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Limnology of Big Lake, South-Central Alaska, 1983-84

By Paul F. Woods

Abstract

The limnological characteristics and trophic state of Big Lake in south-central Alaska
were determined from the results of an intensive study during 1983-84. The study was
begun in response to concern over the potential for eutrophication of Big Lake, which has
experienced substantial residential development and recreational use because of its prox-
imity to Anchorage.

The east and west basins of the 1,213 square-hectometer lake were each visited 36
times during the 2-year study to obtain a wide variety of physical, chemical, and biologi-
cal data. During 1984, an estimate was made of the lake’s annual primary production.

Big Lake was classified as oligotrophic on the basis of its annual mean values for
total phosphorus (9.5 micrograms per liter), total nitrogen (209 micrograms per liter),
chlorophyll-a (2.5 micrograms per liter), secchi-disc transparency (6.3 meters), and its
mean daily integral primary production of 81.1 milligrams of carbon fixed per square
meter. The lake was, however, uncharacteristic of oligotrophic lakes in that a severe
dissolved-oxygen deficit developed within the hypolimnion during summer stratification
and under winter ice cover. The summer dissolved-oxygen deficit resulted from the
combination of strong and persistent thermal stratification, which developed within 1
week of the melting of the lake’s ice cover in May, and the failure of the spring circula-
tion to fully reaerate the hypolimnion. The autumn circulation did reaerate the entire
water column, but the ensuing 6 months of ice and snow cover prevented atmospheric
reaeration of the water column and led to development of the winter dissolved-oxygen
deficit.

The anoxic conditions that eventually developed near the lake bottom allowed the
release of nutrients from the bottom sediments and facilitated ammonification reactions.
These processes yielded hypolimnetic concentrations of nitrogen and phosphorus com-
pounds, which were much larger than the oligotrophic concentrations measured within the
epilimnion. An analysis of nitrogen-to-phosphorus ratios showed that nitrogen was the
nutrient most likely to limit phytoplankton growth during the summer.

Although mean chlorophyll-a concentrations were at oligotrophic levels, concentra-
tions did peak at 46.5 micrograms per liter in the east basin. During each year and in both
basins, the peak chlorophyll-a concentrations were measured within the hypolimnion be-
cause the euphotic zone commonly was deeper than the epilimnion during the summer.

The annual integral primary production of Big Lake in 1984 was 29.6 grams of carbon
fixed per square meter with about 90 percent of that produced during May through Octo-
ber. During this time period, the lake received 76 percent of its annual input of solar
irradiance. Monthly integral primary production, in milligrams of carbon fixed per square
meter, ranged from 1.5 in January to 7,050 in July. When compared with the range of
annual integral primary production measured in 50 International Biological Program lakes
throughout the world, Big Lake had a low value of annual integral primary production.

The results of this study lend credence to the concerns about the potential eutrophi-
cation of Big Lake. Increases in the supply of oxygen-demanding materials to Big Lake
could worsen the hypolimnetic dissolved-oxygen deficit and possibly shift the lake’s
trophic state toward mesotrophy or eutrophy.
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1.0 INTRODUCTION

1.1 Statement of Problem

Rapid Residential Development and Recreational Use of Big
Lake Have Created Concern About the Potential for
Eutrophication of This Popular South-Central Alaskan Lake

The fishery resources of Big Lake as well as its proximity to Anchorage have made the lake
an extremely important aquatic resource for south-central Alaska. However, the current
level of residential development of the lake’s 27-km shoreline has fostered concern that
the lake may become enriched with nutrients leached from the numerous, individual sep-

tic systems near the lake.

The proximity of Big Lake to the rapidly developing
communities of Anchorage, Eagle River, Palmer, and
Wasilla has encouraged residential development and recre-
ational use of this 1,213-hm? lake in the Matanuska-
Susitna Borough of south-central Alaska (fig. 1.1). About
100 lakeshore cottages were already established at Big
Lake in 1953, when it was considered the most popular
fishing and boating lake in the Anchorage area (Allin,
1956). By 1976 the number of lakeshore residences had
grown to about 450. In 1985 the number of lakeshore resi-
dents was about 1,000, most of whom disposed of their
wastewater via individual, on-site septic systems because
no community sewage facilities were available. The poten-
tial for contamination of Big Lake by septic-tank dis-
charges into the nearshore, shallow aquifer was pointed
out in a 1967 water-resources reconnaissance done by the
U.S. Geological Survey (Feulner, 1971).

