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PREFACE

The Organization for Economic Cooperation and Development, an independent
international organization for promotion of economic development in member

countries, is concerned with both the qualitative and quantitative aspects of
The Environment Committee of OECD is assisted by a number of

economic growth.

delegate groups concerned with policy development in specific sectors of the
overall environmental problem. One of these groups is the Water Management
Sector Group, which in 1971 established a Steering Group on Eutrophication
Control to develop a series of cooperative projects for monitoring eutrophica-
tion in inland waters. The overall objective of these projects was the achieve-

ment of comparability on nutrient budgets, chemical balances, and biological
productivity in water bodies.

A regional approach was utilized to develop four project groups designed
to collect comparable data for developing evidence on the degree and extent to
which nutrient loading is correlatable with the eutrophic state, and to meas-
ure the rate at which eutrophication is developing. The projects and partici-
pating countries were:

Nordic Project Denmark, Finland, Norway, Sweden

Alpine Project Austria, France, Germany, Italy, Switzerland

North American Project Canada, Urited States

Belgium, Germany, Netherlands, Spain, United

Reservoir and Shallow
Kingdom, United States

Lakes Project

Dr. Richard Vollenweider of the Canada Center for Inland Waters was designated

Director of the North American Project, with Dr. Norbert Jaworski of the U.S.
Environmental Protection Agency the United States representative. The specific

objectives of the North American Project are:
Develop detailed nutrient (phosphorus and nitrogen) budgets for a given
selected number of water bodies,

Assess the chemical, physical, and biological characteristics of these

water bodies,
Relate the trophic state of the water body to the nutrient budgets and to
Timnological and environmental factors, and

Synthesize, based on data from all projects, an optimal strategy for
controlling the rate of eutrophication.

In the United States, twenty-two water bodies were included in the pro-
gram. Final veports on the Tlimnoiogy of each, emphasizing the objective of
the Project, have been compiled by the United $tates investigators and are con-
tained in this publication. A synthesis based on the combined data from these
reports, and representing the fourth specific objective, will be published

subsequently.
1
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SECTION I - FLORIDA

ANALYSIS OF TROPHIC CONDITIONS AND EUTROPHICATION
FACTORS IN LAKE WEIR, FLORIDA

P. 0. Brezonik and J. J. Messer

Department of Environmental Engineeking Sciences
University of Florida
Gainesville, Florida

INTRODUCTION

Lake Weir is a medium size recreational lake in central Florida.
Present water quality is good and the lake is classified as mesdtrophic.
Uses of the lake are nearly exclusively recreational -- swimming, boating
and fishing, and many residences along the shore are second homes. Although
the lake is well-known to sport fishermen, especially for its largemouth
bass, until recently the lake had received no limnological attention, per-
haps because of its good water quality and lack of problems. Background
Timnologicai information on Lake Weir is thus sparse. Early scientific
expeditions to Florida during the Tate 1700's by John and William Bartram
and ninetasenth century excursions by J. W. Bailey generally followed water-
ways for ease of transportation; thus Lake Weir,.with no navigable streams
entering or leaving it, was apparently missed by these early naturalists
(Yount 1963). Stage data has been gathered for the lake since 1936, and
a broad-crested, fixed level weir was built in April of 1938 to prevent
possible. flood damage resulting from hurricanes. A bathymetric map drawn
by U.S.G.S. was published for the lake by Kenner (1964). Lake Weir was
included in a 1969-70 study of 55 lakes in north central Florida by Brezonik
~and Shannon (1971), resulting in the first systematic Timnological study of
the Take.

DESCRIPTION OF THE STUDY AREA

Lake Weir, Florida is located on the Central Florida Ridge at:
the southern edge of Marion Country, Florida, about one third of the
way down the Florida peninsula and midway between the Atlantic Ocean
and the Gulf of Mexico (Figure 1). The centroid of the lake is at
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260 1' N, 81° 56' W, and the lake is located in the Lake Weir and Lady
Lake Quadrangles of the U.S5.G.S. 7.5' topographic maps of Florida.
Little Lake Weir is a smaller basin located to the west of the larger
lake and is connected to it by an artificial waterway to accomodate
the passage of small pleasure boats. The surface elevation of the
lakes is 17.4 m above MSL, and the maximum elevation of the surround-
ing watershed is 42.7 m above MSL. The surrounding terrain consists
of numerous small sand hills, and the high permeability of the soil
precludes the presence of permanent surface streams in the watershed.
Since piezometric maps of the watertable aquifer in the study area do
not exist, the area of the watershed was calculated from topographic
maps. The Florida Gazeteer of Lakes lists the drainage areas of Lake
Weir and Little Lake Weir as 130 km? and 33.8 km2, exclusive of lake
surface, respectively. Analysis of the topographic maps, however,
revealed a more realistic estimate of 22 kmé for the watershed of both
lakes, exclusive of lake surface. The surface area of the lake was
found to be 24.29 km? including both basins.

The climate in north central Florida is best described as humid
sub-tropical, with short, mild winters and long, hot summers. Average
monthly temperatures for Ocala, Florida, 25 km to the northwest, sub-
stantiate this point (Figure 2). Average annual rainfall in the area
is approximately 133 cm, mainly occurring in the summer months, fall
and spring being rather dry (Butson and Prine 1968). Summer rains
usually occur as short, convective afternoon showers, while winter
precipitation is usually associated with frontal activity. Although
the area experiences occasional frosts during the winter months, the
total number of hours during which the temperature remains below 0°C
averages 50 - 67 hr/yr, and below -2°C, 17 -33 hr/yr (Johmson 1970).
Wind speed is generally light to moderate, blowing from the mnorth and
west during the winter, but shifting to easterly in the summer.
Hurricanes are seldom in this part of the state. Evaporation from the
basin during the study period (1974 calendar year) was calculated to
be 122.2 cm/yr, using evaporation data from a standard Weather Bureau
~ pan at Lisbom, Florida, 24 km to the southeast, and monthly pan coef-
ficients determined by Kohler (1954) for Lake Okeechobee, Florida.
Evapotranspiration from the watershed was 27.6 x 105 w3 during 1974,
based on unpublished calculations by S. Bayley for similar latitudes
in the State.

Two distinct aquifers exist in the area of the lake. The upper
or watertable aquifer is composed of permeable sand at shallow depth
and clayey sand interbedded with some clay lenses at greater depths’
(Hughes 1974). This shallow aquifer is underlain with a low-perme~--
ability sand and clay formation of Miocene origin called the Hawthorn
Formation (Snell and Anderson 1970). Below this confining stratum -
‘lies the permeable Eocene limestone, the Floridan aquifer, which sup-
plies the State with most of its drinking water (Faulkner 1970; Snell
and Anderson 1970). The area surrounding the lake is a principal
recharge area for the Floridan aquifer, and in places is covered by
only a thin veneer of sand (Snell and Anderson 1970). Most Florida
lakes are not connected directly to the deep aquifer, as is evident

3



from their soft water (Brezonik et al. 1969). The General Soil Map

of Florida (Beckenbach and Hammett 1962) characterizes the soil in

the area as being well-drained to moderately well-drained, thick to
moderately thick, acid sands of the Lakeland-~Eustis-Blanton association.
Because of the high permesbility of the soil, land erosion is not a
problem in the study area, overland flow being virtually absent except
during heavy, long-duration convective storms.

Approximately 55 percent of the land in the watershed is covered
by mature citrus groves, and the remaining undeveloped land in the
watershed is mainly forested. The area east of the lake is dominated
by a pine sandhill association with some mixed hardwoods (oaks, hickory
and sweet gum). To the west of the lake, a scrub (turkey)
oak association is indicative of the nutrient impoverishment of the
well-drained soil. Cypress are found in marshy areas surrounding the
lake, and willows can be seen on the undeveloped shoreline. The area
between Lake Weir and Little Lake Weir is a marsh dominated by cattail,
unbrella—-grass, and sawgrass. Some of the shoreline is bordered by
well-manicured lawns.

An analysis of 1972 aerial photographs indicates 425 residences
in the watershed. Using an average value of 2.5 persons per single
family rural residence, a population of 1012 persons is obtained for
the watershed. This amounts to a population density of 46.5 persons
per kmz. Interviews with local residents reveal, however, that many
of the residents are seasonal; thus the year-round population is some-~
what lower. The land use characteristics as determined from the aerial
photographs are summarized in Table 1. The combination of hilly
terrain, well-drained, high hammock soil, and the propinquity of a
frost—-damping deep lake make the area particularly suited for the grow-
ing of citrus crops (Lawrence 1963) which, besides recreation, accounts
for most of the economy in the area. Many of the homes are built
around the edge of the lake, and three public boat ramps and several
public and private beaches provide lake access for residents and
.visitors. Fishing for largemouth bass and water sports are popular
activities. No sewage treatment plants discharge into the lake, and
the residences are served by individual septic tanks. Because of
the availability of high-quality groundwater from the Floridan aquifer,
lake water is used neither for drinking nor irrigationm.

MORPHOMETRY AND HYDROLOGY

A comparison of the morphometric characteristics features of
Lake Weir (Table 2) with those of temperate lakes of glacial origin
indicates that the lake is of rather modest proportion. Compared to
sub-tropical Florida lakes, however, it is one of the deeper lakes in
the state (Kenner 1964; Brezonik and Shannon 1971). Hypsographic
curves for the lake basins (Figure 3) and the bathymetric map (Figure
4) indicate that the lake has relatively steep sides, and a relatively
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Table 1. Land use characteristics of the Lake Weir watershed.

Agrieultural land

(primarily citrus groves) 12,2 Im?
Pasture Tel
Forest 365
Urban (suburban) area 1e5
Wetlands ) 36T
Total land area 22,0 kn?

Table 2. Morphometric features of Lake Weir.

Surface area

main basin 22,78  lm2
Iittle Lake Weir 1.51  lm,
tobal 21429 km
Maximunm length 5.3 km
Maximum width 5,0 km
Shoreline development index (Dy) 1.7
Volume 6 :
main basin 146.7 X ‘106 m%
Iittle Lake Weir 5e3 x 106 m
total 152,0 x 10° m
Maximum depth (zm)
main basin 1064 m
Iittle Lake leir bely m
Mean depth (both basins) (z) 6.3 m
Volume development index (D) 1¢8
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underdeveloped littoral zone (for a Florida lake). The lake is of
solution origin and probably resulted from the fusion of three
dolines; this is a common lake form in areas of karst topography
(Hutchinson 1957; Yount 1963). The development of volume index (1.92)
and the E/zm value (0.64) are indicative of the relatively flat lake
bottom. Little Lake Weir has a smaller area/depth ratio than the
larger basin. Bird Island, located in the southwestern basin and
connected to the mainland by a causeway, was developed by dredge and
£i11l methods in the 1950's. Lake volume and elevation are regulated
to some extent by a fixed-level weir at the north end of the lake.
Maximum and minimum lake level elevations for the period of record
are 18.17 and 16.29 m, respectively, but an examination of the hydro-
graph indicates much smaller annual and monthly fluctuations (0.4 m
for 1974 water year).

At no time during the period of study was there observed evi-
dence of stable stratification of the water columm. This apparently
reflects the lake's large area/depth ratio; stable stratification
occurs in many smaller Florida lakes of comparable depth. The
largest difference between surface and bottom temperatures observed
was 2.39C, 1.19C of which was accounted for in the first meter below
the surface. This is a common situation in Florida lakes experiencing
intense heating by the summer sun. Temperatures as high as 309C were
observed in the surface waters, and the minimum temperature in winter
is about 11°C. 1In light of the absence of stratification of chemical
parameters, and considering the long fetch of the lake, it does not
appear that the water column stratifies for more than a few days at a
time. :

The littoral areas of Lake Weir and the center of the big basin
have' a sandy bottom, but a loose organic ocoze is found in most of the
lake bottom. In areas covered by Nuphar in sheltered bays and in the
bay north of Bird Island, the sediments are composed of a reddish peat.
The smaller, southwestern basin of the big lake is covered by a gela-

. tinous muck. Organic silt deposits are found in some shallow areas.
The organic muck is dark-gray to brown in color and has a faint odor
of H9S. The muck in the big lake is thin and unconsolidated, as can
be seen from the depths to which a weighted pail and a narrow pipe
sank at three locations:

Apparent depth (m) Difference {cm)
Pipe : Pail
7.21 6.80 41
7.00 ‘ 7.00 0
8.02 745 57

The narrow pipe penetrated the thin sediment, while the broader pail
was stopped more readily. These data indicate that about a half meter
of thin, unconsolidated sediment occurs in some areas of the lake.
Table 3 gives some chemical characteristics of Lake Weir sediments.
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Table 3. Chemical Characteristics of Lake Weir sediment*

Volatile solids (%) 54.7
Total carbon (%) 31.8
Total nitrogen (mg/g) _ 23.9
Free ammonia (mg/g) -0.15
Total phosphate (mg/g) 0.62
C/N 13.3
N/P 38.5
Iron {(mg/g) 3.4
Manganese (mg/g) , 0.1

%*Results expressed on a dry weight basis.

Table 4. Precipitation recorde® at stations near Lake Weir (in cm).

197h Lisbon, Fl. Ocala, Fl.
Jamuary | 0. 25 0.30
February he27 160
March 9.07 12,60
April 2457 1412
May 9.58 - 11.84
June 3Le29 40,59
July 17.70 23416
August 14420 18,72
September 10434 | 12,0
October ' 0.58 . 0.05
Novenber 1665 1,78
December 4,93 3602
Totél 109,43 126482

Average rainfall | © 11967



Warburg respirometry indicated that the sediments consumed 3101l Oy
g/dry wt. during a 24 hr period. This value is intermediate between
the low oxygen demand of oligotrophic lake sediments (50-200 ul 0O /g
dry wt.-day) and eutrophic Florida lake sediments (1500-4000 ul Oz/g
dry wt.-~day) (Brezonik, unpublished data). Since Lake Weir is a soft
water lake, there is no CaC0O3 in the sediment; volatile solids should
reflect its organic content. The high C:N ratio is typical of Florida
lakes and the high N:P ratio reflects the chemical conditions in the
overlying water.

Calculation of a water budget for the lake is cemplicated by
the lack of surface drainage in the sandy watershed. Water imput is
thus the sum of rainfall on the lake surface plus seepage from the
shallow watertable aquifer. Some surface sheet-flow from the immediate
shoreland area probably occurs during intense rainfalls, but on a
relative basis this is considered a negligible input. Atmospheric
precipitation is recorded at Ocala (25 km northwest) and at Lisbon
(24 km southeast) of the Lake Weir watershed. While micrometerolog-
ical peculiarities may influence convective precipitation patterns
near the lake, the Lisbon station is located in an area surrounded by
lakes and probably has similar precipitation patterns. In a similar
hydrologic study on Lake Kerr in the nearby Ocala National Forest,
Hughes (1974) found that averaging rainfall measurements from stations
at this distance resulted in 70-85 percent of the calculated monthly
rainfall averages being within 3 cm of the "actual” value. The rain-
fall patterns on the watershed are summarized in Table 4,

On an annual basis the net contribution of groundwater (i.e.
seepage into lake minus groundwater recharge) is small. The net con-
tribution can be calculated from the formula

AS = R+ (5-GWR) -~ E -0

where AS is change in storage; R is rainfall on lake surface, (S~GWR)
is net groundwater contribution (S = seepage, GWR = groundwater
recharge), E is evaporation and O is surface outflow. Outflow occurs
during part of the year over a broadcrested weir at the north end of
the lake and into a canal that feeds into a marsh and eventually to
the Oklawaha River. All of the above terms except S and GWR can be
directly evaluated: AS from stage records for the lake, R and E from
rainfall and pan evaporation measurements as described above, and O
by calculation from the difference between recorded lake stage and the
knownn elevation of the weir using the formula

Q = 3.3 b (am)3/2

where Q is flow (in cfs), b is width of weir (in feet) and H is differ~
ence between lake and weir elevations (in feat ). These terms are
tabulated in Table 5, and from the values a net groundwater contribu-
tion of 0.83 x 10%m3 for calendar year 1974 is calculated.

The above value is misleadingly small in terms of the importance
of groundwater flows into and ocut of the lake. Depending on the

9



Table 5. Water budget for Lake Welr (Calendar 1974)

A. Water In 106 3
Rainfall (Table 4 and Figure 5
(1.20 m/yx) (24.3 kn?) = 29.1
Seepage® = 2.87
Total 31.97

B. Water Cut

Evaporation = 29.6
Outflow = 1.1
Groundwater recharge® = 4.96
Total 35.66
C. Change in Storage
Measured: AS = (~0.1m) (24.3km2) = -2.43
Calculated: AS = I Inputs - L Outputs
= 31.97 - 35.66 = ~3.69
Unaccounted for outflow: 1.26
D. Retention Time = V/Quu ¢ =
. . 152 x 10%m3
: = o2
Including evaporation 35.66 4.2 yr
Including only surface and subsurface outflows:
152 x 106
= 25.0
6.06 x 100 vE
E. Hydraulic Loading = Qip/A {
43
= 8.76 x 10"m>/day ~3m ;.
= = 3.6
24.3 x 106m2 * 10 7/day

* Seepage and recharge calculated by integrating the areas above and
below the axis of Figure 5, respectively.
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relative levels of the lake surface and the shallow watertable aquifer,
both of which fluctuate seasonally or even weekly, groundwater can flow
into or out of the lake. Monitoring the direction and magnitude of
these flows would be an extensive undertaking, requiring a network of
wells around the lake. However the net flow on a weekly basis can be
calculated from the weekly data for all the other hydrologicalpara-
meters. 1f one makes the assumption that simultaneous seepage into the
lake and recharge to the aquifer, do not occur, weekly net flows (Figure 5)
probably approximate the gross flows during this time interval, and by
summing over the year the weeks with net seepage and the weeks with

net recharge, the gross flows in each direction can be estimated. It
should be noted that Lake Weir is evidently not directly connected with
the deeper Floridan aquifer. .The low alkalinity and hardness values

in the lake indicate mno flow of water from this aquifer into the lake.
Also, the piezometric surface of the aquifer in this area lies below
the surface lake evlevation (Mills and Laughlin 1974). The estimated
water budget and hydraulic retention time for Lake Weir is summarized
in Table 5.

SUMMARY OF LIMNOLOGICAL CHARACTERISTICS

The physical and chemical characteristics of Lake Weir are sum-
marized in Table 6 . The high temperatures are characteristic of Flori-
da lakes (Yount 1963) and probably lead to more stability in the water
column than would occur in colder waters. Secchi disc transparency
falls within the mesotrophic range defined for low-color lakes by
Brezonik and Shannon (1971). The low color reflects the absence of
extensive swamps and pine woods in the area, and turbidity is in
the lowest third of the 55 lakes studied by Brezonik and Shannon (1971).
The mean solar radiation on the watershed is 400 langleys/day.

