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Abstract:

Georgetown Lake, located at an elevation of 1960 m (msl) 17 miles west of Anaconda, Montana, is the
most heavily used lake for its size (1479 ha, 4.89 m mean depth, 10 m maximum depth) in Montana.
Little information was available to assess its trophic state. Therefore, the primary purpose of this
investigation was to provide baseline data to assess the principal limnological factors in Georgetown
Lake.

The yearly heating cycle in Georgetown Lake was typical of a temperate, dimictic lake, but, due to the
shallow depth, stratification did not develop in the summer. The depth of one percent light penetration
averaged 7.2 m during the summer, but the ice-cover reduced penetration 55-82%. Heating and cooling
patterns were a function of meteorological conditions during the summer, but, under the ice, water
temperatures were a function of heat input from the sediment.

Georgetown Lake was characterized by relatively high dissolved solids (mean conductivity of 212
pmhos cm”-2), principally as calcium-magnesium carbonates. Sodium and chloride concentrations
were very low, indicating negligible sewage input, During the summer, dissolved oxygen was at or
above saturation levels, carbon dioxide was typically undersaturated, and calcium carbonate
percipitation occurred. Under the ice, comparison of the average rate of total inorganic carbon gain to
the water column (6.5 to 15.7 mmole m”-2 day”1) and oxygen loss (7 mmole m”-2 day”-1) to mean
plankton respiratory rates (0.08 mmole C m”-2 day”-1 and 0.05 mmole O2 m"-2 day”-1) suggest that
the sediment was the major site of decomposition. Anaerobic respiration reduced the
oxidation-reduction potential at least to a point where sulfate was reduced. Consequently, carbon
dioxide, iron, phosphate, nitrite, nitrate, ammonia, bicarbonate, and calcium increased to the yearly
maximum observed values.

Total phosphate (mean 26 pg 1*-1) and total nitrogen (mean 370 pg 1*-1) fluxes could not be attributed
to changes in inorganic concentrations nor external nutrient loading, including groundwater. Since the
reservoir exhibited a net annual loss of nutrients and external loading models predicted an oligiotrophic
classification, the major mechanism controlling phosphate and nitrogen availability appeared to be
internal loading and recycling rates. The difference of maximum summer total phosphorus between the
two summers (18.5%) was attributed to a difference of lake levels (-7%) suggesting the importance of
internal mechanisms.

Georgetown Lake may be classified as eutrophic or mesotrophic based on summer phytoplankton
standing crops (17.0 and 2.7 gC m”-2, principally as Anabaena flos-aquae). The total phytoplankton
production throughout the summer was 38 gC m”-2 (0.25 gC m”-2 day”-1 ) indicating an oligotrophia
condition. These high standing crops and relatively low production rates imply that most of the
phytoplankton production was required for maintenance of the populations.

Phytoplankton were probably of little significance with respect to overall trophic dynamics in
Georgetown Lake, since phytoplankton standing crops averaged less than 5% of the total organic



carbon; phytoplankton net production was less than one-fifth the zooplankton production; planktonic
respiration rates were consistently greater than phytoplankton gross production; and sport fish yields
(32 1bs acre”-1 yr-1) were very high. These data suggest that the primary organic base in Georgetown
lake was the macrophyte-epiphyte associations and subsequent detrital pathways.

Fisheries management of Georgetown Lake should involve the main-tance of the macrophyte
populations and attempt to keep water levels high, particularly during the winter to minimize potential
fish kills.

High water levels during the summer would tend to reduce the blue-green populations.
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ABSTRACT

Georgetown Lake, located at an elevation of 1960 m (msl) 17 miles
west of Anaconda, Montana, is the most heavily used lake for its size
(1479 ha, 4.89 m mean depth, 10 m maximum depth) in Montana. - Little
information was available to assess its trophic state. Therefore, the
primary purpose of this investigation was to provide baseline data to
assess the principal limnological factors in Georgetown Lake.

The yearly heating cycle in Georgetown Lake was typical of a
temperate, dimictic lake, but, due to the shallow depth, stratification
did not develop in the summer. ‘The depth of one percent light pene-
tration averaged 7.2 m during the summer, but the ice-cover reduced
penetration 55-82%. Heating and cooling patterns were a function of
meteorological conditions during the summer, but, under the ice, water
temperatures were a function of heat input from the sediment.

Georgetown Lake was characterized by relatively high dissolved
solids (mean conductivity of 212 pmhos-cm~2), principally as calcium-
magnesium carbonates. Sodium and chloride concentrations were very
low, indicating negligible sewage input, During the summer, dis-
solved oxygen was at or above saturation levels, carbon dioxide was
typically undersaturated, and calcium carbonate percipitation occurred.
Under the ice, comparison of the average rate of total inorganic carbon
gain to the water colummn (6.5 to 15.7 mmole-m~2-day~l) and oxygen loss
(7 mmole-m~2.day~1l) to mean plankton respiratory rates (0.08 mmoleC-m~2-
day"l and 0.05 mmole Oz-m“zvday‘l) suggest that the sediment was the
major site of decomposition. Anaerobic respiration reduced the oxidé;ion—
reduction potential at least to a point where sulfate was reduced. Con-
sequently, carbon dioxide, iron, phosphate, nitrite, nitrate, ammonia,
bicarbonate, and calcium increased to the yearly maximum observed values.

Total phosphate (mean 26 pg-1~1) and total nitrogen (mean 370 ug-l"l)
fluxes could not be attributed to changes in inorganic concentrations nor
external nutrient loading, including groundwater. Since the reservoir
exhibited a net annual loss of nutrients and external loading models
predicted an oligiotrophic classification, the major mechanism .controlling
phosphate and nitrogen availability appeared to be intermal loading and
recycling rates. The difference of maximum summer total phosphorus
between the two summers (18.5%) was attributed to a difference of lake
levels (-7%) suggesting the importance of internal mechanisms.

Georgetown Lake may be classified as eutrophic or mesotrophic based
on summer phytoplankton standing crops (17.0 and 2.7 gC-m~2, principally
as Anabaena flos-aquae). The total phytoplankton production throughout




xii

the summer was 38 gC- mfz (0.25 gC- m—zoday_l) indicating an oligotrophic
condition. These high standing crops and relatively low production
rates imply that most of the phytoplankton production was requlred for
maintenance of the populations. :

Phytoplankton were probably of little significance with respect
to overall trophic dynamics in Georgetown Lake, since phytoplankton
standing crops averaged less than 5% of the total organic carbon; phyto-
plankton net production was less than one-fifth the zooplankton production;
planktonic respiration rates were consistently greater than phytoplankton
gross production; and sport fish yields (32 1lbs-acre-l. yr~1) were very
high. These data suggest that the primary organic base-in: GeorgetOWn ‘lake
was the macrophyte-epiphyte associations and subsequent detrital path~

ways.

Fisheries management of Georgetown Lake should involve the main- -
tance of the macrophyte populations and attempt to keep water levels
high, particularly during the winter to minimize potential fish kills,
High water levels during the summer would tend to reduce the blue—green

populations




INTRODUCTTON

Georgetown Lake, located on the Warm Snrings Creek and Flint Creek
, Divide in tne Clark Fork drainage of‘western Montana, is the most'heaviiy
used lake for its size in Montana (Georgetown Lake Pre—Study 1973) The
lake, with an average catch rate of 1. 5 fish per man—hour in 1973, sus~
tains nearly four percent of the total sport fishing effort.in the state
of Montana. In addition to fishing, the drainage area provides seasonal
and permanent residences, boating, swimming, skiing, horseback riding,
camping, and snowmobiling. Also, water is removed from’ Georgetown Lake
Ifor irrigation, hydroelectric power generation, and_industrial purposes.
Recreational and residential development in the GeorgetoWn watershed was
estimated by Lutey et al. (1974) to have an annual growth rate of 18%.
Because of the existing and potential developmental trends of the water-
shed; Deer Lodge and Granite county commissioners and members of conseré
vation districts have become concerned as to the trophic etatus of ﬁﬁe',

reservoir. Georgetown Lake is considered eutrophic due to periodic
blooms of blue-green algae, extensive macronhyte.growtﬁ,land occasionai
winter fish kills. In addition, the Montana Department of Fish and Gane
has estimated that Georgetown Lake is at the limit of eutrobhication

compatible with a salmonid fishery.

The concepts of oligotrOphy and eutrophy, first used‘by Weber (1907).

to describe plant associatlons in European bogs, were applied to lakes

with phytoplankton populations of varying sizes by Naumann (1919) Thiéne-
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)

mann (1925) reasoned tha; continual input of nutrients from the watershed
incregsed biological producfion, which, in turn, reduced thé hypolimnetic
oxygen concentrations. Additionally, he hypothesized that the' trend from
oligotrophy resulted in more organic material being produced than was
oxldized. Lindeman (1942) further suggested that the trend of oiigotropﬁy
to eutrophy also reduced the efficiency of energy transfer between the
"trophic levels'. However, even though the efficiency of transfer ﬁay be
redﬁced, the prodﬁction of 'higher_trophic levels’ may increase witﬁ in;
creasing eutrophy. For example, fiSh broduction was greatly enhancgd.bﬁ
artificial feftilization of ponds (Hasler an& Einsele 1948;“and Hayes |
1951). Currently, the term eutrophication is applied éq n;fural or éféi-f
‘ficial'(man—inducgd) nutrignt addition to a body of wgter-(National

Academy of-Sqieﬁéés 1969).

The early concepts of eutrophication'ﬁere challénged by Juday and
Birge'(l931) who 'pointed out that in Wisconsin lakes.tﬁere Wé; no evidénce
of the loss of phdéphérus from the water as algél‘populations ﬁéré main=~,
tained or even increééea. In addition, Pearsall (1932)'feﬁorted‘that
blue-green aigal'blooms were observed when nutrients were deficient in
the water. Rawson (1939) suggested that aviake’s tropﬁié‘statué was the
result of climatic condi£iops, edaphic factors, and tﬁé morphométric
characteristics of the lake basin, and, under some circumstances, human7:

: ;

activities. Rawson's (1939) morphométric hybothesis proposed that the -

contribution of ‘littoral or shoreline areas to the total productivity of




3
a lake decreased geometrically as lake volume increases, i.e., as mean
depth increases. This geometric relationship becomes.increasingly impor-
tant in shallow lakes with fluc;uating'water levels, such as small reser=-
voirs. Empiricai relationships derived by Northcote an&.Larkin (1956) ;
Hayes énd Anthony (1964), and Ryder (1965) showed good correlation between
edaphic factors (e.g., total diséolvedlsolids), and mean depth and'piank—

ton standing crops and/or fish yields of various sized lakes.

The impprtance'of edaphic factors and morphometric characteristics
has led to fhe.developmenf of models which relate nutrient inpﬁt and some
morphometric phargqteristic(s) to some index of lake trobhic status, e.g.,
maximum or meaﬁ phytopiankton standing crop, phytoplankton productidn,
or oxygen deficits. These models have typically centered on phosphorus
since phosphorus was considered to be the major nutrient limiting plant
growth; Vollenweidef (1968) used external phosphorus and nitrogen loading
(usually as g-m‘z-yr“l) to estimate lake'trophic status., Fﬁrther refine~
ments of such models to include mean deptﬁ (Vollenweider 1970), retention
time (Vollenweider_i975), fraction of phosphorus retained in the lake
(Vollenweider and Dillon 1974) or various other modifications (Schindler,
et al. 1978) have been used to assess lake trophic conditions. All of
these models assume that lake phoéphorus cohcentrat;ons are a function of

phosphorus which is transported into the lake, usually on an annual basis.

Hutchinson (1941) could not attribute the phosphorus fluxes in Lindsley

Pond to external ioading, but rather attributed the observed concentration




4
changes to internal mechanisms. These proposed internal mechanismS‘were‘
involved in transfe? rates between the sediments and the overlying water,
which resulted from continual decomposipioq of plankton and littoral
vegetation and subsequent 'recycling' of nutrients. Rigler (1956, 1964),
ﬁsing radioactive phosphorus, determined that ionic phosphorus in the -
epilimniqn had turnover'tiﬁes as-iow as one minute. ﬁowever, iean and
Charlton k1977) observed that phosphorus exchange rates between algal
cells and the free water were a function of phosphorus demand and .con- g
centration. In addition, Lean and'Charlton (1977) demonstrated'thét
direct phosphorus release from the sediment under: aerobic conditions was
greater than most external loading valﬁes‘reﬁorted by Volienweider (1968).
A&ditional internal loading via macrdphytes has been reported by Cafigﬁan
and Kalff (1980) and suggested by Lehman and Sandgren (1978) EVeﬁ though
Carignan and Kalff (1980) demonstrated macrophyte uptake at 3%p from with-
in the sediments and subsequent release to the water colqmn, the relation-
ships.bétween_macrqphyte—epiphyte and phytoplankton utilization of phosphorus
in the free Qéter ére not known. But, the totai phosphorus'in.the water
column has.been.attributed to pﬁytoplankton siﬁking raées (Hutchinson 1941;
Leah and Charlton 1977: Lehman and Sandgren 1978) with'subsequent removal bf
phosphorus, After analysis of phosﬁhorus and phytoﬁlankton grab samples, .
- the U. 8. Envipopmental Protection Agency (1976) concluded that George-
town Lake was eutrophic. In addition, the E.P.A., utilized the Vollenweider
an@ Dillon (1974j-model to estimate the phgsphorus loading into Georgetéwn'

Lake. Hoﬁeﬁef, their data could only accoﬁht for 18% of the calculated
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loading to surface water inputs. The loading modei coﬁsidered thé effects
éf only external factors on the traphic status of the lake, But, since
' Georgetown Lake is shallow and apparently very productive, both internal
and ex;ernal ﬁechanisms could affect the lake trophic statﬁs; However,.
excépt for fishvcreel surveys and ﬁeriodic dissolved oxygen measurementé
under the ice, quantitative data on Georgetown Lake were not available.”
Therefore, the majbr purpose of this investigafion was to providé Baéic-
" limnological‘data to assess the primary mechanismé and/or potential mech-
énisms of nutrieﬁt dynamicslin Geofgetoﬁn Lake. Sediment data (Gérrisbn
'1976), zooplankton dynamics (Geer 1977), and périphyton collections (Foris
1976), along with this report encompass the overall Georgetown Lake study.
fhe specific objectives of this portion of the overall ihvestigatién were
to: | |
1. document the heating and cooling regime of
Georgetown Lake,
2. relate oxygen and carbon dioxide concentrations
to ph&sical and/or biological activities,
3. provide evidence to establish the major ﬁitrogen
‘and phoéphorus inputs to the water column, and,
4. 'assess the relative importance of phytoplankton

- to biological activity in Georgetown Lake. \




HISTORY AND DESCRIPTION OF THE STUDY AREA

Georgetown Lake, a reservoir formed by the impoundment of Flint-
Creek, is located at latitude 46°10'16" N, longitude 113° lO 42" W, in. .f
the Clark Fork dralnage 17 miles west of Anaconda, Mbntana (Flg.vl)
Patented mining claims in the Georgetown area were established as_early
as 1862. Gattle were first.grazed on the Georgetown meadow ten years
later. In 1885, a small earthen dam was built across Flint Creekiby
the Montana Water Electric'and Power Company to provide power for the
Bi-Metallic Mining Company at Phillipsburg. The Anaconda Copper Mlnlng
_Company purchased the dam in 1901 and constructed a masonry dam - to an’
elevation 1958.1 m.above mean sea level. At that time, the Montana Power
' Company installed a power house. In 1919, the Anaconda Company raised
the dam to the present~level of 1959.7 m. The Montana Power Company
acquired the entire project in 1925 and in 1966 strengthened the structure
and constructed a two-lane highway across the dam (Beal 1953; Georgetown
Lake Pre—Study 1973). Currently, rights to the water in Georgetown Lake
are‘shered by the Montana Power Company, the Anaconda Mining Conpany, and

irrigation concerns in the Phillipsburg valley.

At maximum pool elevation, the lake is 7.05 km long with a maximum

- and mean breadth of 3.64 km and 1.72 km, respectively, and a surface area
of 1479.2 ha. The mean depth is 4.89 m with a maximum depth of 10.67 ﬁ.
Table 1 presents the ranges of morphometric data observed during_the study.
Figure 2 illustrates the area and water volumes associated with lake

elevations.
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Table 1. Morphometric Data of Georgetown Lake, Montana, from 10 July,
1973 through 16 June, 1975.

Full Pool Range

Surface Elevation’ 1959.7 m 1958.3-1959.3 m
Maximum Depthl 10.67 m 9.27-10.27 m
Mean Depth2 4.89 m 3.9-4.6 m
Maximum Length 7.05 km 7.00-7.03 km
Maximum Breadth 3.64 km 3.56-3.60 km
Mean Breadth2 14725 Km 1.56-1.67 km
Length of Shoreline 26.87 km 24 .,6-26.2 km
Shoreline Development2 218 2.11-2.16
Surface Area 1219.2 Ha 1100-1200 Ha
Mean Retention Time

summer 804 days 337-6112 days

winter 493 days

lSupplied by Anaconda Co., Anaconda, MT.

2Definition of these parameters in Reid (1961)
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The structures associated with outflows from the lake are summarized
in Knight et al. (1976). Throughout the study period, hoﬁeVer, the
Montana Power Company's hydrdelectric facility and Anaconda Company's

pumping to Silver Lake were the only water withdrawals from the lake.

The lake receives surface water from several principal sources, .and,
presumably groundwater originating withiﬁ 1ts 13,728 ha drainage. The
North Fork of Flint Creek diécharges surface water into the lake from a
drainage area of apprbximately 48§5 ha. Flint Creek originates in the
area of Fréd Burr Pass,.and flows past'old mines aﬁd the most developed.
section of the lake watershed. Stewart Mill Creek originafes from a
spring 200 m from the lake. The spring receives its flow from a drainage
area of épproximately 4222 ha. 'Hardtla Creek, a return flume from Silver
Lake controlled by the Anaconda'Mining Company, has_a capacity of 1.13
m3-sec™l. The remaining area of 4611 ha, excluding Flinf Creek and

Stewart Mill watersheds, presumably dischafges'grouﬁdﬁater to the lake.

A complete géologic history of Ehg Georgetoﬁn Lake drainage can be
found in Alt and Hyndmén (1972). Briefly, the area is characterized by
deposition in shallow sea, uplift, and subsequent erosion leaving a fretted

upland of maximum elevation of -3004 m. Non-metallic resbﬁrces such as

limestone, clay, and gravel are abundant in the area.




METHODS AND MATERIALS

Biological, chemical, and physical data were collected at biwéekly;
triweekly, or mdnthly-interVaIs from 10 July, 1973, to 16 June, 19?5.
Five sampling stations wefe'established within the lake (Fig. 1). Station
I was located in the main channel in the vicinity of the dam. Stations,
IT and TIII were adjacent to Rainbow Point and Piney Poiﬁt, respectiveiy.
Statioh IV was in Jericho Bay and Station V was located at the mouth.ofr

Stewart Mill Bay (Fig. 1).

Sampling points were also established on the creeks: the North Fork of
Flint Creek was sampled at the bridge on Highway 10A; Sté&art Mill Creek
samples were taken at the'bridge‘on the road to the soutﬁ of the lake;
and Flint Creek was sampled below the lake at the power house outflow.
buring the winter months, ice and snow cover usually limited sampling

to only Station I and the creeks; In addition, at the request of the
Soil Conservation Sefvite, Phillipsburg, Montana, ten test wells were

bl

sampled on 24 July, 1975.