In 1976, the Alaska Department of Environmental
Conservation found that wastewater disposal regulations
were being violated at approximately one-half of the resi-
dences because of inadequate or improperly constructed
sewage disposal systems (Epler, 1976). The level of resi-
dential development and recreational use of the lake’s
27-km shoreline and its numerous islands has fostered ad-
ditional concern that the lake may be undergoing a process
of cultural eutrophication. This is the process whereby ex-
cessive nutrient inputs to a lake stimulate its biological
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production to levels that degrade water quality and thus
impair some or all of the lake’s beneficial uses. The
United Nations’ Educational, Scientific, and Cultural Or-
ganization ranks the eutrophication of lakes and reservoirs
as one of the most pervasive global water-pollution prob-
lems (Ryding and Rast, 1989).

Commercial and sport-fishery interests have a vital
need to maintain the integrity of the aquatic ecosystem of
Big Lake because it has been designated by the Alaska
Department of Fish and Game as an extremely important
aquatic ecosystem for the migration, spawning, and rearing
of anadromous sockeye (Oncorhynchus nerka) and coho
salmon (0. kisutch) (D.W. Collinsworth, Alaska Depart-
ment of Fish and Game, written commun., 1983). The
lake’s production of sockeye and coho salmon has been
augmented by a $1.5 million (1978 costs) hatchery located
4 km upstream of Big Lake on Meadow Creek (fig. 1.1).
Sport fishing at Big Lake accounts for about 16,000 per-
son-days annually of fishing effort for rainbow trout
(Oncorhynchus mykiss), Dolly Varden char (Salvelinus
malma), and burbot (Lota lota) (L.J. Engel, Alaska Depart-
ment of Fish and Game, oral commun., 1985).

To address these problems, a large-scale limnologi-
cal study of the lake was begun by the U.S. Geological
Survey, in cooperation with the Division of Geological and
Geophysical Surveys of the Alaska Department of Natural
Resources.
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Figure 1.1. Location of Big Lake within the Matanuska-Susitna Borough of south-central Alaska.
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1.0 INTRODUCTION—Continued

1.2 Purpose and Scope

Limnological Study of Big Lake During 1983-84 Sought to
Ascertain Its Limnological Characteristics and Trophic State

Concerns over the potential for eutrophication of Big Lake led to a study of the lake during
1983-84. This report evaluates the lake’s limnological characteristics and trophic state on
the basis of the results of an intensive study of the lake’s physical, chemical, and biologi-

cal limnology.

The importance of the aquatic resources of Big
Lake and the numerous concerns expressed over the po-
tential for degradation of the lake’s water quality have
raised the question, “What is the current status of water
quality in Big Lake?” An adequate answer to this ques-
tion requires specialized limnological knowledge. As of
1982, only a limited amount of water-quality data had
been collected at Big Lake (Allin, 1954, 1956; LaPerri-
ere, 1975; Lebida, 1983; U.S. Geological Survey, 1976).
The study described in this report was done from Janu-
ary 1983 through December 1984 as part of the Alaska
Water Resources Evaluation (AWARE), a statewide pro-
gram for water-data collection and hydrologic studies
(U.S. Geological Survey and Alaska Department of
Natural Resources, 1984). The objective of the project
was to investigate the limnological characteristics of Big
Lake and ascertain the lake’s trophic state.

This report describes and interprets spatial and
temporal variations in numerous physical, chemical, and
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biological characteristics (fig. 1.2) in the two major ba-
sins of Big Lake during 1983-84. Selected limnological
characteristics are then used to categorize the lake’s tro-
phic state.

Data collected during this limnological study have
been used to produce three reports. The first report
(Woods, 1984) described the field, laboratory, and com-
puter procedures used to model the primary production
of phytoplankton in Big Lake. Rowe (1987) summarized
the seasonal variability of photosynthetically active ra-
diation incident upon and within Big Lake during 1983-
84. The third report described the distribution of
chlorophyll-a within Big Lake during 1983-84 and dis-
cussed how three different sampling designs affected
the calculation of the lake’s mean concentration of
chlorophyll-a (Woods, 1986). All the limnological data
collected at the lake during 1983-84 are available in
publications of the U.S. Geological Survey (1984, 1985,
1986).
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Figure 1.2. Variables used to describe and interpret trends in limnological characteristics of Big Lake.
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1.0 INTRODUCTION—Continued
1.3 Description of the Study Area

1.3.1 Drainage Basin

The Drainage Basin of Big Lake Is Underlain by Thick
Glacial Deposits and Contains Numerous Muskegs,

Ponds, and Lakes

The 176-km? drainage basin of Big Lake is characterized by low-relief terrain containing
numerous muskegs, ponds, and lakes. Big Lake, the largest lake in the drainage basin,
receives its major surface-water inflow from Meadow Creek.