The chemical data (Table 6 ) indicate a slightly acid lake with
intermediate levels of nitrogen and phosphorus. Dissolved oxygen is
always high throughout the water column during the day, and it is
unlikely that anoxic conditions ever develop in the water columm.
Alkalinity is low, and the pH is near nutrality, showing little
seasonal variation. The dominant ions are Na+ and C17, the concen-
trations of which are somewhat higher than those in soft water, oligo-
trophic lakes in unpopulated watersheds east of Gainesville, Florida
(Brezonik et al. 1965). Cultural sources may be .responsible for some
of these ions, but there is little other evidence to indicate much
cultural influence on the general chemical composition of the lake.
Iron and manganese are near or below their limits of detection through-
out the water column at all times. Silica is relatively low and fails
to show a pronounced seasonal trend.

Levels. of nitrogen and phosphorus species are given in Table 7,
for the 1974 study period, for the period of maximum insolation, and
for the earlier (1969-70) study. The mean concentrations represent
arithmatic means for all of the samples taken during the study period

11
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Table 6. Physical and chémical characteristics of Lake Weir.

1

Parameter Range Mean
Turbidity (JTU) 0.7 - 3.1 1.5 + .4
Secchi disc (m) 1.1 - 2.8 1.9 + .4
Color (Pt units) 5.0 - 30 6 + 6
Conductance (umho cm™1) 16 - 520 133 + 64
pH 5.3 - 7.2 6.6 + .5
Alkalinity as CaCO, 0 - 54 11.5 + 6.0
Acidity? 1.0
c12 26.0 - 29.5 27.5
50,2 4.2 - 8.4 6.0,

Ca? 3.6 - 7.8 5.3
Mg 3.1 -~ 5.8 3.9
Na?2 10 - 21 14.9
K2 1.0 ~ 3.0 1.9
Fe2 Trace
Mn? .001 - .03 .01
Fe? .16 ~ .26 .21
cop 16 - 45 28
51052 0.24 - 0.39 0.33

lyalues in mng liter~1

except where units are specified and pH.

zRange of 4-7 measurements during the period 10-68 to 6-70.
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Table 7. Summary of nutrient levels in Lake Weirl
1969-19702 1974-19753
Constituent Range Mean Range Mean

Total oxganic N 0.67-107 0.84 0.45-1.49  0.%0+0.26 (0.98)
Ammonia 0.04-0.55 0.17 0.005-0.30 0.038+0.050 (0.018)
Nitrate 0.00-0.06 0.035 0.00-0.20  0.033+0.038 (0.019)
Orthophosphate 0.001~-0.014 0.0065 0.005-0.15 ‘0.025j9.020 (0.022)
Total phosphate 0.01-0.055 0.024 0.019-0.40 (0.083+0.062)(0.072)

1Results in mg ¥ or P/4.
2Range and mean of 7 measurements over 13 months.:
3Range mean and standard deviation of 15 measurements over 15 months;
numbers in parentheses represent means during nominal growing
season (June-October).

Table 8, Summary of Biolegical Parameters for Lake Weir
1969-1970% 1974-1975%*

Parameter Range Mean Range Mean
Phytoplankton :

(cells~filaments/1) - 2626 193-2685 1358
Phytoplankton equitability - - ~ 0.57
Chlorophyll a

(mg/m3) 4,0-10.0 6.0 0.0~33.9 8.2
Priméry production

(mg/m3-hr) 5-30 12.5 - 7.6
Zooplankton

(organisms/%)‘ - - 96-403 261

-

* Range and mean of 7 measurements over 13 months except for phyto-
plankton count which is a single composite sample for May 28, 1969.

#% Range and mean of 11 sampling dates for all but primary production

which was measured 3 times: March, August and December.
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regardless of station, depth or date. Since the lake does not stratify
stably and no pronounced trends were ever observed depth profiles or
areal surveys, the lake can be regarded as essentially homogeneous.
Ortho- and toal phosphate were determined by the Murphy and Riley
single-reagent molybdenum blue 'method, adapted to the Technicon Auto-
Analvzer (EPA 1971}, the total P analysis following digestion with
acid persulfate. Inorganic N was determined by AutoAnalyzer methods
(EPA 1971), and Kjeldahl nitrogen was determined by Standard Methods
(A.P.H.A. 1971). Seasonal variations in these nutrients are graphed
in Figure 6.

Brezonik and Shannon (1$71) proposed criteria for common trophic
state indicators for north central Florida lakés based on similarity
(cluster) analysis performed on trophic indicator data from their
Florida lake survey, which included Lake Weir. They arrived at
ranges for clear mesotrophic lakes of 23 + 14 mg/m for total P and
730 + 300 mg/m3 for total organic N. The “values for Lake Weir indi-
cate that the lake exceeds this range for total P,.being at the lower
edge of the eutrophic range, but the organic N concentration falls
within the mesotrophic range. The ratio of total N:total P for 1974
was 13.2 by weight (29 by atoms) which is a considerable decrease from
the average ratio for 1969-70. Both ratios are indicative of phos-
phorus limitation in the lake biocoenosis.

The result of an intensive plankton monitoring program are
summarized in Table 8. Chlorophyll analyses (corrected for phaeopig-
_ments) on water samples filtered through 0.8 um membrane filters indi-

cated that chlorophyll a was the only important chlorophyll in the
- water column; phaeoplgments were rarely encountered, except in the
surface samples. The mean, chlorophyll a concentration (8.24 ng/m3)
for 1974 compares with a mean of 6.0 mg/m3 for 1969-70 and is between
the ranges reported for mesotrophic and eutrophic lakes by Brezonik
and Shannon (1971). Primary production was measured on three occasions
during 1974 using the *7C a551milation method. The mean volumetric
fixation rate was 7.6 mg C/m3-hr. These in situ values compare with
a mean of 12.5 mg C/m3-hr obtained for 7 measurements during 1969-70
using a laboratory light box. Integrating the in situ measurements
taken over the water column during midday incubations and extrapolat-
ing to daily rates using diurnal productivity curves typical of th
area, yields a very approximate annual C fixation rate of 36 g C/m“-
yr. Again, this represents a value intermediate between mesotrophy
and oligotrophy.

The phyfoplankton of Lake Weir is dominated by blue-—green algae

(Cyanophyta). The dominant plankter during summer 1974 was Oscillatoria

submembranosa Drouet (= Lyngbva digusteii Tiffany). During the autum
and winter, Oscillatoria alternated with Microcystis aeruginosa as

the dominant plankter, depending on the station and date. An unidenti-
fied coccoid green alga was occasionally dominant in numbers, but was
never important in terms of biomass. The pelagic diatom, Synedra ulna,
was frequently observed in the summer plankton, but disappeared in

the winter. Desmids, particularly Staurastrum spp., were always
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present. January 19, 1975, a bloom of Glenodinium quadriems (Pyrrophyta)
in Little Lake Weir resulted in a chlorophyll a concentration of 33.9
mg/m3, the highest value observed in the lake to date. Although

Anabena spp. and Aphanizomenon flos—aquae were cccassionally observed

in the net plankton, these species, which are common in eutrophic
Florida lakes, were never of numerical importance. The mean cell

was 1358 cells-filaments/ml, and there was no pronounced seasomnal
trend in plankton counts. Regression analysis yielded no significant
relationship between chlorophyll a and cell counts, but a moderate
correlation (r =-0.57) was observed between cell counts and Secchi
disc transparency, Equitability was calculated by comparing the
Shannon-Weaver diversity indices against the MacArthur broken stick
model (EPA 1973). This parameter is thought to be a more semsitive
indicator of stress than the diversity index alone, and the value for
the Lake Weir phytoplankton (.57) is indicative of relatively healthy
biocoencsis.

Zooplankton were collected and counted from several stations in
the pelagic zone. The mean concentration and standard deviation of
all of the samples was 261 + 99 organisms/%, with the majority of
zooplankton being immature stages of copepods. Rotifers were also
abundant, particularly Nothalca sp., and Monostyla and Branchionus spp.
The cladocera were occasionally represented by Bosmina coregoni, an
indicator of good water quality in temperate lakes.

Dredge transects of the pelagic zone indicated that both the
muck and sand of the large basin were largely devoid of macroinverte-
brates. As the shore is approached (<100m), the ooze and also the
sand beaches are populated with Sphaeriid clams, a few gastropods,

Hexagenia sp., chironomids, and tubificid worms. These communities

are never dense (<500 organisms m~2), and diversity was moderate to
high. The presence of Hexagenia is encouraging, as this organism,
which is particularly susceptible to low dissolved oxygen levels,
provides excellent food for sportfish.

The unconsolidated sediments in the large basin provide an un-
suitable substrate for submerged flora, but the shallower bays are
covered with Eliocharis elomngata and Utricularia sp. The latter covers
nearly the entire bottom of the bay north of Bird Island. Potomogeton
illinocensis can be observed growing on the sandy beaches. The most
conspicuous macrophytes in the lake are the emergent species growing
in the littoral. The margin of all three basins exhibits a fringe of
Juncus effusus and the grass, Panicum hemitomon, growing out from the

shore as far as 20-25 m, particularly between boat docks and wherever

shelter i1s afforded. Juncus grows closer to shore; the Panicum

grows out into depths greater than 2 m. In the marsh separating
Little Lake Weir from the larger basin, cattail (Typha), bulrush
(Scirpus), sawgrass (Cladium), and Pontederia are the dominant forms.
The bay north of Bird Island displays Nymphoides aquaticum (big float-~

7ing heart) and patches of spatterdock (Nuphar lutem) which also grows

in sheltered coves. Although waterhyacinth (Eichhornia crassipes)
occasionally has been observed in the lake, and along with Salvinia is
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often in nuisance proportions in the canal leading to the outflow weir,
this common pest in Florida waters does mot form floating mats in the
lake.

NUTRIENT BUDGETS SUMMARY

One of the most unfortunate difficulties encountered In the study
of Florida watersheds is the virtually complete lack of data for nu-
trient loading rates measured in the State. The highly permeable sands,
high soil temperatures, unique geoclogy and sub-tropical climate would
seem to make application of temperate zome data to southern watersheds
a questionable procedure. Nonetheless, with the exception of the data
on N and P in rainfall in the Gainesville, Florida area (Brezomnik
et al. 1969), the reviews of Loehr (1974}, Chiu et al. (1973), Na-
tional Eutrophication Survey (1974}, and Uttormark et al. (1974) do
not include a single study on sub-~tropical watersheds. Determination
of a nutrient budget for Lake Weir is further complicated by the fact
that the lake has no surface streams or other point nutrient sources .
flowing into it, and all nutrient loading thus is diffuse. Because of
the dearth of information on nonpoint loadings in Florida, nutrient
loading rates were calculated for the Lake Weir watershed (Table 9 )
using a variety of assumptions and areal yield rates for N and P from
the literature., In light of this, the loading estimates must be
viewed as only approximate and subject to revision as more becomes
known about nutrient runoff from the land and subsurface nutrient
transport in Florida soils.

Rainfall nutrient levels were taken from Brezonik et al. (1969)
for rainfall at Gainesville, 60 miles mnorth of the lake. Urban runoff
values are from Weibel (1969) and represent averages for residential=-
light commercial areas found in the study area. Septic tank contri-
butions were estimated following Brezonik and Shannon (1971). An
average septic tank was assumed to have a daily effluent flow of 475 %
with total N and P concentrations of 35 and 8 mg/%, respectively. For
homes located on the lakeshore, 25 percent of the N and 10 percent of
the P were assumed transported to the lake. These values were reduced
to 10 percent of the N and 1 percent of the P for houses'in the water-
shed not adjacent to the lake shore. Pasture land and forested land
values were obtained from Uttormark et al. (1974). 1In order to take
into account the low nutrient binding capacity of the sandy acid soils
in this area, their "average" and "high'" areal yield rates were aver-
aged for these two land-use classifications. Nitrogen and phosphorus
contributions of citrus groves were taken from estimates by Brezonik
-and Shannon (1971) based on the average fertilizer composition and
application rates to the groves. It was assumed that 10 percent of
the N and 1 percent of the P reached the lake water. It is generally
agreed (Uttoxmark et al. 1974; Lee et al. 1975) that wetlands of the
general type found in the Lake Weir watershed make no net contributions
of N or P to aquatic systems, although they may affect nutrient con-
centrations by acting as ''sinks" during the growing season and as
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Table 9. Nutrient Budget for Lake Weif, 1974.

Areal Yield Rate

Nutrient Loading Rate

Area (g/m2 - yr) (g/yr)

Source (km?2) N P N P
Rainfall 24.29 0.58 0.044 409 x 107 1.06 x 106
Urban 1.5 0.88 6.1i 132 x 10°  0.165 x 10°
Pasture 1.1 0.75 0.065 .083 = 10’ 0.072 x 10°
Forest 3.5 0.37 0.060 130 x 107 0.216 x 106
Agriculture 12.8 2.24 0.018 .867 x 107 0.230 x 106
Septic tanks .052 x 10’ 0.042 x 106'

67 x 10 1.79 x 10°
Loss through outflow (Qout x P ave) 0.097 x 106
Surface loading rate (g/m2 - yr) 1.92 0.074
Volumetric loading fate (g/m3 - yr) 0.30

!

z/t

z/t
/W

6.3/25 = G.25 (without evaporation)

6.3/4.2 = 1.5 (with evaporation)

19
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"sources' during decomposition in the colder months. Lake Weir supports
seasonal populations of water fowl, but lack of reliable census

figures make an estimate of their nutrient contributions impossible.

The densities do not appear to be large, however, and this is unlikely
to be a serious source of error.

DISCUSSION

Lake Weir can be characterized as a sub~tropical, low=-acidity,
soft water lake, low in color and turbidity, and exhibiting mo thermal
stratification. Although the lake is relatively deep for Florida, the
lack of stable stratification precludes formation of a hypolimnion,
and dissolved oxygen concentrations are high throughout the water
colum at all times. Concentrations of nitrogen and phosphorus are
moderate to high, exhibiting no distinct seasonal trends. Although
the phytoplankton is dominated throughout the year by blue-green
algae, diversity in this biocoenosis is relatively high, and nuisance
conditions do not occur. Primary productivity in this community is
low to moderate. Although macrophytes are common, floating mats of
hyacinths or nuisance growths of Hydrilla, Salvinia, or Pistia are not
found in the lake. Diversity is relatively high among both the
zooplankton and the benthos, and the presence of Bosmina coregoni and
Hexagenia in these two habitats, respectively, are indicative of good
general water quality. Largemouth bass and a variety of other sport
fish are abundant.

Comparability between trophic state indicators in temperate and
subtropical lakes, and perhaps permissable nutrient loading rates as
well, must be viewed in the light of the fundamentally different
patterns of organization in temperate and tropical systems. Whereas
the former are adapted to a strong seasonal pulse of insolation which
is used to build storages that must tide the community over until
the following spring, the latter is organized around a higher overall
energy input with much less severe seasonal variation (Odum 1971). In
a temperate lake, the spring overturn coincides with a period of high
insolation, offering the plankton a banquet of readily assimilable
inorganic nutrients regenerated during winter stratification alomng with
the sunlight necessary to incorporate them into biomass. While
insolation is lower at the time of fall circulation, a pulse of nutri-
ents from the hypolimnion probably is instrumental in supporting an
autumn algal maximum. In tropical lakes insolation is relatively high
“during the entire year but falls below that of northern latitudes
during the summer. In many Florida lakes, spring and fall phytoplankton
maxima are replaced by oscillations occurring, seemingly at random,
throughout the year. It would seem that a system in which a signifi-
cant portion of the nitrogen and phosphorus is tied up in more or less
refractory algal biomass (Gunnisom and Alexander 1975) would be unable
to support the same sized blooms, given the same total N and P concen-
trations or loadings, as a systém in which wvirtually theé entire nutri-
ent pool is in the inorganic form at a time favorable for algal growth.
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These differences are important not only in measuring the trophie
status of tropical and subtropical lakes but may also modify their
critical nutrient loading rates. Chlorophyll a values in nutrient rich
tropical lakes not dominated by wmotile Pyrrophyta are reported to be
remarkably low (Berman and Pollingher 1974) compared to temperate
lakes of similar trophic status. Inasmuch as high gross primary pro=-
ductivity is reported by these authors, the low chlorophyll values
probably represent "'sun" plants with high gross to net production
ratios. Relatively lower net carbon assimilation rates may be ex-
pected in the spring in subtropical systems, due to relatively lower
vernal insolation and higher maintenance costs of overcoming thermal
disordering at the higher water temperatures. Berman and Pollingher
{1974) report plankton respiration rates for Lake Kinneret of 40-50
percent of gross photosynthesis.

Several reported criteria for N and P levels associated with
various trophic states in temperate lakes were reviewed by Vollenweider
(1968). N and P concentrations in Lake Weir exceed the critical con~
centration for one or both nutrients in every case. The concentrations
of total N and P fall just above the mesotrophic range for uncolored
north central Florida lazkes (Brezonik and Shannon 1971). Most of the
biological parameters, however, fall within the mesotrophic (or occa~
tionally the oligotrophic) range for either European or Japanese
temperate lakes (Vollenweider 1968; Sakamoto 1966) or for Florida lzkes
(Brezonik and Shannon 1971). If maximum available nutrient levels
after the season of minimum growth are indeed relatively lower in
tropical than in temperate lakes, maximum biomass during the season of
maximum growth would expectedly be lower in comparably loaded tropical
lakes than in temperate lakes.

In order to clarify further the trophic status of Lake Weir,
various trophic state indices were calculated for the lake. The TSI
derived by Brezonik and Shannon (1971) was recalculated for the recent
data and yielded a value of 3.58, within the range for mesotrophic
lazkes. However, the value has risen from the value (3.30) calculated
from 1969-70 data. An increase since 1969-70 was also noted in the
concentrations of N and P, and in a decrease in the N:P ratio from 96
(by atoms) to 29. Little change was noted in the biological parameters,
although chlorophyll concentrations increased somewhat. It is not known
to what extent these changes represent experimental artifacts, sto-
chastic elements in the environment, long term system cycles, or the
impact of cultural encroachment on the lake. The TSI equations
formulated by Carlson. (1975) based on Secchi disk tramsparencey was
applied to the lake data, and values of 51, 51 and 64 were derived
for Secchidisk, chlorophyll, and total phosphorus data, respectively.
This would indicate that the lake falls almost directly im the middle
of a scale based on Secchi disk transparency, but again the nutrient
concentration overrates the lake in the direction of eutrophy. While
the possibility exists that some of the measured phosphorus is not
available to the plankton, it is still tempting to suggest that higher
nutrient concentrations are required te produce the same standing crop
in southern waters. The agreement of the trophic state indices with
the more qualitative biological observations in the lake clearly
delineate Lake Welr as a mesotrophic lake.
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Calculation of the nutvient loading rates for Lake Weir based
on the nutrient and hydrolegic budgets presented previously leads to
the values presented in Table 9 . Plotting areal P loading against
Z/ty (Vollenweider 1974), Lake Weir is found to have a P leading rate
which falls within twice the permissable loading for a lake of its
depth and flushing time. Inasmuch as one of the constraints on this
model is that the lake act as a mixed reactor, Lake Welr should be
an ideal case. The observed decrease in the N:P ratio in the lake
during the past five years is consistent with a relatively high P
loading rate, while the relatively stable biological system renders
a condition of severé stress unlikely. It is interesting to note that
the empirical loading rates for Florida lakes by Brezonik and Shannon
{(1971) permit higher areal P (and N) loading rates, Lake Weir falling
just above the permissible range for nitrogen and at the maximum per-
missible rate for phosphorus. This model does not take the flushing
rate into account.