Light

Instantaneous solar radiation incident upon the reservoir surface
was measured with either a Kipp and Zonen Model CM-3 or a Kahl Scientific
pyranometer, and was contiﬁuously recorded with an Esterline Angus, Model
80-M recorder. These instruments were installed at Montana Fish and Game

Department cabins located on the North Fork of Flint Creek. Integration
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of the corrected instantaneous readings with respect to time yielded

Langley-hr~l or Langley-day~1l,

A vertical profile of ligﬁt penetration was obtained by taking
readings. at one meter intervals with a Kahl Scientific submarine photo-

meter containing a Weston Model B56 selenium photocell. Extinction co-

" efficients per meter were calculated by the equation of Hutchinson (1957). .

Temperature and Conductivity

Temperature was recorded at all lake sampling locations at one meter
intervals using a Yellow Springs Oxygen Meter equipped with an electronic

thermistor. Conductivity, corrected to umhos-.cm~2 at 25°C, was measured

. in the laboratory at a frequency of i KH, with a Yellow Springs AC

Conductivity Bridge, Model 31.

Meteorology

Hourly air and dew poinf temperatures, wind speed and-barome;rig
pressure data from the Butte, Montana, airport were provided by the
National Climétologicél Cénter, Asheville, North Carolina. The hourlyA
values were averaged to estimate daily averages, which, in turn, were
averaged for mean meteorological conditions between sampling dates. Aii
values were corrected for altitude differences and subsequent. adiabatic

effects according.to Blair (1942).
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Water Chemistry

All lake water saméles, with th~ exception of those for oxygen
determinations, were collected with ; 3 liter polyvinylchloride Van Dorn
type water bottle. Oxygen concentrations were méasuréd either iéiEiEE-
with a Yellow Springs Oxygen Meter or by the Winkler technique as modi-
fied by Strickland and Parsons (1972) follo&ing collection with a séwage
sampler. All samples at Station I were collected at two-meter intervals.
Collections at other lake stations were made at three-meter intervals.

The influent and effluent waters were collected directly“into reagent -

bottles. ‘ ~

Immediately after collection, one liter of water was filtered
through a Gelman Type A glass fiber filter. The filter was then immerged
in a darkened centrifuge tube containing five ml of 90% acetone. Also,

| o .
500 ml of the filtrate was saved in an acid-washed glass reagent-bottig'
for inorganic nutrient analysis. A 300-ml glass reagent bottle was

filled with unfiltered water for alkalinity, chloride, and conductivity

determinations.

Concentrations of Na, K, Ca, and Mg were determined by atomic
emission-abSorbtion spectroscopy using an Instrumentation Laborator§
AA/AE Model 131 spectrophotometer. Alkalinity and chloride were deter-
mined titrimetrically as described by APHA (1971). Sulfate was deter-

mined turbidimetrically as described by APHA (1971) but utilizing Hach
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Chemical Co. Sulfate Ver III, ' The pH was determined with a Beckman'
Expanded Scale pH meter, Model ' 76. ‘Inorganic carbon species were cal-

culated from pH, total alkalinity, and temperature, using the equations

of Rainwater and Tﬁatche; (1960).

Concéntrationé of nitrogen aﬁd phosphorus species (filtered and un—
filtered water) were-determined colorimetrically with ; Klett-Summerson
spectrophotometer using the following tests: NHB—N by the hypochlérite
oxidation method of Strickland and Parsons (1972); N03—N by the reduction
method. of Mullin and Riley (in Barmes 1962); NOZ—N u;ing Hach Chemical
Co. reagents and procedures; total Kjeldahl nitrogen using sulfuric acid
and potassium sulfate digestion and the hypochlorite oxidation method of
Strickland and Parsons (1972); ortho—P04—P by the combined reagent method
in Strickland and Parsons (1972); total phqsphorus using acid and persul-
fate digestion and the combined reagent method in Strickland and Parsons

(1972).

Iron and silica were determined colorimetrically with a Klett-Summerson
spectrophbtometer using the following tests: Iron using Hach Chemical Co.
. ® ,

Ferro Zine ;3 silica using the molybdosilicate complex method in APHA

(1971).

Floride was analyzed colorimetrically using Hach Chemical Co. SPANS

reagent.

e el
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Total organic carbon was measured with a Beckman Laboratory_Carboﬁ«

aceous Analyzer.

Phyﬁéplankton Standing CroP

A 125-ml whole'wéter phytoplankton saﬁple, collected simultaneously
with the water chemiétry sample, was pfesérved with Lugol's solutiom. .
Later in ﬁhe 1ébofatqry, discrete (étation I) and composite (Stations II,
IIT, IV, V) sampleé were uniformly resuspended, and an appropriate volume
was.concentrafed according to the membraﬁe filter techniqﬁe (APHA_1971).
The phytoplanktoh cells were counted at  two magnifications (150X and ;SOOX)
until 100 individuals of at least one taxon were enﬁmerated at each po&ef.
Taxa recorded under one magnification were not counted under the other

power.

Phytoplankton cells were measured to obtain mean cell voluﬁe and
mean cell surface area per taxon, by assuming appropriate geometric
formulae. Standing crop estimates were expressed as cell density, cell
volume, and cell sprface area per cubic meter (No.-m_3,mm3~m_3, and

mm-2°m_3, respectively).

Phytoplankton organisms weré identified to the lowest practical
taxonomic division. Prescott (1962), Smith <l950), and Drouet (1959)
were used for“identification of all taxa except the Bacillariophyceae.
The diatoms were identified.by use of fWPCA Bulletin'(l966), Patriék and

and Reimer (1966), and Hustedt (1930).
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The standing crop of phytoplankton was also estimated from pigment
- concentrations. The 907 acetoﬁe e%tract was analyzed with a Beckman
. DU-2 spectrophqtometer for chlorophylls a, b, and ¢, phaeo-pigments,

and carotenoids according to Strickland and Parsons (1972).

Community Metabolism

Samples used to measure carbon metabolism were collected simulta-
neously with the chemical saﬁples, while samples used for oxygen metab-
olism ﬁere collected in a 'sewage saﬁpler;, All .samples were collecfed
from two-meter intervals at Station I. The unfiltered water was collected
in 300-ml BOD bottles which were previously treated as described by fhe
USEPA (1969), wrapped in aluminum foii to minimize 1light exposure, and
auﬁoclaved. The clear (aluminum foil was rémoﬁéd immediately prior to
the lowering of samples) and opaque BOD bottles were incubated three to
six hours in situ at the\depth from which they were collected. The BOD

. 0
bottles were suspended from plexiglass bottle holders similar to thdée

described by Schindler and Holmgren (1971).

Oxygen metabolism was measured by changes inAthe dissolved okygen
concentratién between an initial sample and the samples incubated in the
light and opaque bottles.: Dissolved‘oxygen was determined by titratiop
with a microburef using the mo&ified Winkler reagents for high concen-
tractions of organic matter (APHA 1971; Strickland and Parsons 1972).

This technique could detect an oxygen change‘of > 35 mg O -m—3.

2
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Carbon metabolism based on pH changes was determined by caltulatiég
~ the change of inorgaqic cérbdn concentrafion (Rainwater and Thatcher
1960) between an initial sample and the incubated water sampleéy‘ Thé pH
was measured in the field using a Beckman Expanded Scale pH metér, Model
76. Alkalinity was deterﬁined by constructing titration curves'(meq.
acid vs pH) and interpolating the meq acid titrate at the inflection point
(consistently at pH 4.5). The use of an expanded-scale pH meter and
titration curves provided optimium sensitivity to detect a change of
inorganic carbon concentration. Carbon metabolism based on radioactive
carbon labelling was méésured as the rate of accumulation of radioactive
carbon into the particulate.(z 6.45 um) and'dissolved'fréétioné collected
in the clear and opaque bottles. Immediately prior to incubation, the
samples were inoculated with 10 pCi of sterile NaH14CO3 solution |
(specific activity of 1.0 uCi-1lOug NaHCO3) obtained from New England
Nuclear. The mean reco&eraﬁle éctivity from the lOgCi-inoculation‘into
360 ml lake water Qas 9.5 pCi + 0.25 nCi. Inmediately after the.incuﬁation g
. periéd, the spikgd samples were preservéd withiéﬁe ml Sf-onelﬁgrcent‘ |
merthiélate solution and stored on ice. Upon return to the 1aborator§,
tw6 ten ml and two twenfy—five ml aliquots were filtered‘through separate

25-mm, 0.45 um Millipore(R)

HAWP membrane filters. The remaining portion
was filtered through a 47-mm, 0.45 HAWP filter. One hundred ml of 0.002
N HC1 was passed through each filter to remove the inorganic carbon con-

tamination reported by Arthur and Rigler (1967). The entire filtrate was
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combined, acidified with one meq HC1l, and purged 20 minutes with cém—
pressed nitrogen. After purging, one meq NaOH was added to neutralize
the filtrate. Tﬂe filtrate was concentrated to approximately five ml
by vacuum distillation at 30°C. FEach 25 mm.filtef and 0.2 mi of " the
concentrated filtrate was placed in separate Beckman polyethyleﬁe
scintillation vials. Absolute methanol (4 ml) was added as a secondary :
solvent and 12 ml of Toluene~PPO-POPOP was added as the scintillation
cocktail. All samples were counted on a Packard Tri—Carb\Liéuid Séintil-
latioﬁ gpectrophbtometer and corrected to dpm by the sample cﬁannels
ratio method. All radiocarbon data, expressed as carbon assimilated per
cubic meter were calculated from the equation of Strickland and Parsons

(1972).




RESULTS AND DISCUSSION

PHYSICAL PARAMETERS

Optical Properties

The -monthly mean daily incident solar radiation-(QS) ranged from
78 Langley+day™l in December to 712 in June (Table 2, Fig. 3). The total
énnuallincident radiation received -at Géorgetpwn Lake was 149,000 Laﬁgley,
with 80,000 Langley received during the heatiqg period {(frem 1 April'tof
31 July,as defined by Hutchinson (1957)). The latter valﬁe agrees well
with Steinhawser's (1939, cited in Hutchinson 1957) estimate of 83,000
Langley feéeived in middle Europe at a similér latitude and altitude as

Georgetown.

The net radiation (Qg'), i.e., incident radiaton (Qg) minus that
refleéted and/or absorbed by ice cover, ranged from 9 to 676 Langley-
day~l. Reflected radiation, measured by difference with a sﬁbmariné
pho;ometer, averaged 5% during the ice-free period and ranged from 55-
83% during ice cover. The albedo was not well defined with respect to
ice thickness, but, as Bauer and Dulton (1960) have indicated, the
crystalline stfucture of ice and snow greatly influencé the albedo and

ice absorptivity.

Photosynthetically active radiation (PAR) was calculated according
to Vollenweider's (1974) estimate of 47% the value recorded by a pyrano-
meter. PAR entering the water column at Georgetown ranged from a low of

9 Langley-day~l in January to a high of 318 in June (TaBle 2, Fig. 3).




Table 2.

Summary of the Monthly Mean Light Intensities and Extinction
Coefficients, Georgetown Lake, Montana.

Qg Q' QpaR
SonEs Monthly Mean Monthly Mean Photosynthetically Mean
Daily Solar Daily Incident Active Radiation Extinction
Radiation Radiation Entering Entering The Coefficient
(Ly-day~1) (Ly-day-1) w?{ifd:;f??“ )
January* 97 9 9 0.71
February* 227 18 18 0.60
March* 404 37 37 0.73
April* 654 57 57 0.85
May* 585 126 126 0.93
June 712 676 318 0.61
July 658 625 294 0.71
August 593 563 265 0.75
September 462 439 206 0.67
October 327 311 146 0.45
November#* 97 21 22 0.43
December* 78 13 13 0.59

*Months of ice cover

0¢
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The difference between the net radiation (Qg') and PAR (QPAR) represents
the ultraviolet and infrared radiation absorbed within the first few
centimeters of ﬁater:(Hutchinson, 1957). However, according to Pivorarov
(1972), dce anq snow transmitted light only from 400 to 700 um. Hencé,.

the net radiation and PAR were equal during the period of ice cover.

.From the air temperature and cloud cover data; Swinbank's formula
(in Ryan and Harleman 1973) was used‘to calculate tﬁé atmospheric long-.
wave radiation (Qp). Ryan and ﬁarleman's (1973) eqﬁation‘was used to
calculate longwave radiation from the water surface (Q). 'The resultant
net longwave raaiation (QA—QW) ranged from -271 to -91 Lang:ley-clay’1
(Fig. 3). The lowest valueé occurred during tﬁe autumn cooling period
Qhen atﬁospheric temperétures were lowest relative to the water temper-

atures. Conversely, the highest net longwave values occurred immediately

~after ice melt when air temperatures were highest relative to water

temperatures.

The net radiation surplus (Qg=Qg'+Qp-Qy), as defined by Hﬁtchinson
(1957), generally paralleled Qg during the ice~free season and the net
longwave radiation during the ice-covered period. The seasonal trends
(Fig. 3) followed the observations reported in Hutchinson (1957) and
Dutton and Bryson‘(l962), with the absolute differences depen&enf upoﬁ

the incident solar radiation-and climatic conditions.

The light attenuation in the water column (Fig. 4) indicated a
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relatively homogeneously mixed water column during the ice free perioa,
while two distinct water strata were indicated throughout the duration
of ice cover. The lower extinction coeffiéients (k=0.49) found prior to
the formation of ice cover and shortly after the ice melted and by
fairly consfant values (k=0.71) throughout the summer indicate incfeased
dissolved or particulate matter followed by fairly uniform concenfrations
. throughouflthe summer with a decrease of matter prior to ice formation.
Conversely, progressively higher extinction coefficients (kmax=1.87)
observed throughout thé ice-covered period in the lower layers indicaté
an accumulation of material below 3 to 4 meters: As mentioned pfeviously,
light transmittance through the snow and ice cover varies with thickness
and crystalline structure, but the eitinction coefficients (Fig. 4) in
* the upper 3 to 4 m remain fairly constant throughout the winter, indicating

relatively constant concentrations of matter in the upper layer.

Thermal Properties

Lake and Equilibrium Temperatures

Georgetown Lake may be classified as a temperate lake (Hutchinson
1957) sinée sumﬁer teﬁperatures were ab09e14;C while winter temberatures, . C
were below 4°C. Although chemical stratification and inverse thérmal
stratification were observed under the ice (Fig. 5), the laké cannot be
strictly classified as dimictic since lake morphometry (specifically, a
shallow mean'depth (4.3 m) and significant wind fetch) prevented the

devélopment of a thermocline during the ice-free period.
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After ice melt, a period of rapid warming occurred which fésulted
in lake temperatures between 16 and 20°C throughout July. and August of
each year (Fig. 5). The iake cooled substantiaily during September and
October unéil ice cover fdrmed on or about the first of November each
year (Anaconda Co. recérds). As suggested from the lower temperatures
throughout the wafer‘column in November and December of 1974, Wind—
distributed heét‘was more pronounced prior Fo ice formation cqmpared to -
1973. Even though temperatures gr;dually increased throughout the water
column auring the i974—75 period of ice cover, temperatures lagged béhind
those observed in 1973-74. Assuming relatively equal heating rates under
the ice, this lag effect probably resulted from the greater loss bf heat
prior to ice formation in 1974. Slight depressions of isotherms in
March 1975,'an& late April 1974, indicate some degree of ice melt. How-
ever, in May 1975, a depression of the isotherms did not aécompgny ice

. 1

"melt ﬁhiqh indicated a high rate of heating of melt water. Schindler

et al. (1974)-attributed simiiar temperature increases directly under

the ice in arctic lakes to high incident solar radiation. .

Heating and cooling of lakes as a function of meteorological conditioﬁé
may be examined by comparison of lake temperatures with tbe,equilibrium“
~ temperature (Ryan and Harleman 1973). The equiiibrium femperature;
defined as the theoretical temperature the water would attain at a giveﬁ‘

set of meteorological conditions, is given by:
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Qg + Q, = 4x10‘8(TE+460)“+f(w)[(eE—ea)+o.255(TE-Ta)]

Qs + Q4 = net incoming radiation (BTU'ft'Z-day'l)
T = equilibrium temperature (°F)

T_ = air temperature (°F)

f(w) = wind speed function

= saturated vapor pressure (monthly) at Tg

e, = vapor pressure (monthly) at Ta

During the ice-free season, the mean lake temperature (T@) followed
the equilibrium temperature (Fig. 6), indicating that lake temperatures
were a function primarily of meteorological conditions. [TE was greater
than &w during the heating period, indicating a net transfer of heat
from the atmosphere to the water through the lake surface. During the

fall cooling period, T

w was greater than TE, indicating a net transfer

of heat from the lake to the atmosphere.] Even though meteorological
conditions had little influence on lake water temperatures under the

ice, the formation and duration of ice was greatly influenced by meteoro-
logical conditions. The formation of ice on or about the first of November
each year coincided with TE falling below 0°C. The rate of ice accum-
ulation peaked on the first of January each year, which corresponded to

the time of maximum negative equilibrium temperatures. Also, the duration
of equilibrium temperatures below 0°C was 18 days longer in 1975 than in

1974; this period agrees well with the 23 days longer ice cover observed
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in 1975. 1In addition, the equilibrium temperatureAdegree déys (caLchﬁfed
from 0°C.as ZTE'day) during the 1975 ice thaw was 23% greatér than dﬁfing
the period of ice melt in 1974. Again, this value agrees well with Fﬁé
20% greater number of ice days (calculated as Zcm-day from TE>0)'inr19?5
as compared to 1974. The seasonal patterns of Tg, E;, and ice thickﬁesg
indicate that meteorological conditions were the primary factorsﬂinfiué;cing
lake temperatures during the periods of open water, ice form;t;on, andf
the duratioﬁ of ice cover. Meteorological conditions did not céptribﬁée

substantially to the gradual water temperature increase throughout the

period of ice cover.

Analytical Heat Budget
Specific rates of heat gain and loss to Georgetown Lakewere calculated

'

using the general energy equation presented by Hutchinson (1957),
Qg = Qg"+Qy~Qy=QE-QeH et~ QrHQs
where all values are expressed as g'cal-cm'zoday'l,
Qo = rate of storage of heat in lake

Q;' = net incoming shortwave radiation

QA = atmospheric‘longwave radiation

Q, = longwave radiation from water surfacei
Qg = latent heat of evaporation

Qe = energy lost in heating evaporated water
Q. = energy gain (or loss) from conduction

e.g., sensible heat during ice-free period,
ice conduction during ice~covered period,
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heat gain (or loss) from lake sediments

L
=]
1]

heat gain (or loss) from precipitation

O
g
]

QI = energy loss in heating frozen water (nmot latent heat of
_fusion)_ ’

L
Ay
1

= net energy flux by advection (including ground water) "
Hutchinson's (1957) general energy equation was not applied to heat ex-
change rates within and above the ice cover, but réther heat exchangé -

rates of only the liquid water.

The Q4 and Q, terms were significant only during the ice-ffee
period, since the black body emmissivity values of liquid water and
ice were equal (Kothandaraman and Suramanyan 1977). Hence, the net
exchange of longwave radiation between the two water phases was equal
té zero. Also, as described by Pivovarov (1972), only shortwave
radiation (400 to 700 um) penetrates the ice cover. Thefefore, the
QS'+QA'—Qw term 'net radiation surplusf'qu equal to a fraction (0.47.§;f)
of the net radiation dﬁring-ice cover. The term feffective radiatipn':
(Fig. 7) accounts for the radiation avallable to the 1iquid water phase

for heating.

