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Abstract

Bolgrien, D.W., J.V. Scharold, T.R. Angradi, T.D. Corry, E.W. Schwieger and J.R. Kelly. 2009. Trophic status of
three large Missouri River reservoirs. Lake Reserv. Manage. 25:176–190.

Probability-based surveys conducted between 2001–2004 characterized the three large reservoirs of the Missouri
River—Lake Oahe, Lake Sakakawea, and Fort Peck Lake—as mesotrophic to eutrophic, phosphorus (P) limited, and
generally supporting cold water habitat (bottom waters <15◦C and dissolved oxygen [DO] concentrations >5 mg/L)
in midsummer. Riverine zones were shallower, warmer, more eutrophic, and had lower DO and higher suspended
matter concentrations than lacustrine zones. Similar, although more variable, differences were found between bays
and open-water areas. Between sampling years, water levels decreased in each reservoir. In the first year of sampling,
area-weighted mean reservoir trophic status index based on chlorophyll (TSIchl) was about 37 in all three reservoirs.
Sixty percent of Oahe and Sakakawea and 40% of Fort Peck had TSIchl > 50. Trophic status index based on Secchi
depth (TSISD) averaged about 50 in each reservoir across years. Because mean TSIchl < TSISD, light attenuation
was considered to be silt, not algae, dominated. Trophic status index based on total P (TSITP) and the ratio of N:P
concentrations indicated that the reservoirs were very P limited. Mean bottom temperature and DO concentration in
Oahe were unchanged between years at about 19◦C and 7.5 mg/L, respectively. Bottom temperatures in Sakakawea
increased (from 15◦C to 21◦C) and DO concentration decreased (from 7.3 mg/L to 6.0 mg/L) with lower water
levels. In Fort Peck, bottom temperature remained about 18◦C, but DO concentration fell from 7.23 mg/L to 4.96
mg/L. Results show that surveys successfully characterized important environmental conditions throughout these
large reservoirs.

Key words: cold water habitat, EMAP, Missouri River, reservoir, trophic status

Trophic status of reservoirs must be assessed to understand
the consequences of management actions and the impor-
tance of ecological processes. Assessments can be challeng-
ing because reservoirs are large and limnologically complex.
Both traits require sampling strategies capable of yielding
unbiased data across gradients of riverine and lacustrine
conditions. Persistent and significant physico-chemical gra-
dients result from managed flow regimes, morphology, al-
lochthonous inputs, and autochthanous processes (Kennedy
and Walker 1990). In general, trophic status decreases mov-
ing down-reservoir as algal production becomes nutrient
limited (Kimmel et al. 1990). Zones of production are dy-
namic however, and may be ambiguously demarcated; there-
fore, quantitative assessment of trophic status at specific
scales, such as in the whole-reservoir or in particular zones,

∗Corresponding author: Bolgrien.Dave@epamail.epa.gov

requires a sampling design that yields statistically represen-
tative data across those scales. Lind (2002) suggests that
sampling bias may be more critical in reservoirs than in
lakes. Spatially unrepresentative sampling may result in a
tendency of reported mesotrophy in reservoirs.

We report here the use of probability-based sampling
designs to characterize water quality, trophic status, and
cold water habitats of three reservoirs on the Missouri
River: Lake Oahe, Lake Sakakawea, and Fort Peck Lake.
Statistical inferences were made at the scales of whole
reservoirs and zones within reservoirs. Trophic status and
the potential to maintain cold water habitats are relevant to
reservoir management because they are closely associated
with changes in water levels and residence time. Drought
and water withdrawals for navigation, power generation,
agriculture, and recreation present challenging regulatory
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Trophic status of Missouri River reservoirs

and environmental demands on these reservoirs (National
Research Council 2002).

Our approach contrasts with other reservoir and lake sam-
pling designs. For example, a mid-lake surface sampling
strategy is inadequate to assess trophic status of a reservoir,
although it has been shown to be efficient for regional lake
surveys (Goransson et al. 2004). The three-site scheme (one
site each in the riverine, transitional, and lacustrine zones;
USEPA 1998) likewise inadequately characterizes the con-
ditions both within a zone and across the entire reservoir.
Data from subjectively chosen sites, even if numerous, can
not yield statistically unbiased condition estimates. Such
approaches, however, can quantify tributary inputs and the
fates of nutrients and bacteria in reservoirs (Fairchild et al.
2004) or temporal trends in water quality (Yurista et al.
2004). Probability surveys are suggested to complement,
not replace, site-specific or modeling approaches. Com-
promises between sampling design, size, frequency, dura-
tion, and measurements must be carefully considered when
designing a reservoir assessment and monitoring program
(USEPA 1998).