SUMMARY

Lake Weir, Florida, a 2200 ha soft water lake located on the
central Florida ridge, has a watershed dominated by citrus groves and
receives no permanent surface streams or wastewater influents. Bio-
logical parameters in the lake indicate a diverse,moderately productive
ecosystem which exhibits no nuisance conditions associated with exces-
sive growth of macrophytes or algae. Twc independently derived trophic
state indices bear out biological delineation of the mesotrophic status
of the lake. Nitrogen and phosphorus concentrations in the lake are
indicative of borderline eutrophic conditions in the lake, and there
is some evidence for a significant increase in phosphorus in the lske
since a previous study. Lake Weir has a low flushing rate which makes
it sensitive to nutrient loading, and application of lake data tc the
Vollenweider input-output model, indicates that areal P loading rates
are just at the danger level.
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SECTION IT - MINNESOTA

AN OVERVIEW OF LIMNOLOGICAL CHARACTERISTICS OF
SHAGAWA LAKE, MINNESOTA

K. W. Malueg, D. W. Schults and D. P. Larsen

U.S. Environmental Protection Agency
Corvaliis Environmental Research Laboratory
Corvallis, Oregon

INTRODUCTION

Shagawa Lake, known to the Chippewa Indians as Ga-Shagawigumag-sag or "long
narrow lake" (Winchell, 1887), is located adjacent to the city of Ely in north-
eastern Minnesota. The lake, formed during the retreat of the Wisconsin Glacier
about 10,000 years ago, lies in a bedrock basin partially dammed by drift produced
by glacial erosion and deposition. Significant point-source nutrient enrichment
of Shagawa Lake began in 1901 when untreated wastewater from about 3500 people
was discharged directly into the lake. Primary treatment began in 1912 and sec-
ondary treatment in 1954. This nutrient enrichment distinguished Shagawa from
the oligotrophic lakes typically found in this region of Minnesota. In 1973,
tertiary treatment was initiated for phosphorus removal.

GEOGRAPHICAL DESCRIPTION OF THE LAKE

The lake is located at iatitude 47°55'N, and longitude 91°52'W, and at an
altitude of 407.8 m above mean sea level. The drainage basin covers 269 kmZ.
About 160 km? of that includes and drains into Burntside Lake (located to the
NW), then into Shagawa lLake through Burntside River. The drainage basin below
Burntside Lake and including Shagawa Lake is 109 km? (Malueg, et al. 1975).

The climate is relatively severe for the continental United States. Ice
covers the lake about 6 mo/yr. For example, the open-water period in 1972 was
from 10 May to 15 November.* Monthly air temperature and precipitation averaged
2.8°C and 5.7 cm/mo, respectively. About 70% of the precipitation fell during
the open-water season. Lake evaporation for the open-water season was 7.6 cm/mo,
while the annual Take evaporation value was 66.7 cm. Wind direction was gen-
erally from the N or NW.

*A11 data unless otherwise stated are for 1972, the year prior to operation of
the tertiary wastewater treatment plant at E1y
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The geological formation in the area resists erosion and leaching by
surface waters. The bedrock consists of Precambrian, metamorphic rock
iﬂciud%hg granite, siate,'and greenstone. A rich iron ore deposit lies
along the southern shore of the lake. Overlying the bedrock is a patchy
distribution of glacial sediments including sand and gravel, plus lucustrine
silts and calcareous clays that apprently also underlie the organic
sediments of Shagawa Lake (Bradbury and Waddington, 1973).

Forest and marsh comprise most of the land, 77% and 15% respectively,
while construction and agriculture use 7% and 1%, respectively. Deciduous
forests of aspen (Populus tremuloides) and birch (Betula papyrifera),

plus coniferous forests of jack pine (Pinus banksiana), spruce (Picea

mariana), and fir (Abies balsomea) are the dominant forms of vegetation.

In 1888 Ely was incorporated as a village with a population of 104. By
1900 the population had increased to 3717 as a result of the developing
iron mining and logging industries. The population peaked at 6151 in
1930, and has since declined and stabilized at about 5000 residents
today. MNow the major industry is tourism, with heavy emphasis on water
sports, primarily fishing and some "sea plane"” activity.

In 1901 Ely began discharging its untreated municipal wastewater directly
into Shagawa Lake. Although primary treatment began in 1912, secondary
treatment did not follow until 1954--and all treated water was discharged
into the lake. Furthermore, during the mining years of 1884-1967 {Somrock,
1974) an unknown amount of mine sump water was discharged into the lake.

That dual abuse of Shagawa Lake has produced problems. Although Shagawa

Lake was the original source of Ely's drinking water, in 1932, the city
constructed a pipeline to draw drinking water from nearby Burniside
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Lake. Furthermore, Shagawa Lake was closed to swimming between 1968 and
1972 because bacteria originating from wastewater sometimes exceeded

health standards.

A tertiary treatment plant designed to reduce wastewater tqtanphosphorus
concentration to <50 ug/l1 commenced operation in early 1973, thus reducing
the input of wastewater phosphorus by 99% and the total phosphorus input
to the lake by 70-80%. Approximately 100 unsewered homes and resorts
which dot the lake shoreline have septic tanks and contribute an unknown

amount of phosphorus to the lake.

Descriptions of Morphometric and Hydrologic Characteristics of Shagawa Lake

Shagawa Lake has a surface area of 9.2 km2 and is approximate]y 6.6 km
long and 2.8 km wide (Figure 1). The 34.1 km of shoreline inciudes 5.1
km of island shoreline. The lake has a maximum depth of 13.7 m, mean
depth of 5.7 m, and volume of 5.3 x 107 m3 There is no man-made regu-
lation for depth control. Natural volume variation is approximately +5%
of the mean. The surface area ratio of “shallow” to "deep" waters is
1.54 with the 5.25 m depth arbitarily separating shallow and deep water;
the ratio of volume is 2.75. A clearly defined hypolimniom rarely
exists. Summer thermal stratification usually develops in early June
and extends to early September, although gradients are sometimes minimal.

Generally the sediments of nearshore areas are very sandy with little
organic matter, the sediments of the mid-depths are composed of algal
biopel and silt-sized particlies, and the sediments of the deep holes are
composed of algal biopel and clay-sized particles (Waddington & Wright,
' 1974). Phosphorus primarily exists in the sediments in association with

iron.
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SRECIPITATION (cm/mo)

Figure 2

Seasonal variation of precipitation (em/mo) for 1972.

(National Weather Service data).
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During 1972 water inflow was 6.2 X 107 m3, approximately 70% from Burnt-
side River and the remainder from minor tributaries, wastewater, indirect
flow, and precipitation. The U.S. Geological Survey determined that
groundwater flow was negiigible. The outfiow was 6.7 x_?07 m3. Malueg,
et al. (1975) present details of the water budget for the yeérs 1967~
1972. The water retention time (based upon outfiow) was 0.79 yr during

1972. Figure 2 summarizes seasonal variation in rainfall.

Water currents have not been surveyed extensively. Some dye studies
indicate that treated effluent may move along the shore to the east
while other dye studies show movement towards the central basin of the
lake. Aerial photographs generally show surface algae "streaming" from
west to east in the lee of islands.

Limnological Characterization of Shagawa Lake

Physical, chemical, and biolegical sampiing and analytical techniques
are summarized in Larsen and Malueg (1975). Most of the data reported
herein are from that paper and, as such, represent only one sampling
station, Brisson's Point (Figure 1). Variables were monitored approxi-
mately weekly at 1.5-m depth intervals.

During the ice-covered months, temperatures ranged from near 0°C at the
surface to slightly greater than 5°C at the bottom (Figure 3a). After

the ice broke up in May, the Take rapidly warmed. A thermocline developed
in June and deepened during the summer, although therma]'gradients were
slight. Late summer surface temperatures exceeded 20°C while bottom
temperatures were as high as 15°C. Fall circulation began in early
September, and the lake froze over in mid-November.

The specific conductance was about 65 umhos/cm during fall circulation
(Figure 3b); values as high as 150 umhos/cm were observed in the anoxic
deep water during the winter and summer.
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Maximum pH values of slightly greater than 9.5 occurred in surface
waters during algal blooms; tow values of 6.5 were observed in deep
water (Figure 3c). Under ice cover and during fall circulation, pH
values were generally 7.0-7.5.

During summer stratification anoxic conditions developed below 8 m
(Figure 3d). In other years anoxia was observed in the bottom waters
during February and March. Oxygen supersaturation often existed in
surface waters during summer algail blooms.

The average total alkalinity concentration (as CaCO3) was about 22 mg/1
during the fall circulation (Figure 4a). Summer values ranged from 17
to more than 20 mg/1 in surface waters, stightly exceeding 40 mg/1 in
deeper anoxic waters.

Total phosphorus concentration in surface waters ranged between 0.025-
0.05 mg/1 during most of the year but increased to G.075 mg/1 prior to
fall circulation (Figure 4b). Bottom concentrations ‘exceeded 1.0 mg/1l
during anoxic periods. Soluble reactive phosphorus concentrations
reached 0.6 mg/1 in the bottom waters during anoxic periods but were
depleted in surface waters during most of the summer months (Figure 4c).
Winter concentrations in surface waters often were greater than 0.020
mg/1.

Inorganic nitrogen concentrations wére high during the ice-covered
interval, sometimes exceeding 0.20 mg/1, but depletion occurred during
summer months. Nitrate and nitrite (Figure 4d) were undetectable during
summer throughout the lake, but ammonia {Figure 5) increased slightly in
the surface waters and to more than 1.0 mg/1 in the anoxic bottom waters
prior to fall circulation.
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?igure 5 (top) Isopleth of ammonia nitrogen (mg/1) for 1972. Cross-hatching
indicates ice cover {from Larsen and Malueg, 1975).

Figure 6 (bottom) Isopleth of chlorophyli a (ug/1) for 1972. Cwossnﬁétching
indicates ice cover (from Larsen and Malueg, 1975).
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Major cation concentrations (Ca , Mg , K, and Na ) are summarized in
Table 1. Table 2 summarizes trace element concentrations.

Average chlorophyll a concentrations (Figure 6) increased in surface
waters from 1 pg/1 under ice-cover to 30 ug/l duving the spring maxima,
then decreased to about 10 ug/l. A summer bloom developed later raising
the average chlorophyll value to about 60 ug/1. Following fall-overturn,
values declined to 1 ug/1 under ice-cover. Minimum secchi disc depth
was 1.1 m, maximum was 6.1 m, and the avekage for the open water season
was 2.3 m.

Primary productivity profiies were obtained weekly or bi-weekly at one
station (E) using the dissoived oxygen, Yight/dark bottle technique.
Measurements were conducted over a four-hour interval from 1000-1400 hrs
(CST). Maximum areal productivity values of 260 mg C/mzlhr were attained

in late summer (Figure 7) corresponding to peak chliorophyll a concentrations.
Extrapolation of four-hour values to daily values -- assuming productivity
proportional to incident solar radiation and integrating over time --
suggests that approximately 220 g C/m2 were fixed during the ice free

season. Solar radiation weekly averages as measured with a pyranometer

are summarized in Figure 8. '

Laboratory algal assays {National Eutrophication Research Program, 1971)
conducted quarterly during 1972 indicated phosphorus Timitation in -
surface samples; however, nitrogen limitation was observed by assays in
other years during the ice free season.

During 1972 the pattern of algal succession was a spring pulse of greens
followed by diatoms in early summer and blue-greens during mid to late
summer. The greens were dominated by Chlamydomonas sp.; the diatoms by
Synedra spp.; and the blue-greens by Anabaena circinalis, Anabaena
spiroides and Ccelosphaerium naegelianum in early Jduly, late July, and
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TABLE 1. Summary of Major Cation Concentrations {(mg/1) for 1972

cium oM
6M

12M

Bright (1968)

Potassium OM
&M

12M

Bright (1968)

Magnesium oM
6M

-12M

Bright (1958)

Sodium oM
&M

12M

Bright {1968)

3/7

14.2
25.0
10.2

0.6
0.9
0.78

2.0
2.8
3.04

1.5
2.3
1.6
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late August, respectively (Schults et al. 1975). Protozoans and rotifers
were the most numerous zooplankton in Shagawa Lake, followed by copepods
and cladocerans (Figure 9). Maximum production of benthos, dominated
by Chaoborus spp., occurred in October when total organisms reached

20 x 103/m2 (Figure 10).

Macrophytes covered less than 1% of the lake surface. Dominant species
of emergent vegetation included the bur-reed (Sparganium eurycarpum),
waterlily (Nuphar sp.). pondweed (Potamaogeton richardsonii), water weed

(Elodea sp.), and bushy pondweed (Najas sp.).

Dominant fish included cisco {Coregonus artedii), walleye (Stizostedion
vitregm), yellow perch (Perca flavescens) and the rock bass {Ambloplites

rupestris).

Schults et al. (1975), present further discussion of the phytoplankton,
zooplankton, benthos, fish, and macrophyte communities.

Table 3 summarizes nityogen and phosphorus budgets (see Malueg et al.

1975 for details). Wastewater accounted for about 80% of total phosphorus
entering the lake, while tributaries contributed about 15%. On the

other hand, waste discharges accounted for only about 27% of the nitrogen
entering the lake while tributaries supplied 60%. About 50% of the
phosphorus and 16% of the nitrogen were retained by the lake-sediment
system. The amadnt_of nitrogen gain or loss by nitrogen fixation or
denitrification was not determined.

Distussion
Based on the multitude of measured 1imnological variables, Shagawa Lake

was classified as eutrophic. For example, during the summer it exhibited
high pH in the epilimnion, anaercbic conditions in the hypolimnion, low
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Table 3: Summary of P and N Budgets for 1972

PHOSPHORUS

Source

Wastewater discharges

Tributary runoff

Precipitation

Groundwater

Other (direct runoff - 60; excess

drinking water - 10)
Total

Sink (outflow)

% retention

NITROGEN

Source
Wastewater discharges
Tributary runoff
Precipitation
Groundwater

Other (Direct runoff - 2800; excess

drinking water - 1100)

Total

| Sink (outflow)

% retention

41

70
6240
3140

50

3900 -
71900
60400 .
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Secchi disc values and large variations of nitrogen and phosphorus with
time and depth. Summer phytoplankton were predominant]y blue-green
algae, and. chlorophyll values reached about 60 ug/1. ‘

On the basis of data from 17 Wisconsin lakes, Sawyer (1947) indicated
that 0.01 mg/1 of inorganic phosphorus and 0.3 mg/1 of inorganic nitrogen
at the time of spring overturn are critical values, above which blooms
can be expected. In Shagawa Lake the springtime values of soluble
reactive phosphorus and inorganic nitrbgen were generally at or above
these levels.

Vollenweider (1968) proposed criteria for classifying the trophic status
of lakes on the basis of specific loading rates of nitrogen and phosphorus
normalized to mean depth and surface area. The observed phosphorus and
nitrogen loadings to Shagawa Lake were 0.68 g/mz/yr and 7.82 g/mz/yf
respectively, well above the threshold values for eutrophic lakes.

Vollenweider (1974) later refined his relationship to take into consider-
ation the mean hydraulic retention time of the body of water as well as
the mean depth. Figure 11 shows 1972 phosphorus loading for Shagawa

Lake plotted in this manner.

Approximately 80% of the phosphorus entering Shagawa Lake and 27%
of the nitrogen were attributed to the municipal wastewater. In early
1973, processing of the wastewater by tertiary treatment was initiated,
reducing the phosphorus loading to the lake by 80%. The trophic condition
of Shagawa Lake is changing from eutrophic to mesotrophic as a result of
the greatly decreased loading of this critical nutrient. ' i
During periods of anoxic conditions in the bottom waters, phosphorus is
released from the sediments. This phosphorus can be transported through-
out the lake as the thermocline breaks up during passing storms and thus
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can be made available for algal growth.
this during July-August when internal loading of phosphorus was of a consider-
able magnitude and did significantly increase the concentration of phosphorus
in the upper waters during that time (Larsen et al., 1975). This nutrient

transport process has also been reported for Lake Mendota by Stauffer and Lee

(1973).

SUMMARY

Phosphorus loading versus mean depth/mean hydraulic residence time
for 1972 (Vollenweider, 1974).

Mass balance estimates demonstrate

This description of Shagawa Lake, Minnesota includes limnological data obtained

during 1972.

Because the Take has received municipal wastewaten for 75 years,

it is culturally eutrophic, a condition extremely rare for a lake in this region

of Minnesota.

During the past eight years, the Environmental Protection Agency

has intensively studied Shagawa Lake to evaluate lake restoration by wastewater
phosphorus removal. A data summary of Shagawa Lake and its drainage basin is

presented in Table 4.
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Lake name

Trophic state
Lake type
Drainage area
l.ake surface area
Mean depth
Retention time
Mean alkalinity
Mean conductivity

Mean Secchi disk

Mean dissolved
phosphorus

Mean total phos.

