31.8 ug/L (Fig. 4).

Total microcystin concentration was measured in 14 lake
samples during 2008-2009. All samples were collected
when visible algal growth was present, with the exception
of one sample in 2008 collected at Gold Portage (site Q8).
Samples collected from Kabetogama Lake in 2009 had to-
tal microcystin concentrations as high as 110 pug/L. Of the
bloom samples analyzed, 78% (11 of 14) had detectable mi-
crocystin concentrations and 50% (7 of 14) of the samples
contained concentrations that exceeded the World Health
Organization (WHO) guideline of 1 ug/L in finished drink-
ing water (WHO 2003). Two samples (8 Sep 2008 at site
A2, and 10 Sep 2009 at site A5) were in the WHO high risk
category (concentrations >20 ug/L; Chorus and Bartram
1999) for recreational exposure.

Comparison of pre- and post-2000 total
phosphorus and chlorophyll a concentrations in
water samples

Several studies conducted before 2000 provide a baseline
for comparison to data collected after the implementation
of the 2000 Rule Curves (Hargis 1981, Kepner and Stot-
tlemyer 1988, Payne 1991, 2000). Most of the pre-2000
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Figure 5.-Microcystin concentrations in water samples from Kabetogama Lake, Voyageurs National Park, MN, 2008-2009.

data were collected during May and August; therefore, May
and August data from 2008-2009 (Christensen et al. 2011)
and from 2001-2003 (Christensen et al. 2004) were com-
pared with data from the pre-2000 studies (1978-1983).
Because not all sites were sampled during the baseline
studies, changes in Kabetogama Lake were evaluated us-
ing data from Meadwood Bay (site K2). Wilcox rank-sum
tests indicated no statistical difference in TP concentrations
between the 2 periods (Fig. 6). Additional analysis was at-
tempted by separating the May and August data, but no
statistical difference for TP concentrations was determined.

Chl-a concentrations were lower after 2000 than before
2000, regardless of laboratory analytical method, and the
difference in Chl-a concentrations between the periods was
statistically significant (p-value = 0.04; Fig. 6). Chl-a con-
centrations before 2008 were determined using both the
fluorometric method (Arar and Collins 1997) and the spec-

trophotometric method (Ameel et al. 1998). The fluoromet-
ric method is more sensitive than the spectrophotometric
method (Ameel et al. 1998); however, the spectrophotomet-
ric method has been shown to overestimate Chl-a concen-
trations (Rivera et al. 2005). Chl-a data collected after 2008
were analyzed with the spectrophotometric method only.
Christensen et al. (2004) compared pre-2000 and post-2000
Chl-a data for which the same analytical methods were used
and also documented lower Chl-a concentrations after the
implementation of the 2000 Rule Curves.

Stratification, characteristics of lake-bottom
sediments, and internal loading

DO profiles for August 2008 indicated that 4 of 5 lake sites
reached a DO of <4 mg/L (Fig. 7). The profile on Lost Bay
was incomplete (the cable used by the field team was too
short), and the DO reached a minimum of 6 mg/L at a depth
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of 7 m. DO profiles for August 2009 clearly show that the
2 deepest sites, near Grave Island and in Lost Bay (sites K4
and K9), are anoxic at depth, whereas DO remains >8 mg/L
for the other 3 sites (K1, K2, and K3; Fig. 7).

Of the 5 Kabetogama Lake sites, Grave Island (site K4,
Fig. 1) had the highest mean concentration of ammonia in
sediment, whereas Lost Bay (site K5) had the highest mean
concentration of nitrite plus nitrate, total Kjeldahl nitrogen,
orthophosphorus, and TP in sediment (Table 3). Grave Island
and Lost Bay are the 2 deepest lake sites sampled, with
depths of about 15 and 12 m, respectively. Deeper areas
of the lake may have little or no oxygen during summer
stratification (Christensen et al. 2011), and release rates from
deep anoxic areas are likely to be maximum release rates
(Penn et al. 2000).

Phosphorus release rates (Fig. 7) measured from bottom
sediment incubated cores varied widely and were highest at
Cemetary Island in 2009 (site K3, 44 mg/m?d) and Grave
Island (site K4, 20 mg/m%d in 2008 and 33 mg/m%d in
2009). Part of the variability may be attributed to collection
dates; 2008 and 2009 samples were collected in August, with
the exception of the sample collected in Lost Bay, which was
collected in May.

Discussion

Understanding the effect of water level on water quality
in lakes and reservoirs is an important component of lake
and reservoir management. Alteration, degradation, and eu-
trophication of surface water may favor cyanobacterial dom-
inance and increase the risk of toxins in the water. Based on
the total microcystin concentrations determined in this study,
the risk of toxins in Kabetogama Lake may be a concern for
residents who use it as a source for drinking water and for
park visitors who use the lake for contact recreation. This
study aimed to determine if water quality changed following
implementation of the 2000 Rule Curves and to determine if
internal loading was a factor for the eutrophic Kabetogama
Lake.