The use of probability surveys to characterize environmental
conditions at large spatial scales has been demonstrated by
the U.S. Environmental Protection Agency’s (USEPA) En-
vironmental Monitoring and Assessment Program (EMAP;
McDonald et al. 2004). Surveys complement site-based
monitoring programs by estimating conditions at the scale
of the population. Such results are unobtainable by sam-
pling targeted sites or with process models (Schweiger et al.
2005). Conditions in Lake Oahe, Lake Sakakawea, and Fort
Peck Lake inferred from probability surveys have not been
previously reported. In fact, water quality information for
the reservoirs is sparse.

Trophic status index (TSI; Carlson 1977) is an indicator
of algal biomass in lakes and reservoirs as a response to
nutrient concentrations, light availability, and/or other fac-
tors influencing primary production. Biomass surrogates
used to calculate TSI are chlorophyll (chl), Secchi depth
(SD), and total phosphorus (TP). Because chlorophyll is a
direct measure of algal biomass, TSIchl is considered the
definitive indicator of trophic status. Trophic status index
ranges from ultra-oligotrophic (approximately TSI = 0) to
hyper-eutrophic (TSI > 100). Lakes with TSI > 50 often
have hypolimnetic anoxia, taste or odor problems, nuisance
macrophytes, or algal blooms (USEPA 1998). The benefi-
cial uses of South Dakota lakes for recreation, fish propa-
gation, and aesthetics are considered impaired when TSI
exceeds 55.5 (www.state.sd.us/DENR/DES/Surfacewater/
IPermits/98sd303d.pdf), but this does not apply to Lake
Oahe because it is considered a stream by the state (South
Dakota Rule 74:51:01:43). There are no standards for
trophic status in Missouri River reservoirs.

High TSI values also are associated with warm-water or
“rough” fish communities. Highly valuable sport fisheries
have been established in these reservoirs. Of particular im-
portance are the permanent cold water fisheries. In Lake
Oahe, permanent cold water fish habitat is defined as hav-
ing DO concentrations ≥6 mg/L, temperatures ≤18◦C, and
total suspended sediment concentrations ≤30 mg/L (South
Dakota Rule 74:51:01:45). In Lake Sakakawea, cold-water
fish habitat is defined as having temperatures ≤15◦C and
DO concentrations ≥5 mg/L (Elstad 2001). In the sum-
mer, particularly at low lake levels, cold water habitat can
shrink or disappear from these reservoirs because of de-
creased DO concentrations and increased water tempera-
tures (Elstad 2001). In addition to physiological stress on
fishes, shrinking cold water habitats can influence fish diets
by changing prey distributions (Bryan et al. 1995). Our re-
sults demonstrate that probability surveys are practical for
assessing trophic status and habitat condition because mini-
mal data can be collected to yield statistically valid synoptic
conditions or, if repeated, trends in reservoir conditions.

Methods
Schweiger et al. (2005) discussed the use of probabil-
ity surveys to assess main-channel and riparian habitats,
and reservoirs of the Upper Missouri River. Sampling sur-
veys were based on geographic information system (GIS)

Figure 1.-Reservoirs of the Missouri River. Individual maps show
bays and open-water areas and approximate upstream limit of
sampling.
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Bolgrien et al.

Table 1.-Description of Oahe, Sakakawea, and Fort Peck from this
study1 and Benson (1988)2.