Mean inorgan.
nitrogen

Mean chlorophyll a
Annual productivity

Phosphorus loading
point source

non-point source

surface area
Toading

Nitrogen leoading
point sources

non-point sources

surface area
Toading

Degree of oxygen
depletion in
hypolimnion

Table 4

1972 DATA SUMMARY FOR NORTH AMERICAN PROJECT

Shagawa lLake, Minnesota, USA

Eutrophic
Lake

5
270x10
9.2x10°
5.7

vl

BEd

22 (fall circulation)
60 (fall circulation)
2.3 (ice-free period)

0.021
0.055

0.160
15 (annual value) 24 (ice-free period)
220

5,100
1,150

0.68

20,000
52,000

7.8

0.0

Any other data you feel important

Above mean phosphorus and nitrogen

values are volume weighted means

2 GIE : €

depth

weekly at 3 stations at 1.5 m

intervals.
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(oligo., meso., eutro)
(1ake impound., estuary)
(square meters)

(square meters)
(meters)
(years)

(mg/1)
{umhos/cm)
(meters)

(mg/1)
(ma/1)

(mg/1)
(ug/1) (uncorrected)
(gr/meterzlyear)

(kg/year)
(kg/year)

(gr/meterz/year)

(kg/year)
(ka/year)

(gr/meterz/year)

(mg/1)
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LAKE SALLIE, MINNESOTA
Joe K. Neel

Department of Biology
University of North Dakota
Grand Forks, North Dakota

I. INTRODUCTION

Lake Sallie has received nutrients originating in the City of Detroit Lakes
sewage for more than 70 years. Wastewater discharges, treated and untreated,
have passed through a natural lake and an impoundment enroute to Lake Saliie. -
In recent years sewage treatment has been very effective for such parameters
as BOD and coliforms. This lake also has 168 septic tanks draining toward it.

IT. GEOGRAPHIC DESCRIPTION

A. Latitude 46°36'00"N

Longitude 95°54'12"W -
B. Altitude 399 meters (1,309 feet) above mean sea level
C. Catchment Area 1,543.6 km? (382,399 acres)

D. General Ciimatic Data

Mean monthly temperatures have ranged from -18.7C (January) to 21.2C (July).
Precipitation since 1968 has varied from 49.53 - 70+ cm per year. Lake Sallie
is usually ice-covered from mid November until April. Ice has varied from
15-60 cm in thickness, and has been covered with up to 35 cm of snow. Pra-
vailing wind direction during open water seasons is usually NNW, but strong
south winds occur from time to time. Evapotranspiration usually exceeds pre-
cipitation by about 25 dm (10 inches) per year, but in the 1973-74 water year
it exceeded precipitation by only 5 cm.

E. General Geological Characteristics

Topography of this area was primarily formed by Pleistocene glaciation. Four
Tobes of the Wisconsin ice sheet advanced into Minnesota, and two, the Wadena
and Des Moines lobes, formed this watershed. The Wadena lobe, moving westward,
formed a hilly region to the east which was later overridden by the Des Muines
Tobe moving east and carrying grey till, which was deposited on the meraine
when the Des Moines lobe withdrew. Outwash areas were formed to either side.

Soil in the morainic eastern 1/3 of the watershed is medium textured sandy loam
which developed from calcareous glacial till; that in the central part consists
of coarse.to medium textured well drained materials formed from glacial cutwash:
and that in the western 1/3 is dark, well drained glacial till. Outwash de-
posits are from 1 to 24 m thick, and the glacial till exceeds 91 m.

Large ice blouks broken off the Des Moines lobe were covered or partially cov-
ered by outwash and their melt formed Lake Sallie and others in the watershed.
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These lakes are circular or elliptical of the type called keftle holes.

F. Vegetation
The catchment area has the fo]]oWing cover:

Forests 23%

Water areas and marshlands 29%
.. Pastures and croplands 45%
Urban and residential areas 3%

F2 PO —
» o e

Forest cover is largely deciduous, containing oak, maple, aspen,
birch, basswood, cottonwood, ash, and scattered conifers. Marshes are
largely covered with cattails and bulrushes, but some wild rice is

. present.- Agricultural lands are devoted to small grains, hay, and
pasture. :

¢

P, Popu1at{on

This watershed is a popular vacation area and a large share of its
population is transient during open water seasons. The City of Detroit
Lakes had 7,000 residents in 1970 and the permanent populaticn of
suburban dwellings was around 2,000. Lake Sallie has 168 cottages on
its shores that house mostly temporary res1dents

H. Land Usage

Fifty two percent of the land (forest, water, and marsh]ahds) is used
for recreation. Forty five percent is used for farming - small grains,
hay, livestock pasture, and turkey rearing; 3% is residential and urban.

1. Use of Water |

Groundwater supplies all domestic and industrial water, and surface
waters are used almost exclusively for recreation ~ swimming, boating,
water skiing, fishing, etc. Known groundwater consumption is about
3,800-m3 (1 million gallons) per day; many residences have private ,
wells and withdraw unknown quantities. A limited amount of commercial
fishing is intermittently carried on in Lake Sallie in autumn.

J. Sewage and Effluent Discharge

As previously indicated, 168 cottages have septic tanks draining toward

Lake Sallie. Municipal sewage from the City of Detroit Lakes goes to a

conventional treatment plant (settling, sludge digestion, bjofiitration).

This plant effluent goes to an aeration pond whose effluent passes into
a stabilization pond, which overflows to a natural peat area that

discharges to a natural lake, Lake St. Clair. This lake overflows into
a ditch that joins the Pelican River above Muskrat Lake (see Figire 1).
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Figure 1. Flow route of wastewater effluent from Detroit Takes to Lake Sallie.
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III. MORPHOMETRIC AND HYDROLOGIC CHARACTERISTICS

A. Surface Are 5.3 km3® (1,310 acres)
Maximum Length 3.32 km (2.06 mi.)
Maximum Width 2.01 km (1.25 mi.)

B. Water Volume 33,700,262 m3 (27,318 acre feet)

Regulating structures across the Muskrat Lake outlet (see Figure 1)
permit control of Pelican River inflow into Lake Sallie during all but
extremely high runoff periods. Operation usually strives to maintain
the Take at the "normal" overflow level, but inflow is sometimes
insufficient and many times in excess of manageable quantities.

C. Maximum Depth 16.5 m (55 ft)
Average Depth 6.35 m (21 ft.)

D. Exceptional Depths

Deep pockets underlie very small portions of the surface area of Lake
Sallie (Figures 2). The area north of the hilus in the bean shaped lake
contains most deep water, and the area south of this point is practically
flat between shoreline slopes. Percentages of surface area lying. between
selected depths are:

Depths % of area
0-1.52 m (0-5 ft) 15.85
1.52-3.05 m (5-10 ft) 19.81
3.05-4.57 m (10-15 ft) 7.36
4.57-6.09 m (15-20 ft) 6.80
6.09-9.14 m (20-30 ft) 44,71
9.14-12.19 m (30-40 ft) , 4.90
12.19-15.24 m (40-50 ft) 0.38
15.24-16.50 m (50-55 ft) 0.19

E. Ratio of Epi- over Hypolimnion

This varies from year to year and during any one year. The thermocline
has disappeared and reappeared during some summers. and it generally
tends to sink as summer progresses. Epi-7hypolimnion quotients have
ranged from less than 1 to about 18 at the onset of stratification and
have usually increased to 250 or more before the disappearance of the
thermocline.

F. Duration of Stratification

1969 - July 15 to September 14
1970 - June 6 to 26

1971 - June 3 to 10

June 15 to July 21
August 12 to 20

June 8 to August 4
August 14 to 22

1972
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Figure 2.
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Bathymetric map of Lake Sallie, Minnesota.
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1973 - June 6 to September 7
1974 - July 10 to July 31
August 21 to 28

G. Nature of Lake Sediments

Shoal areas, about 45% of the bottom, are Targely sand, and deeper
regions are mostiy covered with silt and clay. Particulate organic
matter overlies sand in shoal pockets and entire bottoms in deepest
areas. Shallows have bottoms consisting of 75% sand, but deeper
regions have but 25%.

H. Seasonal Variation of Monthly Precipitation

Generally, highest precipitation has occurred in May, June, July and
August, and lowest in December-February. During some years (1971,
1972, 1973) precipitation was high in late summer and early autumn.

I. Inflow and Outfiow of Water

1969 1970 1971 1972 1973
Inflow (m3 x 108)
Surface inflow 20.22 17.84 17.85 17.39 26.47
Ground inflow 2.49 1.24 2.96 3.10 4.18
Total inflow 22.71 19.08 20.81 20.49 30.65
Outflow, surface 22.71 19.08 20.81 20.49 30.65*

* 3 mos. estimated

J. Hater Currents

Other than in the immediate vicinity of the Pelican River inlet, all
currents are wind generated during open water seasons. Maximum waves
are produced by southern and NNE winds. Pelican River and other inflows
are more readily detected under ice when they escape wind mixing.

K. Water Renewal (Retention) Time
Retention time (all inflow) has ranged from 1.09 to 1.76 years as

shown below.
Years Detention

Water Year AlT Inflow Surface Inflow
1969 7.48 1.66
1970 1.76. 1.88
1871 . 1.61 1.88
1972 1.64 : i.94
1973 1.09 1.27



IV. LIMNOLOGICAL CHARACTERIZATION
A. Physical
1. Temperature

Water has responded rather quickly to seasonal air temperature changes,
and surface and bottom waters have usually differed 1in summer and always
in winter. In winter water has usually been about 3°C warmer at bottem
than at surface, but during periods of summer stagnation it has been as
much as 10°C cooler near the bottom. Temperature has ranged from 0-27°C
For data on stratification see F under III above.

2. Conductivity

This parameter has varied by as much as 50 umhos/cm in different lake
surface areas on the same date. It has generally been lowest at the
outlet (240-280 umhos/cm) and highest (290-360) at the Pelican River
inlet. It also increases with depth with advanced thermal stratification
{as much as 40 umhos/cm between surface and 9 m).

3. Light

Surface light intensity measurements have varied from less than 400 to
7,720 foot candles. Declines to less than 5% of surface intensity have
usually occurred at 3 m. No light has been observed to penetrate ice
cover, even the minimum (25 cm) considered safe for observers, but
there is indirect evidence that this has occurred. Light penetration
was commonly restricted by plankton, especially blue-green algae,
during open water seasons. The 1% incident radiation level usually
occurred at 3-3.5 m but in autumn sometimes went as deeply as 8.5 m;
very faint 1ight was occasionally detected at 10 m. Red and green
wave lengths usually had greater intensity and range than blue, but
their penetration was often controlled by dominant phytoplankton
pigments. Red penetrated more deeply when blue-greens and diatoms or
diatoms alone were predominant, but green reached greater depths when
greens and blue-greens or greens alone were dominant.

4, Color

This measurement has not been conducted at Lake Sallie.

5. Solar Radiatign

This feature has been recorded since June 1971 with few interruptions.
It has been most intense in July and August (daily means of 500-560 1y}
and least in December (daily mean 100 ly). The maximum daily figure
has been 708 1y in July and the minimum 42 1y in December.

B. Chemical
1. pH

Surface waters have had pH above 8.0 at all seasons, but deepest water
has fallen below that level with summer and winter stagnation. Some
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ittoral areas have ranged below and above 8.0 depending on the nature
of ground and surface inflow. These data indicate virtual isolation of
upper waters from deeper areas with S@gnmficmnt dec@nFW51t?on most ¢

the year, widespread photosynthetic dominance in upper waters, and &
relatively minor water volume noticeably af facted by decomposition. ‘
Upon a few occasions pH increases in surface water under ice suggested
photosynthesis although 1ight could not be detected there. These
alevations were accompanied by oxygen increases

2. Dissolved Oxygen

Oxygen was never deficient in surface water and its concentration was
frequently determined by photosynthesis which often produced
supersaturation. Maximum levels were usually produced by Tittoral
macrophytes and attached algae which were often responsibie for oxygen
pulses. Thermal stratification often occasioned degiygion in deeper
waters, summer and winter, but oxygen always occurred in limnetic
surface water, even under thickest ice and snow covers. Photosynthetic
oxygen production occurrad under ice cover which has already been
mentioned with reference to pH. An increase of 3 mgT was once noted
over a 7-day winter period.

3. Phosphorus

Soluble reactive phosphorus (SRP) was concentrated in deeper waters
during stagnation periods, but it tended to disappear from Timnetic
surface waters during growing seasons, although this rarely occurred

in 1969. It was missing in surface water from mid-September 1972 until
early March 1973. It was usually rather low in surface water in most
areas from (0-0.5 mngl) but it became rather heavily concentrated in

some littoral areas, especially under ice cover {maximum 4.8 mgl).
Concentration in the Pelican River inlet was invariably greater than that
in the outlet. -

Total phosphorus variation in general resembled that of soluble

reactive phosphorus, but concentration was usuaily higher. It increased
with depth, declined from winter maxima during the growing season, and
was always more concentrated in incoming than in outgoing water. Total
phosphorus as used here is that secured by oxidation with potassium
persulfate.

4. Nitrogen

a. Ammonia Nitrogen

This form of nitrogen was present in every water sample taken from
Lake Sallie, no matter what depth or season, It was most concentrated
in deeper waters during stagnation periods (up te 3.10 mgl in winter
and to 2.6 mgl in the summer). Maximum concentrations in limnetic
surface waters (up to 1.25 mgl) occurred during periods of full
circulation when accumulations built up in deeper waters were raduced.
Surface concentrations varied in different lake regions. Values above
4.0 mgl were observed under ice in ground water infiow. The Pelican
River inlet and three other 1ittoral areas had ammonia concentrations’

*In this report mgl means milligrams per Jiter
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above those of the general lake surface. All such areas had infiowing
surface or ground water. Concentration in surface limnetic water was
almost without exception greater than 0.1 mgl and usually more than 0.2
mgl. Ammonia nitrogen was generally more concentrated in the Pelican
River inflow (Station 1) than in the lake outlet (Station 8).

b. Nitrite Nitrogen

This form was often, but not invariably, found in samples from all lake
regions and depths. It disappeared from all sampled areas in August
1969 and from surface waters during much of summer and autumn 1972.
Concentration was usually well below 0.01 mgl at all depths during open
water seasons, but it increased to 0.1 in the inlet and limnetic waters
briefly in September 1970. During stratification, maximums were found
at 6 meters under ice and at intermediate to maximum depths with open
water.

c. Nitrate Nitrogen

‘Nitrate was most concentrated under ice cover. It was most abundant
at 6 and 8 m during the 1969-70 winter and at 14 m during the 1970-71
winter. The Pelican River inflow generally had higher values than its
outflow. NO3 was rarely absent from surface water during open water,
and never under ice cover. Concentration never quite reached 0.4 mgl
and was usually less than 0.1 mgl.

5. Alkalinity

Carbonate alkalinity was present in limnetic surface water at all
seasons, was absent from deeper waters during stagnation periods, and
from some Tittoral areas at intervals, e.g., in areas with ground water
entering under ice cover. It reached 100 mgl (as CaCO;) in Muskrat
Lake discharge, and 48 mgl in the limnetic zone. It increased slightly
under ice cover in response to photosynthesis.

Minimum bicarbonate concentrations were recorded in surface water, and
its limnetic maxima in deeper waters during periods of stratification.
Its maximum in the limnetic zone was 230 mgl in winter. Higher values
(up to 428 mgl) were noted where ground water inflow was isolated by
ice cover in some littoral areas, and in winter Pelican River inflow.
HCO3 was photosynthetically reduced to 124 mgl in upper limnetic water.

6. Calcium and Magnesium

In 1imnetic areas Ca ranged from slightly less than 60 to 100 mgl,
whereas magnesium has varied from slightly more than 100 to 165 mgl.
Highest values for each were in deepest water during stagnation periods.
Groundwater entering the Take in littoral areas had higher levels, and
in it Ca exceeded Mg. Preponderance of Mg in surface waters fed by

such groundwater indicates photosynthetic overshadowing of decomposition.
Both ions increased when C02 appeared in the hypolimnion, but Mg to a
greater extent.

55



C. Biological
1. Phytoplankton
a. Chiorophyll

No chlorophyll determinations have been made to date as this procedure
has not entered into project objectives.

b. Primary Producticn

This feature has been measured over two hour incubation pericds using
the Tight and dark bottle technique. Reproducibility was within +10 mg
C fixed/m3/hr.

Phosphorus and nitrogen declined along the path of Pelican River inflow,
and this was true of the rate of primary production on many but not aill
dates of measurement. It was often greater in the mid-limnetic area
than near the inlet. Horizontal variation in the limnetic zone appeared
normal.

Most measurements were made near the center of the limnetic zone.
Surface water there has shown maxima in late summer or early fall, but
activity has varied considerably over the seasons. Patterns for the
euphotic zone have resembled those for surface water, but generally
have had fewer and sharper peaks. Means over the euphotic zone were
comparable to those of surface water in 1969 and '71, but were much
Tower than the surface in 1970. Maximum production levels increased
following weed harvest which began in 1970 as follows:

Maximum gross primary
production (mg C fixed/m3/hr)

1969 | 435

1970 650
1971 645
1972 780
1973 ‘ 720
1974 970

This would make it appear that there was considerable competition
between phytoplankton and macrophytes.

Productivity varied with depth in the euphotic zone and with time of )
day, but with no consistent patterns. There was no definite relationship
with intensity or amount of 1ight on a daily or seascnal basis other

than some suppression of activity at noon on bright summer days.
Photosynthetic efficienty (mg C fixed/m3/1y) was usually greatest in

late afternoon, and seasonally in autumn.

c. Algal Assays

Collections through 1974 have yielded 131 algal species: 59 green algae,
38 diatoms, 25 blue-greens, 3 dinoflageilates, 1 cryptophycean,
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3 euglenophytes, 1 chrysophyte, and 1 xanthophyte.

Annual succession patterns have varied with location in the lake, and
have been unstable at periods with changing dominant groups. In the
central Timnetic zone the most frequent tendency was dominance by
diatoms in spring, blue-greens in summer, diatoms again in autumn, and
grean algae or cryptophyceae in winter. This was by no means a fixed
successional order. Blue-greens were sometimes dominant for short
periods in winter, diatoms were noted to temporarily or permanently
usurp dominance from blue-greens in summer, and diatoms were at times
replaced in dominance by blue-greens for varying periods in autumn. °
Vacillating dominance between diatoms and blue-greens that often
occurred in late spring and early fall suggests that competition
between them is rather finely balanced and that swings to either side
may result from minor environmental changes.

Phytoplankton composition as larger taxonomic groups differed

. noticeably at any time in varied limnetic and littoral areas, and at
different depths in the central limnetic zone. Variation at the
generic level was often noticeable during periods of dominance by a
single class or order.

d. Count

Concentration has varied from 12,000 to more than 66,000,000 units per
liter. Seasonal influences appear to result in spring, summer, and
autumn maxima, and winter, late spring, and late summer winima. Diatoms
have been largely responsible for spring and fall elevations and
biue~greens for major summer growth, but this has not been a fixed
pattern. Diatoms once replaced blue-greens in summer. Green algae
never contributed significantly to annual maxima but had about 5 peaks
per year, three in summer and one each in spring and winter. They
were dominant only with Tow total phytoplankton concentrations in
winter. Greatest total concentrations (more than 50,000,000/1)
observed (outside plankton drifts) were during diatom dominance in
spring, and usually at some distance below the surface where numbers
may have been enhanced by settling. Highest summer concentrations of
blue-greens were considerably Tower, ca 6,000,000/1.