The method described by Likens and Johmnson (1969) was used to
calculate tHe heat flux due to sediment heét.exchange. Thé-mean annual
sediment heat budget ( H bam) of Georgetown Lake was calculated to be

_l.

3300 g'qal'cmfz-yr This value is extremely high compared to othef'

mean estimates (Hutchinson 1957; Likens and Johnson 1969). One of the
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largest was reported by Birge, et al. (1928) for Lake Menddta, with an'
annual sediment heat budget in the 0 to 8 m debth zone to be 3000 grcalr
cﬁfz-yrjl. The high se&iment heat bﬁdget‘for Georgetown Lake‘resﬁlﬁé&‘
from the 13°C amplifude of the seasonal temperature change~(maii;umﬁlake
temperature minus the anﬁual mean temperature (Likens and Johnson 1969))
in contact with the entire lake sediment, since the'lake did not stréﬁify
during the summer. Utilizing an ideal sinusoidal annual temperature
variation (Likens aﬁd Johnson i969) and the calculated mean annual sediment
budget, the daily'sediment heat flux (Q,) was estimated throughout.the
study. period (Fig. 7). The calculated annual variation of sediment-heat
gain and ldss'in Georgetpwn agrees well Qith resuléb presenfed by |
Hutchinson.(l9575. Heat gain to the sediment (negative values) oéqurred
during the heating period, while heat loss from the sediments to the over-
" lying water (positive values) occurred during the fail cooling perio&_énd
after the ice formed. The water column received 2725 g-cal-cmfz.dﬁring'
the period of ice cover, Howéver, since the water coiumn gained only 1200
to 1396 cai-cm_z‘fhroughout the period of ice cover, much of the sediment
heat input was lost by conduction through the ice and/or advected~from the

reservoir. Apparent deviations from the idealized sinusoidal response were

most obvious prior to ice breakup, since the calculated values suggest rapid

heat gain to the sediments during March, April, and May, while the overlYing

water temperatufes did not change appreciably. This suspected deviation

contributed very little error to the overall spring heat. budget.,
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Heat loss via conduction through the ice (calculatéd by setting
Qp» QW{‘QE’ Qe and Qp equgl to zero) was considerably less than heat
loss calculated by uéing'the method presented by Knauss (1978). The
conductive heat flux as calculated by the method of Knéuss is inve%sely
proportional to the ice thickness and directly pfoportional to freeéing
. degree ‘days, but ignores snow cover. This, comparison.of the two
techniques indicatea that the snow cover on Georgetown reduced heat loss
by atileast 50%. NQnétheless, heat loss by conduction through the,ice’

was the major loss of heat from the water during the winter (Fig. 7).

Evaporation (Qp and Q.), coﬁduction (Q¢) , and advection (Qj) wére'
calculated by solving the conservation of energy equation (heat budget’
and the conservation of mass equation (water budget, in Rnight, et él;"1976)
simultangously to within 1.0 g-cal~cm'2-day"1. Groundwater (and/or direct
runoff) con;ributions and evaporative losses were the two uﬁkndwnsvin Ehe
water budget and, in addition to sensible heat exchange (conduction);
were also the unknoﬁns in the heat budget equation, Sensible heat excﬁange
and efaporation rates were assumed proportional to the Bowen Ratio (Hqtch—
inson 1957; Knauss 1978; Lerman 1978; Ryan and Harleman 1973; Wright and
Horral 1969). Sensible heat exchange contributed to the heat gain during
the ice-free heating period and to the heat ;oss during the period of fall
cooling. Evapora£ion rates accounted for the majority of lake cooling
during the ice-free seéson. As indicated by the equilibrium tempeféture _

data, and reported by -the above authors, net radiation, evaporation, and

1
i

\
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sensible heat exchange (all considered metéofological factors)-cohtfibuted
the most to the observed heat content during the ice-free season. The |
mean.evaporation rate (287 g-cal-cm‘z-day‘l) during the ice-free. season
from Georgetown Lake was 59% of the 486 g--cal-cm"2°day‘1 calculéted frpm
Wright and Horral's (1969) data from thg geothermally heated upper Madison
River. The Ge&rggtown estimate is 507 greater than the mean annual lake
evaporation estimate for Western Montana provided by the U. S. Enviroﬁmental
Data Service (1968), but the Georgetown estimate was within the reported
95% confidence iﬁterval. Wright and Horral's data, as compared to thé‘i
Data Service and the Georgetown estimates, indicate subsﬁantial additiq§a1

I

heat loss imposed by heat inputs from the geyser basins. :

" Net advected heat flux indicated that Georgetown Lake served as a:
heat trap, as suggested for most reservoirs by Wright (1967). The in-
flowing water required a mean summer heat flux of 15 g-cal-cm'z-day‘l'to

warm inflowing water to ambient conditioﬁs, estimated to be 2010 g-cél-

,cm‘z-yr‘1 (10% total annual heat budget of the lake, Table 3). 1In con~-

‘trast, the advected water tended to add heat to the reservolr at the

rate of 2 g'cal-cm"zl.day"l (Fig. 7) from late October thrdugﬁ January.

The net advected heat flux was about 10% of the sediment heat flux during
the same time period. Since a majority of advected heat ofiginated from.
underground sources, principally groundwater and spring-fed Stewar;\Mili
Creek, the annual trend of advected heat flux should represent the ;raﬁs—

port of heat'stored underground. By comparison with the annual trehd‘df




Table 3.

Summary of the Seasonal Heat and Water Budgets of Georgetown
Lake, Montana, 1973-1975.
BIRGEAN HEAT BUDGET WATER BUDGET

1973-74 1974-75

g-cal-cm—2 % g;pal‘cm'z Z

%Heat Storage (@ bw,) 1210 (12.1) 1390 (11.6)

Ice (@bwy) 3870 (38.6 4660 (35.9)

Winter Snow @bwg) 2240 (22.3) 3200 (26.7)

Budget Sediment ( bwm) 2705 (27.0) 2725 (22.7)
Total @pw) 10025 11975

AHeac Storage (®bs,) 7435 (87.5
Advected Heat ({)bsy) 1060 (12.5)

Summer
Budget Total @ps) 8495
Meat Storage (@®ba,) 8645 (43.1)
Ice ( bal) 3870 (19.2)
Annual Snow ( bas) 2240 (11.2)
Budget Advected Heat ( baj) 2010 (10.0)
Sediment (@ ba,) 3300 (16.4)
(including
Fall Cooling Total @pa) 20065
Period)

ALake Storage

Ice

Snow

Advected inflow
Advected Outflow

ALake Storage
Advected Inflow
Advected Outflow
Evaporation Loss
Precipitation

ALake Storage
Advected Inflow
Advected Outflow
Ice
Total Precipitation
Evaporation Loss

1973-74 1974-75

cm

-7
+59
22
113
146

65
140
40
41

48
315
230
+59
41
78

cm

0
+70
38
126
162

GE
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daily sediment heat flux (Fig. 7), the advécted heat lagged behind theA: o ;\
estiméted sediment.héat flux. This difference indicates that the sédiment » _ﬁ;:
heét input ﬁas not an-ideal sinusoidal relationship, but rather Aquncgion
of the‘;imé of occurrence of thé.spring théw. However,‘thé advéeﬁedlhéat
and sediment hgat flux were out of phase withAthe lake héat~conﬁént.i

indicating-tﬁat both weré:functions of underground heat transfer and .

storage.

The»ahnuai ﬁéé;_budget_of Georgetown Lake (Tablé 3 waslof:intef:'}
mediéte maghifu&e compared to the‘datalcalcgiated‘from-othéf'lakéé i
(Hﬁtchiﬁéon 1957)._,However,.uniike mast tempefate,lékés%‘Géorgéﬁownigi: e
wiﬁtef-bﬁdggt,excéeded the suﬁméf‘heat income,. comprisiﬁé,jSOZ aﬁd 422'2 h
of the total reépéctively. ‘The remaining 8% was aéédﬁﬁtg& for Ey addi;
tional éédiment‘heat”inédme and net'advecfed heat. ‘factors affgc;ingif
thg winter heat ihcome are principally the i;e formation. As Wasﬁdisf_
cussed previously, all aré functions of meteorological éonditioﬁsé ‘Tﬁé' ,
iarge contribution to the heat budget from thé sediments, andxfhe' '
félatively small winter and sﬁmmer storage terms wereiprobably theft

‘result of the shallow mean depth-bfnthe resé;Voir{

Summaries of the heat and wafer‘bﬁ&géts (Table 3) ‘indicate. contrasts
Between heat and water exchange rates. Geﬁeraliy, adve&ted Water was ‘a
major factor cont?blling‘the seasonal lake?ievel;:althoughuit éqntribﬁted

[
1

little to the overall hédgibddgéﬁi‘.Baéqd upon thé;seésénai pﬁtfé}n of "
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lake level and stream discharge presented in Knight,; et al. (1976),
immediately after ice formed, the dutflow of water.was minimal, but thé
major iﬁfluent was of. groundwater origin. This source tended to add heat
to the reservoir. The decrease in lake level from January through Apfil
was primarily the result of the pumping activities of Anaconda Mining
Company; however, heat loss from the reservoir was minimal. The inbreése
of lake volume from April througﬁ June was principally due to runoff f;om
snowmelt., The heat required to Warm'fhis water amounted to 12.5%.of the‘
total summer heat income. Generally, throughout the summer and fall, the
lake level remained fairly constant (i.e., influent app;oximately_equaleds
effluent plus evaporation), Evaporétion accéunted for-25% of the:tqtalﬁ;
annual water loss (50% during the summer heating period), but thé léfent
heat of evaporation cooled the reservoir by 45,000 cal-cm~2, or greater
than twice the total annual heat budget. Precipitation was minimal i&‘_?
both budgets during.the summer, but contributed substantially to the‘ﬁiﬁ—

ter heat budget due to the high latent heat of melting of the snow.

Dutton and Bryson (1962), Hitchinson (1941 and 1957), Likens.and."
Johnson (1969), Ragotzkie and Likens (1964), Schindler, et al._(l974),
and Quay (1977) have discussed the importance 6f density currents in
relation to sediment exchange of heat agd dissolved solids to‘thé over-

lying water. Since wind-induced turbulence, typically masks these effects,

density currents in Georgetown Lake were investigated during the ice-covered

period utilizing the method of Hutchinson (1941). Geofgetown appeared to
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exhibit Hutchingon's criteria for investigating the significgnce of U
density éurrents, namely the lake: | | |
1. was Weil stratified (during ice cover),
2. was small enough for the mud to have én appreciable influeﬁée‘
on the free water (evidenced from the heat‘bu&get),

3. had a bottom contour permitting recognition of conspicuous

morphometric features, and,

4. had no hydrological &isturbanée.

:Under such conditions, heat and dissolved_solids originating'from
the sediments should be distribute&'in the water colgmn:és a func;ion,‘
of the morphometric curve (SA/SV), estimated by.AA/AV. However, éiﬁcé
the influent and efflﬁent flows weré substéntiél during the winter but
net advected heat was minimal (Table 3), the assumption of no hydroiogical
disturbance was investigated by comparing the profiles before (25 Nov)
and during (21 Dec to 12 Apr) the Anaconda Co. pumping operationsh(all

other flows were relatively constant (Rnight, et al. 1976)).

Throughout ;he winter, the vertical distributions of temperature,
conductivity, and subsequent water density did not coincide with the.
morphometric curve (Fig. 8). The 25 November profiles resembled those
of temperate, dimlctic lakes reported by Hﬁtchinson (1957). The water
density and temperature’ gradients indicated three distinct regions
within the water column. The first region was the upper ﬁeter, charac- . L

ferizéd by a rapid change of temperature and density, persumably due to
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‘a loss of heat by conduction to the ice cover. The middle regiqn was ;.
chafacterized by gteady gradients of water temperature (0.05°C per mété;)
and density.. The conductivity values were equal in thé upper ;wé regions.
The lower region, below the 1952 m elevation, was distinguished. by an in—
creaéing density, temperature, and coﬁductivity gradiént. The maximuﬁ'
grédients of éll three parametera were lpgated'below thg.depth,pf a maximgum

value of the -morphemetric curve, TheSé'&ata;aggggst three'éxplanatiQQS#

1. density currents transported heat and dissolVed'sélids
origiﬁéting from one sediment depth to a greaqﬁgjdepth,

2. since the densities of the groundwater and Stewart Mill
Creék influents were gréatér than the maximum density of
fhe lake water, density currents originating from these
influents transported heat and dissolved solids to the
deeper porfions of the reservoir, or

3. selective withdrawal of the denser, bottom water by

| Montana Power hydroelectric operations produced density

flows towards the bottom discharge.

Cdmpgfiéon of the mean profiles below the ;955 m elevation during
Anaconda Co. pumpipg activities suggest'that all three expianations may
be valid. The increase of temperature and dissolved solids was probably
due to inputs fromlthe sediment, as evidenced by.incréésed grédients at

the depth of the maximum morphometric value. However, the substantial
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decrease of the conductivity gradient at the depth of neutral density of
Stewart Mill Creek and groundwater indicates the presence of a density
current of the influent water and selective water removal from the hydro-~

electric discharge.

Differences between the profiles above the 1955 m elevétion (eleva~
tion.of the Anaconda Co. pump intake) were observed between the two tiﬁe”
periods. Iﬁ general, the pumping activity increaséd the temperature and
density gradient 2 m above the pump intake; The temperature gradient
directly under the ice increased slightiy (conductive heat loss). The
effect of inputs from the N. Fork of Flint Creek during the winter
apéeared to be negligible due to very low flows. The increase of-thel
conductivity gradients indicateé that dissolved solids diffused upwards
towards the lower concentrations, but were removed from the reservoir Ey

the Anaconda Co. discharge.

In summary, the increased heat and dissolved solids during the ice;
covered period originated from the sediments, but density currents.im—
posed by diffusionhfrom the sedimenté appeared to be substantially altered
by the concentrations of influent solids. The Anaconda Co..operation appeared
to affect only the water mass above the 1955 intake depth, whiie Montana
Power 's hydroelectric facility continued to remove the heat and dissolved

solids accumulated in the lower depths.
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CHEMICAL PARAMETERS .
Georgetown Lake may be classified as a calcium carbonate,.moderatéiy

hard water lake kTable 4). The mean salinit& of 184 mg-1~1 is higher'€ 
than the worldwide lake average of 146 mg'l"l presented in Hutchiﬁsonfé
(1957) . Enriched calcium, magnesium, carbonate, and sulfate ions, | |
relative to sodium and chloride, are tyﬁical of waters draining from. :
calcareoﬁs, sedimentary rock formations., The very low sodium and chlo?ide
concentrations observed in Georgetown Lake indicate negligibie conﬁfi;‘

v

butions of dissolved material from human activities.

The conductivity isoclines, representing dissolvedfsolid concen—iﬁg
tractions, illustrated stratification patterms similar .to those"ASSEﬁvéd
for temperature (Fig. 5). Conductivity values were generally decréaseél
from the time.of ice melt to the end of September. Conductivity véiﬁeé
generally increased from October through the ice~covered period, wi£h T
some dilution occurring directly under the ice from dilute influent
water and/or ice-snow melt. 'Chémical stratification began'to océur )
about a month after the onset of ice cover, and begame more pronounéed

until the ice melted, at which time a very rapid decline of conductivify

values occurred.

Seasonal changes in the distribution and concentrations of dissolved

compouhds in open systems have typically been related to hydrological .

contributions (dilution or concentration effects) and'changing equilibrium .

conditions (Hutchinson 1957§ Stumm and Morgan 1970). Seasonal changes iﬁ
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Ranges and Means, in parenthesis,
Parameters Measured in Georgetown
from 10 July 1973 through 16 June,

of the Chemical
Lake, Montana,
1973

Analysis George town Lake Stewart Mill North Fork  Flint Creek
Creek Flint Creek (Out f1ow)
(Inflow) (1nfiow)
Temperature 0-20.6 4.8 - 100 0.3 - 18.1 2.5-19.0
‘e (8.9) (6.%) (7.5) (9.6)
Conductivity 140 - 38 175 - 37 134 - 275 168 - 33
(umhos - cm~2) (212) (268) (217 (245)
oH 7.20 - 9.28 7.57 - 8.50 7.74 - 8.52 7.59 - 9.13
(8.61) (7.%0) (7.96) (7.92)

Dissolved gases

Oxygen 0 - 13.26 7.65 - 11.6 5.87 - 10.94
(mg-171) (5.60) (9.93) 9.22)
Carbon Dioxide 0.09 - 25.2 1.95 - 9.65 0.75 - 7.20
(mg-171) (0.67) (4.50) (2.32)

Cations:

Calclum 18.2 - 47.0 3.9 - 42.0 21.0 - 37.0
(mg-171) (28.4) (37.6) (31.0)
Magnes i um 8.8 -17.0 9.6 - 14.8 5.6 - 11.1
(mg-171) (10.6) (2.4 (7.6)
Sodium 11 -1.9 0.8-1.8 1.0 - 1.7
(mg-1"1) (1.6) (.4 (1.2)
Potassium 0.7 - 2.2 1.1 - 2.0 0.7 - 2.4
(mg-171 (.4) (1.6) (1.4)
Iron 1 - 850 0-10 5 - 120
(vg17Y) (35.6) (2.0) 53

Total Caticns
11

(meq (2.8) (3.0 (2.3)

Anions
Bicarbonate 85.2 - 225 126 - 181 80.6 - 176
(mg-171) (126) (164) (21
Carbonate 0.09 - 6.4 0.17 - 0.93 0.15 - 1.7
(mg-171) (.sn 0.5) (0.26)
Sul fate 2.5 - 10.2 4.8 - 10.2 3.8-7.9
(mg-1=1) (6.3) (7.9) (5.2)
Chioride 0.1 - 1.0 0.1 - 0.4 0.1 -0.5

91" 1) (0.6) (0.2) (0.2)

Fluoride 0-0.3 0-0.3 0-0.3
(mg-171) (0.10) (0.1) (0.1)
Silica 0.2 - 18.2 3.7 - A4 6.7 - 14,5
(mg-171) (6.1) .7 (11.2)

Total Anions

(meq-171)
Notrients:
Total Phosphorus 12 - 165 3-n h-38
(ug-171) (28.7) (13.5) (18.3)
0 - 11k 1-23 -13
(5.2) (5.2) (5.2)
Total Nitrogen 3 - 1560 0 - 350 0 - 355
(ug-171) (370) (14s) (163)
Nitrate-Nitrogen 0- 95 16 - 63
(ug-171) (3.8) (48) (7.0)
Nitrite-Nitrogen 0-19 0 0
(ug-1™1) (2.3 (0.0) (0.0)
Arvonia-Ni trogen 0 - 208 0-9.0 0-16
(ug1™h) (19.3) (3.6) (2.9)
Organic Carbon 1.9 - 143 0-43 0.5-6.9
(ug+171) :

5.75 - 11.16
(8.96)

0.15 - 18,1
(3.15)
18.4 - 45.2
(33.5)
6.8 - 16.5
(10.6)
1.3-1.9
a.n
1.0 - 2.1
(1.8)
18 - 83
(170)
(2.7)
92.8 - 23
(140)
0.2 - 4.3
(0.32)
1.0 - %5.0
(6.3)
0.1 -0.9
(0.5)
0-0
(0.1)
3.2 -18.2
PR o ) 1A

17 - 134
(46.8)

0-9
ne.s

100 - 1015
(493)

0 - A6
(10.2)
0
(0.0

0 - 4o
(sv.4)

2.0 - 15.5
(h.1)
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the concentrations of dissolved ions in Georgetown Lake have been related
to the high plant production and subsequent microbial decomposition
(Knight et al. 1976) and to the oxidation - reduction of the sediment
mud-water interface (Garrison 1976). However, as discussed in the.pre—
vious section, hydrological considerations substantially affected the
distribution of dissolved material within the water column during thé

stratified period.