Oahe Sakakawea Fort Peck

Area (km2)1 1,286 1,230 978
Shoreline (km)2 3,620 2,156 2,445
Max depth (m)1 54.5 30.0 30.7
Mean depth (m)1 18.46 13.99 13.84
Length (km; valley length

at full pool)2
371 286 215

Year closed2 1962 1953 1937

coverages for each reservoir. For Lake Sakakawea and Fort
Peck Lake, shorelines were taken from the National Hydro-
graphic Database (NHD; http://nhd.usgs.gov, Fig. 1). The
shoreline of Lake Oahe was delineated from elevation data
(NED; http://ned.usgs.gov; Table 1). Basing the surveys on
static spatial data rather than the current or expected wa-
ter elevations standardized the designs. The GIS data de-
fined the population of all possible points across the area of
each reservoir. Each point had a known probability of being
selected for sampling. Once selected, points represented a
known amount of reservoir area. The site selection process
was random but spatially balanced to prevent sites being
strongly clustered.

Conditions were characterized for each reservoir and sepa-
rately for open-water areas, bays, and nominal riverine, tran-
sitional, and lacustrine zones (Kimmel et al. 1990) of each
reservoir. The design systematically adjusted selection prob-
abilities to force about two-thirds of the sites into bays. Oth-
erwise, the conditions in bays might be under-represented
because they comprise relatively small proportions of reser-
voir area. Bays were defined as indentations of the shoreline
with areas greater than that of a semi-circle with a diame-
ter equal to the length of a line drawn across the mouth of
the indentation. Bays had to be ≥50 ha and extend ≥1 km
landward from their mouth to be included. Bays could open
to the main body of the reservoir or to a larger bay. Smaller
shoreline indentations were considered part of the open-
water areas (Table 2). More than half of all bays were <15
km2; 70 bays were delineated in Oahe, 26 in Sakakawea,
and 30 in Fort Peck (Fig. 1). Because the reservoirs have
similar morphologies, differences in their shoreline lengths
reflect the sizes and densities of bays (Table 1).

Boundaries between reservoir zones were determined from
depth and distance from dam. In general, riverine zones
included an area 0–60 km downstream from the reservoirs’
headwaters. Lacustrine zones included the area within about
30 km of the dams. The size of the transitional zones varied.
Data from bays and open-water areas within a zone were
combined to calculate its condition.

Figure 2.-Average monthly reservoir water elevations (feett above
mean sea level). Circles indicate sampling periods (July–August).

Valid sampling sites were >0.5 m deep and <100 m from
the target coordinates provided by the survey design. Some
offset from the intended sampling location was accepted
to compensate for Global Positioning System (GPS) errors,
boat drift and draft, and to avoid hazards (e.g., wading cattle,
snags). In general, samples were collected <20 m from the
target coordinates. Sites that were inaccessible because of
shallow water or obstructions were usually much more than
100 m from the closest approachable point. Low water levels
(Fig. 2) resulted in a failure to reach about 22% of intended
sites across all reservoirs and years. Inaccessible sites were
replaced with randomly selected sites to preserve expected
sample sizes.

Reservoirs were sampled in July and August in each of two
successive years (Fig. 2). There were approximately twice
as many sites sampled in the first year as in the second year
(Table 2; only selected first year data shown). Sampling typi-
cally was completed in 5–10 days. Water chemistry samples
were collected as depth-integrated composites of equal vol-
ume subsamples from 1 m off the bottom, mid-depth, and
0.5 m from the surface. At shallow sites (<2 m), the en-
tire sample was collected at 0.5 m from the surface. Filtrate
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Bolgrien et al.

Table 3.-Summary of water chemistry and sediment analytical
methods.

Measurement Method

Chlorophyll a (Chl a) Fluorometric after acetone
extraction

Total organic carbon (TOC) Catalytic combustion with
IR detection of CO2

Total suspended solids (TSS)
Volatile suspended solids (VSS)

Gravimetric after drying
TSS lost on ashing

Cations: Calcium, Mg+, Na+, K+ ICP; EPA Method 200.7
Ammonium (NH4) Colorimetric, automated

phenate
Anions; Cl−, SO−

4 Ion chromatography
Total Phosphorus (TP) Acid-persulfate digestion

with automated
colorimetric determination

Total Nitrogen (TN) Alkaline persulfate digestion
Nitrate + Nitrite (as NOx) Colorimetric automated

cadmium reduction

passing a membrane filter was used for analysis of dissolved
nutrients and ions. Material retained on GF/C filters was ana-
lyzed for chlorophyll using a fluorometer (Table 3). Material
retained on GF/F filters was analyzed for total and volatile
suspended solids (TSS and VSS, respectively). Depth pro-
files of DO, temperature, pH, specific conductivity, light
intensity, and turbidity were measured at each site using a
SeaBirdTM Model 25 sensor array.