The 176-km? drainage basin of Big Lake (fig. 1.3.1)
is characterized by low-relief terrain with elevations rang-
ing from about 44 to 168 m. The drainage basin has been
glaciated several times (Karlstrom, 1953). Bedrock is bur-
ied beneath thick deposits of glacial drift and alluvial sedi-
ments composed chiefly of loose, coarse, sandy and
gravelly material (Schoephorster, 1968). Most of Big
Lake’s drainage basin is underlain by well-drained, shal-
low, silty upland soils. Low-lying areas that border
muskegs have poorly drained, stony soils. The well-
drained soils are vegetated with paper birch, quaking
aspen, and white spruce, whereas black spruce grow in the
poorly drained areas. Muskegs contain sphagnum moss,
sedges, and shrubs.

The climate of the Matanuska Valley area is charac-
terized by a combination of maritime and continental in-
fluences. The Matanuska Agricultural Experiment Station,
located 35 km east of Big Lake, is the nearest long-term
climatological station (U.S. Department of Commerce, is-
sued annually). Mean annual precipitation at the experi-
ment station is 395 mm. July is typically the wettest month
with 16 percent of the annual precipitation. The mean an-
nual evapotranspiration at the experiment station is esti-
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mated to be 381 mm (U.S. Department of Agriculture,
1982). The mean annual air temperature is 1.7°C; July is
the warmest month (mean temperature, 14.4°C) and Janu-
ary, the coldest (mean temperature, —11.4°C). Normally,
about 108 days have daily minimum temperatures higher
than 0°C (Schoephorster, 1968). Ice forms on Big Lake in
late October and melts by late May. Daylength at the 61°
latitude of Big Lake ranges from 5.5 hours on the winter
solstice to 19.5 hours on the summer solstice.

The drainage basin contains numerous muskegs,
ponds, and lakes. The principal lakes include Big, Big
Beaver, Blodget, Flat, Jacobsen, Lucile, Rocky, Wallace,
and West Beaver Lakes. Big Lake is the largest, with a
1,213-hm? surface area. Big Lake’s principal inlet stream
is Meadow Creek, which is fed by Little Meadow Creek,
and by Lucile Creek, which drains Lucile Lake. Big Lake
is drained by Fish Creek, which enters Cook Inlet.

The ground-water resources in the Big Lake area
were studied by Feulner (1971), who reported that most
wells yielded water from interbedded sand-and-gravel
lenses. Dearborn and Allely (1983) analyzed data for 92
water wells adjacent to Big Lake and reported that three-
fourths of them were less than 20 m deep.
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1.0 INTRODUCTION—Continued
1.3 Description of the Study Area—Continued

1.3.2 Lake Morphometry

Big Lake Covers an Area of 1,213 Square Hectometers and
Reaches a Maximum Depth of 27 Meters

The west basin of Big Lake has a maximum depth of 27 m, whereas the east basin does
not exceed 15.5 m. The mean depth of the 1,213 hm? lake is 9.2 m.

Big Lake consists of an east and a west basin con- The bathymetry of the lake is shown in figure
nected by a constriction near the middle of the lake (fig. 1.3.2. The lake surface elevation is approximately 44 m
1.3.2). The west basin encompasses 53.7 percent of the and is controlled by a concrete fishweir structure. The
lake’s 1,213-hm? surface area. The lake’s major inlet  lake contains 111.8 hm® of water and has a mean depth
stream, Meadow Creek, and the lake outlet into Fish of 9.2 m. The maximum depth of 27 m is in the west
Creek are in the east basin. The lake contains 22 islands  basin. The distribution of water in Big Lake within depth
having a combined surface area of 44.5 hm?. The shore-  increments of 3.0 m is listed below.
line length, exclusive of islands, is 27.1 km.

Depth interval Volume Percent of
(m) (hm?) total volume

336........... 30.0

282 252

224........... 20.0

13.9........... 12.4

7.5 e 6.7

4.0.ce 3.6

1.6 14

S 4

| RO 1
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2.0 STUDY METHODS

2.1 Limnological Stations and Sampling Schedule

Limnological Data Were Collected About 18 Times Per Year
During 1983-84 at Two Stations in East and West Basins of

Big Lake

Two stations were established at Big Lake for the collection of limnological data from
January 1983 through December 1984. Data were collected biweekly during the open-
water season and approximately monthly when ice covered the lake.