Oxygen and Carbon Dioxide

Dissolved oxygen concentrations were relatively high during the
ice-free months (Figs. 9, 10). Throughout the summer, oxygen concen-
trations within the water column fluctuated around the 100% saturation
level (Fig. 10), while surface concentrations were consistently higher ,
than those observed at lower depths. Carbon dioxide concentrations |
were gradually reduced throughout the summer months; concenﬁratipns of |
CO2 in August and September of both years were consistently undersaturafed
with respect to atmospheric levels. Concentrations of COp at lower depths
were usually slightly greater than those recorded at the surface. These
data suggest that plant production during the suwmer was the major factor
influencing dissolved 0, and CO2 concentrations. However, as Schindle;
(1975) and Schindler and Fee (1973) have discussed, atmospheric exchange
rates of COyp and Oy are primarily a function of partial pressure differences

between the water and atmosphere, and turbulent mixing within the water

column. The shallow mean depth of Georgetown Lake, coupled with the high
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plant production, would favor high rates of 002 invasion from the atmqs}

phere and a net loss of oxygen to the atmosphere.

With the onset of ice cover, dissolved oxygen throughout the water:
column decreased. Apéxic conditions were first observed in Decembef :
- 1973, and February 1975, of each winter? respectively (Fig. 9). Total: ' . :Q,
dissolved oxygen in the water coluﬁn c&ntinued to decrease until the iéé )

began to melt. At maximum anoxic conditions of each winter, oxygen was’

N

not detected in the lower seven meters of the water column. Dﬁring thé
period of ice melt, the oxygen concentrations rapidly increased té-' ' , i,&
saturated levels (Fig. 10). In éontrast to oxygen, C02,concent;ationéi'
increased under thé ice cover (fig. 9), until peak concentrations.ﬁere:
observed to ;e 15 times the saturatedﬂlével (Fig. 10). The maximum COp

concentrations coincided with minimum oxygen values. Also, COjp conEenﬁ
trations increased in the anoxic zone (Fig. 9), indicating substantial
anaerobic respiration. As with oxygen, the onset of ice melt produced

rapid equilibrdtion of carbon dioxide levels.to saturated cohditions.~ 

.The géneral decrease of oxygen concentrations to well below saturated ' | f;:
levels and supersaturated carbon dioxide under the ice, suggest that
atmospheric exchange rates were minimal. Hence, during tﬁe period of
ice cover, the predominant influence on 0y and CO, concentrations was
aerobic and anaerobic rgspiration. However, with the onset of ice me;t;}
fhe rapid ox&gen incfease and subseguent loss of C02 illustrate the

high exchange rates with the atmosphere.




48

Since most chemical and/or adsorptign reactioﬁs aré functiéns-of pH
and reduction-oxidation potential (Stumm and Morgan 1970), the biologicéliy
mediated production or consumption of oxygen and carbon dioxide basically
determined the chemical regime in Georgetown Lake. Throughout.the icé?i
free months, plant production and atmospheric exchange tend to favor .
.highly oxidative feactions thle méintainiﬁg pH values ranging from 8;1
to 9.3. 1In contrast, during the winter, minimal atmospheric ekqhange and
net biological consumption of oxygen produced an environment which favdred
reduction reactions. ‘Anaerqbic metabolism continued to decrease the
oxidation—reduction potential. The carbon dioxide released through
respiration loweréd the pH to a minimum'ébserved value of 7.2. ﬁo&é?er&’
the pH range‘was probably limited due to precipitation and ;edissolutibn

of calcium carbonate.

Calcium Carbonate

As stated in the introduction to the chemical section, Georgetown
Lake may.be classified as a calcium.cafbonate system. However, significént
amounts of magnesium.and sulfatg,ions were also present. Based upon the
principal solubility products of most freshwater reactions (Table 5),
throughout the course of a year calcium cqncentrations were supersaturated
~or undersaturated with respect to both calcite and dolomite. Magnesium
solubility with solid dolomite exhibited similar fluctuations throughout
an annual cycle. The observed concentrations of hydroxide and éuiféte

ions were not great'enough to affect calcium or magensium solubility.




Table 5.

Solubility Products of

Major

Ions in Georgetown Lake, 1973-1975.

Compound

Equilibrium
Reaction

Annual Range of
Activity Products of
The Reactants in
Georgetown Lake

Equilibrium
Condition

Calcium Hydroxide

Magnesium Hydroxide

Gypsum

Calcite

Dolomite

[Ca).[OH]Z = 1075°43
[Mg]-(OH]2 = 107115
[Ca)+(S0,] = 107%"83

LE‘_%‘QO;_L = 10199

xmruu~éﬂgﬂ’=w“

[H]

2.8 <

logdCa + Z-logaOH < -8.3

log_ Mg + 2-10g OH < -13.3
a a

lcgata + logaSO‘, < -7.4

.5 1ogaCa + logaHCO, + pH < 2.7

!oqata + 1oanq + 2'1ogaHCO, + 2-pH <

5.5

Calcium was not in equilibrium
with Calcium Hydroxide

Magnesium was not in equilibrium
with Magnesium Hydroxide

Calcium was not in equilibrium
with Gypsum

Calcium was in equilibrium with
Calcite; supersaturated and
undersaturated conditions
existed throughout the year.

Calcium and Maanesium were in
equilibrium with Dolomite; super-
saturated and undersaturated
conditions existed throughout

the year.

6%
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Selected removél of calcium was indicated by the annual mean influent
calcium-magnesium rétios'of 1.84 and 2.47 for Stewart Mill Creek énd'North
Fork Flint Creek respectively, and the annual mean Ca:Mg ratio of 1462ffor
lake water. Also, the molar calciﬁm to magnesium ratios throughdut'fhé
year wére primarily a function of the calcium concentration (Fig. ll).'$s
Stumm‘and Morgan (1970) point out, for an unknown reason dolomite does not
precipitate even though the water may be supersaturated. Therefore, the
qalcite equilibrium-was the predominant reacton influencing the solubiiity
of calcium, Howevef, small variations of maguesium concentrations may be
the result of hydﬁolbgical effects and, as Stumm and:Mbrgah (19%0) sugggst,

- co-precipitation of a magnesium-calcium complex.

Concéntrations of bicarbonate and calcium followed the same sgasé&al
trend as conductivity (Fig. 12), since they were the major ionic species
and both were influenced by the calcite equilibrium. Bicarbonate and -
calcium concentrations decreased thréughout the ice-free season due to
carbon utilization by aquatic plants and subseqﬁent precipitation of
calcite. The trend was reversed during the period of ice -cover, when
respiratory addition of co, favored redissolution of calcite. Even
' though metabolic activities greatly influenced the CaC03 equilibrium,
'.seaéonal trends in areal concentrations of inorganic carbon and calcium
(Fig. 13) illustrafe‘that to;al carbon concentrations (principally COy
aﬁd HCOE) changed more rapidly than calciuﬁ. The actual rates of change

for carbon and calcium content, corrected by mass -balance effects of
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Figure 1l1. Molar Ratios of Calcium to Magnesium as a Function of the Respective
Concentrations of Each in Georgetown Lake, Montana, 1973-75.

1¢s




|sso] BICARBONATE (mg-L') [BGO
1959 1959
1958 1 30 | 1958
1957 - 1957
1956 90 90 100 no 1956
ELEVATION 955 A 10 120 1955
100 1o 130
(m) 1954 1 ab 7 1954
(MSL) 1953 L 1953
1952 1\ s 200 1952
1951 {'° 220 1951
1950 1 / /2,0 - 1950
| b

1949 ¢ e 1 1 ' ! 1 ! ! I ' I 1 1 1 1 1 1 I 1 U I 1 I |. 1949

JUL AUG SEP OCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC JAN FEB MAR APR MAY JUN

' ' v 1973 | | 1 I ' \ 1974 \ . f ' P : - , 1975 . : y
19601 CALCIUM (mg-C" ['960
1959 1 1959
1958 - e [lsss
1957 1 ép 2o 20 25 1957
1956 //// - 1956
ELEVATION 955 4 | 30 - 1955

|

(m) 1954 - ‘ // L1954

i / 35 5
(MSL) 1953 ‘ i ¢ //”\\ 1953
1952 - ‘ ‘ //// 40 L1952
1951 - o ] 195 |
1950 X // / 1950
1949 1949
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influents and effluents, illustrate the general trend for sediment con:-
tent described by Garrison (1976). Exchangeable calcium (presumably

CaC03) increased in the sediments during the ice-free period which

-coincided with calcium loss from the water column."Cénversely, Garrison

(1976) reported a decrease in the exchangeable calcium content of the
sedimgnts with thg onset of ice cover, This trend corresponds with an .
increased exchange rate of calcium to the water column during_the win;é£.
However, the significantly increased release of éalcium to the water
observed in March (Fig. 13) was not'écéompanied by a corrésponding rate
of increase of carbon. This may be due to adsorption characteristicsiof
the sediment since Garrison (1976) observed a noticeaﬁle increase oflex;_

changeable calcium preceeding anoxic conditions, followed by a rapid

~decline of exchangeable calcium.

Typieally, the rates of inorganic carbon exchange within the water

~column exceeded those of calcium (Fig. 13). The carbon exchange rates,

in excess of CaCd3 (Fié. 13 - shaded area), reéresent €O, and HCOE uptake
or release by metabolism and/or atmospheric coﬂtributions. Since the
rates of inorganic carbon loss in excess of CaCO3 from the water columﬁ
during fhe ice—freé period avéraged 0.2 g C'mfz-day‘l and the net plank-
tonic primary producfion estimate of Knight et al. (1976) averagea 0.6:g
C-m.'z'day"l fqr the same time, a; least 0.4 g C'm'zvday‘l‘must have
entered the water column from the atmosphere'and/or from sediment respir-

ation.' Additional €0y (or HCO3) presuﬁably.entered the water column if .
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macrophtic production was'included. The mean input of 0.4 g C;m'z-day"l
was 1ess than one-half the atmospheric flug reported by Megard and Smith
(1974). 1In addition, Schindler (1975) pointed out.that.the annual average
002 flux in the oceans ranges from 0;33'to 1.68 g é-nfz-day“l. Based
upon these values, the 0.4 g C-m™ -2, day"l COy flux estimatlon for George—
town Lake could well represent net atmospheric CO9 invasion to the water

- column.,

Since ‘ice cover prevented significant atmospheric influence, the
extent to nhich changes- in carbon dionide'and bicarbonate exceeded changes
in calcium would be indicative of metabolism within the-iake.' However,:}
‘the more rapid increase of bicarbonate with respect to calcinm ions
indicates a corresponding increase of some other cation;‘probably ammoninm'
ions,to preserve the electrical'neutrality. Two major periods of: 1norgan1c
carbon accumulation under the»ice were observed in 1974—75. These.c01n—
cided with oxic and- anoxic conditions (Fig. 13). When average rates of
carbon d10x1de accumulatlon were compared to oxyéen consumptlonl(corrected '
for hydrologlcal mass balance) (Flg. 14), the- resultant C02/02 molar'

quotient of 0. 76 ‘was less than the conventional resplratory quotlent

range of 0.85 to. 1.0 presented by Hutchinson (1957) and“Wetéel (1975)

rHowever, during the perlod preceeding anoxia the total inorganic carbon

(CO9 plus b1carbonate) to oxygen quotient'o
respiration could account for the observed rate of chang' ;The difference

‘of 1.2 mmoleC-m~2- day“1 betWeen carbon diox1de and total 1norganic carbon o
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Figure 14. Total Oxygen, Dioxide, and Inorganic Carbon in the Water Column Under the
Ice in Georgetown Lake, Montana, 1974-75.
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probably represented bicgrbonate which oriéinated from the disassociation
of calcium carbonate to maintain equilibrium conditions. As oxygen de=~
pletion continued at a constant rate in the upper depths, the rate of
accumulation of inorganic carboﬁ increased throughout the water -column
(Fig. l4-hatched line). The onset of rapid carbon accumulation occur:éd
simultaneously with the occurrence of anoxic conditions above the 1954 m
contour, the depth of the maximum morphometric index (Fig. 8). This
pattern suggests thét as anoxic conditions developed, - density currents
became significant with respect to the accumulation of bicarbonate at
the deep sampling location. The total inorganic carbon accumulation,
corrected for aerobic and anaerobic respiration rates (Table 6), yielded'
a probable value of 4.6 mméleC-m‘z-dgy'l transported via density currents
to the deeper region of the lake. This estimate compared favorably with
Hutchinson's (1941) value‘of =5 mmole HC03~m-2'day'1 accumulafion duglfo
density currents in the hypolimnion of Linsley Pond. The average aerobic
and .anaerobic respiration rates in Georgetown Lake, 6.48 and 4.6 mmole
C-m‘z-day"l, respectively, were very similar to the rates measured by
-Rich (1979) in Dunham Pond. Also, oxygen depletion rates in Georget&wn '
were sliéﬁtly less than the mean deplgtion fate of 9 mmole Oz-mfz-day'l

of ten prairie lakes reported by Barica and Mathias (1979).

Nitrogen and Phosphorus

The seasonal trend of inorganic concentrations of phosphorus and

nitrogen, primarily nitrate and ammonia, were very similar to the seasonal




Table 6. Partition of the Total Inorganic Carbon Accumulation During the
Anoxic Period in Georgetown Lake, 1974-75.

Total inorganic carbon accumulation -

Aerobic Respiration:

Respiratory Quotient x Oxygen Depletion

- -1 - -
0.93 x 6.96 mmole Oz'mz'day = 6.5 mmole C'm 2'da4 !
; -2 -1
Carbon Accumulation corrected for 9.2 mmole C-m “-day
Aerobic Respiration
minus
Anaerobic Respiration:
Anaerobic Rate \* . " 2
Anaerobic Rate R
Qerobic Rate x Aerobic Respiration
0.7 x 6.5 mmole (Z»m-z'day.I = 4.6 mole 42-m>2-dav_l
i =3 -1
Unaccounted for (presumably due to density currents) 4.6 mole C'm “-day

From Rich (1979)

8¢S
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distribution of carbon dioxide (Figs. 15, 16, and 9, respectively).

Throughout the ice-free period, orthophosphate, nitrate, and ammonia'Ar

concentrations were very low, often below detectable levels (Figs. 15.:

and 16). Conversely, under the ice, inorganic nitfogen and phospﬁorﬁél iig
concentrations increased.‘ Generally, as was postulated with respecf.td . Y
carbon dioxide, high plant production during the ice-free period depléﬁed

inorganic nutrient concentrations; under the ice, decomposition predomej

inated and subsequent mineralization tended to accumulate inorganic ..

v

phosphorus and nitrogen.

Organic phosphorus concentrations averaged 26 ug p-171 ghroughqugl
the year. Even though the summer and wintgr orthophosphate concentrationé
varied by twb orders of ﬁagnitude, organic phosphorus concentrations wére
observed to vary threefold without a we;l'defined distribution withihf;he'
. water cqiumn (Fig. iS). Organic nitrogen concentrations(Fig. 17) vafiéé'
much more than phosphorus. Generally, the highest conceptrations ofh—;
organic nitrogen were observed in late July to early August, but the

organic nitrogen distribution within the water column was very patchy

and poorly defined with respect to season.

Total nitrogen and phosphorus (mmole-m'z) within the water column
exhibited wider fluctuations during the ice-free period than during the
season of ice cover (Fig. 18). Total nitrogen exhibited a major peak in

August of each year, which coincided with the peak abundance of Anabaena
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Figure 15. Seasonal and Vertical Distribution of Orthophosphate and Organic Phosphate
in Georgetown Lake, Montana, 1973-75.
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Figure 16. Seasonal and Vertical Distribution of Nitrate and Ammonia in Georgetown
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flos-aquae. A minor peak of nitrogen'was'obserVed in January of.both
years.. Total phosphdrus coﬁéentrations were highest éfter the ice meltéé.

A secondary phosphorus peak was observed both summers prior to the sgﬁmer
maximum of total nitrogen.  However, a phosphorus increase was not obsérved
to érecede the ﬁintér ma#imum‘of nitrogen. Even though inorganic fofﬁé'of
nitrqgen aﬁd phosphorus’ contributed. to the total concentrations, partiqﬁlarly
during the winter, the large fluctuations of total nitrogen and phosphdrus.
could not be accounted for by corresponding changes of the inorganic specieé..
Hutéhinson (194i5 noted similar fluctuations of totgl phosphorus in Linsley
Pond. He suggested thaf phbsphorus fluxes were controlled by either the_
gain o; loss through the inlets and outlets, or by purely'inte}nal pro—f.

cesses, such as exchange with the sediment (or macrophytes) and loss &ia

sedimentation. _ r

External Nutrient Loading
The average daily import and export of total nitrogen and phosphorus

were calculated according to the mass balance equation:

n
¥ n,. Vi
mMem=2- day"1 = i=n
. A
_ where,
n; = total nutrlent concentration of the ith inlet -

or outlet (mM-m~3)

A7 =‘average daily discharge of the ith inlet or
' outlet (m~3 day‘l)

A = average lake area (m )
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Groundwater &olumes were obtained from the mass-energy.balance calcula-~
tions presented. in the heat budget section. since mean phasphorus con~
centrations measured from test wells (Table 7) were slightly greater

(by 10 ug'l'l) than concentrations measured in Stewart Mill Creek, and, .

- since Stewart Mill Creek originates as a spring 200 m from the lake, the

seasonal concentrations from Stewart Mill Creek were used in the above

equation for the estimate of the‘groﬁndwater contribution.

Total phosphorus loading averaged 0.003 mM-m~2-day™l. However, 67%
of the total annual influent of 1.64 mM P-m"z-yr"l (0.0SgP!mfzryr"l)

entered the lake during the spring runoff period (Fig. 19). Total

- nitrogen loading averaged 0.1 mM-m"z'dayil, with 45% of the nitrogen

input associated with the spring snowmélt éeriod. Nitrogen and phosphorus
were released from the lake at an average rate of 0.15 and 0.007 ﬁM*m‘é'
day~l, respectively. The annual loss was estimated to be 57.9 mwM nitrogen
and 2.3 mM phosphorus ‘m~2, These calculations tend to illustréte that
thé daily rates of inpu£ or release of nutrients were approximgtel& one
order of magnitude less than rates which would be required to account

for the observed fluctuations of the total nitrogen and phosphorus content

. in the lake. 1In addition, Georgetown Lake lost more nutrients both years

than it received from the inflowing water.

" Because of tHe limitations of the Qery simplistic mass balance
approach, Tapp (1978) recommends either complex reservoir models that

approximate the interactions that occur within a water body or, a more




66

Table 7. Chemical Analysis of Soil Conservation Service Test Wells,
Collected 29 July, 1975, Georgetown Lake, Montana.

Total Dissolved

Well No.* Solids 0—P04—P NO3-N NH3-N
(mg-1-1) (ng-171) (ug-171) (ug-1-1
14 346 69 127 94
50 436 50 254 51
51 431 10 86 16
58 439 25 145 14
4 399 23 114 16
10 175 16 225 15
19 125 33 17 61
Z:3 78 38 5 90
25 89 22 45 11
36 89 17 23 11
261 30 104 38
Mean
(Stewart Mill)
Spring 303 20 38 14

*See Figure 1 for well locationms.
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's1mplist1c approach’ that relates the input or the concentration of phos- C

‘ phorus in a water body to the physical properties of that water body, j:

i.e., the Vollenweider approach.