Overviews of probability surveys, including routines for
calculating statistics and adjusting site weights (or area
each site represented), were from Olsen et al. (1999) and
at http://epa.gov/nheerl/arm. The sum of the site weights
equaled the area of the reservoir. The proportions (or area)
of reservoir over the observed range of parameter values
were presented as cumulative distribution functions (CDF).

Results
Water quality

Water quality results for reservoirs, open-waters areas, and
bays for the first sampling years are reported (Table 2).
Although not all data were used in subsequent analyses,
they contribute to the sparsely published water quality data
for these reservoirs. Means are area-weighted, unless oth-
erwise noted. Changes in reservoirs’ water elevations (Fig.
2) between sampling years resulted in −38%, −5%, and
−25% changes in the mean depth in Oahe, Sakakawea, and
Fort Peck, respectively. Changes in mean depths in bays
between the sampling years were all large and negative,
−78%, −26%, and −14% for Oahe, Sakakawea, and Fort
Peck, respectively. Because the probability design randomly
distributed sites throughout the reservoirs, mean depth es-

timates compensate for bathymetric differences between
zones, and open-water areas and bays.

Specific conductivity and concentrations of sulfate and
calcium in a reservoir were relatively stable between years
(data not shown). Levels in bays were typically higher than
in open-water areas (Table 2), although differences in Fort
Peck were less pronounced than in the other reservoirs.
Specific conductivity and sulfate continuously decreased
moving upriver within reservoirs (lacustrine to riverine) and
between reservoirs (Fig. 3). Mean conductivity decreased
from 724 µS/cm in Oahe to 573 µS/cm in Sakakawea
to 535 µS/cm in Fort Peck. Calcium concentrations also
decreased through Oahe and Sakakawea but were relatively
high and stable in Fort Peck (Fig. 3). Concentrations of
other ions (such as Cl, K, Mg, Na, and NH4, some data not
shown) did not show consistent spatial distributions within
or between reservoirs.

Total and dissolved water quality constituents varied widely
between reservoirs and years and within reservoirs. Silica
concentrations increased moving upriver within and be-
tween reservoirs (Fig. 3). Concentrations of NOx (NO3+
NO2) varied inconsistently between zones. Mean concentra-
tions were almost 10 times higher in Oahe and Sakakawea
than in Fort Peck (Table 2). Mean total N concentrations
in riverine zones were similar (270 µg/L) and typically
increased moving upriver (325–375 µg/L), except for the
riverine zone of Fort Peck (Fig. 3). A significant increase
in total N concentrations in the second sampling year in
Sakakawea (coincident with decreased NOx concentrations)
resulted in a substantial increase in the ratio of TN:TP, from
40 to 252 in Sakakawea (Fig. 4). Although Oahe and Fort
Peck showed much less variability, mean TN:TP ratios were
always >33, the conventional threshold for P limitation
(Guildford and Hecky 2000).

Concentrations of particulate matter (as total organic carbon
[TOC], TSS, and chlorophyll), and to a lesser extent, total P,
were generally similar between years within reservoirs and
decreased moving upriver (Fig. 4). These trends are com-
plemented by an inverse trend in Secchi depth. In 2001, the
relatively low mean concentrations of TSS and chlorophyll
in Oahe were accompanied by a relatively high mean Sec-
chi depth. Chlorophyll concentrations in all reservoirs were
relatively low (<4 µg/L) and similar in the first sampling
years. Concentrations in Oahe and Sakakawea significantly
increased in the second sampling year (Fig. 4). Fort Peck
was the least turbid reservoir with the highest mean Secchi
depth (Fig. 4) and lowest mean light extinction coefficient.