The difference in TP concentrations in samples collected
from Meadwood Bay (site K2) in Kabetogama Lake before
and after implementation of the 2000 Rule Curve was not
statistically significant, whereas the difference in Chl-a con-
centrations was statistically significant (Fig. 6). A possible
explanation for relatively unchanged TP concentrations may
be changes in residence time or the combined effects of in-
ternal and external loading. Residence time reflects the time
it takes for water to move through a system. The movement
of water through a system affects water chemistry and the
biology of organisms inhabiting them (Wetzel 2001), and a
change in residence time may affect phosphorus concentra-
tions. With all other variables equal, a lake with a smaller
volume would have a shorter residence time than a lake
with a larger volume. Changes in dam operation associated
with the 2000 Rule Curves would affect the residence time
in Kabetogama Lake; however, because Kabetogama Lake

211



Downloaded by [USGS Libraries Program] at 10:01 10 September 2013

Christensen et al.

August 2008

4] 5 1 15 20 25 0 5 10 15 20 25

[}

WO Wt W B W N o= O

L T T - P R X R o -

B
= o
o

K1-Kabetogama Lake nr
Gappas Landing nr Ray, MN Meadwood Bay nr Ray, MN

(=]

12 7

Depth below water surface, in m

5

P

K2-Kabetogama Lake at mouth of K3-Kabetogama Lake at
Cemetary Island nr Ray, MN

0w 15 20 5 0 5 1015 0 B 0 5 10 15 20 25

10
1
12
13
14

15
16 o -

. ] 11 . —

[ I I N N -]

K5-Kabetogama Lake at
Lost Bay nr Ray, MN

K4-Kabetogama Lake nr
Grave Island nr Ray, MN

August 2009
0 5 10 15 20 25
i i o 0 5 10 15 2 25 0 5 10 15 20 25 . 0 5 10 15 20 25 " 0 5 10 15 20 25
. * o T nl [ Sy S S a— ]
1+ 1 H 1 H 1 :
3 1} : 4
2 2 1 3t 2 b
3 4
3t 2 b 5 3t
5 6
i H 4 7 4r
5 5 8 5 F
L
6} 7 ] 10 6
| 8 1 L
? 5 12 7
2 9 13 8
10 6 14 g |
9t 15
11 16 / 10
10 12 7 17— ) 5
11 . i . J
K1-Kabetogama Lake nr K2-Kabetog, Lake at th of K3-Kabetog Lake at Ka-Kabetogama Lake nr K5-Kabetogama Lake at

Gappas Landing nr Ray, MN

......... Water temperature, in C

Dissolved oxygen, in mg/L

Meadwood Bay nr Ray, MN Cemetary Island nr Ray, MN

Grave Island nr Ray, MN Lost Bay nr Ray, MN

Figure 7.-Dissolved oxygen and water temperature profiles at 5 Kabetogama Lake sites, Voyageurs National Park, MN, 2008—2009.

has 2 outlets and multidirectional flow between lakes of the
system, Kabetogama Lake may act like a backwater area
to the larger Namakan Reservoir. Residence times were not
calculated for Kabetogama Lake because of the complex hy-
drology of Voyageurs National Park. A shallow depth for a
specific lake means less water volume, dilution, and assim-
ilative capacity from external loads (Vollenweider 1975).

The combined effects of internal and external loading also
may explain the lack of difference in water column TP
concentrations before and after 2000. Nutrient availability
may be affected by the difference in annual water level
fluctuations because this seems to be the result of an increase
in the minimum water level. An increased minimum water
level may reduce drying and rewetting and thus nutrient
inputs from sediment in the nearshore area. The variation
in the volume of phosphorus released from the deeper
sediments during stratification and the annual variation in

external phosphorus loads may be substantial enough to
mask any change in phosphorus concentrations.

Internal loading of phosphorus in Kabetogama Lake is
indicated by (1) concurrent TP and Chl-a concentration
peaks that occur at Meadwood Bay, Cemetary Island, and
Grave Island, which may indicate increased algal produc-
tion in response to phosphorus loading; (2) the differ-
ence in phosphorus concentrations between water samples
collected at the surface and the water samples collected
near the sediment-water interface (sediment—water inter-
face samples are described in Christensen et al. 2011);
(3) the stratification of deep lake sites, such as Lost
Bay; (4) the high nutrient concentrations in bottom sed-
iment samples; and (5) the elevated phosphorus release
rates from the bottom sediment at sites near Cemetary
Island and Grave Island observed during sediment core
incubations.
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Table 3.-Concentrations of nutrients in bottom-sediment samples from Kabetogama Lake, Voyageurs National Park, Minnesota,