The most conmonly used‘expressions.by the U, S.'Environmental
Protection Agency to assess limltations of phosphorus and nitrogen (Tapp,
1978) are those of’ Vollenweider (1975) Vollenweider and Dillon (1974),
and Larsen and Mercier '(1975). Georgetown Lake data used in all the
above expressions (Fig. 20) indicated that Georgetown‘Lake was oiigotrophic
in the Voilenweider (1§75) and Dillon’ (1974) models, and off the scale
(i.e., oligotrophlc due to the negative fraction of phosphorus retained)
in the Larsen-Mercier (1975) model. 1In addition, using'Georgetown Lake
phosphorus loading in the regression equations derived,hy Oglesby (1977)
and.Schindler, et al. (1978), the calculated dependent values (chlorophyll,
phytoplankton standing crop, and primary production).were underestimated o

for Georgetown Lake (Table 8).

Utilizing.the"trophic status' of Georgetown Lake and the Vollenweider- -
Dillon model, the ﬁ.S.E.P.A. (1976) as part of the National Eutrophication
Survey, has suggested’that actual phosphorus loading into Georgetown Lake
should equal*4250 kgP:yr~l. Since the U.S.E,P.A. data could attribute
only 18% of the loading to measurable sources,-presumahly surface inflows,
the remainder‘was’accounted for by 'submarine springs'. However, based

upon the calculated yearly groundwater flow and the U.S.E.P.A. phosphorus
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Table 8. Comparison of Ice Free Season Predictions of Total
Phosphorus (IP), Chlorophyll (CHL), Algal Standing
Crop (S), and Primary Production (PP) Utilizing the
Equation of Schindler, et al. (1978) and Oglesby
(1977) to Measured Values in Georgetown Lake, Mt.
1973-75.
i o DEPENDENT VARIABLE _if:ﬁv
P PP
(mg+m~3) (mg'm=3) (wet mg+-m=3) (gC-m™2.yr=1)
MEASURED VALUES 26 9 14000 130
Independent Variables
of Schindler et al.
P = 24 6600 63
Lp 9 3 1600 18
Lpz™! 10 4 . 1700 21
1pVo™! 12 4 1400 19
‘IIL":—:Z— 13 6 1700 25
b}.f.‘__‘. 1B} 3 1500 20
17,
Independent Variable
of Oglesby
A'mp 3
Lp = annual input of phosphorus (mg-m~2-yr=1)[50.]

= annual loading per unit volume (mg:m~3.yr=1) [10.2]

= annual average concentration of phosphorus In the inflow (mg'm~3) [32.3]
I, = Total quantity of phog horus received by the lake (mg) (7.4 x 108)
Vo = Volume of outflow (m™ § [2.29 x 107]

= means of accounting for nonequilibrium conditions due to changes in I, [27.8)
My = total mass of ghospnorus in the lake the previous year (mg) l?.]7 x 109)

Vi = lake volume (m°) [5.28 x 107]

= the expression of Vollenwelder (1976) [12.8)
T, = water renewal time, Vi: Vg [2.3)

annual input of biologically available phosphorus (assumed to be total phosphorus for Georgetown

Lake) calculated as being to a volume equivalent to that of the August mixed zone. [10.2]

Values In brackets are those calculated from Georgetown Lake Data.
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loading estimate, the mean groundwater concentration of phosphorus would
have to be 35 to 82 times greater (Table 9) than those concentrations

measured in test wells around Georgetown Lake (Table 7).

All of the measured values for Georgetown Lake indicate thét‘Geofge—
town should be classified as meso-to-eutrophic, while the models predict
an oligotrophic condition. This discrepancy is probébly because of ﬁnternal
1oéding. The models were developed for lakes depending upon phosphorué

added to-the system and phosphorus concentrations at spring overturn. -

Internal Nutrient Loading

t

Since this investigation was concerned with general limnological )
aspects of Georgetowmn Lake, detailed experimentation with respect to
nutrient dynamics was not pursued. However, general facets of internal

phosphorus and nitrogen exchange may be considered for Georgetown Lake

with respect to available data and published information,

The total ﬁutrient change within.the water column, expressed as
mM-m~2 in Figure 18, has typically been related to tﬁe transfer of
material to or from the sediment. Nutrient loss from the water column
has been attributed to sedimentation processes (Hutchinson 1941; Lean
and Charlton 1977; Lee 1969; and Lehman and Sandgren 1978), while
nutrient gain to the wager column has been‘cérrelated'tq.phfsical,
chemical, or biological processes within the sediments and/or water’

column (Lee 1969). Since Georgetown Lake exhibited a shallow mean depth,
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Table 9. Calculated Groundwater Phosphorus Concentration

for Georgetown Lake, Montana, Based on USEPA (1976)
Loading Estimate.

Calculated Yearly

Mean Groundwater Volume = 1.5 x 10%m3-yr-!
Mean Lake Area = 1.14 x 107m?
Calculated Loading = 52.5 mgP-m~2-yr-1
minus Calculated Groundwater Loading = 1.8 mgP-m~2-yr=1
Annual Surface Loading 50.7 mgP-m~2-yr~1
EPA (1976) Estimated Loading = 4250 kg-yr~1-(106mg-kg™! +1.14 x 107m2)

= 372.8 mgP-m~2.yr~1

Surface Loading = 50.7 (67.1 U.S.E.P.A. estimate)
Estimated Groundwater Loading = 322.1 mgP+m~2-yr-}
Calculated
Mean Groundwater
Phosphorus Concentration = 322.1 mgP-m~2-yr~1- 1,14 x 107m?
Based on EPA Loading S22 ues1
Estinate 1.5 x 108m3-yr
= 2.448 x 10°mg-m™30R 2.45 mg- 2!
-l
* Maximum Measured Groundwater = 69ug°2 (or 35 times less than estimate)
Phosphorus Concentration \
* Mean Measured Groundwater = 30 ug'2” (or 82 times less than estimate)

Phosphorus Concentration

* See Table 7 for Analysis of SCS Test Well Survey
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high biological activity, a calcium carbonate dominated system, prolonged
ice cover, and large fluctuations in oxygen and carbon concentrations,

nutrient fluxes and availability were a function of many interactions,

According to Stumm and Morgan (1970), a steady state between plaﬁt
production and sﬁbéequent decomposition is a prerequisite for the main-
;enance of a consfant chemical composition of the water (chemostasis).
Most reported lakes have a spatial separation of production and décom—
position, i.e., epilimnion‘and hypolimnion. However, as has been dis-
cussed previously with respect to oxygen and carbon dioxide, Georgetown
Lake has an apparent se§sona1 separation of net production and net decop—
position. On an annual basis, the relationships of Géofgetown's-mean
total phosphorus to mean total carbon énd mean to;él nitrogen concen-
trations are witﬁin the range.presented by Schindler (1977, Fig. Zl),.
This comparison of Georgetown Lake data'indicates-that the phosphorué
to carbon to nitrogen ratio on. a yearly average, was similar té conveﬁr
tional nutrient ratios for freshwater, which, coupléd with Schindler's
(19775 'evolution of nutrient ratio' hypothesis, implies chemostatis on
an annual basis. This appears to be confrédictqry with a net loss of .
phosphorus and nitrogen from the system (Fig; 19), but in terms of absolute
numbers, the net phosphorus loss via surface waters amouﬁted to less than
0.01% of the total phosphorus flux within‘the reservoir, As mentioned
previously, however, chemostatis did not gxist within seaéons, but only.

on an annual basis.
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During the ice;free season, ino?ganic nutrients remained veryALow;
often undetectable{ while total nutrient concentrations fluctuafed; B
Garrison (1976) observed similar . fluctuations of total nutrients in
. Georgetown sediments duéing the same period. However, wifh tﬁe availaﬁle
data on Georgetown Lake, specific mechanisms with respect to the sedimgnts
and/or the macrophytes acting as a source or sink for nutrients cannot be
ascertained. Usually, nutrient loss to the sediments is primarily in the
form of organic matter, (principally as planktop or,.as Lehman and Sandren
(1978) reported, continu;l contributions from macréphytes) that settles
on the sediment-water interface; The decomposition and subsequent mineral-
ization rates of orgénic matter within the Georgetown sediments was préﬁéﬁly
very high during.the summer since Garrison (1976) observed lower organic
fractions relative to inorganic nutrient extractions‘during the summerE
This conclusion agrees with Tilson, et al. (1980), who observed that decom~-
position rates were directly related to temperature. 'In additioﬁ,‘Hili
(1979) determined that 20-60% ‘of macrophyte biomass was mineralized within
eight dayé. However, Lee (1969) and Mortimer (;971) reported that mineral-’
ization was not complete, and residual organics tended to accumulafe and

contribute to the sediment composition.

Mineralized nutrients are considered to be retained by the oxidized
microzone that forms during the period of oxygenation (Hutchinson 1941;
Lee 1969; Stumm and Morgan 1970; Mortimer 1971; and Golterman 1973).

Additonal water column nutrient loss based upon chemical equilibria,
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(e.g., ferric hydroxide—phoéphate complexes (Lee 1969; Mortimer 1971);v
calcium phosphate (Stumﬁ and Morgan 1970; Golterman 1973), and ion ekéhénge
with hydroxides (Lee 1969; Stumm and Morgan 1970; Gelin and Ripl 1978;
Ripl and Lindmark 1978)) were all favored under the oxygenated—high‘pﬁ
conditlons in Georgetown Lake during the ice free period These forms:
of phosphorus are generally considered to be insoluble under oxidizedf:_
conditions. There Have, however, been a number 6f instancés in Whicﬁ o
these phosphorus sources ﬁave become -available to the phytoplankton.
Traditionally, phosphorus has bheen considered to be transported to the‘
water column by turbulent mixing (wind-induced turbulence, density
currents, or macroinvertébrate'movement, Lee 1969). Additionally,_Léan
and Charlton (1977) have reported input of éhosphorus to the watef column
from the sediment in the absence of such processes at rates equal to or
greater than 0.25 mM P°m“2fday‘1. This fate is greater than moStiloading -
values reported by Vollenweider (1968) for eutropﬁic lakes, ?eénﬁani j
Charltbn (1977) attributed these high sediment release rates to thé “
formation of an anoxic zone after the depositioq of organic ﬁattéf. The
August release of phosphorus reported by Lean and Charlton (1977) coﬁldv
be analogous to the iﬁcreaselof phoéphorus in July;Auguét of each year
in Georgetown. Gelin and Ripl (1978) also reported tﬂat high pﬁosphate
exchange rates with the sediment during oxygenated periods in a shallow,
Swedish Lake. Addi;ional inputs of phosphorus héve been attributed.to

macrophyte release (Carignan and Kalff, 1980). Lehman and Sandgren (1978)
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could not find evidence of turbulent processes influeﬁcing‘ﬁutrient input
and also suggésted that phosphorus release from macrophytes was the ﬁajbr
source to the water column. However, they maiﬁtained that the total

phosphate in the water column was controlled by the réte of algal siﬁk--

ing.

As mentioned pfeviéusly, direct evidencé for any of the mechanisms
for'Georgetown Lake is lacking. However, the morphometry, biological
activity, and chemistry of the system were very -similar to the conditioﬁs
reported by the above authors. The lowest observed inorganic nitrogen
to phosphorus ratios=of 16:1 during 1973 (Fig. 22) indicate that phbspho:gs
waslin high demand the first summer. However, during fhe second sumﬁer,
inorganic phosphorus was more available relative to inorganic nitrogen -
(observed ratios ranged from 1:1 to 50:1). The organic ratios (pafticulatg
plus dissolved fractions) generally ranged between 30;1 and 16:1, the former
valﬁe reported by Schindler (1977) aﬁd the latter by Stumm and'Morgén :
(1970) for 'mean' algal protoplasm., Higher ratios, boséibly indicating
high phosphorus demand, are associated with periods of nitrogen fixation
(July—AuguSt—Septemberi. Also, the high ratios of organic fractions could
be indicative of lower turnover times éf nitrogen.and/or more residual
compounds relative'to phosphorus (Hutchinson 1941; Lean and Charitop 1977;
Liao and Lean 1978; Ripl and Lindmérk 1978). The iron to inorganic phos-
phorus ratios ranged from 0.5:1 to 50:1 with the three ﬁajor peaks

associated with very low phosphorus concentrations (Fig. 22). However,
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the total iron to to;al phosphorus ratios were consistently between 0.1.
and 1.0. This data indicates that iron—phosphéte complexes were the'méjor
forms of phosphafes that were available, even though rapid phosphate up-~
take occurred during the summer. The iron-phosphate ratios again support

the important role of internal nutrient cycling within the lake.

The period'of ice cover exhibited gradual increases in inorgahic
phosphate and inorganic nitrogen, principally ammonia (Fig. 15 and 16)5
Since water temperatures were reduced, biological decémposition rates
were probably glso lower than during the ice~free season. This again
was evidenced by Garrison's (1976) observation of increased organics in -
the sediment relative fo the inorganic fraction Auring this period. - Even
with decreased decomposition rates, inorganic nutrients accumulated as
low light levels and temperatures restricted plankton growth and mineral
uptake rates. Algo, accumulation of inorgaﬁic nutrients.undobutedlyx
. occurred from sediment release due to reduced pH (éee section on oxygen’
and carbon dioxide) and - lowered oxidation-reduction potentiai; A chem-
ically reduced environment was evidenced by an accumulation of ferrous
igon, and a decrease in sulfate (Fig. 23), presumably through a reduction
to sulfide. Sediment adsorptive propertieé were decreased and chemical
solubilities were altered under the reducing conditions, allowing mineral-
ized nutrients to diffuse from the sediment (Hutchinson 1941; Lee 1965;
Mortimer 1971; Golterman 1973: Lean and Charlton 1977; and Ripl.and Lindmark

' 1978).
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PHYTOPTLANKTON

Taxonomic Composition and Seasonal Change

The phytoplankton collections yielded 110 identified taxa (Table 10),
with most taxa encountered infrequently. Undoubtediy,.the taxa list is
incomplete, since the occurrence of rare species is a function of the

collection and enumeration technique, and the sample size (Hurlbert 1971).

The Chiorophyta (green algae) were represented by at least 22 genera
and species. Phacus, the only observed Euglenophyte, was. found in one :
sample. The Chrysophyta were the most divefse-divisibnnand-were repre¥

sented. by three classes, 22 genera, and 6l:apeeiesu The majorlty aﬁ\the

Chrysophyte biomass was accounted for by Dlnobryon sertularla Cyclotella b

bodanica, SteEhanodlseus astrea, Asterlonella formosa, Fragillarla R o s

crotenensis, and Synedra sp- The four spe01es of dinoflagellates, :lfx-'.‘
though in low numbers, made a notlceable contribuLion to the total blo—'
mass due to their large cell size. The Cyanophyta (blue—green algae)

were represented by five genera and seven species, with Anabaena: flos-—

aquae observed to exhibit the largest standing crop of any phytoplankton ‘

taxon. The Cryptophyceae, principally Cryptomonas ovata, made a sub-

stantial contribution to the total biomass in every sample.

Seasonal changes of phytoplankton taxa have been considered to be
primarily a function of physical factors (ngQ,. temperature, light, and

turbulence), chemical factors (e.g., nutrient concentration and organic




Table 10. List of Phytoplankton

Taxa Collected From Georgetown Lake, Montana, 1973-1975.

Mean “Wean
Cell Volume Cell Volume
= Taxa ylm-? Taxa wleme?
Division Chlorophyta Unidentified Chlorophyta
Class Chlorophyceae microplanktony 35
Order Volvocales microplanktony, 65
Family Chlamyomonadaceae microplanktong 525
Chlamydomonas® sp. Ehrenberg 35 microplanktong 85
Gitsth” 5. Diesing a0 sizbdbnen, 12
FamiTy Volvocaceae
Eudorina unicocca® Smith 900 Division Euglenophyta
Pandorina morum® Bory 525 Class Euglenophyceae
Order Tetrasporales Order Euglenales
Family Palmellaceae Family Euglenaceae
Gleocystis gigas (Kuetz) Lagerheim 2150 Phacus® sp. Dujardin 4400
Spneroqst s schroeteri Chodat 900
Order Ulotrichales Division Chrysophyta
Family Ulotrichaceae Class Xanthophyceae
Ulothrix variabilis® Kuetzing 300 Botryococcus brauntii* Kutzing!.* 3550
Family Protococcaceae Class Chrysophyceae
Protococcus® sp. Agardh 30 Order Chrysomonadales
Order ChTorococcales Family Ochromonadaceae
Family Micractiniaceae Dinobryon sertularia Ehrenberg® 580
Golenkinia radiata* (Chodat) Wille 4200 Class BaciTTariophyceae?
F&“y Dictyosphaeriaceae Order Centrales
Dictyosphaerium pulchellum® Wood 310 Family Coscinodiseaceae
Family Hydrodictyaceae Cyclotella antiqua* W.Sm. 5300
Pediastrum duplex“ Meyer 3000 T. comta (Ehr.) Kutz 1950
Sorastrum americanum* (Bohlin) Schmidle 30 C. bodanica Eulenst 6870
Family Oocystaceae C. glomerata Bachmann 150
Ankistrodesmus falcatus (Corda) Ralfs 100 C. meneghiniana* Kutz 3150
A. spiralis® (Turner) Lemmermann 70 Melosira distans (Ehr.) Kutz 950
Cnlo‘LrT"‘re a° sp. Beijerinek 40 . granulata® (Ehr.) Ralfs 570
ChodatelTa longiseta® Lemm. 1000 Stephanodiscus astrea (Ehr.) Grun 760
Oocystis gloeocystiformis Borge 40 Order Pennales
0. pusilla® Hansgirg 2450 Suborder Fragilarineae
Planktosphaeria gelatinosa Smith 65 Family Diatomaceae
“etraedron minimum (A. Braun) Hansgirg 50 Diatoma hiemale* (Roth) 2750
T. trigonum (Naeg.) Hansgirg 1750 FamiTy Fragilariaceae
Family Scenedesmaceae Asterionella formosa Hass 235
Scenedesmus biijuga (Turp.) Lagerheim 4300 Fragilaria brevistriata* (Pat.) Hust 90
S. quadrica urp.) de Brebisson 60 . ca na Desm 450
Order Zygnematales F. construens (Ehr.) Grun 135
Family Zygnemataceae F. crotenensis Kitton 565
Mo tiopsis calospora® Palla 226,200 Synedra capitata* Ehr. 35,350
Family Desmidiaceae s. rnshgu‘ (W.Sm.) Hust 135
Cosmarium tumidum® Wolle 202,700 S. ulna (Nitz.) Ehr
Stauratrum aspinosum Wolle 3225 S. sp. 80
S. eustephanum® (Ehrb.) Ralfs 268,000

c8




Table 10. (Continued) List of Phytoplankton Taxa Collected from Georgetown

Lake, Montana, 1973-1975.