Trophic status

Reservoir- and zone-specific trophic status indices were
calculated for chlorophyll (TSIchl), Secchi depth (TSISD),
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Trophic status of Missouri River reservoirs

Figure 3.-Area-weighted mean (± standard error) specific conductivity (µS/cm) approximately 2 m from the bottom, and water column
SO=

4 (µg/L), Ca (µg/L), SiO2 (µg/L), NO3+NO2 (µg N/L), and total N (µg N/L) in riverine, transitional, and lacustrine zones of each
reservoir. First year data are shown.

and total P (TSITP). Although bays were shallower and
seemingly hydrologically isolated from the open-water ar-
eas, mean TSI values were similar (Table 2). Changes in
whole-reservoir means of chl, SD, and TP (Fig. 5, 6 and 7,
heavy lines) were reflected in the proportional distribution
of TSI values (Fig. 5, 6, and 7, light lines) across reser-
voir area. On average, TSIchl and TSISD indicated that Oahe
was more eutrophic in 2002 than 2001 (Fig. 5). The propor-
tion of Oahe considered eutrophic (TSIchl > 50; USEPA
1998) increased from about 10% to almost 40%. There
was no change in mean TP concentration or TSITP distri-
bution between years. Similar conditions were observed

in Sakakawea (Fig. 6). Except, the decrease in mean to-
tal P concentrations in Sakakawea (from 26.74 µg/L to
10.34 µg/L) between sampling years resulted in a de-
crease in area of the reservoir considered eutrophic (TSI
> 50) from about 35% to <5% and a decrease in mean
TSITP from 48 to 31. Inter-annual differences in TSIchl

and TSISD were smallest in Fort Peck (Fig. 7). A signifi-
cant area of the reservoir became more eutrophic accord-
ing to TSIchl, shifting the mean from 32 to 43. The in-
crease in total P concentration decreased the area of Fort
Peck considered oligotrophic (TSI < 30) from 50% to about
0%.
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Bolgrien et al.

Figure 4.-Area-weighted mean (±95% confidence bounds) concentrations of the atomic ratio of N:P, total suspended solids (TSS; mg/L),
total organic carbon (µg/L), and, chlorophyll a (µg/L), Secchi depth (m), and total P (µg/L) in each reservoir. Filled circles are 2001, 2002,
and 2003 for Oahe, Sakakawea, and Fort Peck, respectively. Open circles are 2002, 2003, and 2004 for Oahe, Sakakawea, and Fort Peck,
respectively.

Within reservoirs, trophic status increased moving upstream
regardless of the parameter used (Fig. 8). Lacustrine and
transitional zone TSIs typically were more similar to each
other than with TSI in riverine zones. Secchi depth TSI was
the most variable, particularly in riverine zones. This reflects
the shallow and turbid conditions often encountered in these
areas.

Cold-water habitat

The deepest stations in each reservoir (typically in the lacus-
trine zones) were thermally stratified in July and August. At
sites >3 m deep, only 8% had DO concentrations <5 mg/L
and bottom temperatures >15◦C indicating unsuitable cold
water fish habitat. Most of those sites were in Fort Peck in
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Trophic status of Missouri River reservoirs

Figure 5.-Cumulative distribution functions of the percentage (%) and area (km2) of Lake Oahe with increasing chlorophyll, Secchi depth,
and total P (bold lines and top X axis of each panel) and TSI for chlorophyll, Secchi depth, and total P (thin lines and bottom X axis of
figure). Data from the first and second sampling years are denoted by solid and dotted lines, respectively.

2004. Oahe, the deepest reservoir, experienced little change
in whole-reservoir mean bottom temperature, bottom DO
concentrations or % DO saturation between years (Fig. 9).
Bottom waters in Lake Sakakawea became significantly
warmer, and DO concentrations decreased between sam-
pling years. Mean temperatures at the bottom of Fort Peck
did not change between years but DO concentrations signif-
icantly decreased.

Quantifying the area-weighted proportion of the reservoirs
with bottom DO concentration >5 mg/L found that, across

both years, more than 90% of Oahe was potential cold wa-
ter habitat, while the area of potential cold water habitat
decreased in Sakakawea from 100% to 76%, and in Fort
Peck from 91% to 34% (Fig. 10). Mean bottom DO con-
centrations in all zones exceeded the 5 mg/L cold water
habitat criteria (Fig. 11). Except in Sakakawea, bottom tem-
peratures increased from lactustrine to riverine zones. Mean
bottom temperatures in most of Sakakawea and throughout
Fort Peck were >15◦C. Mean TSS concentrations exceeded
30 mg/L only in the riverine zones of Sakakawea and Fort
Peck.
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Bolgrien et al.