Two limnological stations (fig. 2.1) were estab-
lished at Big Lake following a review of the lake’s
bathymetry and collection of reconnaissance-level water-
column profiles. Limnological stations 1 and 2 represent
the lake’s west and east basins, respectively. Throughout
this report, the two limnological stations are referred to
as the west station (1) and the east station (2). Listed
below are the station identification numbers and descrip-

Limnological

tions used by the U.S. Geological Survey (USGS) to for-
mally identify the two limnological stations.

Limnological sampling was done from January 1983
through December 1984 at the west and east stations on a
biweekly basis during the open-water season (late May to
late October) and monthly when the lake was ice covered.
However, samples were not collected when the ice cover
was unstable during late October to early December and
from mid-April to late May.

station USGS station identification number and name
1 e 613150149554900 Big Lake northwest of Burston Island near Wasilla
2 e 613215149522600 Big Lake south of Long Island near Wasilla

10 Limnology of Big Lake, South-Central Alaska, 1983-84
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2.0 STUDY METHODS—Continued

2.2 Field Sampling Procedures

Limnological Sampling Included Profiling Water Column for
Physical, Chemical, and Biological Variables and Collecting
Water Samples for Chemical and Biological Analyses

The water column was profiled for temperature, specific conductance, pH, dissolved-oxygen
concentrations, and photosynthetically active radiation. Water samples were then collected
at four or more depths for later analyses for chemical and biological variables, such as algal
nutrients, chlorophyll-a concentration, and phytoplankton primary production.

Upon arrival of the observer at a sampling station,
observations were made of wind speed and direction,
percentage cloud cover, barometric pressure, air tem-
perature, and any unusual lake or weather conditions.
The water column was then profiled for temperature, pH,
specific conductance, and dissolved-oxygen concentra-
tion using a Hydrolab multiparameter water-quality in-
strument. Data were recorded at 0.5-m depth intervals
down to the thermocline and at 1.0-m intervals beneath
the thermocline.

The vertical distribution of photosynthetically active
radiation (PAR) was then measured at 0.5-m intervals
using a spherical quantum sensor (Li-Cor, model LI-
193SB), which was suspended from a 2.5-m-long horizon-
tal boom to minimize boat-shadow effects on the in situ
PAR readings. When taking PAR profiles through the ice
cover, a semitransparent plate was placed over the ice hole
and then snow was shoveled onto the plate to simulate the
existing ice and snow cover on the lake. The PAR incident
on the lake’s surface was concurrently measured with a
Li-Cor 190SB quantum sensor.

The in situ and incident PAR data were used to com-
pute extinction and reflection coefficients according to the
two equations shown in figure 2.2. Comparison of in situ
PAR with incident PAR permitted location of the lower
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limit of the euphotic zone, defined here as the depth at
which in situ PAR is 1.0 percent of that incident upon the
lake surface. A 20-cm-diameter secchi disc was used to
measure water-column transparency.

Water samples for chemical and biological analyses
and primary-production experiments then were obtained
with an opaque 8-L water sampler. At the east station,
samples were generally collected at depths of 2, 6, 10, and
14 m, whereas they were collected at 2, 10, 16, and 24 m
at the west station. During the winter, three widely spaced
ice holes were used to separately profile and sample the
water column to minimize disturbance of the weak inverse
thermal stratification. Each depth sample was stored in a
darkened carboy. Aliquots for inorganic carbon analyses
were siphoned into darkened BOD bottles that were then
kept chilled until analysis.

During 1983, chlorophyll-a was sampled with
numerous discrete-depth samples. In 1984, in vivo
fluorometry was employed to profile the water column for
a qualitative description of chlorophyll-a. Discrete-depth
samples then were obtained at representative depths.
Chlorophyll-a samples were kept in darkened, chilled
bottles prior to filtration. Following filtration, the filters
were immediately frozen and then were stored frozen in
the dark until analysis.



EQUATION TO COMPUTE EXTINCTION COEFFICIENT

EQUATION TO COMPUTE REFLECTION COEFFICIENT

lz
A=10- | -2
o
where Iz is PAR reading at depth z, in microEinsteins per square meter per second;
lo is PAR reading immediately above lake surface, in microEinsteins per
square meter per second;
e is base of natural logarithms, unitless;
n is extinction coefficient, in per meter;
z is depth beneath lake surface, in meters;
R is reflection coefficient, unitless; and
Iz is PAR immediately beneath lake surface.1 in microEinsteins per square
(o] meter per second.