2. Zooplankton
a. lIdentification and Count

Zooplankton samples have yielded 27 species of Protozoa, 1 nematode,
1 gastrotrich, 20 rotifers, 1 tardigrade, 6 cladocerans, 3 copepods,
1 ostracod, and larval water mites. The most numerous protozoan
(Coleps) attained very great concentrations (500,000/1) in deep water
each summer. Bosmina longirestris (0. F. Mull) and Chydorus
sphaericus (0. F. Mull) have been the most abundant cladocerans, and
‘Trichogerca similis Ehr., T. multicrinis Kell., and Keratella
cochlearis (Gosse) the most numerous rotifers. Halteria, Didinium,
Strombidium, and Vorticella were common protozoans.
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3. Bottom Fauna
To date benthos has not entered into the Lake Sallie study program.
4, Fish

No detailed examination of nekton has been undertaken, but data on
number of fish species is available from the Game and Fish Division
of the Minnesota Department of Matural Resources. Species assayed
for carbon, nitrogen and phosphorus content, and these values as
percent of wet weight were:

% of wet wt.
ish Species ¢ N P

Catostomus commersonii {(Lac.) 9.97 1.99 0.49
Esox lucjus L. 9,11 2.61 0.57
Ictaiurus natalis (LeS.) .39 2.25 0.54
I. nebulosus (LeS.) §.31 2.02 0.55
T. melas (Raf.) 9.18 1.97 0.50
Lepomis gibbosus (L.) 8.68 2.06 0.71
L. macrochirus Raf. 8.52 1.84 0.85
Perca flavescens (Mitch.) 9,49 1.83 0.59
Pomoxis negromaculatus {LeS.) 9.76 1.95 0.73
Stizostedion vitreum (Mitch.) 7.91 1.84 0.60

Over the period 1969-73 Ictalurus melas was the most abundant species
and accounted for the greatest weight of fish removed by commercial
and sport fishermen. Estimates of total biomass of fishes in the lake
made by the Game and Fish Division are:

1969 - 347,545 kg.
1970 - 212,090 kg.
1971 - 594,740 kg.

5. Bacteria

Bacterial observations have been Jimited to forms microscopicalily
identifiable in plankton samples {(Sphaerctilus natans). Under ice this
species has comprised up to 70% of the plankton population in some
littoral areas.

6. Bottom Flora

In addition to macrophytes the bottom bore growths of Chara sp..
Cladophora sp., Rhizoclonium SP., and Nostoc. The two filamentous
algae were often attached to macrophytes as was Lemma trisulca L.,
which was also free fleating. Spirodela polyrhiza L. and Wolffia
columbiana Karst. also occurred as surface floaters.

7. Macrophytes

This population has to date included the following species:
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Najas flexiles (Willd.) Rostk. and Schmidt
Potamogeton amplifolius Tuckerm

crispus L.
. filiformis var. Macounii Marong
gect1natus L.

. praelongus Wulf.
Richardsonii (Benn.) Rydb.

Ruppia maritima L.

Alisma gramineum var. Geyeri (Torr.) Sam.
Scirpus actus Munl.

Heteranthera dubia (Jacq.) MacM.

Eiodea canadensis Michx.

Vallisneria americana Michx.
Ceratophyllum demersum'L.

Myriophyllum exalbescens Fern.

Nuphar variegatum Engelm.

Nymphae tuberosa Paine

_vmlvlvh:v

- Prior to weed harvest macrophytes covered about 34% of the lake area,

all above the 3 m contour except Potamogeton praelongys which grew down
to 6 m. Northern and southern ends of the lake were then dominated by
xr1oghz]]um and P. pectinatus. Weed harvest began in 1970 and in 1971
all species listed above were still present but noticeably less
abundant. P. pectinatus was more prominent than Myriophyllum and most
luxuriant growth had changed from northwestern to west and southern
areas. In 1972, following 2 years of weed harvest, Myriophyllum was
becoming rare, and a previously rare species, P. crispus, dominated
wide areas in the northern half of the lake. Weed growth in
harvestable areas declined each with harvest as shown by total mass
removed each year:

1970 - 428,034 kg wet wt.
1971 - 111,064 kg wet wt.
1972 - 59,487 kg wet wt.
1973 - Practically nil in harvestable areas

V. NUTRIENT BUDGETS SUMMARY

A. Phosphorus
Kg/water year

Source ' 1968-69 '69~70 '70-71 t71-72 '72-73
Waste Discharge 10,020 7,060 15,169 20,081 20,519
Land Runoff 100 410 474 176 5,966
Precipitation - - 18 9 -

Ground Water ' 15345 620 1,480 1,552 25063
Total 11,465 8,090 17,141 21,818 28,548

59



B. Nitrogen

Saurce 1968-69 '69-70 '70-71 '71-72
Waste Discharge 11, 360 5,590 10,568 6,930
Land Runoff 290 260 610 94
Precipitation - - 175 240
Ground Water - - 3,410 8,752
Total 11,650 5,850 14,763 16,016

Vi. DISCUSSION
A. Limnological Character

Prior to cultural enrichment Lake Sallie was probably middle-aged
(Tate mesotrophic or early eutrophic as these terms refer to aging).
The large epilimnion/hypolimnion quotient that usually occurs does not
produce a major isolation of nutrients, and summer stagnation is
usually interrupted. It would therefore appear that naturally
occurring nutrients were generally available during the growing
season, and that quantities tied up in the hypolimnion were often made
available at intervals- during summer. The major water mass probably
supported photosynthesis as it does today, but intensity and
persistence were less. '

Lake Sallie is a moderately hard, moderately alkaline lake, and neither
calcium nor bicarbonate appears lTimiting to plant growth or
photosynthesis. Its epilimnion retains a photosynthetically imparted
character the year around, and is evidently influenced by photosynthesis
at times under ice and snow cover. Although containing considerable
nutrients and highly productive, the major water mass is remarkably

free from decomposition effects. Photosynthesis affects all water
during full circulation periods and stratification isolates relatively
small volumes.

The lake has a detention period of about 1.5 years and the major

surface inflow {Pelican River) sometimes forms interflows under ice
cover that may pass on through the lake. Ice cover also permits many
lesser inflows to demonstrate their individuality which is never evident .
in wind driven open water. Some inflow induces oxygenless conditions
over a few hundred meters of shoreline under ice, but no such effects

- are evident during open water.

The plankton population is not dominated by any major group for any great
length of time. Diatoms have produced more biomass than any other
phytoplankton group, and they have been involved in some of the most
intense primary production. They have usually been dominant in cooler
open water periods, spring and autumn, but have sometimes replaced
blue-greens in predominance in summer. Blue-green phytoplankters
generally dominate in the hotter months, but have appeared liable to
usurpation by diatoms even then. Blue-green maximums have been about
11% of those achieved by diatoms, but their denser populations have
been much more noticeable macroscopically. Dominant groups have varied
in different lake regions at all seasons, in both littoral and limnetic
zones. 60 :



B. Delineation of Trophic State

Lake Sallie today may be classed as a culturally enriched, late
mesotrophic or early eutrophic lake. The latter two terms are used as
they refer to natural aging.

C. Trophic State vs. Nutrient Budgets

Nutrient budgets vary from year to year but they have been adequate to
maintain a high level of plant growth. Attempts to reduce nutrients
to less productive levels by weed harvest have been a signal failure,
as they have removed only a small percentage of the annual phosphorus
increment. Removal of all fish and weeds would make inroads on
previously accumulated nitrogen, but would not equal any annual
phosphorus increment observed to date. The only practicable method
for P reduction now appears to be great reduction, or perhaps virtual
elimination, of quantities entering in surface inflow. Phosphorus
removal procedures are scheduled to be applied to the municipal waste
effluent beginning in autumn 1975. Response of the lake to nutrient
reduction will be studied concurrently.

Phosphorus loading has varied from 1.52 to 4.16g./m3/yr., depending

upon character of the wastewater effluent and inflow volume. The second
Vollenweider number, depth/detention time, is 4.2. Detention time used
(1.51 yrs.) is based on both surface and groundwater inflow; surface
inflow alone would give a detention of about 1.80 years, and a smaller
Vollenweider number (Z/Tw). If data for Lake Sallie are plotted on

the L - Z/Tw curve (Figure 3, Vollenweider and Dillon, 1974) any L
figure (gP/m2/yr.) within the above range would place this lake in the
eutrophic range, and the higher value (4.16gP/m2/yr.) would put it well
above the "dangerous” limit. Actually, Lake Sallie has developed
nuisance conditions each recent year of record that would place it

above the "dangerous" condition with P loadings ranging from 1.52-4.16g/
m?/yr. This would suggest that above certain loadings P is no longer
controlling or that the Vollenweider-Dillon curve needs further
modification.

VII. SUMMARY

Lake Sallie is a kettle hole lake formed by an ice block left in
outwash as the Des Moines lobe of Wisconsin glaciation retreated from
northwestern Minnesota. The lake now lies in sand and sand and gravel.
Its catchment area (1,544 km2) is covered by forest (23%), water
bodies and marshlands (29%), pastures and croplands (45%), and urban
and residential areas (3%).

The lake area is a summer vacationland with a large transient population.
The nearby City of Detroit Lakes had a 1970 population of 7,000, and
2,000 more reside in suburban areas along lake shores. Lake Sallie

has 168 cottages 4long its shores that house mainly transient residents.

On the basis of age classification Lake Sallie is in a late mesotrophic
or early eutrophic state and is culturally enriched by wastewater
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effluent from the City of Detroit Lakes, septic tanks along its shores,
and ground water inflow from agricultural lands and distant residential
areas. Waste discharges have put in 7,000-20,000 kg P and 5,000-11,000
Kg N per year; surface Tand runoff has contributed up to 474 kg P and
610 Kg N; direct precipitation has added up to 18 Kg P and 24 kg N; and
ground water inflow has supplied up to 1,552 Kg P and 8 750 kg N
annually.

Thermal stratification usually comes and goes during summer and early
fall, but has endured continuously for about two months. When present
the hypolimnion occupies a relatively small volume. During open water
seasons and most of the time under ice the chemical nature of the wmajor
water mass is of the sort imparted by photosynthesis, and it rarely
changes during periods with complete circulation.

The lake is mainly fed by surface inflow (mostly down the Pelican River)
but ground water has significant contributions (up to 3.10 x 108 m3/yr.)

Weed and fish harvest has not removed more-than a fraction of annual N
and P increments. Complete removal of the biota would eliminate only
part of the annual P load, and significant removal of nutrients from
inflowing water appears the only practicable method to insure lake
recovery.

Profuse weed and phytoplankton populations compete for nutrients; when
harvesting reduced weed populations phytoplankton mass and
photosynthesis increased. Weed harvest in 1971 and 1972 yielded but
26% and 14%, respectively, of the 1970 crop, and in 1973 weeds in
harvestable locations did not merit harvester operation.

Phytoplankton was generally dominated by diatoms in spring and fall and
by blue-green algae in summer. Green algae were frequently dominant

in winter when total numbers were Tow. Greatest densities were achieved
by diatoms. Blue-greens have not attained more than 11% of maxima
reached by diatoms, but have been much more noticeable along shore Tines
than diatoms, since they are more prone to drift. Before harvesting
began macrophytes occupied about 34% of the lake area (down to 3 m
except for P. praelongus which grew down to 6 m). The fish population
is now dominated by bullheads; the lake was formerly known for its
-walleye populations.

Phosphorus loading has varied from 1.52 to 4.16g/m?/yr. and nuisance
conditions have occurred each year regard]ess of loading rate in this
range. This suggests that phosphorus is not 1imiting above a certain
Toading or that further modifications or factors must be incorporated in
loading-detention models.
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Trophic state

Lake type

Drainage area

Lake surface area

Mean depth

Retention time

Mean alkalinity

Mean conductivity

Mean dissolved phosphorus

‘Mean total phosphorus

- Mean inorgan. nitrogen

Phosphorus loading
point source
non-point source
surface area loading

Nitrogen Toading
point sources
non-point sources

surface area loading

DATA SUMMARY

FOR

LAKE SALLIE

Eutrophic

Lake

1,543,600,000

5,300,000

6.35

1.51

162

(280-360) mean 310
0.130 '

0.34955

0.4437

7,060 - 20,081

" ’030 - ] ,972

1.52 - 4,16

5,590 - 11,360

4,195 - 9,086

2.78 - 3.02
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THREE OLIGOTROPHIC LAKES IN NORTHERN MINNESOTA
Stephen J. Tarapchak

Great Lakes Environmental Research Laboratory
National Oceanic and Atmospheric Administration
Ann Arbor, Michigan

and

Richard F. Wright

Norwegian Institute for Water Research
0slo, Norway

I. INTRODUCTION

A. Past History

The three lakes (Dogfish L., Meander L. and Lamb L.) described in this report
are located in the Superior National Forest near the southern border of the
Boundary Waters Canoe Area in northeastern Minnescta. The area in the vicin-
ity of the lakes in uninhabited.

The general area consists primarily of virgin deciduous-coniferous forest.

The drainage basin of Dogfish L. has remained virtually undisturbed, and the
only significant disturbance in the watershed of Lamb L. has been the con-
struction of a dirt road bypassing the lake. The watershed of Meander L. has
been subjected to minor disturbances; the construction of Echo Trail in 1926,
the building of a CCC Camp in 1934, selective cutting of pines in the north-
western portion of the basin in 1945, and further cutting about 200 m from
shore in the southwestern basin in 1969-1970.

On May 14, 1971, the Little Sioux fire began and in the course of three days

burned 5900 ha. The fire killed about 70% of the overstory in the watershed
of Meander L. and about 65% of the overstory im the drainage basin of Lamb L.
Dogfish L., similar in water chemistry to Meander L. and located 2 km west of
the fire perimeter, was selected as a 'control' lake.

A cooperative effort was undertaken to investigate the effect of the fire on
the watersheds '‘and the lakes. In addition to the results presented here,
studies on internal nutrient cycling in the watersheds have been conducted
by Dr. H. E. Wright and J. P. Bradbury and J. C. B. Waddington of the Limno-
logical Research Center, University of Minnesota.
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Studies on water chemistry and phytoplankton were initiated in May/June
1971 and continued into the winter of 1972/73. Investigations on the
hydrology and nutrient budgets of the watersheds and lakes were conducted
during the period January 1 - December 31, 1972. Séme of the results have
been published by Wright (1974), Wright (1975), Bradbury et al. (1974), and

Tarapchak (1975).
ITI. GEOGRAPHIC DESCRIPTION
A. Latitude and Longitude

The lakes are located in northeastern Minnesota and are within 10 km of

one another (Table 1 containé latitude and longitude).
B. Altitude of the Lakes

The altitude of the lakes at their surface is approximately 400 m above

sea level (Table 1}.
C. Catchment Area

The catchment areas (Ag) of Lamb L. and Meander L. are small and nearly

equivalent. Ag of Dogfish L. is about one-third the size of the other lakes

(Table 1).
D. General Climatic Data

Northern Minnesota has a typical mid-continental climate with cold winters
and warm, moist summers. Average monthly temperatures and precipitation
records from two weather stations located within 30 km of the lakes are

given in Table 2 (data from the Environmental Science Services Administration,
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Table 1. Geographic location and description and morphometric
and hydrologic characteristics of the three lakes.

Meander Dogfish Lamb

Latitude 48°08'N 48°11.5'N 48°10'N
Longitude 92°8.5'W 92°11'w 92°6.5'W
Altitude Above

Sea Level (m) 423 393 376
Drainage Basin

Area Ad (ha) 133 59.1 156.2
Lake Surface

Area A, (ha) 36 29.1 39.7
Total Ag + Ao (ha) 169 88.2 195.9
Ratio Az + A, 2.03 3.70 3.94
Length (m)

maximum 1158 885 965
Width (m)

maximum 1006 805 708

average 210 117 402
Shore Length

(%103 m) 3.117 2.966 3.318
Volume (10% m3) 1.80 1.164 1.588
Depth (m)

maximum 7.0 5.5 5.5

average 5.0 4.0 4,0
Ratio Epilimnion

to Hypolimmion 1.55 e 1.68
Retention Time (yré) 2.7 3.5 2.3
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Table 2. A summary of average monthly air temperatures
and average monthly total precipitation. First
row of values from the Winton Power Plant; second
row of values from Crane Lake Ranger S3Station,

Minnesota.

Temp. (°F) Precip. Temp. (°F) Precip.

1971 (inches) 1972 {(inches)
January - .0 0.61 - 3.8 1.03
- 4.0 0.59 - 3.8 1.18
February 10.2 1.29 3.7 0.61
10.7 1.31 2.4 0.44
March 19.3 1.02 18.3 1.34
20.4 0.61 18.9 1.26
April 37.8 0.88 34,8 1.16
39.2 .1.22 36.2 1.25
May ’ 48.6 2.32 57.8 1.46
50.6 3.11 58.5 0.98
June 64,3 3.97 62.3 2.07
65.1 3.39 62.5 3.01
July 63.2 2.29 63.8 6.15
- 63.1 1.71 £3.9 6.47
August - 63.0 2.18 64.6 b, 62
64.9 1.97 4.7, 2.34
September 57.0 4,28 50.7 2.34
57.1 4.38 52.3 3.20
October ' b7.0 4,39 39.6 1.18
hg.2 6.65 41.1 1.62
November 26.2 1.84 25.2 0.75
A 26.1 2.09 25.8 0.52
December 11.2 0.87 h,5 1.39
10.9 0.71 Af3 0.95
Annual Mean 37.0 25.9 35.1 24.0
. 37.7 27.4 35.6 23.2
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U.S. Department of Commerce). Mean annual precipitation is about 25
inches, and annual temperatures average about 36°F. The lakes are ice-
covered from November through early April. The prevailingéwindS'are
from the southwest during the open¥water season., Mean annual evaporation

just exceeds mean apnual precipitation in the regiom.
E. General Geologic Characteristics

The lakes lie within the Vermilion granite batholith.

This massive Precambrian intrusion is composed of 25% quartz, 50%

potassium feldspar, 20% oligoclase, and 2% biotite, and minor amounts of
zircon, allanite, muscovite, and magnetite (Grout 1925). Granite outcrops
are visible along ridges and knobs, and intervening low spots often are
mantled by a thin layer of ground moraine deposited by the Rainy Lobeiof
the Wisconsin ice sheet (Wright and Watts 1969). The till is a brown sandy.
material and is highly permeable. Thick soils that occur on the glacial-
lacustrine clays are poorly developed, and acid soils that are poorly-to-
well drained have developéd 6n the sandy ground moraine (WNordin 1974). The
éoils generally are less than 25 c¢m thick but can range in spots to 2 m.
Granite outcrops are covered by a thin mat of moss and organic matter.