2008-2009.
[All units in mg/kg; — indicates no data]
Total Nitrite
Kjeldahl plus Total
Date Ammonia nitrogen nitrate Orthophosphorus  phosphorus
Kabetogama Lake near Gappas Landing near Ray, MN (site K1, Fig. 1, 482642093011901)
5/14/2008 1.8 5800.00 — 0.9 760
8/4/2008 9.0 7100.00 4 1.2 90
5/13/2009 39 2300.00 3 1.0 550
Mean 4.9 5100.00 4 1.0 470
Kabetogama Lake at mouth of Meadwood Bay near Ray, MN (site K2, Fig. 1, 482607092511701)
5/12/2008 0.2 2.40 — 0.2 120
Kabetogama Lake at Cemetary Island near Ray, MN (site K3, Fig. 1, 483012093035001)
5/13/2008 3.0 6100.00 6 1.6 890
8/5/2008 7.2 11, 000.00 7 1.8 820
5/11/2009 2.1 6800.00 1 1.2 700
8/5/2009 11 760.00 12 2.0 760
Mean 58 6200.00 7 1.7 790
Kabetogama Lake near Grave Island near Ray, MN (site K4, Fig. 1, 482731092574701)
5/14/2008 32 5900.00 14 2.1 1,000
8/4/2008 12 1000.00 8 1.9 190
5/11/2009 5.4 12, 000.00 13 1.8 760
8/5/2009 53 7100.00 6 1.7 740
Mean 18 6500.00 10 1.9 670
Kabetogama Lake at Lost Bay near Ray, MN (site K5, Fig. 1, 482747092503001)
5/12/2008 1.6 11, 000.00 2 1.3 820
8/5/2008 5.7 10, 000.00 10 2.6 920
5/11/2009 7.6 6300.00 33 2.5 780
Mean 5.0 9100.00 15 21 840

Annual internal phosphorus loads typically are higher for
dimictic lakes, such as Namakan Lake, because of the ex-
tent and duration of anoxic conditions during stratification;
however, internal loads in dimictic lakes typically manifest
as a pulse during spring and fall turnovers. In contrast, for
polymictic lakes, such as Kabetogama Lake, the frequent
mixing between the deep pools and the shallow main lake
may allow TP to be more immediately bioavailable through-
out the ice-free season.

Water samples collected near the sediment—water interface
during August when bottom waters were anoxic from Lost
Bay (site K5), in particular, had substantially higher nutrient
concentrations than water samples collected at the water
surface (Christensen et al. 2011). The Lost Bay site also had
the highest average concentrations for 4 of the 5 nutrients
analyzed in bottom sediments (Table 3). These data indicate
that phosphorus release may be particularly substantial in
deeper areas such as Lost Bay.

Similar effects of internal loading on water quality observed
in Kabetogama Lake also have been documented in other

lakes (Harris 1986, Nurnberg 2009). Nurnberg (2009) found
that internal loading from bottom sediments represented the
main summer TP load to several lakes, and that the in-
ternal loads had measurable effects on water quality. The
phosphorus release rates observed in this study (—0.6 to
44 mg/m?/d; Fig. 8) were within the ranges of release rates
determined in other studies of North American lakes (Cal-
lendar 1982, Nurnberg 1984, 2009, Penn et al. 2000, Borges
et al. 2009). Nurnberg (1984) reported values for annual
internal phosphorus load from 54 oxic and 33 anoxic lakes
in North America and Europe. When Nurnberg’s (1984) in-
ternal phosphorus loads are converted to release rates, they
range from —3.7 to 0.5 mg/m?/d for oxic lakes and from
2.95 to 11.5 mg/m?/d for anoxic lakes.

One issue with comparing phosphorus release rates with
those in the literature is that several different methods may
be used to estimate phosphorus release. For example, in situ
flux and core incubations (Nurnberg 2009) may be used,
and different temperatures may be used for core incubations
(Callendar 1982); therefore, the phosphorus release rates of
other studies are used as a general guide for comparison.

213



Downloaded by [USGS Libraries Program] at 10:01 10 September 2013

Christensen et al.

50
Y
] 45 — May August —
>
o = 40 — ]
s 3
a 3|n EXPLANATION —
3@ 30 = 2008 —
T ©
2z 5 0 2009 —
o
S @ 20 — —
.g- [=19
SE B[ =
= c
o 5 10 — —
E 5 [ |

Site K5 Site K1
Kabetogama Lake at
Lost Bay near

Ray, MN Ray, MN

Kabetogama Lake near
Gappas Landing near

Site K3 Site K4
Kabetogama Lake at Kabetogama Lake near
Cemetary Island near Grave Island near

Ray,MN Ray, MN

Figure 8.-Phosphorus release for selected sites in Kabetogama Lake, Voyageurs National Park, MN, 2008-2009.

Although samples collected during 2008 and 2009 were in-
sufficient to determine the total internal phosphorus load for
Lake Kabetogama, calculated phosphorus release rates indi-
cate that (1) internal phosphorus loading may be substantial
when the lake is stratified, and (2) internal loading may be
an important source of phosphorus to the overlying water
through mixing or vertical cyanobacterial transport. The as-
sumption is that the mechanism involved in Kabetogama
Lake is the release of phosphorus incorporated into iron
hydroxides under anoxic conditions.

These results may help Voyageurs National Park person-
nel assess water quality changes that occurred concurrently
with changes in 1JC rules governing dam operation in 2000.
Because of our study’s intense focus on Kabetogama Lake,
researchers and managers may better understand the effect
of the new hydrologic regime on the unique situation in
one of the park’s most eutrophic lakes. To fully assess the
consequences of the change in water level management, fu-
ture studies might focus on residence time and documenting
the exchange of water between Namakan and Kabetogama
lakes.
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