Figure 6.-Cumulative distribution functions of the percentage (%) and area (km2) of Lake Sakakawea with increasing chlorophyll, Secchi
depth, and total P (bold lines and top X axis of each panel) and TSI for chlorophyll, Secchi depth, and total P (thin lines and bottom X axis
of figure). Data from the first and second sampling years are denoted by solid and dotted lines, respectively.

Discussion
As impoundments of the Missouri River, the three reser-
voirs share physical and chemical characteristics that con-
tribute to their water quality, trophic status, and potential
to maintain cold water habitat. Many characteristics are
common to other large temperate reservoirs (Kimmel et al.
1990, Dycus 1998, Fairchild et al. 2004). In particular,
trophic status significantly decreased along the longitudi-
nal gradient from riverine to lacustrine (Fig. 8); however,

the range of TSI values between the reservoirs was rela-
tively small. The TSI triad (TSIchl, TSISD, and TSITP) can
be used to disentangle the contributions of nutrients and
particulate matter in controlling phytoplankton production
(Carlson and Havens 2005). For example, if the three in-
dices are approximately equal, then phytoplankton produc-
tion is generally considered to be P limited and light attenu-
ation dominated by algae. Results show that at the scale
of whole-reservoirs, TSIchl was always less than TSISD,
suggesting that silt, not algae, dominated light attenuation.
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Trophic status of Missouri River reservoirs

Figure 7.-Cumulative distribution functions of the percentage (%) and area (km2) of Fort Peck Lake with increasing chlorophyll, Secchi
depth, and total P (bold lines and top X axis of each panel) and TSI for chlorophyll, Secchi depth, and total P (thin lines and bottom X axis
of figure). Data from the first and second sampling years are denoted by solid and dotted lines, respectively.

While not reminiscent of conditions in the historical (or
even contemporary) Missouri River main-stem, silt is still
an important driver of trophic status in the system. Within
the reservoirs, TSI of all types decreased along physico-
chemical gradients as conditions changed from riverine to
lacustrine. Riverine zones typically had higher inorganic
TSS and chlorophyll concentrations and lower conductiv-
ity than in the lacustrine zones. Those conditions reflect the
relatively high inputs of allochthonous nutrients and silt. Re-

sults from nutrient utilization and particle settling decrease
downstream.

Differences between whole-reservoir mean TSIchl and TSITP

were negative in one year and positive in the other year.
This could reflect the response of algal production to fluctu-
ations in the degree of P limitation. Summer P limitation is
common in Missouri River reservoirs (Martin and Novotny
1975). The TN:TP ratio (Fig. 4) showed that the reservoirs
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Bolgrien et al.

Figure 8.-Area-weighted mean (± standard error) of TSI for chlorophyll, Secchi depth, and total phosphorus in riverine, transitional, and
lacustrine zones of each reservoir. First year data are shown.

were consistently P limited with values exceeding the nomi-
nal threshold of 33:1. In Lake Sakakawea, the simultaneous
increase in TN concentration and decrease in TP concentra-
tion resulted in a mean TN:TP value of 252 (Fig. 4). Nitrogen
from agricultural runoff seemed an unlikely explanation be-
cause both mean NH4 and NOx concentrations decreased
between sampling years. Water column mixing, indicated
by relatively high bottom temperatures (Fig. 11), possibly
kept nutrients available for phytoplankton production and
hence increased total N as algal biomass. The results of
this sustained growth were evident by the near doubling of

whole-reservoir chlorophyll concentrations. Soluble P con-
centrations were not measured but were assumed to be very
low. Nominal N limitation (TN:TP < 20) was indicated for
<9% of reservoirs’ areas. Few differences in TN:TP ratios
were apparent between bays and open-water areas (Table 2).

Results showed both interannual changes and spatial gradi-
ents of P limitations of algal growth. Such changes may be
important for reservoir management because water retention
time can drive relative nutrient availability and, therefore, al-
gal assemblages. Such relationships were described from the
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Trophic status of Missouri River reservoirs

Figure 9.-Area-weighted mean (± standard error) temperatures (◦C), dissolved oxygen (DO) concentrations (mg/L), and % DO saturation
sampled approximately 2 m from the bottom in each reservoir in each year. Filled circles are 2001, 2002, and 2003 for Oahe, Sakakawea,
and Fort Peck, respectively. Open circles are 2002, 2003, and 2004 for Oahe, Sakakawea, and Fort Peck, respectively.

long-term monitoring data of Kentucky Lake by Yurista et al.
(2004). They attributed the predictable spring-to-summer
decrease in N:P ratio to discharge-nutrient concentration re-
lationships, biological uptake, and nutrient recycling. We
suggest that reservoir managers capitalize on the synergy
between process models and probability surveys to assess
ecological conditions as responses to management actions.