Mean Mean
Cell Volume Cell Volume
Taxa ul-m-? Taxa ulm?
Family Achnanthaceae N. si ida* (Ehr.) W. Smith 17,800
Achnanthes hungarica* (Grun.) Grun 170 N. sublinearis Hust. 2275
A. Tancolata iBreb.) Grun 625 Family Surirellaceae
A. minutissima Kutz 70 Cymatopleura solea* (Breb.) W. Smith 290,300
Cocconeis diminuta* Pant 450
C. placentula Ehr. 8600 Division Pyrrophyta »
Rhcgcosghenig curvata* (Kutz.) Grun 650 Class Dinophyceae
Family Tabellariaceae Order Gymnodiniales
Tabellaria fenestrata* (Lyrgb.) Kutz 5450 Family Gymnodiniaceae
Suborder Naviculineae Gymnodinium pulustre Schilling 88,400
Family Naviculaceae Order P!r?ﬂinhles
Navicula bacillum* Ehr. 2350 Family Glenodiniaceae
. cryptocephala Kutz 150 Glenodinium pulvisculus (Ehr.) Stein 5500
N. cuspidata*® (Kutz.) Kutz 12,500 FamiTy Peridiniaceae
. pupula* Kutz 200 Peridinium gatunense Nygaard 130,900
. radiosa* Kutz 2050 FamiTy Ceratiaceae
. rhynchocephala Kutz 875 ceratium hirundinella* (0.F.Muell.) Dujardin 73,800
. salinarum* Gn('un % 450
. tripunctata (0.F. Mull) Bory 2000 Division Cyanophyta®
Pinnularia biceps* Greg 6200 Class Myxophyceae
P. nodosa* (Ehr.] W.Sm. 4400 Order Chroococcales*
Family Gomphonemataceae Family Chroococcaceu( )
honema acuminatum Ehr. 1450 Anacystis cyanea* (Kutz.) Drouet and Daily 413,100
_ constrictum Ehr. 1450 K. incerta” (Lemm.) Drouet and Daily
. olivaceum (Lyngbye) Kutz 500 A. marina (Hansgirg) Drouet and Daily 225
. parvulum* (Kutz.) Grunow 400 gqﬁsgﬁaeru lacustris Chodat 365
. sphaerophorum Ehr. 1650 Order Oscillatoriales®
. subtile* Ehr. 900 Suborder Oscillatorineae
Family Cymbellaceae Family Oscillatoriaceae

PMT! ovalis* Jutz 14,500
E% a affinis Kutz 1800

Oscillatoria rubescens® de Candolle 5025
Suborder Nostochineae

€. microce hala Grun. ) 21720 Family Nostocaceae ( )
C. prostrata (Berkeley) Cleve 0 Anabaena flos-aquae (Lyngbye) Debrebisson 1350
C. turgida* (Greg.) Cleve 17,700 Family Scytonemataceae
C. ventroicosa Kutz 1400 Fremyella diplosiphon® (Gomont) Drouet 6350
Epithemia sorex Kutz 3150
E. turgida (Ehr.) Kutz 35,600 Unidentified Cyanophyta® 210
E. zebra (Ehr.) Kl(n.z ; 35,000
hopalodia gibba (Ehr.) 0. Mull. 31,500 Division Uncertain

Suborder Eurirel neae Class Cryptophyceae®

Faaily Nitzschiaceae Order Cryptomonadales

Nitzschia filiformis* (W. Smith) Hust 700 Family Cryptochrysidaceae
N. fonticola Grun 160 Rhodomonas lacustris Pascher, Ruttner 100
N. hantzschiana* Rabh. 650 Family Cryptomonadaceae
N. Tinearis W. Smith 3050 Cryptomonas erosa Ehrenberg 575
H. palea (Kutz.) Smith 550 €. ovata Ehrenberg 5500

There is disagreement as to the classification of
but rather what Smith (1950) defines as suborders.

Mean cell volume was based on the average number of cells per colony.
Mean cell volume was based on a trichome length of 100 um

Taxa were encountered in only a few samples.

Identification and/or the presence of taxa were based on living samples.

ro W w

Botryococcys, for discussion, see Smith (1950) and Prescott (1962
2 patrick and Reimer (1966) consider the Ba:illariopﬂ?ﬂ%‘l‘“’vision. with a class Blcﬂlgr?gphc

eae, the orders ml'being the Centrales and Pennales,

The taxonomy of the Cyanophyta is based on revisions made by Drouet and Daily, in Edmondson.

Prescott (1962) considers this class belonging to the division Pyrrophyta, however, Rhodomonas is not mentioned by Prescott (1962).

€8
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materials),.and biblogical factors (e.g., predation and éompetition)l
(Hutchinson 1967), .The same criteria are usually applied to total
phytoplankton abundaﬁce. However, since detailed knowledge of the
physiology of individual_speciés is lacking, inferenceé on dominant,o;
indicator species are tyﬁically based upon relative aﬁundance énd/orj -
presence or absence in relationship to physical and chemical data.
Riley et al. (1949), Smayda (1974), Hulburt (1970), and Titman.and
Kilhan -(1976) maintained that cells Qith higher sinking rates may have
an advantage in turbulent water due to higher nutrient uptake at lower
depths. Recently, however, Schindler (i977) has advocated the use of
nitrogen to phosphorus ?atios as a determinant of the abundance of
species capable of nitroéen fixation. Furthermore, Portef (1977), has
stressed the poténtial‘importance of grazing to the observed relative
abundance phytéplankton. In addition, Laws (1975) and Harris (1978)
suggestéd that certain algae may be favofed based upon their surface to
volume ratios as related té metabolic activity (respirapion and photo~

synthesis) and/or nutrient uptake rates.

Séasonal cﬁange of the relative abundance of. the domiﬁant.phyto—
plankton taxa in Georgetown Lake (Fig. 24) appeared related to phosphorus -
availability,'relative to nitrogen, and zooplankton grazing. Immediately
after‘thé ice melted, the phytoplaﬁktpn were dominated by sﬁall crypto-
monads and green algae. However, as the phosphorqs was depleted to very

low levels, especially relative to nitrogen, Dinobryoﬂ sertularia increased.

e




Figure 24.
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Hutchinson (1967) reported an increase of Dinobryon under similar
conditions. At the same time, the percentage of small Chlorophytes Wés
decreasing as the filter feeding zooplankton, principally Bosmina,

Ceriodaphnia quadrangula and Chydorus sphaericus (Geer 1977) increased.

The preference for small cells and the extent of grazing préséure by
these zooplankton is reflected in the rapid change to a phytpplanktbn
assemblage of larger cells with smaller surface to volume ratio, as

suggested by Porter (1977).

At the time of maximum zooplanktdn concentration, the inorganic

nitrogen to phosphorus ratio decreased aS'Fragillaria crotonensis begaﬁ

increasing. Immediately after thé zooplankton maximum,F., crotonensis
reached its maximum relative abundance. The mean cell size decreased,
perhaps reflecting reduced grazing pressure, and the mean phytoplankton
surface to volume ratio increased to the maximum -observed va}ue; Thesé
events suggest that F. crotonensis preferentially used more nitrogen
relative to phosphorus, but that nutrient demand was high as evidencéd

by the shift to higher surface to volume ratios (Harris 1978). As F,

cortonensis declined, Anabaena flos-aquae increased. Hutchinson's (1967)

review described this species shift as related to nitrogen depletion by
F. crotonensis to such low levels as to favor the growth of a species

capable of nitrogen fixation, in this case Anabaena flos-aquae. Geer

(1977) attributed a decreése of Daphnia to inhibited reproduction,

growth, and survival due to the poor food source of Anabaena flos-aquae.
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As Anabaena decreased in August and September, Chlorophytes and Cyclotella
bodanica increased, probably reflecting less grazing pressure and more |
nutrient availability. This was evidenced by a- reduced phytoplankton: sur—
face to volume ratio at this time (Fig. 24). Hutchinson (1967’ reported
that C. bodanica was typicglly found in the auéumn phytoplénktdﬁ.bf many

temperate lakes.

With the onset of ice cover, Cryptomonas ovdata, Rhodomonas lacustris,

and Glenodinium pulvisculus were the dominant taxa observed. All of these

It

organisms were motile and capable of both autotrophic and heterotrdphic

growth and all appeared to have a distinct advantage due to diversified

habits and low light requirements. Stephanodiscﬁs'astrea, a cold w;ter
form (Hutchinson 1967), also appeared to be'adaptea to low light conditions.
Thg constant algal surface toﬂﬁolume ratio'fhrougﬁouf the perioa of ice
cover indicates that nutrient availabiiity had -little effect on the. |
relative abundance of taxa., However, és light intensity increéséd under
the ice (Fig. 3), the small Chlorophytes also increased rapidly and

appeared to reverse the trend of increasing nitrogen to phosphorus ratios.

These data indicate that nitrogen was preferentially utilized by the green
algae as compared to phosphorus. ‘Rotifer grazing, as evidenced by a
general increase of mean algal cell siée, appeared to affect the relative

" abundance of. algae by the utilization of the small green algae as a food
source. By the time the ice melted, the major component of the phytoplahk—

ton assemblage was CryPtomonasvoﬁata and, to a lesser. degree, émall Chlbrq—

phytes.
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Phytoplankton Standing Crop and Organic Carbon

The phytoplankton standing crop, expressed as cell volume per m2

(Fig. 25) was generally greatest during July, August, and September of"

each year. Minimum values were generally obsérved urder.the ice.

Anabaena flos—aquae reached the lérgest observed standing crop of 190,000
mm3'm—2 on 10 September 1973. The following year, the maximum érop of
Anabaena was approximately 20 times less. Cryptophyceae standing crops.

were also observed to be greater during 1973-74, eépecially under the ice.

Chrysophyta, principally Fragillaria crotonensis, had a‘élightly greater
standing crop in the summer of 1974 as compared to 1973. However; both

years exhibited an increase in standing crop shortly before the ice melted.

Chlorophyll concentrations, as mg Chllg -m~2 (Fig. 25), generally’
showed the same trends as the phytoplankton cell volume data. Howevef,
the magniﬁude of differences between chlorophyll values was much less
than that obsgr&ed for algal“cell volume. This éharacteristic was
especially aﬁparent in April 1974; when chlorophyll values exceeded those
measured in August 1974, but the total algal cell volumé was twice as
great in August. Also, the phytéplankton biomass was 20 times’gréater
in August 1973 than in August 1974, but the chlorophyll values were only
twice as great in August 1973. The relative amoﬁnt of chlorophyll to
pﬂytoplankton carbon, calculated from cell volumes using the equations-
of Strathman (1967), generally weré greater under the iée than during

the ice-free months (Fig. 25). The lowest ratios, 5 to 10 ug Chl'mg
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phytoplankton carbon‘l, were observed during the large Andbaena bloom
in 1973. The 1974 summer ratios ranged between 10 and 30 pg Chl°mg cl,
Winter ratios were typically between 15 and 55 ug Chl'mg cl. fhese
chlorophyll to carbon quotients encompassed the entire ranges reporteé -
by Steele and Baird (1961, 1962) and Healey and Hendzel (1979)_for algal
cultures of variable ages. Changes in the chlorophyll to phytoplankton _
carbon ratios havé been interpreted as either: ;)a 'Chlorella type' light
adaptation, which is characterized'by an inverse relationship between
light intensity and chlorophyll content (Soeder and Sfengel 1974) b)v
a density dependent relationship (McQuate 1956; Wright 1960); which pre-
sumably results from decreased availability of nutriénts, ﬁrimarily
nitrogen (Healey and Héndzel 1979); or c) to a lesser extent, a temper-
ature dependent variation which results in a lower chlorophyll content
per cell at lower temperatures (Harris 1978). The seasonal trendtéf
¢hlorophyll per phytoplankton carbon in Georgetown Lake clearLy rules
out the reported temperature affect., However, light édaptatidn and/ox
density dependent nutrient responses probably account for the observed
variation. These two phenomena probably were responsibleyfor the over-
estimate of the-mean chlorophyll concentration using total phosphﬁrus as

the independent variable (Table 8).

Based upon the results tabulated by Likens (1975), the mean summer
chlorophyll and phytoplankton biomass concentrations indicate that George-

town Lake may be classified as meso-eutrophic to eutrophic. However,
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comparison of chlorophyil vertical distribution and'totallorganig Carbdq'
variability in the water column (Fig. 26)Jindiéates fhat organic caﬁganl
distribution was not well defined with rgspéct_to phytoplankton abundance.
Furthermore, throughout most of the two~year period, phytoplankton cérbbn
contributed less than 5% to the total organic carbon pool (Fig. 27). ‘The
only exception was during the 1973 An;béena bloom when, at maximhm,:ﬁhe
bhytoplankton contributed approximately 507 of the total carbon masé{
Another, somewhat independent indicator of the minor contribution of
phytoplankton to the total organic carbon ﬁass was the cdrrelation |
(r=0.§8, p<0.01) of total organic carbon to fhe vertical extinction co~-
efficient of light (Fig. 28). Phytoplankton concentration, as measured
by chlorophyll, showed little relationshipro-light extinction. These |
comparisons indiéate that, although Georgetown Lake was relatively rich

with respect to phytoplankton, other sources of organic matter probably

dominated the system.

As with nutrients, organic matter may be of allo?ﬁtﬁonous or
autochthonous origin. Organic inputs to.Georgetown.Lake via surface
waters were probably negiigible, due to the loﬁ'concenfratidns of orgéﬁic'
carbon in the tributaries (Table 4) and-a net loss of organic carbon
from the system (Knight et al. 1976). Autochthonous sources reported
by Wetzel and Rich (1973) from Lawrence Lake, Michigan, a small, temperéfe,
hardwater lake, were 25.4% from the phytoplaﬁkton, 22.1% from the epiphytic

algae, 1.27% from epipelic algae, and 51.37% from the macrophytes. -Prééﬁmaﬁly,
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because of the extensive macrophyte beds, autochthonous inputs to George—
town Lake would be somewhat simllar to those estimated for Lawrence.bake,
The Georgetown summer carbon to nitrogen ratlos, which ranged between
'10:1 and 30:1 (Fig. 27), were generaliy indieative of the macrophyte'C/ﬁ:
ratios of 20:1 (Wetzel 1975) and 26:1 (calculated from Hutchinson 1975)
rether tban phytoplankton ratios Qf_3il to 6:1 presented by Stricklaﬁd.
(1960), Stumm and Morgan (1970), Banse' (1974), and Heaiey and Hend;ei
(1979). However, as pointed out by Golterman (1975) and Rich and Wetzel
(1978), the measured mass of detritel carbon is a fusction ofzternover-
rate (i.et, input rates and bacterial decompbsition). The organic catbqq'.

turnover rates during the ice-free seéason in Georgetown Were probably

substantial as evidenced by greater fluctuations of the organic carbon.

and the C/N ratios (Fig. 27). During the period of ice cover, organiﬂ

carbon exhibited more gradusl changes and the carbon te nitrogen ratid
generally increased to a maximum value of 60:1. These‘data suggest that
inputs and/or decomposition rates were reduced relative to summer turn-
over rates, and that nitrogen was used preferentially, leading to an
accumulation of refractory organic cempounds, (Stumm and Morgan 1970;

Wetzel 1975).

Even though the phytoplankton were not considered the major source
of organic carbon, the large Anabaena bloom observed in the summer of
1973 did contribute a substantial portion of the organic carbon pool

(Fig. 27). The difference in the total phytoplaﬁkton standing cfop
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between the two summers is probably indicative of nuprient availability. . ) e
Since the incident light and temperature were similar bofh years (Figs;
3 and 5), and the coﬁcentrations of nitrogen and phospho¥US were not'sﬁﬁ—
stantially different (Fig. 18); the hypotﬁesis of nutrient availability
is consistant with the concept of interﬁal loading presented in the~ |
Nitrogen and Phosphorus section. ﬁithin thé limits of the light, témpér—
ature, and mixing regimes, phosphorus is usually\considered to set thei_
maximum algal standing crop (Lean and Charlton 1977;.Schindler 1977£
Scavia 1979). As mentionéd prefiously,.major sources of phosphorus to -
the water column were- probably sediment ekchange éﬁd macrophytgs. How-
ever, at lower water 1éve1s, the area available for phosphorus ekchangé-ﬂ
(sgdiments and particularily macrophytes) would increase relative to the
water volume. Such a morphometric change would have a net effect of iﬁ;
creased phoéphorus avallability to the plaﬁkton. A comparison baéedféﬁy
the relative differences between summer mean depths and total phogéhgrus,
(Table 11) indicates that the percent difference of mean depth (6.85%51
was large enough to increase the available phosphorus (18.5%). This
comparison tends to support Rawson's (1939) hypothesié that the contri-
bution of the littorai area (i.e., internal loading) geopetrically in-
creases as the mean depth decreases. However, the élgai carbon to total
phosphorus quotients (Table 11) substantially deviate from Stumm and
Morgan's (1970) average algalnratio of 106 moles carbon ﬁo one mole of

phosphorus. This deviation could possibly reflect phosphorus3deficienéy




Table 11. Comparison of Summer Maximum Phytoplankton Standing Crops and Maximum
Total Phosphorus to the Mean Depths of Georgetown Lake, Montana, 1973

and 1974.
Algal Standing Crop Total Phosphorus Algal Carbon * Mean Depth
D § 2o Total Phosphorus
(gC+m™%) (mgP *m~<) (Molar) (m)

1973
Summer 17.0 205 219 4.35
Maximum

1974
Summer 2%7 173 43 4,67
Maximum
Difference 14.3 32 - -0.32
Percent
Difference 517% 18.5% - 6.97%

L6
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during the 1974 summer algal bloom, luxury uptake the second.summer,-orf

that all of the measured total'phosphorus‘was'not‘availabie to the algae. .

Within the 1imits of phosphorus availability, nitrogen appeared to‘“”'
be the most deficient nutrient as. evidenced by the presence of an algal

species capable of nitrogen flxation, in thls case Anabaena flos aquae. o

T

This apparent: nitrogen deficiency is again consistent With the concept

) of nutrient turnover, s1nce, as. or1g1na11y suggested by Birge and Juday
(1934), n1trogen 11beration, hence turnOver Was cons1dered to be sub->
stantially less than for phosphorus. The ‘use. of isotopes (034 3z and/or N )
have provided estimates of: phosphorus turnover as low as .1-3 m1nutes and
of nitrogen turnover on the order of tens of minutes or longer (Riglerf )
1956, 1964; Peters and Lean 1973; Lean and Naiewajko 1976; Lean'and“"
Charlton 1977; DePinto and Verhoff 1977; Liao and Lean 1978), These

short turnover times were generally reported nhere concentrations were

low but nutrient demand was high, which appeared to be the.case in
Georgetown. One other'interesting note contrasting the phytoplankton
standing crop between the two summers is that the nitrogen content in

the water column was essentially the same both summers (Fig. 18), evena‘
though the Anabaena crop was 26 times larger. This comparison, in
addition to the low chlorophyll to carbon ratios observed during the

summer of 1973 (Fig. 25), indicate that nitrogen fixation was substantially
less on a per ceil_basis in 1973. Lean and Charlton (1977) attributed

similar decreases of nitrogen fixation rates to iron deficiences at times

of high production and biomass.
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Phytoplankton Production and Community Respiration

Throughout previous seetions of this report, the implication was made
that phytoplankton nere not the dominent'primary producer in Georgetonny
Lake. However, since the understanding of biological productivit§ may A
be regerded.espthe central theme of limnology, the intent of this seqtion
is to.evaluate the overall phytoplankton production with respect to'lakes
metabolism. This discussion must be confined to the period from June 1974

to June 1975 since in $itu rate, measurements were not made the first year.