The soils in the drainage basins of Dogfish L. and Meander L. are similar. Those
in the watershed of Lamb L., however, contain deposits of gray calcareoﬁs

clays.
F. Vegetation

The lakes are located in a mixed deciduocus-coniferous forest dominated by

pine, spruce, fir, aspen, and birch (Wright and Watts 1969). The

watersheds of the three lakes consist primarily of undisturbed virgin forest.
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-G. Population (The watersheds are uninhabited)
H, Land Use (None)

I. Use of Water (None)

J. Sewage and Effluent Discharge (None)

IIT. DESCRIPTION OF MORPHOMETRIC AND
HYDROLOGIC CHARACTERISTICS

A. Surface Area of Water

The lakes have relatively small surface areas (A,). Ag of Dogfish L. is
the smallest of the three lakes. Meander L. has the greatest length
and maximum width, and Lamb L. has the greatest average width and shore

length (Table 1, Fig. 1).
'B.' Volume of Water

Bathymetric maps were used to compute lake volume for Meander L. and Lamb
L. (Fig. 1). The voiume of Dogfish L. was computed frdém an estimate of
" mean depth (obtained from line soundings) and surface area. Meander L.

has the largest and Dogfish L. the smallest volume (Table l).‘

C. Maximum and Average Depth

The maximum and average depths of the lakes are simjlar. Meander L. has
the greatest maximum depth, and Lamb L. and Dogfish L. are essentially

identical (Table 1, Fig. 1).
D. Location of Exceptional Depths

V Bathyﬁetric maps for Meander L. and Lamb L. (Fig. 1) show that the basins

are steeply sloped near the shore and have gently sloping to flat bottoms
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offshore. Line soundings in Dogfish L. indicate a similar basin

configuration.
=. Ratio of Epilimnion to Hypolimnion

The ratio volume of the epilimnion/volume of the hypolimnion in Meander
L. and in Lamb L. was computed from bathymetric maps and from the location
of the thermocline in mid-July (3.5 m and 2.5 m in Meander L. and Lamb L.,

respectively). Ratios of 1.55 and 1.68 (Pable 1) for Meander L. and

Lamb L. indicate large euphotic zones relative to volume of bottom waters.
F. = Duration of Stratification

Temperature profiles indicate that permanent summer stratification

is established by mid~June and is disrupted by mid-September.

G. Nature of Lake Sediment

The nature of the lake sediments and the results of paleolimnologic

analyses are given in Wright (1974) and Bradbury et al. (1974). A 60-cn

core of surface sediment from Meander L. was analyzed for per cent dry weight;
carbon, nitrogen, hydrogen content; total phbsphorus and major cations; and
pollén and diatom distribution. The major sediment constituents are biopel,
clastics, and biogenic opale. Historical variations in sediment chemistry,
pollen, and diatom composition have been detected. They are attriﬁuted to
increases in air-born dust resulting from agricultural activities in
northwestern and western Minnesota in the late 1880's and early 1900's and

to recent disturbances in- the watersheds themselves (see I.A.).
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ii. Seasonal Variatiom of Monthly Precipitation

Average monthly precipitation is given in Table Z. Additional data are

available in Wright (1974}.
I. Inflow and Outflow of Water

A hydrologic budget, including direct measurements on surface runoff,
stream flow, precipitation falling in the basins, and lake outflows, is

given by Wright (1974).
J. Water Currents (Not investigated)
K. Water Renewal Time

Retention time for each lake was computed from estimates of lake volume and
components of the hydrologic budgets. Dogfish L. has the longest and Lamb

L. has the shortest retention time (Table 1).
IV. LIMINOLOGICAL CHARACTERIZATION SUMMARY
A. Physical
l. Temperature

The lakes are dimictic, exhibiting thermal stratification in sSummer and
;wintér. Spring overturn occurs- just after ice~out in mid- or late-April,
and the lakes stratify in June. Temperatures of the surface waters in
summer range between 20° and 23°C; the bottom waters are at least 10°C in
each lake during summer. TFall overturn occurs in September, and the lakes

stratify inversely after an ice cover develops in November.
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2, Conductivity

Specific conductance measurements show that Meander L. and Dogfish
are similar, but that the waters of Lamb L. have much higher conductivity

levels (Tables 3-5).
3. Light

Secchi~disc transparency ranges between 1.5 and 4.0 m in the lakes, but

generally tends to be lower in Lamb L. (Tables 6-8).
4. Color

Color was not measured directly. Lamb L. is distinctly yellow-brown
(difficult to filter 150 ml through a 0.5 millipore filter). The other

two lakes are clear to very slightly stained with "humics."
5. . Solar Radiation

Not investigated. Measurements are available from the Environmental

Protection Agency Laboratory, Shagawa Lake, Ely, Minnesota.
Chemical

i. pH

Values of pH in the lakes are comparable (Tables 3-5).

2. Dissolved Oxygen

Oxygen measurements indicate that the surface waters of the three lakes

are saturated during most seasons but that depletion to 1.0~2.0 mg/l occurs

in the hypolimnion during late sunmer.
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3, Total Phosphorus and Fractions

Total PO4—P, total soluble PO4—P, and particulate POa—P (by difference)
were measured by the phosphomolybdate/stannous chloride method after
digestion With’KZSZOS' Average values of total PO4—P for the euphotic
zone and the water columm are given in Tables 9-~11 and summarized in
Tables 6-8. Total P04—P values generally are higher in Lamb L. than

in the other two lakes.

4., Total Nitrogen and Fractions

Measurements of total nitrogen, NHéN, NO,~N and NOB—N are given in

2
Tables 3-5, The concentrations are higher in Lamb L. and Meander L.

5. Alkalinity

Bicarbonate alkalinity values are summarized in Tables 6-8. Levels
in Meander L. and Dogfish L. are similar, but concentrations in

Lamb L. are significantly higher.
6. Ca, Mg, Na, K, 50,, CL

Concentrations of major cations generally are similar in Meander L.
and Dogfish L., but they are significantly higher in Lamb L. SOQ
concentrations are lower in Dogfish L., and Cl concentrations appear

to be higher in Meander L.

7. Trace Metals (Not investigated)

Biological
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Table 9.

Average concentrations of chlorophyll & and total
phosphorus in Meander Lake during open water seasons

of 1971 and 1972. Mean values are given for the
epilimnion (Xe) and for the water column (Xc). Values
for Xe were not calculated when measuréments for either
the epilimnion or hypolimnion were mot available.

Chlorophyll a (ug/l)

Total Phosphorus (ug/l)

1971 Xe Xe Xe Xc
5-21 4.1 4.9 — -
5-28 3.2 3.6 —_ -
6~20 0.9% 2.6% 4.0% 27.0%
7-5 2.8% 4.7 56.0% —_—
7-21 - 10.7 - -
8-5 1.5 2.7 5.8 4.8
8-15 4.2 5.6 5.0% 7.0%
9-3 2.8 7.5 5.7 10.6
9-18 5.1 5.6 6.0% 6.5
10-2 2.0 2.0 15.3 11.9
10-16 3.1% 3.5 8.5% 8.4
10-30 2.8% 3.3 - —
1972
5-7 1.8% 1.5 6.0% 7.3
5-20 0.4 0.7 9.8 9.3
6-3 - — 6.6 6. 5%
6-17 2.9 2.3 10.5 18.0
7-1 1.9 2.5 8.7 9,2
7-15 0.6 0.7 14.2 13.1
7-31 - 0.8% 5.5 7.9
8-13 0.4 3.8 - 10.5 12.4
8-20 —_— - 4.0* _—
9-5 - — 7.3 7.7%
9-20 - _ 8.5 8.3
10-7 — - 10.0% 9, 5%
10-21 — - 11.1 8.8

#Indicates that only one measurement was made in the epilimnion or

hypolimnion.
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Table 10. Average concentrations of chlorophyll a and total phosphorus
in Dogfish Lake during open water seasons of 1971 and 1972.
Mean values are given for_the epilimnion Cie) and for the water
column (Xc). Values for Xc were not calculated when
measurements for either the epilimnion or hypolimnion were not

available.
Chlorophyll a (ug/1) Total Phosphorus {(ug/l)
1971 Xe Xe Xe Xe
5-27 - - 10.0% -
6-20 - 3,1% 3.7* 5.0% -
7-5 2.1 - 4.0 12.0% 13.8%
7-21 1.2% 12.0% 5.6 8., 2%
8-10 2.4 7.4% 5.8 ~
8-16 2.9 5.2 6.0 7.3%
9-4 - - 11.0 10.2
9-19 8.4 7.1 15.3 12.4
10-2 6.7 6.3% 11.9 12.1%
10-16 5.8% 5.3 8.0%* 9.4
10-30 5.5 1.7 - e
1972
5-5 2.7 2.7 9.5 8.0
5-20 2.1 2.3 9.8 10.6
6~3 — - 7.3 8.9
6-17 2.3 7.2% 16.3 11.3%
7-1 2.1 4.1 3.0 11.4
7-15 1.4 3.8 8.0 8.0
7-31 2.7 - 11.8 9.9
8-12 4.4 6.7 9.5 10.0
8-19 - - 6.0% : -
9-5 - - 9.5 10.3
9-20 - - 9.8 11.7
10-7 - —— 13.6% 11.3
10-22 - - 9.6 9.9

*Indicates that only one measurement was made in the epilimmion or
hypolimmion.
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Table 11. Average concentrations of chlorophyll a and total phosphorus
in Lamb Lake during open water seasons of 1971 and 1972, Mean
values are given for the epilimnion (Xe) and for the water
column (Xc). Values for Xc were not calculated when measurements
for either the epilimnion or hypolimnion were not available.

Chlorophyll a (ug/l) Total Phosphorus (ug/l)
1971 Xe Xc Xe Xc
5-20 - — 10.0* _—
5-28 3.5 5.1% - -
6~5 - - 25.0% —-—
6-20 . 1.5% 4,8% 25.0% -
7=5 3.0% 3.9 17.5% -
7-21 - 1.8 - 7.5
8-4 2.3 3.4 8.0 10.4
8-15 2.4 5.2 8.5 20.0
9-5 6.9 7.4 11.8 11.8
9-18 6.3 4.6 12.0 13.0

10-2 6.7 6.9 17.5 15.9%

10-17 7.0 6.7 7.0 7.3%

10-31 11.9 11.2% - -

1972

5-5 2.0 1.5 11.5 10.8
5-22 bod - 8.0*% —
6-3 - - 8.5 17.0
6-18 4.2 4.6 10.5 8.3
7-2 1.2 2.3 13.8 11.9 -
7-15 1.4 - 12.0 14.1%
7-31 2.3 - 14.0 -

8~12 3.0 3.1 - 13.5

8-20 - - 12.0% -

9-6 - - 13.2 12.4

9-21 - -- 15.0% 12.8

10-8 - - 9.3 8.3%

10-21 —- - 11.5 12.3

*Indicates that only one measurement was made in the epilimnion or
hypolimnion. '
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Phytoplankton
a. Chlorophyll a

Chlorophyll a was measured spectrophotometrically (Strickland

and Parsons 1968} until May 1972 and with a fluorometer there-—
after. The latter values, corrected for phaeophytin, are suspect
because of time delays in analysis. Average values of chlorophyll
a for the euphotic zone and the water column are given in Tables -
9-11 and summarized in Tables 6-8. Although there are marked
seasonal differences among the lakes, the mean values for each of

the lakes are roughly comparable.

b. Primary Producfion (Not investigated)
c.. Algal Assays (Not investigated)

d. TIdentification and Count

Phytoplankton samples were analyzed by the Utermohl (1958) technique.
Approximately 400 taxa were identified to species. The counts,
expressed as biomass estimates, indicate that standing crop levels
in Dogfish L. and Meander L. ére comparable but they are significantly
higher in Lamb L. Further informatioﬁ on seasonal cfcles is available
in Bradbury ét al. (1974) and Tarapchak (1975).

i

Zooplankton (Not investigated)

Bottom Fauna (Not.investigated)

Fish (Not investigated)
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5. Bacteria (Not investigated)
6. DBottom Flora

There is abundant diatom growth on the littoral sediments (cf. Bradbury

et al. 1974).
7. Macrophytes

Not investigated extensively. Visual observations indicate sparse

development in the lakes.
V. NUTRIENT BUDGETS SUMMARY

The details of nutrient budgets for major cations and total phospﬁo:us in
1972 are available in Wright (1974, 1975) and Bradbury et al. (1974). Direct
ﬁeasurements were made on inputs from the atmosphere, from streams, -and from
overland flow. Quantities of nutrients leaving the lakes via stream outflow
were measured and permit calculations of.the ;mounts retained in the lakes.
In order to determine the increase in nutrient loadings due to the fire,
nutrient export from the watershed of Dogfish L. (the control lake) was
considered to be representative of nutrient export from the watersheds of

Lamb L. and Meander L. prior to the fire.

A. Phosphorus

The total input of phosphorus to the lakes and specific surface loadings are
given in Table 12. Lamb L. has the highest specific loadings and Dogfish L.
the lowest. Atmospheric loading is a major source of phosphorus for each

of the lakes. Using the measured quantity of phosphorus export from the
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Table 12. A summary of phosphorus loading rate computations used to
predict the trophic state of Lakes Dogfish, Meander, and
Lamb for 1972.

Dogfish L. Meander L. Lamb L.

Total Phosphorus
" Loading (kgm) _ 4.888 9.93¢% 12.14

Specific Surface
Loading of 5
Phosphorus (mg/m” /yr)

Runoff Input 3.1 13.2 16.6
- Precipitation Input 13.7 14.4 14.0
Total 16.8 27.6 30.6

Per Cent Phosphorus
Loading Retained in
the Lake 74 72 71

Vollenweider's (1968)
Trophic Limits
(mg/m2 /yr)

Admissible 57.5 ' 66.1 57.5
Dangerous 114.8 131.8 114.8

Ratio of Actual
- Specific Surface
Loading of Phosphorus
to Vollenweider's
(1968) Trophic
Limits

Admissible 0.29 0.42 0.53
Dangerous 0.15 0.21 0.27
Specific Surface Loading
(gm/m2/yr) divided by
mean depth (m)/Retention

time (yrs.), from
Vollenweider 1973 0.015 0.015 0.018
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watershed of Dogfish L. as the supply from a natural, undisturxbed system,
the fire apparently increased the loadings to Meander L. and Dogfish L. by
38 and 53 per cent, respectively. Phosphorus retention in the lakes is high

and ranges between 71 and 74 per cent.
B. MNitrogen (Not investigated)
C. Other Nutrient Budgets

Major cation loadings are given in Table 13. The fire increased potassium
export from the burned watersheds. Loadings of other cations,to the lakes,

however, apparently were not increased by the fire.
VI. DISCUSSION
A., B. Limnological Characteristics and Delineation of Trophic State

The three lakes (with the possible exception of Lamb L.) are similar ta

other undisturbed wilderness lakes located on the Precambrium Shield in
northeastern Minnesota (Tarapchak 1973), and generally can be considered
members of the same population of lakes located in the Experimental Lakes
Region (FLA) in northwestern Ontario, Canada. The lakes are low in salinity,
with concentrations and ionic proportions of major anions and cationms that

are similar to those reported for representative ELA lakes by Armstrdng

and Schindler (1971). On the basis of the trophic scale for north-temperate
lakes presented by‘Yollenweide; (1968), the annual average.bioﬁass of
phytoplankton would rank Dogfish L. and Meander L. in an oligotrophic-mesotrophic
lake grouping (1.5~5.0 mg/l). Lamb L.; however, would be considered eutrophic.
Chlorophyll_i and total phosphorus concentrations would place Dogfish L; |

and Lamb L. either in an oligotrophic or mesotrophic category; Lamb L,
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Table 13. A summary of calcium, magnesium, potassium, and sodium loading
rates for Lakes Dogiish, Meander, and Lamb for 1972. Symbols
Runoff Input Mr, Precipitation Input Mp, Total (Mr + Mp). All
values are mg/m? of lake surface. '

Dogfish Meander  Lamb

Calcium

Mr 370 1090 6168

Mp 207 223.4 222

Total 577 1313.4 6390
Magnesium

Mr 162 _ 450 1830

Mp 29.5 33.5 , 32.8

Total 121.5 483.5 1852.8
Potassium

i

Mr 42.2 600 561

Mp ' 48 49 .4 49.3

Total 90.2 649 .4 610.3
Sodium

Mr 222 556 1745

Mp 58.5 53.4 59.3

Total v 280.5 609.4 1804.3
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would be ranked as a eutrophic lake.
C. Trophic State vs. Nutrient Budgets

Each of the three lakes receive tolerable phosphorus loadings using
Vollenweider's (1968) original relatiomship between thé specific

surface loading and mean depth.z of a lake. The measured loadings for
cach of the three lakes are in fact well below "admiséible" levels (Table

12).

A recent model proposed by Vollenweider incorporates flushing time to
improve the expected relationship between phosphorus loading and lake
'response {(cf. Vollenweider 1973 and Vollenweider and Dillon 1974). The
expression specific loading divided by E/detention time was compqted for
the lakes. Thése computations place each lake well below "admissible"
phosphorus loadings, and suggest that the lakes are subjected to loadings

that can be tolerated by their existing morphometry and hydrology.
VII. SUMMARY

An investigation on water chemistry and phytoplankton, coupled with

studies on nutrient budgets and hydrology of three wilderness lakes in
northeastern Minnesota, was gndertaken td assess the effects of

‘terrestrial nutrient release on wilderness lakes on the Precambrian Shield.
The lakes are similar chemically andBiologically to other lakes in
northeastern ﬁinnesota and appear to be members of the same population

of lakes in northwestern Ontario. Phosphorus export from the watersheds

of two lakes increased substantiaily after the fire. The loadings,,however,
were not high enough to drive the lékes from oligotrophy into a state of

mesotrophy as judged by Vollenweider's nutrient loading/trophic state model .
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PHYTOPLANKTON, PHOSPHORUS, AND SEWAGE EFFLUENTS

IN LAKE MINNETONKA
Robert 0. Megard

Department of Ecology and Behavioral Biology
University of Minnesota
St. Paul, Minnesota

INTRODUCTION

Lake Minnetonka occupies a group of basins in eastern Minnesota, near
Minneapolis. The city of Minneapolis developed after the middle of the 19th
century at St. Anthony Falls on the Mississippi River, the region became acces-
sible by railroads after 1870, and Lake Minnetonka began to attract tourists
from throughout the United States. The lake became an important vacation area,
with several large hotels, elegant summer homes, and commercial steamboat
service for transportation across the lake. ‘

The villages near the lake have become residential suburbs of Mimneapolis
since 1550, and most residences are now occupied permanently. The population
in the watershed was about 10,000 in 1930, and it increased at the rate of 4%
per vear to 46,000 in 1970. The villages began to construct secomdary sewage
treatment plants in 1927. By 1963, effluents from six municipal treatment
plants were entering the lake and its tributaries. The quality of water in
the lake decreased as the population increased. The minimum secchi-disc
transparency of Lower Lake Minnetonka, the largest basin, decreased from

2.5 m in 1937 to only 0.9 m in 1969, and maximum population densities of
planktonic algae increased about four-fold.