Management and environmental objectives in reservoirs are
inherently linked to water level. Water withdrawal, in par-
ticular hypolimnetic withdrawal, can negatively impact wa-
ter quality and habitat conditions supporting fisheries and

recreation. In this study, water elevations decreased approx-
imately 5.5 m, 1.8 m, and 3.1 m in Oahe, Sakakawea, and
Fort Peck, respectively (Fig. 2) between the sampling years.
These changes resulted in a 38% decrease in mean depth
of Oahe and a 78% decrease of depth in its bays. Our data
represent all areas of the reservoirs and therefore account for
bathymetric variability. The dewatering of bays is particu-
larly important because it reduces the availability of nursery
and spawning areas for fish and birds. In some cases, tribu-
taries become isolated from the reservoirs behind sediment
dams and bars. Low water also can expand littoral vegeta-
tion. Vegetation beds and stable substrates can temporarily
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Bolgrien et al.

Figure 10.-Cumulative distribution functions of the proportion and area (±95% confidence bounds) of each reservoir with increasing
near-bottom DO concentrations (mg/L).

immobilize contaminants, which can then re-enter reservoir
food webs with rising water levels (Mike Ell, North Dakota
Department of Health, 2005, pers. comm.). Pulses of con-
taminants and limited habitat can stress reservoir biota.

Maintaining clear, cold, and well-oxygenated bottom waters
is a management priority of the Missouri River reservoirs.
Reservoir morphology can be a key factor in preserving
cold water habitat as water levels decrease. Drought, wind,

and hypolimnetic withdrawals can shrink cold water habi-
tats by deepening the thermocline or preventing thermal
stratification. Sustained drought can substantially decrease
the availability of cold water habitat in these reservoirs
(Elstad 2001). In this study, mean bottom temperatures and
DO concentrations, except for Fort Peck (in 2004), were
close to or exceeded nominal cold water habitat criteria.
Each reservoir supported some cold water habitat in the
summer.
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Trophic status of Missouri River reservoirs

Figure 11.-Area-weighted mean (± standard error) DO (mg/L), temperature (◦C) at approximately 2 m from the bottom and water column
total suspended solids (TSS; mg/L) in riverine, transitional, and lacustrine zones of each reservoir. First year data are shown. Nominal
criteria for cold-water habitat (5 mg/L DO, 15◦C, and 30 mg/L total suspended solids) are shown as horizontal lines.

Conclusions and recommendations
We conclude that probability surveys of selected water qual-
ity parameters can be used to characterize important en-
vironmental conditions in large reservoirs at scales and
with statistical powers unobtainable with other sampling
approaches or models. We recommend that reservoir moni-
toring programs consider using surveys to assess and mon-
itor water quality, trophic conditions, and the availability
and quality of fish habitat. We do not suggest that sur-
veys are the only or best approach for all reservoir or

lake monitoring, assessment, or management needs. Site-
specific approaches (e.g., Dycus 1998, Fairchild et al. 2004)
and models remain critical tools for addressing local wa-
ter quality problems or environmental processes; however,
generalizing site-specific data to unsampled areas or con-
sidering them representative of a larger region may be sta-
tistically risky. This contrasts with probability surveys that
yield statistically unbiased estimates of the full range of
conditions at explicit spatial or temporal scales using a
relatively small number of sites. Incorporating spatial sub-
units (e.g., bays/open-water areas, riverine/lacustrine zones)
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Bolgrien et al.

can further increase the analytical power. As shown here,
post hoc analyses are informative but can suffer from lim-
ited sample sizes. Using probability surveys to quantify the
extent of important reservoir characteristics, such as trophic
status or cold water fish habitat, provides managers with
valuable baseline information to compare management out-
comes or expectations.
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