Daily rates of photosynthesis expressed on an areal basis were cal-

culatéed from volume weighted rate measurements linearized.with the total

'
v

daily incident light intensity (Table. 12). Utilizingz;difect proportionality
of photosynthesis to light intensity would tend to.slightly oVerestim;te
the daily photosynthetic rate (Strickland 1960; Vollenweider 1974)i beily
respiration rates were based upon measured hourly rates expanded to 24
hours (TableAli). Since all three techniques were subject to numerons .
errors (Harris.l978), the daily gross photosynthetic rates measured by

the oxygen and pH (COZ) methods were compared to the daily total 14C |
(particulate and filtrate fractions) uptake tates. Relatively good agree-
ment (r = 0.95, molar ratio=1.06 0251 C) was found between total 140 uptake
and oxygen gross photosynthesis (Fig. 29). Gross photosynthesis, measured -
by the pH method, exhibited more variability than the oxygen method, but
the relationship to.total 14C was statistically significant (r=0.88,dp

<0.01).




Table 12.

Daily Rates of Phytoplankton Production and Community Metabolism
Measured by the Light and Dark Bottle Oxygen, pH, and 14C Methods
in Georgetown Lake, Montana, 1974-75.

" RESPIRATION

PHOTOSYNTHESIS S e - WS

Estimated Gross 0, Gross C i g
0, dark bottle pH dark bottle 10" Pmax 0, Tight & dark pH light & dark part + filtrate particulate phytoplankton
_DATE  g0;m?-day gE-m"-day gC-m™?-day™! go;«m'f-dax" gC-m™2-day~! gC-m~2-day~! gc-m'T-dayA gC-m™7
5 June 74 3.46 2.59 0.315 2.13 0.692 0.628 0.310 0.641
17 June 74 3.84 2.717 0.145 1.20 0.225 0.150 0.094 0.551
1 July 74 2.47 4.39 0.231 0.648 0.174 0.209 0.078 2.150
15 July 74 3.00 3.14 0.139 0.724 0.493 0.234 0.181 1.424
29 July 74 6.93 2.68 0.666 2.63 0.7 0.966 0.282 1.537
12 Aug 74 2.81 0.383 0.259 1.84 0.163 0.384 0.281 1.389
26 Aug 74 2.43 1.25 0.163 0.99%8 0.174 0.212 0.180 2.754
10 Sept 74 0.993 0.844 0.222 1.25 0.550 0.390 0.291 0.673
24 Sept 74 1.33 1.54 0.226 0.951 0.375 0.361 0.255 0.852
25 Nov. 74 1.80 0.540 0.052 0.401 0.169 0.044 0.028 0.927
21 Dec 74 1.51 0.105 0.062 0.137 0.072 0.019 0.012 0.554
13 Jan 75 0.799 1.69 0.023 0.079 0.031 0.010 0.007 0.342
2 Feb 75 0.910 0.403 0.006 0.066 0.020 0.003 0.002 0.214 X
23 Feb 75 1.21 1.29 0.007 0.050 0.036 0.003 0.003 0.184
17 Mar 75 0.361 0.954 0.018 0.012 0.006 0.007 0.004 0.185
29 Mar 75 1.36 0.891 0.002 0.042 0.057 0.001 0.001 0.130 =
12 Apr 75 1.37 0.686 0.004 0.217 0.077 0.005 0.001 0.135 8
3 May 75 1.45 1.75 0.018 0.427 0.265 0.046 0.033 0.360
26 May 75 3.9%0 1.33 0.050 0.110 0.079 0.056 0.033 0.582
16 June 75 1.87 4.20 0.148 1.45 0.452 0.500 0.320 1.041
RESPIRATION CALCULATIONS: PHOTOSYNTHESIS CALCULATIONS:
IRV PV, 1
m2-day~! = 41 28 o 2-dayls L8 -d

] day K000 2 g-m~2-day A-TO00 l';
where where,

R‘ = mean mg'm”’-hr~! of the ith water strata Pt = mean mg-m 7.t™! of the ith water strata

(from dark bottle rates at two successive depths) (from 1ight and dark bottle rates)
V; = volume (m’) of the ith water strata t = time (hrs) of the in situ incubation period
A = lake area (m’) V; = volume (m?) of the ith water strata

A = lake area (m?)
ld = incident 1ight received per day (Ly-day™!)
lt = incident 1ight received per incubation period (Ly-t~!)
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Net phytoplankton production could not be calculated directly'from
the light and.dark bottle measurements siﬁce commuﬁity respiratioﬁ was ;
consistently gréater than gross ﬁhotosynthesis (Table 12). Howe&efé
phytoplankton respirétion typically ranges between 5 and 20%'6f thej
- maximum photosyntheﬁic rgteu(Harris 1978). Thefefofea a mean daily vaide
pf 10% of Pﬁax,:reporfed by McAllister ét‘al. (1964),‘was subtracted
from the gfoss bhotosynthetic rates énd regressed ag;inst the fates cal-
culated- from the particulate 14C fraction (Fig. 29). Even though both:‘
the oxygen and pH kCOz) 'net production'’ rgfes were statisticélly signifi—

cant (r=0.86, p<0.01 and r=0.54, p<0;025,respectively) with respect to
) - l . . [ .
14

C particulate method, variability was much greater than observed

the
for gross photosynthesis reiationshipé! This variability was probably

the result of assuming a constant 102 Pmax value for algal respirationm, .
and the assumption that the particulaté fraction retaining 140 measured
net photosynthesis. Many authors, as reported by Strickland (1960),
Vollenweider (1974), and Harris (1978), seem to agree that 140 retained

on filters is a measurement somewhere between net and gross photosynthesié,
depending upon the rate of reassimilation of expired C02. In additibn,
under conditions of high pH, Schindler and Fee (1973) reported Co, de-
pletion in the incubation bottles, which would tend to reduée the measured °
uptake of 14C as compared to photosynthetic rates, which, in their case;
was proportibnai to the rate of CO2 invasion from the atmosphere. Coﬁﬁl.

versely, i1f bicarbonate was used as a carbon source, .calcium carbonate -
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14¢ on the filter due'td

precipitation (which would not be measpred as
‘the acid wash) would tend to reduce the expectedbu change. " In View‘qff
all the possible errors énd agsumptions, gross photosynthetic rates'aé'L
méasured by all thrée techniques were réasonably close. However, nét
production'rates, which'for_this discussion will be assumed équal to

the particulate'l4c fraction, cannot be.caiculate& since actual aléal

respiration appearéd to be a minor component of the community respir- .

ation (Table 12).

Thé seasonal trend of gross phytoplankton production (Fig.-30)
indicated that approximately 90% of the yearly plankton photosynthesis
occurred dﬁring thé ice-~free period (Table 13). The initial increase
of gross production immgdiately'aftér'the ice melted was pfobably
associated with favorable nqtrient conditipns and rapidly increasing
light intensities. As was'evidenced.by increased nitrogen to phosphorus
ratios (Fig. 24), bhosphérus was probably depieted, which resulted in é
decreased photosynthetit tapébility and a substantially reduced ﬁhyto—
plankton turnover rate (Fig. 31) in late June and early July. Gross
‘productién and phytdéléqkton turnover rate (based on net'proéuction-pe;
unit biomass) increased throughout July, suggegting greater nutrient
availability. Zooplankton, Wtich reached maximum popuiation valueg at
that time (Fig. 24), could have influenced.nutrient recycling as reported .
by Liao and Lean (i978) aﬁd Scavia (1979). ’Phytotlankton gross photo~

synthesis and turnover rates decreased throughout August. This decrease
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Table 13. Mean Seasonal Photosynthetic and Respiratory Rates of the
Plankton in Georgetown Lake, Montana, 1974-75.

Mean Daily Rates Season Total Annual

(g~m_2-day_1) (g'm_z) (g_m—Z_yr-l)

Ice-Free Ice-Covered Ice-Free Ice-Covered

Photosynthesis
Gross O2 1.38 0515 211 32 243
Gross Carbon 0.40 0.08 61 7 78
Net Carbon (lAC)O.ZS 0.01 38 2 40
Respiration
O2 2,91 1.47 445 312 757

Carbon 2.68 0.96 364 204 568
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was associated with the Anabaena pulse, which according to Paerl and
Kellar (1979), compensatéd.lower carbon fixation rates to. fix molecular
nitrogen. In September, algal production and turnover rates again in-

creased In coincidence with the pulse of Cyclotella bodanica and small

chlorophytes. Throughout most of the period of ice cover, gross
production and turnover fates of the algae were greatly reauced, probabiy
as a result of low temperatures and very low light levels. However, in
May, when 1ightbintensities increased under the ice and inopganic nutrient
concentrations were highest, the gross photosyntheéis and turnover rates

of the green algae (Fig. 24) increased. Previously, heterotropic growth

i
A

. was postulatéd for cells found under the ice. However, the turnover
rate, which was based upon net autotrophic production, was consistently>
greater than the minimum calculated growth rate (Fig. 31). These data

support the findings of Morgan and Kalft (1975), who attributed the dark

survival of Cryptomonas erosa under the ice to reduced respiration rates

utilizing stored carbodydrates. However, as they point out, heterotrophic
growth cannot be ruled out, especially with the inaccuracies of the

production and respiration measurements at such low metabolic rates.

The most striking aspect of the observed in situ light and dark
bottle measurements was the consistently greatér community respiration
rates as compared to plankton gross photosynthetic rates (Table 12).
Since tﬁe dark bottle oxygen and pH (COZ)'changés were entered into the

calculations for gross photosynthesis, with which gooq agreement was
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'found with respect to the 14C.techniqué, the reséiration rates wduld
appear to be valid. However, the measured respiratory quotients (R.Q.)
averaged 2 moles COz/mole 02 througﬁout the ice~free season, and 1.75
m.COz/mO2 under the ice (Fig. 30). These quotients suggest that anaerobic
respiration dominates the entire year. During the winter, when oxygen
éoncéntrations,decreased to undetectable limits, anaerobic decomposition
would be expected. However, summer oxygen concentrations‘Qére generally
"at saturation levels (Fig. 10), suggesting aerobic metabolism. A similéf
discrepancy in the interpretation of R.Q. values was addreséed by Rich
(1979), who maintained that the degree to which the~community R.Q. was
greater than 0.85 reflected the amount of metabolism fof which oxygen
was not the termingl.electron acceptor and that the R.Q. of communities
with mixed aerobes and anerobes depend more on the nature of the oxidizing
agent. This analogy implies that the summer plankton community, of wﬁich
bacteria appeared to be a substantial portion, was possibly utiliziné
~other terminal eiectron acceptors or substrates which were decarbokylatgd

and not . completely oxidized.

Since daily respiraton rates (RS) were observed to be consistently
greater than daily phytoplankton gross production, organic sources other
than phytoplanktoﬁ, dominate in Georgetown Lake. The respiration rate§
were generally'greatef during the summer (fig. 30), reflecting either
substrate availability and/or warmer tempefatures. The organic turnover

rates, calculated as RB/TOC, which represent the minimum turnover, were
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generally greatest for two months after the ice melted (Fig. 31). Thesé
rates were similar to the turnover rates reported by Seepers (1977), |
Wetzel and Manny (1972), and Hall et al. (1972) for dissolved organic .’
carbon. White and Wetzel (1975) found that organic material resuspended
during the spring circulation period in Lawrence Lake, Michigan, pre-
sumably adsorbed and/or coprecipitated with CaCO3 the previous summer.
Reddy (1975) also observed that organics coprecipitated with calcium
.carbonate, although the organics reduced the growth rate of CaCO3
aggregates. Hough and Wetzel (1975) reported varying dissolved organic
carbon excretion rates from nacrophytes (4 to 40% of gross photosynthests)
at‘various times throughout the growing season, which appeared to be | i
dependent upon specific taxa and the degree of scenescence. Since

portions of macrophytes of varying ages were decaying thfoughout the

entire growing season (Lehman and Sangren 1978), continual input of
particulate and dissolved organics probably contributed to the total
organic pool. The measured respiration (decay) rates within the water
column could account for.all of.the_deorease of the total organic mass
(Fig. 27), but the contimual input rate of organics to the weter_column‘
was probably at or near the respiration rateAto account for»the‘maintenance
of the observed organic carbon concentrationst Although‘nacrophyte
production, decay, and release of organics were not measured in Georgetown,

the continual decrease of CaCO3 from the water column throughout the 1ce—'-

free period (Fig. 13) indicates a positlve net production for the entire
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lake, presumably‘by macrophytes and.epiphytic algae. ~Additionalfevi§gnéé
for the dominance of autochthonous production and subsequent detritgl .
(with associated bacféria)'formation; independent of the pﬁytoplankton, 
~is that the seasonal production (gross or net) of phytoplankton (expreséed
as a dry weight (d.w.) -mfz-day~l) could not account- for the 1arée zoo—f
plankton production ?atés measured by Geer (1977) (Fig.»32). As suggest;d
.previously, the zooplankton had a pronounced effect on the phytoplanqun

~ populations, but at the time of maximum zooplankton production (5.5 g
(d.w.)~m~2-day—1) (Fié. 32):neither the phyfoplankton net pfoduction ‘
(0.45 g(d.w.)-m?z-day_l, nor the algal gross production (0.8 g(d.w.)-m_z-
*day_l) was great enough to sustain the Zooplankton increasé., Throughouq:
thehremainder of the ice-free period, the zooplankton prbduction averagéd
approximately 50% of the phytoplankton production. Sﬁch éffigiences'aré
highly doubtful (Slobodkin 1961). This comparison also suggesté the: l

minor contribution of phytoplankton to the overall autochthonous ﬁroduction

within Georgetown Lake.

TROPHIC RELATIdNSHIPS

A summary of the available yearly production, resﬁiﬁétion, fish
vield, and allochthonous inputs (Table 14) indicates that Georgetown Lake‘
was very productive. The three methods used to estimate sport fish yield
in Georgetown resulted in very similar values. These estimates of fish
yield were very high compared to those presented by Ryder et al. (1974)

and Oglesby (1977), being exceeded by some tropical lakes, carp ponds,
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Table 14.

Comparison of the 1974 Annual Phytoplankton and Zooplankton

Production, Estimated Fish Yield, Respiration, and Allochthonous
Carbon for Georgetown Lake, Montana.

MEASURED UNITS CONVERSION TO ESTIMATED YEARLY
ENERGY UNITS PRODUCTION AND/OR
YIELD
PHYTOPLANKTON:
(THIS STUDY)
GROSS PRODUCTION s Sty
0, METHO 243 g0, 0 -y 190,147 k) 3872 ka-m2oyr”
c"¥eTHOD 78 gC-m -y 1 gc=41.8 kJ 3260 k-w2-yr”!
NET PRODUCTION (Burgis and Dunn, 1978)
o 40 gc-m 2.yr”! 1672 kd-m~2yr”)
Z00PLANKTON:

(GEER, 1977)
NET PRODUCTION

FISH YIELD

MONTANA FISH & GAME DEPT.
CREEL SURVEY, 1970-72

(in, GEORGETOWN LAKE PRESTUDY, 1973)

CALCULATED FROM MORPHO-EDAPHIC
EQUATIONS OF RYDER (1964)

CALCULATED FROM MORPHO-EDAPHIC
EQUATIONS OF HAYES & ANTHONY (1965)

RESPIRATION
(THIS STUDY)
02 METHOD

pH METHOD
SURFACE WATERS
INFLOW,

(Knight et al., 1976)
ORGANIC CARBON

OUTFLOWopGANIC CARBON

161 g(d.n.)ﬂu'z-yr"

1

32 1bs (f.w.)-acre™'-
-1

3.59 g(f.w.)-m 2-yr
1

23 1bs.(f.w.)-acre™ -

2.58 g(f.w.)-n'z'yr

33.8 1bs (f.w.)-acre
3.79 g (f.w.)-m'zyr

757 902~m'2~yr"
568 gC.m=2-yr-1

3 qC'ln‘ZAyr"

49 gC-m~2.yr-1

1 g(d.w.) = 21 kJ
(Burgis and Dunn, 1978)

1 g(f.w.)=4.18 kJ
(Burgis and Dunn, 1978)

1 90p=14.7 kJ
1 gC=41.8 K

3381 ka-m 2.y

15 kd-m2-yr”!

N kdem2oyr!

16 ka-m 2. yr”!

11,128 kJ-m2.yr-1
23,742 k3-m2.yr-!

1333 kJ-m-2. yr-1

2048 kJ'm~2-yr~)

1T
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culture pqnds, or some lakes which were fi;hed commercially. §ased‘ﬁpon
the classical 'energy pyramidé' first outlined by Lindeman (1942), thé
yearly fish yield of salmonids in Georgetown fheoretically'could have
been sustained by thg‘zooplanktqn? phytoplankton; or allochthonous in—;
puts with direct conversion efficiences of 0.4, 0.8, and 17, reSpectiyely.
However, direct salmonid utilization of phytoplankton or detrital carbon
as a primary food source seems unlikely. Furthermore, és pointed‘out.
earlier, the phytoplankton production was probably unable to sustain the
high zooplankton production rates. Conéequently, planktonic algae was
probably not the primary 'food base' for the fish. Although the fish
yield estimates frobide a base for'comparison, these values uhdoubtedlyi
underestimate thé acfual fish production in the lake., Calculation of -
fish production from fish yiéld in Georgetown Lake is éomplicated by the
-stocking proéram (e.g.,.approximately 607 retﬁrn of the total number of
4 to 6 inch rainbow trout stocked per year (Georgetown Pre-Study 1973)),
and the natural reproductive, survival, and growth rates of game énd non- -
game species. Furthermore, the ecologicél efficiences necessary to support
the Georgetown fishery would also be dependent upon the know1e¢ge of the
'ﬁood-web’ in the 1éké. But the yearly plaﬁktonic respiratiog rates, de-
crease of calcium carbonate during the ice~free period, net loss of organic
carbon from the reservoir, and net accumulation of’organic carbon to the

sediments (Garrison 1976), all suggeét very high production rates of the

macrophytes and associated epiphytic algae. These sources of organic .~
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carbon probably provide both a direct source for herbivorous grazers aqd-'
an indirect éource for the detrital consumers, as sugges£ed by Rich and
Wetzel (1978). Both modes of energy transfer to salmonids probably in—.
‘volve non-game species, which woﬁld provide the actual forage base for
the game fish. An approximation of the minimum net production rates of
the ﬁacrophytes and assoéiated epiphytic algae during the ice—frée season

may be estimated by the following equation:

GCi = 6Rp+6Rsed+GGa-6Pm+e—6Pp—GCca
where,
GCi = average daily change of the total inorganic carbon
(=-29 mmole C-m_zoday’l, frém Fig; 13)
GRp = average daily planktonic respiration rates
(=198 mmole C‘ﬁ_z-day—l, from Table 13)
SRsed = average daily sediment respiration rates and

associated diffusion rates to the free water

(unknown)

GCa = average daily CO, invasion rates from the

2

atmosphere (unknown)

‘GP = average daily net production rates of the

macrophytes and epiphytic algae"
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.6Pp_= éyerage.daily gross produqtion~rates of‘the
phytoplankton (33 mmole C-m—z'dayfl, from

Table 13)

6Cca = évefage daily change .of inorganic carbon due
to solubility prodﬁct with calcium (=-12 mmole
C:m “-day ~; from Fig. 13)
Solution of the équation‘yigids:
§P . = 2.18gC+m 2-day L4#6R  +C ’ | o
mte ©sed a . !
However, the implicit'assﬁmptioﬁ of the equation is that all rates are L
instantaneous. But, as Garfison.(l977) indicatéd; the sediments exhibited .-
’a net yearly gain of organic matter and, since respiration rates were
~ greater than photosynﬁhesié under the ice, the cbntribution-of‘éarbon_
dioxide from the sediments and/or'atmosphere_during'the summer months
‘must have been substantial to enable such accumulation and subsequent

delayed decomposition.:




SUMMARY

Géorgétown Lake, a 1479 ha éeservoir formed by an impoundment on
Flint Creek at.an elevation of 1960 m (msl), is located in the Clark
Fork drainage 17 miles west of Anacopda, Montana. Rights to the water
in Georée;own Lake are shared by the Montana Power Cémpany; the Anacoﬁda.
Mining Company, and irrigation concerns in the Phillipsburg Valley. 1In
addition to supplying water, the Georgetown Laké watershgd prévides
permanent residence for approximately 300 people; However, the sub-
stantial year long recreational demands were estimated to increase at
a rate of 18% per yéar (Georgétowﬁ ?re—Sﬁudy 1973). Area use analysis
indicated that the principal recreational démands are fishing (slightly
less than 4%_of the total fishing in Montanas, camping, piecnicing, |
boating, and snowmobiling. Resideﬁts ha&e become increasingly concerned
about the -eutrophication of Gedrgetown Lake but little information was
available to assess its trophic 'status. Therefore, this investigation
was conducted to provide baseline data to assess -the principal limhological

factors in Georgetown'Léke.