1This value is predicted by regressing in situ PAR against depth.

Figure 2.2. Equations used to compute extinction and reflection coefficients.
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2.0 STUDY METHODS—Continued

2.3 Laboratory Procedures

Most Water-Quality Samples Were Analyzed at the Alaska
Department of Fish and Game’s Limnology Laboratory

The Alaska Department of Fish and Game’s limnology laboratory analyzed the water
samples for algal nutrients, and the U.S. Geological Survey’s Central Laboratory analyzed
the samples for major cations and anions. Concentrations of chlorophyll-a and inorganic
carbon were determined in the Alaska District’s Anchorage laboratory.

The water-quality samples were analyzed or proc-
essed for later analysis at the U.S. Geological Survey’s
laboratory in Anchorage. Inorganic carbon concentrations
were analyzed on an infrared carbon analyzer (Oceano-
graphic International Corporation model 525 with Horiba
PIR-2000). The fluorometric methodology of Wetzel and
Likens (1979) was used to determine concentrations of
chlorophyll-a, corrected for pheophytin.

The Alaska Department of Fish and Game’s limnol-
ogy laboratory (fig. 2.3) analyzed the water-quality
samples for the following constituents using methods of
Koenings and others (1987): total phosphorus, dissolved

14 Limnology of Big Lake, South-Central Alaska, 1983-84

orthophosphate, total ammonia plus organic nitrogen, dis-
solved ammonia, and dissolved nitrite plus nitrate. The lab
successfully participated in the U.S. Geological Survey’s
Standard Water Reference Sample Program. Phytoplankton
samples were preserved with Lugols-acetate and were later
analyzed for taxonomic composition and cell carbon by a
contractor to the limnology laboratory. On four occasions
(late May and mid-September of 1983, late March and
May of 1984), samples were sent to the U.S. Geological
Survey’s Central Laboratory in Denver, Colorado, for de-
termination of major cations and anions using methods de-
scribed by Skougstad and others (1979).
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Figure 2.3. Cover of Alaska Department of Fish and Game’s Limnology Field and Laboratory Manual.
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2.0 STUDY METHODS—Continued

2.4 Measurements of Phytoplankton Primary Production

2.4.1 Introduction

Estimate of Big Lake’s Annual Primary Production
During 1984 Was Made With a Computer Model Using
Limnological Data, Solar-Irradiance Records, and
Results of Primary-Production Experiments

Daily rates of phytoplankton primary production throughout the euphotic zone were deter-
mined with a computer model. A major input for the model was the rate of
photoassimilation by phytoplankton. Photoassimilation rates were measured with the

carbon-14, light-and-dark-bottle methodology.

Studies of phytoplankton primary production re-
quire measurements of the rate of photoassimilation by
phytoplankton sampled from selected depths. The rates
thus obtained generally are reported as the quantity
fixed per cubic meter per hour. These hourly rates were
then expanded into daily photoassimilation rates. Inte-
gration of the daily photoassimilation rates measured
in the water column yields the quantity of organic mat-
ter fixed per day under a square meter of lake surface
area. This value is termed daily integral primary
production.

16  Limnology of Big Lake, South-Central Alaska, 1983-84

Hourly rates of phytoplankton photoassimilation in
Big Lake were measured during 1984 with the carbon-14
light-and-dark-bottle method in conjunction with a constant-
light, water-bath incubator. The results of the incubator
experiments were combined with selected limnological data
and hourly records of solar irradiance and were input to
a computer model (fig. 2.4.1). The model computed daily
integral primary production for each day with solar-
irradiance data. The final value sought was an estimate
of the annual integral primary production by phytoplankton
within the lakewide euphotic zone of Big Lake.
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Figure 2.4.1. Procedural steps for modeling annual primary production.
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2.0 STUDY METHODS—Continued

2.4 Measurement of Phytoplankton Primary Production—Continued

2.4.2 Incubator Experiments

Functional Relation Between Photoassimilation and
Various Amounts of Photosynthetically Active Radiation
Was Experimentally Determined in Constant-Light,

Water-Bath Incubator

A constant-light, water-bath incubator was used to experimentally determine the rate of
photoassimilation as measured by carbon-14 methods, at various levels of photosyntheti-
cally active radiation. After incubation, the contents of light, dark, and zero-time blank
bottles were filtered onto glass-fiber filters. The filters were later assayed for retained
carbon-14 activity using a liquid scintillation spectrophotometer.