Sewage effluents have now been diverted from the lake in an effort to decrease
algal abundance. Effluents were diverted from Lower Lake Minnetonka, the
largest basin, during the summer of 1971-1972. Concentrations of phosphorus
and population densities of planktonic algae in this basin have both decreased
since diversion. Most of the phosphorus that was lost must have been deposi-
ted in the sediments, because losses through the outlet stream are trivial.
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GEOQGRAPBY

Lake Minnetonka is a complex of lake basins with a total surface area
of 58.6 kmz (22 mi.z) iocated im east~central Minnesota (44° 55" N
lat, 93° 37' W long) (Fig. 1). The area of the watershed is 312 km?
(123 mi.z), which includes marshes and other lakes with an area of
48 ka (18.9 mi.z), and uplands with an area of 212 kmz (82.6 miz).
Thus the total catchment area is 371 kmz. The water level is con-
trolled by a small dam at the outlet (Minnehaha Creek), which has a

crest of 283 m (929 ft,) above sea level.

‘ Ls) O ~ L } 1
< ’ N\ .
= ~ 35 y I v T 1
\2~_} 4 ‘a,JI" ] 3 km
> 3y .
~<\®'a-

LAKE MINNETONKA

Figure 1. Map of Lake Minnetonka. The localities studied most

intensively are Browns Bay in the Lower Lake, Carman Bay in the Upper

Lake, and Halsted Bay.

Clima;ic, hydrologic, and geographic data about the lake and its
watershed have been compiled in engineering reports.l’ 2, 3 The mean
annual temperature between 1891 and 1966 was 7.8° C (45° F). The
minimum temperature in winter was -38° C (-37° F), and the maximum

in summer was 44° C (112° F). Average air temperatures are below

0° C (32° F) for five months and below -7° C (20° F) fof three months
each year. Ice covers the lake approximately five months each year,

from December to April.
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The average precipitation during the period from 1915 to 1968 was

73 em/yr (28.9 in./yr). Average evaporation from a free water sur-
face 1s 76 cm/yr (30.0 in./yr). Precipitation is highest, 10 cm

(4.1 in.) during June and lowest, 2 cm (0.76 in.), during January.
Mean annual snowfall is 144 cm (55.8 in.). The driest year was 1958,
with 41 cm (16.2 in.) of precipitation, and the wettest was 1965,
with 101 em (40 in.).

The lake occupies basins that were occupied by blocks of glacilal

ice buried in the St. Croix Mofaine.4 The moraine is composéd of a
young, gray, calcareous drift and an older, red, non-calcareous drift;
The red drift was deposited on Lower Paleozoic rocks by a glacial
~lobe that came from the basin of Lake Superior, 240 km (150 mi.)
northeast of Lake Minnetonka. The gray drift was deposited by a glacial
lobe that came from the west, moved across the red drift into western
Wisconsin, and began to melt about 14,000 years ago.5 The oldest
lake sediments in a lake located in the gray drift 15 km scuthwest of
Lake Minnetonka, contain wood that is 12,000 # 160 radiocarbon years
old,6 indicating that melting ice blocks may have remained buried in
the moraine 2,000 years after the glacier disintegrated;7

The glacial drift includes 40-100 m of alternating gravels, sands,
and clays. Omne of the Paleozoic formations beneath the drift, the
Jordan Sandstone, is an artesian aquifer. It receives water from
Lake Minnetonka, and it is an important source of ground water for

metropolitan Minneapolis.

The landscape near Lake Minnetonka is hilly, with maximum elevations
of 330 m (880 ft.), or 47 m above the lake. A mixed deciduous fofest

composéd of Ulmus americana (American elm), Tilia americana (bass-

wood), Acer saccharum (sugar maple), and Quercus ellipsoidalis (pin

oak) occurred in the region until the time of european settlement,

vhich began during the middle of the 19th century.

The woodlands were replaced initially by small dairy’farms and
market farms, but agriculture is now relatively unimportant; only
42 kmz (16 miez) or 15% of the watershed is now agricultural. The
area of urban land in the watershed in 1970 was about 52 kmz, which

is about 307 of rhe land that would be suitable for residential or
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commercial use. The average population density on urban land in
the watershed was about 700‘persons/km2 (I,SDO/mi.z) in 1970.,3

The lake's shoreline, about 173 km (110 mi.) lomg, is now almost
entirely occupied by permanent housing. Thé lake has been 2 major
incentive for urbanization. The aﬁerage value of land with lakeshore
frontage is approximately ten times greater than the value of land

one mile (1.6 km) from the lake. There was 23 rental and mecoring
facilities for pleasure boats on the lake in 1969, serving about 2,500
boats. About 27,000 kg (60,000 1b.) of rough fish and about 91,000

kg (200,000 1b.) of game fish are caught each year by fishermen, a
yield of 20 kg/ha. About 1,500 temporary shelters are erected on the

ice by fishermen during some winters.

Effluents from six municipal sewage treatment plants, which served
about 20,000 persons or almost one—-half the population in the water-
shed, contributed 217 of the water, 32% of the total nitrogen, and

81% of the total phosphorus that entered the lake from tributaries

in 1966-1967. All villages in the watershed will close their sewage
treatment installations during this decade and join a sanitary distriect
that operates a large installation on the Minnesota River, 15 km

south of the lake. Two villages that discharged effluents into Lower
Lake Minnetonka joined the sanitary district in 1972, thereby re-

ducing the annual phosphorus influx to the largest basin almost 80%.

MDRPHQMEQRY AND HYDROLOGY
i l

Areas, volumes, and depths of the basins of Lake Minnetonka are
compiled in Table 1. The basins are connected with each other by
natural and artificial navigation channels. The Lower Lake contains
54% of the water (216 x 106 m3). The maximum depth of the Lower Lake
is 27.8 m, and the mean depth is 8.3 m. The Upper Lake contains
29% of the water (115 x 106

depth (6.7 m) are both less than those of the Lower Lake. The ﬁotal

mJ); its maximum depth (25.6 m) and mean

volume of the other basins is only 17% of the total lake volume, but
their combined area is 267Z of the total. The greatest depth, 31 m,
is in Crystal Bay, but the maximum depth of Crystal Bay indicated on

the map used for these computations is oniy 24 m.

The largest tributary streams, Sixmile Creek and Painter Creek, both

drain agricultural regions and flow through marshes and lakes before
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Table 1.

MORPHOMETRY OF LAKE MINNETONKA

Data derived from a map prepared by the State of Minnesota Department

of Natural Resources.

Area Volume Depth, m
% of : % of

Basin 106 m2 total 106 m3 total max mean
Lower Lake 26.19 45.0 | 216.20 53.9 | 27.8 8.3
Upper Lake 17.32 29.5 114.83 28.6 25.6 6.7
Crystal Bay 3.36 5.7 28.55 7.1 23.8 8.5
Grays Bay 0.76 1.3 2.10 0.5 6.1 2.8
Maxwell Bay 1.20 2.0 5.20 1.3 9.5 4.3
Stubbs Bay 0.80 1.4 3.30 0.8 11.6 4.1
North Arm 1.32 2.3 | 5.81 1.5 14.0 4.3
West Arm 2.32 4.0 | 8.98" 2.2 9.8 3.9
Jennings Bay 1.20 2.0 - 3.05 0.8 6.7 2.5
- Forest Lake 0.34 0.6 1.45 0.4 12.5 4.2
Harrison Bay 1.02 1.7 2.43 0.6 9.5 2.4
. Halsted Bay 2.20 3.8 8.63 2.1 10.1 3.9
Black Lake 0.30 0.5 0.85 0.2 7.6 2.8
Seton Lake 0.16 0.3 0.33 0.1 7;0 2.1

Total 58.58 401.73
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they enter western basins of Lake Minnetonka. The outlet stream
is Minnehaha Creek, which flows eastward through south Minneapolis

until it enters the Mississippi River, 30 km from Lake Minnetonka.

The hydrologic balance for Lake Minnetonka between 1914 and 1968
was computed in terms of annual additions and losses of water to

a unit of lake surface, as follows;3

" Additions cm/yr
direct precipitation 73
tributaries and overland flow ‘ _;;

Total Additions 106
Losses
evaporation 76
leakagé to aquifer 10
outflowing stream _20
Total Losses - 106

If the mean depth of the lake is 690 cm, then 15.4% (106 cm yrn1

+ 690 cm x 100) of the water in the lake enters each year. Eleven
percent of the lake's volume is lost by evaporation each year,
1.4% is lost to aquifers, and 2.97 is lost to the outlet. If the
retention time for water is defined as the ratioc of the-ﬁean depth
to the total amnual influx (or losses) to a unit of area, then the

detention time is 6.3 yr (690 + 106 cm yr—l).

Water normally flows over the crest of the dam at the ocutlet during
the spring and early summer, but there was no overflow during 12
years of drought between 1930 and 1942. The surface fell to 1.8 m
below the crest of the dam by 1937, exposing 18% of the lake bottom.

In some areas the shoreline receded 300 m.
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LIMNOLOGY

TEMPERATURE

Temperatures and the duration of thermal stratification depend upon
the areas and depths of the basins. The variability is indicated
by the difference between the Lower Lake, a large, deep basin, and
Halsted Bay, a small, shallow basin, which have been studied most

intensively (Fig. 2).

The ice usually_melts in early or mid-April, and temperatures increase
until they reach 8-10° C at all depths in mid-May;, when the water
becomes thermally stratified. Maximum temperatures of 24-26° C

are achieved in July and August. The shallow basins become isothermal

again in September, and the large basins in late October.
LIGHT

Coefficients for the attenuation of photosynthetically active radiétion
(PhAR) by phytoplankton and by the water have been computed from

the photosynthetic rates of phytoplankton incubated in situ in the
Lower Lake and in Halsted Bay.8 If phytoplankton are distributed
uniformly in.the mixed layer, then the daily integral photosynthetic

rate is given by the equations’ 9, 10
- (1)
T = 1n (IO/IZ,) pmax/(EcC + Ew),
‘ -2 -1
where m = daily integral photosynthetic rate, g C m = day
IO = average irradiance at the surface
Iz, = average irradiance at a depth z'
€y = coefficient for attenuation of PhAR by water and substances

other than phytoplankton in the water, m
e = coefficient for attenuation of PhAR by phytoplankton, re-
ferred to chlorophyll a, m> mg Chl *
¢ = concentration of chlorophyll a, 02 mg'Chl-l
Pmax = volumetric photosynthetic trate at the average depth where

PhAR i3 saturating, gC mf3 day"1
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Figure 2. Distribution of chlorophyll a (mg Chl m—s), dissolved
" inorganic phosphorus (mg DIP m—3), total phosphorus (mg TP mms)-,

digsolved oxygen (g © mﬂB) and temperatures (° C) at Browns Bay
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panels) during 1973.
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The total coefficlent for the attenuation of PhAR ¢ = €w + e c.

Equation (1) may be rearranged as an equation for a straight line of
the form y = bx + a:

in (IO/IZ|) Pmax/“ =e.cte.

The coefficients €. and e, vere evaluated by (1) measuring Py’
7, and ¢ periodically, (2) computing £ = In (IO/IZ,) pmax/ﬁ for
each measurement, and (3) plotting £ against concentrations of
chlorophyll. The resulting curve is a straight line with a slope
€, that intercepts the ordinate at €, (Fig. 3). The coefficients
were evaluated from the equation for the regression of € on ¢

computed by least squares.

o
[
(-]

)

200

100

200 300 400

mg CHL m~3
Figure 3. Relationships between the coefficient for the attenuation of
photosynthetically active radiation (e), the thickness of the euphotic
zone (ze), the quantity of chlorophyll a in the euphotic zone (ce), and
concentrations of chlorophyll a in Lower Lake Minnetonka. Phytoplankton
attenuate 50% and 90% of subsurface PhAR at the concentrations c¢' and

9 ¢'" (from Megard et. al. 1975).
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The estimate of €. in the Lower Lake (0.018 % 0.008 mz mg Chlnl)
during 1968 and 1969 is similar to the estimate of €. in Halsted
Bay (0.018 + 0.009 m> mg Chl *

England,ll and in Lake George, U,g::mda.]'2 However, the value of

} during 1973 and 1974, in Windermere,

£, (0.74 + 0.20 mfl) in the Lower Lake is significantly lower
(P < 0.05) than the value of €y (1.40 + 0.38 mnl) in Halsted Bay.

The thickness of the euphotic zone and the quantity of chlorophyll

in the euphotic zone may be computed as functions of concentrations

of chlorophyll from the values of €y and €.t If the base of the euphotic
zone is the depth z, at which irradiance Ie is reduced to 1% of the

irradiance Io at the surface, then

Ie = IO exp - z_ (ew + ecé)a (3)

Therefore,

= ~1n (IE/IO)/(aw + ecc) (4)

N
i

]

4.6/ (ew + ECC)

If chlorophyll is dispersed uniformly, then the quantity in the

\

euphotic zone Ce = € 2, 80 that
= 4, +
cy 4.6 c/(ew ecc) . | (5)

Concentrations of chlorophyll a in Lower Lake Minnetonka ranged from

3 to 55 mg mm3 during 1968 and 1969. The coefficient for the attenua-
tion of PhAR therefore ranged from 0.8 to 1.5 mﬁl, the thickness of
the euphotic zone ranged from 6 to 2.5 m, and the quantity of chloro-

phyll a in the euphotic zone rangéd from 10 to 130 mg Chi m'_2 (Fig. 3).

The secchi~disc transparency of Lake Minnetonka depends upon concentra-
tions of chlorophyll a (Fig. 4), decreasing from 3.5 m to 0.5 m as

concentrations of chlorophyll increase from 5 to 80 mg m_3.

The minimum transparency in the Lower Lake was 0.9 m during 1969,
when the concentration of chlorophyil was 43 mg.m’B. However, the
minimum transparency increased to 1.2 m and the maximum concentration

3

of chlorophyll decreased to 30 mg m ~ in 1?74, two years after the

phosphorus influx decreased.

100



AT T T
> o -
% o HALSTED ® -
x 3le BROWNS © Jd10
[« %) -
g
<2 1% .
mm .
""‘; 2+-0 -
0 o 4 @
QE .o o Q
o ] -1 5+
— [e) -
X 1».4. ®
QO o~
o S
w
1Y S N T N U N T NN U PN
0 50 100
mg CHL m~3

Figure 4, Relationships between secchi-disc transparency and
concentrations of chlorophyll a in Lake Minnetonka during 1972

and 1973.

The water in the Lower Lake was more transparent during 1937 than it
is now. The transparency ranged from 3.5 m in July to a minimum of
2.5 m in September, 1937.13 The relationship between transparency
and chlorophyll was probably the same in 1937 as now, because

e, and e probably have not changed significantly. Therefore fhe
minimum transparency during 1937 probably corresponded to a maximum
chlorophyll concentration of about 10 mg m_3. Thus maximum concentra-
tions of ehlorophyll in Lower Lake Minnetonka were probably four
times higher in 1969 and three times higher in 1974 than they were in

1937.
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CHEMISTRY

The total salinity of Lake Minnetonka is 6.5 meq 1iter‘l, and the specific
conductance is 317 ymho at 25° C (Table 2). Calcium (1.35 meq liter—l}
and magnesium (1.32 meq 1iterw1) are the dominant cations, and bicarbon-
ate (2.5 meq liternl) is the dominant anion. The chemistry of water.

in Lake Minnetonka is similar to the average for other lakes in the
region, except that concentrations of Na and Cl are somewhat high,
possibly because large quantities of salt are applied to roads near

the lake to melt snow and ice during winter. Alkalinity ranges

from 2.1 to 2.9 meq liter—l, pH from 7.5 to 8.8, and dissolved imorganic
carbon from 28 to 34 mg liter_l in the mixed layers of the Lower Lake

and Halsted Bay (Table 3).
Table 2. CONCENTRATIONS OF MAJOR IONS

Data for Lake Minnetonka from State of Minnesota Department of Natural

Resources and for other lakes from Bright.21

| Average for other
Minnetonka foreet In Mismochea
Ion _ ng liter—l meq 1iter-l ﬁeq lite?r_1

Ca | 27 1.35 1.48

Mg 16 1.32 1.71

Na 10 - 0.44 .15

K 5.8 o 0.15 0.17

5 cations 58.8 3.25 3.51

HCO, 153 2.51 ' 2.66

€0, 0 0

S0, 9.8 0.20 0.39

c1 20 0.56 6.09

£ anions 182.8 3.28 3.14

% salinity 341.6 6.53 6.65

‘Spec. Conductance: 317 ymho @ 25° C
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Table 3. ALKALINITY (TA), pH, AND DISSOLVED INORGANIC CARBON (DIC)
IN THE MIXED LAYER OF LOWER LAKE MINNETONKA AND OF
HALSTED BAY DURING 1972

LOWER LAKE HALSTED BAY
Date A? pH pic’ TA pH DIC
May &4 | 2.6 8.3 2.6 ,
Jun 1 2.6 8.5 2.6 2. 8.1 2.8
8 | 2. 8.6 2.8
15 2.6 8.8 2.5 2. 8.7
Jul 5 2.4 2.4 2.5 8.4
18 2.4
Aug 10 2.5
27 2.1 8.2 2.1 2.2 7.4 2.3
Sep 8 2.4 7.8
23 2.4 8.1 2.4 2.5 8.2

ameq liter“l

b Mol liter T

The distribution of dissolved oxygen, total phosphorus, dissolved
phosphorus, and chlorophyll a during 1973 at Browns Bay in the Lower
Lake and‘at Halsted Bay are shown in Fig. 2. Although the meah depth
.of the Lower Lake (8.3 m) is twice that of Halsted Bay (3.9 m),
the basins are similar in that dissolved oxygen disappears from the
deep water of both during July; dissolved inorganic phosphorus is 5-10
mg m - in surface water, and may exceed 150 mg m_3 in deep water.
However, concentrations of total phosphorus and of chlorophyll a
are both higher in Halsted Bay than in‘the Lower Lake. The mean
(* 95% confidence limits) concentration of total phosphorus during
1973 was 88 + 7 mg m,3 in Halsted Bay and 40 % 4 mg m_3 in the Lower
Lake, whereas the mean concentratiion of chlorophyll a was 37 + 8§
ng m_3 in Halsted Bay and 14 * 4 mg m‘3 in Browvns Bay (Table 4).
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Concentrations of total phosphorus and of chlorophyll a have both decreased
in the Lower Lake since sewage effluents were diverted (Table &4, Fig. 5}.
The mean concentratién of phosphorus during about 80%Z of the ice—free
season decreased 10 = 7 mg mﬂ3, rom 50 * 6 ng mf3 in 1969 to 40 4

mg m_3 in 1973, whereas the mean concentration of chlcrophyil decreased

8+ 6mgm >, from22 + 5mgw > in 1969 to 14 % 4 mg m ° in 1973.
Table 4. CHLOROPHYLL E_AND PHOSPHORUS IK LAKE MINNETONKA
Mean (+ 95% confidence limits) concentrations (mg mf3) in the mixed

layer (0-5 m in Lower Laké, 0-3 m in Halsted Bay). Number of samples

in parentheses.