At full pond elevation, Georgetown Lake has a. maximum depth‘of ten
meters, and a mean depth of 4.89 méters. Throughout the sampling ﬁeriod,
July 1973 throﬁgh June 1975, the lake level fluctuated one meter. Typically,
the maximum lake 1évels were reached following Fhe,snoﬁmelt period in May.
The level gradually decreased throughout.thelsummer due to evaporétion and

power and irrigation-demands.  The water pumped to Silver Lake by Anaconda
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Mining Company from December through March reduced lake levels to the |

minimum yearly values.' Difect precipitation inputs wére minimal during
the ice-free period, but snow accumulation on the ice‘contributed'

to increased water levels at the time of ice melt; Yearly surface rﬁn—
off and groundwater contributions were estimated to bé 22% and 68%,

respectively, of the total annual water contribution to the lake.

‘The yearly heatiﬁg cycle in Georgetown Lake was typical of a
, temperate, dimictic lake. However, dﬁe to the shallow depfh and
relatively deep 1igﬁt peﬁetrafion (1% light depth averaged 7.2 meterg
during the ice-free season), the lake did not fhermally_stratify duribgé,
tﬁe ice-free pgriod. Tyﬁical winter stratification pétterns‘were o
developed .since ice cover preventéd wind induced mixing and substantially
reduced light penetration (55-82% reduction). As was evidenced by a lag
in the water temperature relative to the equilibrium temperature, the
ﬁeating aﬁd cooling rates of the water column durihg the ice-free seaséh
were a function of meteérological conditions (e.g., solar radiation,
cloud cover, air temperature, humidity, and wind). The formation, thick;
ness, and duration of icé cover (averagg of seven months per year) was
also a function of meteorological conditions, but the gradual increase
of water temperature under‘the ice was principally due to heat input from
- the sediments. The largé sediment heat budget (16.47 of the annual budget)
reflected the large seasonal amplitude in temperature of the water which,

in the absence of a stratified water column, came in contact with the
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entire lahe substrate. The annuallheat budget of 20, 000 gecal- cm 2'??7?
was similar to-other temperate, dimictlc lakes, but 30 4/ of the annual
‘heat budget was required for the latentrheat of fusion to covert ice and
'snow,to liquid water. In addition, the teservoir was conSidered‘a heatl
'trap'since 10% of the annual heat income was required to heat the'in: :
flowing, advected'vater to ambient reservoir‘conditions. :Overallﬂ ih""
addition to enabling an estimate of the groundwater contribution (cr1tica1
for nutrlent 1oad1ng est1mates), the annual heatlng and cooling regime
of the lake- had pronounced effects on the atmospheric exchange of gases:
| principally 0 and C02,'the light penetration, and the development of

den31ty currents. These'factors greatly influenced the-chemical andu S - }

bilological properties of the lake.

Georgetown Lake was characterized by relatively high dissolved .
solids, C.8.s yearly mean conductlvity of 212 umhos cm 2, princ1pa11y
as calcium-magnesium carbonates. This general,composition was indlcative:
of the 1imeSt§né‘ClaY-gravel characteristic of the watershed. Sodium '_‘ g 'Lg;

and chloride'concentrations,were very low, indicating negligible contri-

butions from human activities. -

Chemical stratification was not observed during the ice~free season.
During this time,‘dissolved oxygen was at or above saturating concen~ . - R
. trations while carbon dioxide was typlcally below saturation.  In addition,

calcium carbonate was precipitated from the water- column throughout the

Y
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‘summer months. These data suggest high biological.prqdﬁétion fates IR
throughout the ice;free period. However, the measufed planktonic |
-respiration rates were greater than the phytoplankton gross produgtion
rat;s, suggesting very high primarynproduction-rates of the macrophytes

and associated epiphytic algae. Substantial exchange of CO2 and 02

between the water column and the atmosphere and sediments during the
summer months was suggested by the average daily loss of inofganic
carbon, calcium carbonate precipitation, and planktonic‘pﬁotosynthetic

\

and respiratory rates.

In contrast, the ice.cover prevented'atmospheric exchaﬁge of carbon
dioxide and oxygen during the-winter; Since decomposiﬁion rétes,exceéded
.photosynthetic rates under the ice, oxygen concentrations were gradualiy'
" depleted at a rate of 7 mmole O£°m_2-§ayi?; while inorganic carbon
initially increased at a rate of 6.5 mmole C-m_z-day_l. The rate of
inorganic carbon accumulation increased to 15.7 mmole C-m-_z-daiy-'“1 at the
time when anoxic conditions réached the 1954 m lake contour. This
elevation coincidéd with the deﬁfh of maximum sédiment area exposed to
the corresponding water strata volume, This data indicates, in a&ditiﬁn
to anaerobic metabolism, that density currents flowed along the lake
'bottom and accu?ulated dissolved material in the deeper'portioﬂs of the-
lake. Even tho;gh tﬁe use of th%s water by Montana Power Company. tended

to remove the anoxic water, the rate of accumulation was greater than

the flow rates of the Montana Power hydroelectric plant. As anoxic
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conditions persisted, the oxidation~reduction potential was decreased at
Ileast to a point which enabled the reduction of sulfate. As a coﬁseﬁueﬁce
of anaerobic métabolism and subsequent equilibrium chénges, carbon dioxide,
iron, phosphate, nitrite, ammonia, bicarbonate, and calcium concentrations.
increased in the water column. Thesé increases reflected the loss of ad-
sorpfive properties of the sediment as well as the>chemical reductionlof
oxidized compounds to more soluble reduced forms. The decrease in pH,
which resulted from increaéed carbon dioxide concentrationé, solubilized

calcium carbonate."

i

With thé melting of the ice cover, reaeration of the water column
and associated loss of CO2 from the systeﬁ reéultgd in‘the.rapid_ precip—n
itation of insoluble, oxidized compoupds, and £hé reformation of an
oxidized microzone on the sediment~waterlinterface. At this time, ortho-'-
phosphate decreased, but the total phosphate in the water éolumn remained
constant guggesting rapid uptake of phosphorus by algae ?ather than a -

substantial loss of phosphate as 4 chemibal complex (e.g., FePO4).

Total phosphate averaged 26 ug-l_l throughout ﬁhe year while the
yearly total nitrogen mean concentration was 3;0 ug°2—l. Except for an
increase of inorganic nutrient concentrations (é.g., orthophosphate,
nitrate, nitrite, énd ammonia) during the anoxic périod,-inorganic levels
were at or below the detection limits.. Organic phosphérus and niﬁrogeﬁ,

éxpréssed as mmole-qu, exhibited wider flﬁctuétions during the ice-free
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period than under the ice. Sucﬁ fluxes in the organic forms could not
be attributable to the corresponding changes in the inorganic species.
In addition, .the Ealculated nutrient loading, including groundwater;
could not account for the 6bserved fluxes. Furthermgre, utilization of
. the Georgetown nutrient’inputsvin nine loading models typically predictgd
Georgetown Lake to be oligotrophic, whereas the measured algal standing
crop values were in the meso-eutrophic classification. Together with a
net annual loss of phosphorus and hitrogen from the reservoir, these
‘data all suggest that internal nutrient availability and recycling were

the dominant mechanisms controlling the measured nutrient levels..

The relationships of Georgetown annual mean totai phosphofus télthe
annual means of carbon, hitrogen, and chlorophyll are well within the
rangeé presented by Schindler (1977). AThis comparison indicates that,
on a yea;ly average, the nutrient ratios were a function of primary
production and subsequent dgcomposition (i.e., biological activity). The
specific mechanisms and agsociated rates of nutrient availability to the
plankton were mot measured, but direct nutrient release rates from the_'
sediment or via the macrophytes and subseéuent sedimentation rates,
either as organic or inorganic chemical complexes, probably controlled

the measured levels of total nutrients in the water column.

The typically higher'inorganic nitrogen to phosphorus ratios during

the first summer compared to the ice-free period in 1974, and the higher
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organic mitrogen to phdsphorus ratios observed the second' summer, indi—
cate that phosphorus availability was greater the first summer despite
high demand by algae.. These ‘ratios, in conjunction with the much higher

standing crop of Anabaena flos—agpae the first summer, suggest that

phosphorus availability and subsequent turnover rates determine the
maximum standing crop of algae, while the availability of nitrogen
infiuences the taxonomic'composition, In Georgetown Lake, nitrogen

deficiences with respect to phosphorus enabled Anabaena flos—aquae to

achieve much higher standing crops the first summer when phosphorus was
_more available and ‘it could fix atmospheric nitrogen. The secnnd summer,
however, was characterized by a much lower standing crop of Anabaena.

This probably reflected less phosphorus availability, especially relative
to nitrogen. The difference in phosphorus availability betneen the two -
summers was attributed to lower lake levels the-first summer. The lower
water level would tend to inerease the exposed surface area of the sediment
‘and macrophytes relative to the water volume, again suggesting internal

nutrient cycling as the dominant nutrient source.

The yearly pnytoplankton assemblage was composed of at least 110
algal taxa. While the seasonal succession thronghout both sampling years
was similar, the standing crops of the dominant forms were typically
greater during the period from July 1973 through May 1974. After the

ice melted small chlorophytes and ngptomonas ovata dominated the phyto-

plankton biomass. Coincidental with a decline of those forms and a sub-




'temperature conditions has been reported to be a function if low respir
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stantial increase of the'inorganic-nitrogen to phosphorus ratio, Dinobrxon
sertularia reached maximum abundance. In mid- July, when zooplankton were
at peak population levels, substantial zooplankton grazing was evident '

from a shift to a larger mean phytoplankton cell size, Following:the i

zooplankton maximum and coinciding with the increase of Fragillaria

crotonensis,_the average phytoplanktOn surface.to volume ratios reached
maximum values. This.shift“suggests high nutrient demand and possible
nutrient deficiencies..”The decrease of the algal surface:to volume ratio,
a lower imorganic nitrogen to phosphorus ratio, and'the‘dominance of

Anabaena flos—aquae probably reflected higher phosphate availability but

A
b
. ,increased nitrogen deficiencies which‘occurred as F crotonensis settledi

'out of the water column. The late summer—early fall phytoplankton popu—"

lations were dominated by Cyclotella bodanica and Cryptomonas ovata.;Te

nder the ice, Crzptomonas was the primary taxon observed with a small

pulse of Stephanodiscus astrea. Cryptomonas survival

tion rates, and the utilization of stored products‘accumu at‘duwhen_cond 1ons

were favorable. The rapid increase of small chlorophytes 1 April and

May probably resulted from the high availability of nutrients and increased
light inten51ty prior to the 1ce melting The difference in phytoplankton
standing crop the first sampling year was. probably a function of the lower ‘:ff'

lake 1evels.

The phytoplanktonzstanding cropS3 enpressedlas Celivvolumefmﬁzior}ﬁ
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cell carbon'm_z, were greatest during thé ice~free pexiod.' Even though
, chlorophyll concentrations were also génerally higher during the,suﬁme?,
chlorophyll content per cell carbon appéare&'to be‘a'function of 'Chlorella
type' light adaption and/or density dependent nutrient deficiencies. This
trend was most apparent during the summer months when chlorophyll to algal
carbon ratios were typlcally lower than the correspondihg ratios under
the ice. Similarily, chlorophyll to élgal carbon ratios were lower the
first summer as cdmpared to the secoqd summer, indicating nutrient
defiéiencies with high algal biomass. These lower ratios énd similar
‘total nitrogen values during both'summers indicate a greater nitrogen
deficiency tﬁe first summer which could have resulted‘froﬁ a decreased
per cell nitrogen fixatién rate bi Anabaena; Lean and Charlton (1977)
reported reduced nitrogen fixation rates per algal stgndiﬁg-crop'to be
a function of a deficiency of a co-factor required. for nitrogén fixation,.

e.g., iron.

On the hasis of average summer phytoplankton standing crop (i.e.,
17.0 gC'm’_2 and 2,7 gC'm"2 for 1973 and 1974 respectively), Georgétowq.
Like may be classified as a eutrophic or mésotrophic lake. However, the
total organic carbon coﬁtent in fhg ther column did not appear to be a
function of the phytoplénkton'biomass; The algal biomags averaged less
than 5% of the ‘total organic carbon.- In addition,.the éumme; organic.
carbon to nitrogen r;tios ranged‘between 10:1 and 30;1, which were

indicativé of macrophyte. C/N ratios, not the C/N ratios of 6:1 reported
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for-phytoplanktén. Organic cérbop to.hitrggen ratiog'increased_towé
maximgm value of:60:1 under thé_ice, in@icating ﬁha£lnitrdgen_w§s ;ééa ‘
preferentially; leading to an‘accumulatiéﬁ'of réfractory‘cémbbqﬁaSi fhéf
measﬁred mass of orgaﬁic_qarbon is}a'functiéﬁ‘of £he input rates and the
Aeéomposition ratés:of'éérboh cbmpoupds. éiﬁcg the plgnktonié ?espiratién
Was'consisteﬁtly greéter'than ﬁhytoﬁlahkton grbsé_phqtogyﬁthetid rafés,
the primayy input of ofg;nic materiai fo the watér céluﬁn‘was ﬁot a
functiop of the phytdplénkton. In-addition, allochthoqdué igputs were .
"ﬁinof. Tﬁese results lead to the'conclusiop.that organic 1oéﬁing';d:the‘
.water column was a fpﬁction of macrophytié‘and associated epiphytic
" autochthonous inpﬁts, either diréctly or indirectly from the sedimen£

as detritus.

. Elgnktonic.resPiraEion (i;e.,:dgcémposition) rates éVeraged 2 fo'
2.4 timeé greater during the.icévfreg period.than under the ice. The
mean respiration quotient-(COZ/OZ)'of'é.C throughout tﬁe yéar‘indicated
substahtial anaerobic metabolism, even in an aerobic water ‘column. How—
ever, comparison of'ﬁhe'rate of éo;alﬂiﬁorganié carfon gain to the water
column under the ice (6.48 té 15.7 mmole-m—zoday_l) and oxygen loss (6.96"
ﬁmole-m_z-daf;l) to mean pianktonic_respiratory rates (0.080 mmole C-m_z}
,aay_l and 0.046 mmole 02'm72~da§—l) suggest thét-the_sedimeﬁt was the

major site of decqmpositidn.

The three methods used to measﬁre phytoplankton photosynthetic rates .




A'(i.eJ, pH chdnge,- oxygen change, andy14d.uptake)'yielded.similar values.

for - the daily'gross production~rates. Net phytoplankton productlon,

however, could not be measured directly due to the dominance of plankton

"respiration. Estimates of net production, assuming phytoplankton respirr
. ation was 10% of thé& maximum photosynthetic‘rates, yieldedlstatistically
- significant correlations with particulate 140 uptake, but were much more

"varlable than the gross photosynthetic comparlsons. The calculated mean

2 day"1 or total;

net production during the ice-free period of 0. 25 gC m-
summer phytoplankton production-of 38 gC-m -2 were, according to the class-

ification of: Likens (1975), indicatlve of ollgotrophic conditions. 'ﬁow;

ever, the calculated summer phytoplankton turnover rates (production per

unit biomass) were far- greater'than the minimum growth rates required for

. the ohserved standing crop changes. Thus, the relatively h1gh standing

crops imply that most of the phytoplankton production was required for
maintenance of the populatlons, possibly related to the rate of nutrient
availability and subsequent turnover. Under the ice, daily autotrophlc
production rates were'at subsistence levels due to the very low light.
1ntens1ties, although heterotrophic‘growth could not be ruled out com—h

pletely

Comparison of the measured organic flukes in Georgetown Lake, ex-
pressed as energy equivalents, illustrate that the yearly phytoplankton

net productlon was- approximately 50% of the ‘total zooplankton productlon.

. At -the time/of peak’zooplankton'production (S.S'g_(d.w.)'m;zﬂday ),__ E




127
phytoplankton production was less than one—fifth the zooplankton pro—”z'
duction. Allochthonous input, although less than the organic carbon’
.discharge from the reservoir, was.slightly less than the yearly phyto—
plankton'net production. These data, in>conjunction.with the very highL
respiration rates, suggest that the major organic carbon sources in the'
'Vreservoir were:the macrophytes ahd]or associated epiphytes.'-However, |
whether‘these organic carbon sourees wereAutilized direCtly or indirectly l
'via the detrital pathway is not known.. Fish yields in Georgetown Lake>
were very high compared to other cold water sport fisheries, however,
lthe fish production in Georgetown Lake could not have been supported by
T a system based on the phytoplankton alone. Zooplankton production, which:
.'was primarily based upon detrital utilization, could.theoretically account
for the high-fish yields..iﬂacrophytes'and epiphytes undoubtedly contri—

.bute substantially to the fishery,-

In conclusion, Georgetbwn Lake was a very dynamic'system. Meteoro-
logical events provided the boundary conditions by regulating the forma-
tion and duration of ice cover which in turn, reduced ‘the light avail-
ability and prevented gaseous exchange with the atmosphere. In addition,
the amount of precipitation, principally as‘accumulated snow pack in the
watershed influenced.the-lake\water‘level.' The morphometry of the basin
and subsequent 1ack of summer stratification provided continual contact
of the entire water columnﬂwith the sediment. These factors, in addition

to the'limestone geology of the watershed, influenced the biological
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activities and, subsequently, the chemical characte£isticsﬁwitbip ghe
reservoir. The key to fhé understanding of the'phytoplanktoq respo;ées
within the reservoir appear to be a function of the rate at which nutrieéts,
farticularily phosphorus and nitrogen, become available, and a distiﬁction
between m;cfophyte and/or sediment 'contributions of those.nutrients. Since
the internal 'recyclipg"rates were the dominant factors conffibuting to
the phytoplankton species succession and standing crop values, water level
thfoughout the summer peried had a pronounced effect on the phytoplagkton
populations. The degree of, oxygen depletion under the iée was primarily.
a function of the water level prior to ice formation and the amount of
accumulated autochthonous orgahie material produced the previous summer.

Fisheries management practices should attempt to maintain the
macrophyte populations, since, the high sport fish yilelds Qere support—
ed by the macrophyte community. Howéver, to reduce b;ue;green'algal blooms

during the summer, and, to minimize a potgntial fish kill under the ice,

water -levels should be maintained at the highest, practical level.
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