-

. i
Basin Year . Chlorophyll Phosphorus
i
Dissolved
Inorganic Total
Lower Lake 22 Apr - 7 Qect, 1969 |22 + 5 (21) 50 + 6 (21)
24 Apr - 18 Oct, 1973 |14 + 4 (26) 8 + 3 40 £ 4 (28)
23 May - 13 Sep, 1973 |13 + 3 (18) 136 3 (20}
18 May ~ 17 Sep, 1974 |19 + 3 (22) 35 £ 3 (20)
Halsted Bay | 24 Apr ~ 18 Oct, 1973 | 37 £ 8 (26) 9t 4 88 + 7 (28)

There is a high correlation between chlorophyll and total phosphorus
in Lake Minnetonka during summer but not.during spring and autumn,la
and it is therefore notable that chlorophyll has decreased in the Lower
Lake only during the summer. The mean (% 95% confidence limits)
concentration of chlorophyll in the mixed layer between 10 July and

10 September has decreased from 37 % 3 mg m—3 in 1968 and 1969 to

17 + &4 mg m > in 1973 and 1974 at the rate of 1.0 # 0.3 mg Chl/mg P

as mean phosphorus decreased from 48 + 7 to 34 * 4 mg me (Fig. 6,
Table 5). The percentage of the variance of chlorophyll attributable

to its regression on total phosphorus (P %) was 627 in 1968-196%2
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Figure 5. Mean concentrations of chlorophyll a and of total phosphorus
in Lower Lake Minnetonka in 1969, before diversion of sewage effluents
and in 1973 and 1974, after diversion. Each point for 1969 is the mean
concentration of samples from the surface at three localities (Browns
Bay, Wayzata Bay, and Gale Island). Each point for 1973 is the mean

of concentrations at depths of 0 m and 5 m in the mixed layer at Browns
Bay. (See also Table 4).

and 537 during all .our summers. However the regression of chlorophyll
on phosphorus was not significant (P > 0.05) during the summers of
1973 and 1974, indicating that population densities of phytoplankton

in Lower Lake Minnetonka are now independent of phosphorus concéntrations.

RATES OF PHOTOSYNTHESIS

Volumetric photosynthetic rates at saturating light (pmax) depend
upon population densities (c¢) and specific photosynthetic rates at

saturating light (Pmax) according to the equation
Prax = € Pmax' : A (6)

Values of Pmax were computed from the slope of the equation for the
linear regression of pmax on concentrations of chlorophyll.8 The
high linear correlation between pmax and chlorophyll at 6-16° C

(r = 0.84) and at 18-25° C (r = 0.93) over the range of concentrations
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Figure 6; Relationships between concentrations of chlorophylil a

‘and of total phosphorus in the mixed layer (0 m and 5 m) of Lower
Lake Minnetonka between July 10 and September 10 of 1968 and 1969
(closed circles) and of 1973 and 1974 (open circles). Regression

statistics are summarized in Table 5.

' Table 5. REIATIONSHIP BETWEEN CONCENTRATIONS OF CHLOROPHYLL a
~ AND GF TOTAL PHOSPHORUS

Mean (* 957 confidence limits) concentrations (mg me) of total
phosphorus (TP) and of chlorophyll a (Chl), and the slope (b) of

the equation (y = bx + a) for the linear regression of chlorophyll

on total h phosphorus  in the mixed layer of Lower Lake Minnetonka
during summer (July 10 - September 10) before (1968-1969) and after
(1973—1974) diversion of sewage effluents. Aléo indicated are the
proportion (P %) of the variance of chlorophyll attributable to its
regression on phosphorus, the significance of the regression

(*% P < 0.01, **% P < 0.001, NS not significant P > 0.05), the

correlation coefficient (r), and the number of samples (n).

TP Chl b P Z r n
. Vfi
All years 39 + 3 25 t 0.98 = 0.3 53dckk 0.74 | 30 -
1968-1969 48 * 37 % 1.09 * 0.6 62%% 0.79 12
1973-1974 | 34 * 4 17 + -0.04 + '

0.7 NS ! 0.04 18




up to 120 mg m-3 indicates that Pmax is independent of population
densities in Lake Minnetonka. The mean value (+ 95% confidence limits)
of Pmax is figniffiantly (P < 0.05) higher at 18-25° C (Ei £ 5_‘1

mg C mg Chl ~ day ") than at 6-16° C (31 £ 7 mg C mg Chl = day 7).

These rates of carbon assimilation per unit chlorophyll at saturating
light were computed from rates of oxygen evolution with a photosynthetic
quotient of 1.2. The corresponding rates of oxygen evolution were

173 + 16 mg mg ch1 ™t day‘l at 18-25° C and 99 + 22 mg mg Chl * day-l

at 6-16° C. Volumetric photosynthetic rates at saturating light also

depend upon concentrations of total phosphorus, but only during sum—

mer when population densities depend upon phosphorus.14

If equation (6) is substitutéd in equation (1), then it can be shown8
that
o= ﬂmax/[l + swl(ecc)] : o))
and that
TTrel - 1T/wmax - (8)

1
1+ [ew/(scc)]

where 7 = 1n(I /I ,) P /e dis the maximum daily integral photo-
max o 2z max Cc
synthetic rate attained by populations dense enough to attenuate all
photosynthetically active radiation.15 Equation (7) is an equation
for a rectangular hyperbola, indicating that integral photosynthetic
rates approach an upper assymptote (ﬁmax) as population densities
increase. If daily average 1n (I /I ,) is 2.7,16 if P is
o Tz max

54 mg C mg ch1~t day_l, and if e_ is 0.02 mz.mg Chl-l, then m

2 -1

) _ ax
is 7.3 g Cm ~ day = at 20° C in Lower Lake Minnetonka.

The relative integral photosynthetic rate (Wrel) is a dimensionless
parameter that ranges from O to 1, depending upon the proportion of
PhAR attenuated by phytoplankton. Phytoplankton attenuate 50% of

the 1light and Mol = 0.5 at the chlorophyll con;entration ct = ew/ec,
which is 41 mg m - in the Lower Lake and 76 mg m-—3 in Halsted Bay.
Population densities in Halsted Bay must be almost twice as great as in
the Lower Lake in order to attain 7 = 0.5 because sw’is higher in

rel
Halsted Bay.
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Daily integral photosynthetic rates have been computed from changes

of oxygen concentrations (PQ = 1.2) in transparent and opaque bottles
filled with lake water and incubated at depth intervals for six hours,
beginning at noon. The mean (+ 95% confidence limits) daily integral .
photosynthetic rate measured monthly (22 April - 7 October) during

1969 at three localities in the Lower Lake was 2.2 + 0.4 g C m_z day
(computed from Table 4 in Megard 197214), and the mean concentration
of chlorophyll was 22 * 5 mg m_3 (Table 4), corresponding to T el

= 0.35. The mean concentration decreased to 14 * 4 mg m_3 during

the comparable interval of 1973, and el therefore decreased to 0.235.
However, the decrease of mean concentratioms of chlorophyll during summer
(10 July - 10 September) indicate that the mean integral photosynthetic
rate decreased from 0.48 T_ax (1968-1969) to 0.29 LI (1973-1974),

or from 3.4 to 2.1 g C m day—l.

The dominant phytoﬁlankton of the Lower Lake during 1969 were Stephanodiscus,
Cyclotella, and Cryptophyta during April, May, and June. A diverse

assemblage of Cyanophyta including Aphanizomenon, Anabaena, Oscillatoria,

Lyngbya, and Microcystis was dominant during summer and early autumn,
. ; 1 .
when population demnsities were highest. 4 In contrast the dominant

phytoplankton in this basin during 1937 were Melosira, Fragilaria, and

. | |
LGgbza.lB )

PHOSPHORUS BUDGET

The phosphorus budget for the Lower Lake is amenable to analysis, but
phosphorus enters most other basins from many diffuse sources which
are diffiéult to measure. Exchanges between the Lower Lake and other
large basins may be heglected because the exchanges of Watér between
large basins are small and because concentrations'of phosphorus in the

Lower Lake are similar to the éoncentrations in adjacent large basins.

The estimated annual influx of total phosphorus to the Lower Lake be-
tween 1 June, 1969, and 31 May, 1970, was 12.9 t (= 12.9 x 103 kg),

of which 69% came from sewage effluents (Table 6). The annual loading
Vwasrtherefore 0.5 g m-_2 yr—l (12.9 x lO6 g+ 26.2 % 106 mz). The annual

loss of water and therefore of phosphorus through the outlet (0.01 t)
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Table 6. PHOSPHORUS INFLUX 70 LOWER LAKE MINNETONKA,
1 JUNE, 1969 - 31 MAY, 1970

Source Quantity

tonnes %

Sewage effluents ‘ 8.9 69
Tributary streams 0.4 ' 3
Overland runoffb 2.0 . 16
Rainfall on lake® 0.4 3
Septic tank drainage 1.2 9
Total 12.9 100

aCompiled by Harza Engineering Co.

Estimated as 130 pounds/square mile from rural uplands and
L]

510 pounds/square mile from urban land

“Concentrations in rainfall estimated to be 20 mg m-3

was negligible. The quantity of total phosphorus in the Lower

Lake fluctuated between 7.6 and 19.3 t, and the mean was 13.4 t
(Fig. 7). Virtually all the phosphorus that entered must have been
deposited in the sediments if the lake was in a steady state. The
influx from sewage effluents and septic tanks was stopped during the
winter of 1971-1972, decreasing the annual influx 787, to 2.8.t yr_l

(0.1 g m_2 yr—l).

The response to the decreased influx was computed with the fellowing
equation for phosphorus in a perfectly-mixed basin (A. G. Fredrickson

pers. comm., Vollenweider 196817):

vV dC = 1 - (Q_C + SAC) : 9)
as ° »
dt :
where V = volume of basin
- C = concentration of total phbsphofus
i = annual influx from all sources
Q0 = annval loss of water through outlet
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Figure 7. Quantities and concentrations of total phosphorus in Lower
Lake Minnetonka before and after diversion of sewage effluents. Dashed

line indicates the change computed with equation 1l.

A
S

surface area of basin

net sinking velocity of phesphorus lost to sediments.

If I =1/V and»(QO + SA)/V = 1/6%, where E% is a residence time

ﬁor phosphorus, then,

d¢/fat = 1 - (l/ep) C, (10)

and the solution for the initial conditions C = C0 and t = t0 is

ct = Iep + (co - Iep)‘ exp ~ (t/ ep). (11)

If the average concentration during 1969-1970 (62 mg m—3) is assumed
to be a steady state concentration, then the residence time of phosphorus

may be computed from equation (10) where dC/dt = 0:
8 = C/L. 12)
, = o/ - (12)

The influx (I) was 60 mg m_3 yr—l, hence SP = 1.1 yxr. 1If Qp remains
constant at the decreased rate of influx (13 mg m-3 yrnl), then the
concentration at the new steady state is given by equation (11) at

t = o

iim, L oL oo -3
t+wct = I Gp 14 mgm ~. . , (13)
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Concentrations this low do not cccur in suxes of the vegion, which
suggests that the residence time of phosphorus iz more than 1.1 yr.

A more conservative estimate may be obtained by assuming that the
residence time is 2 yr, which corresponds to a steady state concentra-

tion of 26 mg m-3 where 1 = 13 mg m73.

The time (t0 5) required to achieve 50% of the new steady state if

Bp = 2 yr may be computed by rearranging equation (11):

- = - - 14
exp (t0.5/6p) C, IGP/CO Iep (14)
= 0.5
t0.5 = 1,5 yr.

Total quantities and mean concentrations of total phosphorus in the
Lower Lake before and after the influx decreased are shown in Fig. 7.
The average annual concentration decreased from 62 mg m‘3 1969 to

47 mg m-3 in 1973, which is 42% of the decrease required to attain
the projected steady state concentration. The new steady state will
be attained approximately seven years after the rate of influx de-

creased.

DISCUSSION

Lakes are difficult to classify on the scale from oligotrophic to
eutrophic because the criteria for classification are ambiguous and
subjective. As an alternative, we have suggested classifying lakes
according to relative integral photosynthetic rates.8 The relative
integral photosynthetic rate depends upon how PhAR is partitioned be~
tween the phytoplankton and their environﬁent, ranging from ¢ (all
PhAR attenuated by water) to 1 (all PhAR attenuated by phytoplankton).
It is an objective basis for comparison, depending upon (1) concentrations
of chlorophyll a, (2) the coefficient for attenuation of PhAR by a
unit of chlorophyll concentration (ec), and (3) the coefficient for
attentuation of PhAR by water and substances other than phytoplankton

in the water (ew) (equation 8).
It is difficult to evaluate €y and €.» but théy appear in equation (8)

min/kc min ‘min
and k .,  are coefficients for the attenuation of the most-penetrating

c min
spertral region of PhAR.lO’ 18

as a ratio, which equals the ratio kw , Where kw

The total attenuation coefficient for

M



the most-penetrating wavelength, k =k + &

- P & wa 8 Kpin w min kc min

tec measure with z photometer equipped with suitable filters, and k 5
w min

may be estimated from the intercept (kw min) and the slope

¢, 18 easy

and k
c

(k .
¢ min
tions of chlorophyll.

min
) of the equation for the linear regression of k ., on concentra-
11, 12, 19 min

Relative integral photosynthetic rates at maximum peopulation densitiesv
of phytoplankton in four Minnesota lakes (Lower Lake Minnetonka,
Halsted Bay, Shagawa Lake, and Budd Lake) are compared with those

in three British lakes (Windermere, Esthwaite Water, and Loch Leven)
and two African lakes (Victoria and George) in Table 7. Most observers

would probably consider Windermere (ﬂr = 0.32) and Victoria (Wre

el
= 0.38) as oligotrophic or mesotrophic and the others (7rr

1

o1 = 0.56-0.88)

Table 7. RELATIVE INTEGRAL PHOTOSYNTHETIC RATES

-3
Computed for maximum concentrations (mg m ) of chlorophyll a (e).
The concentration c¢' = ew/eC is the concentration of chlorophyll

at which phytoplankton attenuate 50% of PhAR.

Lake c c' ool reference
Windermere, England 7 15 0.32 i1
Victoria, Africa 5 8 0.38 20
Shagawa, Minnesota ] 108 83 0.56 ' 8
lLower Lake Minnetonka '

1968 56 41 0.58

1965 43 0.51

1973 39 4 0.49

1974 30 _ 0.43
Halsted Bay (19274) 89 62 0.59 8
Budd, Minnesota 170 © 60 0.74
Loch Leven, Scotland 250 78 0.76 i9
Esthwaite, England 170 50 0.78 18
George, Uganda 1100 159 0.88 12




as eutrophic or polytrophic. The differences between these lakes
depend primarily upon differences of maximum concentrations of
chlorophyll (8-160 mg mw -) and of ¢ (< 0,16 ~ 2.5 mw )3 c_ varies
only from 0.01 to 0.025 and it is usually about 0.02 m2 mg Chl_l.
Therefore variations of e, are responsible for most of the variation
of ¢' = swlec, the concentration of chlorophyll at which phytoplankton

attenuate 507 of PhAR.

The relative integral photosynthetic rate at maximum population densities
is misleading however, because the average relative rate for the

lakes in temperate continental lakes is lower than the average for
“lakes in other climates, where there are relatively small seasonal
variations of population demnsities. Thus, although the maximum relative
rate in Lower Lake Minnetonka was 0.58 in 1968, the average during the
open-water season was 0.35 in 1969 and 0.26 in 1973, less than the
maxima for Windermere and Lake Victoria. Computations of mean

relative integral photosynthetic rates would therefore be required

" for comprehensive comparisons; the only data required for such compari-
sons are periodic measurements of chlorophyll concentrations and of

subsurface light.

SUMMARY

Maximum population densities of phytoplankton in Lower Lake Minnetonka
were three or four times greater in 1968 and 1969 than in 1937.

The linear regression of concentratiens of chlorophyll a in the mixed
layer on concentrations of total phosphorus was very significant

during tbe‘summers of 1968 and 1969, indicating that population densities
of phytoplankton during summer depended upon concentrations of total

phosphorus.

The annual influx of phosphorus decreased from 0.5 to 0.1 g mfz yrﬂl

when sewage effliuents were diverted from the Lower Lake during the win-
ter of 1971-1972. The mean concentrations of phosphorus decreased from

48 = 7 mg m_3 during the summers of 1968 and 1969 to 34 * & mg m-3 during
the summers of 1973 and 1974, whereas mean concentrations of chlorophyll a

3 to 17 * 4 mg m—3 at the rate of 1.0 * 0.3

decreased from 37 * 3 mg m
mg Chl per mg of phosphorus decrease. Concentrations of chlorophyll
were independent of phosphorus during the summers of 1973 and 1974.
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The annual mean concentration of phosphorus decreased from 62 mg m_3

in 1969 to 47 mg m_3 in 1973, which is almost 50% of the decrease
required to attain the new steady state concentration predicted with

a balance equation for phosphorus in a perfectly-mixed basin. Virtually
all the phosphorus lost from the lake since the influx decreased has
been deposited in the lake sediments, because the quantity lest through

the outflowing stream is very small.

The trophic state before and after the influx of phosphorus decreased

is described objectively by changes in the relative integral photosynthetic
rate, which indicates the fraction of photosynthetically active radiation
attenuated by phytoplankton populations on a scale from 0 to 1. The
relative integral photosynthetic rate is the integral photosynthetic

rate relative to the rate attained by a population demnse enough to

attenuate all subsurface light. The maximal relative integral photo~-
synthetic rates, attained by the densest populations in Lower Lgke
Minnetonka, were 0.58 in 1968 and 0.43 in 1974, The latter is somewhat
higher than the maxima at highest population densities in Windermere,
England, (0.38) and Lake Victoria, Africa (0.32). The mean relative
integral photosynthetic rate during the ice-free season decreased

267% from 0.35 in 1969 to 0.26 in 1973, as mean concentrations of
chlorophyll decreased from 22 + 5 mg m—3 to 14 * 4 mg mf3i
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