The goal of the incubator experiments was to de-
rive the functional relation between photoassimilation
and various amounts of PAR. This was accomplished by
exposing phytoplankton samples to different amounts of
PAR in a five-chambered, constant-light, water-bath in-
cubator. The incubator is an extensively modified ver-
sion of an incubator described by Shearer (1976). The
carboys filled at Big Lake were used to fill 11 light
(clear) bottles and one dark (opaque) bottle for each
depth sampled. Each 60-mL sample bottle was then in-
oculated with 100 pL of radioactive tracer (carbon-14 in
sodium bicarbonate solution, activity of 27 pCi/mL).
Two light bottles from each depth were placed in each
of the incubator’s five chambers. The algae in the re-
maining light bottle for each depth were killed shortly
after filling by injecting the sample with 250 pL of
Lugols-acetate solution. These bottles served as zero-
time blanks. Each dark bottle was incubated in the
rearmost chamber and was used to quantify both
nonphotosynthetic uptake and inactive fixation of
carbon-14. The PAR in each chamber was measured be-
fore and after incubation with the instrumentation used
to measure PAR within Big Lake. Removable screens
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between the light source, a 400-W metal halide lamp,
and each chamber permitted adjustment of PAR in the
incubator. During the 3- to 4-hour incubation, the bottles
were constantly rotated to simulate water-column turbu-
lence and prevent settling of particulates. A circulating
water system allowed control of the incubator’s water
temperature during the incubation. To avoid excessive
thermal shock to the phytoplankton, samples were incu-
bated at temperatures near those of the depths sampled.

Immediately after incubation, the algae in the light
and dark bottles were killed with an injection of the
Lugols-acetate and were then vacuum-filtered onto glass-
fiber filters. The carbon-14 assimilated by the phytoplank-
ton during incubation was retained on the filters. The
radioactivity on the filters was measured with a liquid
scintillation spectrophotometer using methods of Koenings
and others (1987).

The hourly rate of photoassimilation can be calcu-
lated with the equation shown in figure 2.4.2.1. The results
from this equation for each of the incubator’s five cham-
bers were plotted against the PAR values measured in each
chamber (fig. 2.4.2.2). These data pairs then were input to
the primary-production model.



EQUATION TO COMPUTE HOURLY RATE OF PHOTOASSIMILATION

(@,-d) % (e
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where H s hourly rate of photoassimilation, in milligrams of carbon fixed per cubic meter per hour;
c is inorganic carbon concentration, in milligrams per liter;

d is disintegrations per minute of incubated sample;
d is disintegrations per minute of zero-time blank;

V  is volume of sample bottle, in milliliters;

V  is volume of sample filtered, in milliliters;

I is an isotope discrimination factor (1.06);
f is a factor (1,000) to convert liters to cubic meters;

d is disintegrations per minute originally added to incubated sample; and

t is incubation time, in hours.

Figure 2.4.2.1. Equation used to compute hourly rate of photoassimilation.
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Figure 2.4.2.2, Relation of photosynthetically active radiation to hourly photoassimilation.
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2.0 STUDY METHODS—Continued

2.4 Measurement of Phytoplankton Primary Production—Continued

2.4.3 Primary-Production Model

A Computer Model (BIOMOD) Generated Hourly Rates of
Phytoplankton Photoassimilation at 1-Meter Depth Intervals
Throughout the Euphotic Zone. Values Were Summed Over
Depth and Time to Yield Daily Integral Primary Production

Daily integral primary production by phytoplankton was computed by a computer model
called BIOMOD. Major input data for BIOMOD include the following: profiles of water
temperature, chlorophyll-a concentrations, and PAR; and the photoassimilation-PAR

curves generated by the incubator experiments.

The data obtained from the incubator experiments,
limnological sampling, and the solar-irradiance monitor were
input to a computer model for computation of primary pro-
duction. An earlier version of this model was developed by
Jasper and others (1983) to study primary production in
Kootenay Lake, British Columbia. The version used at Big
Lake is a Fortran program named BIOMOD.

The model computes daily integral primary produc-
tion over the time interval between two sampling dates
specified by the model user. Data for each sampling date
must include the following: water-temperature profile,
chlorophyll-a profile, extinction coefficient, and a
curve relating hourly photoassimilation to PAR. The
photoassimilation-PAR curves must also define the sam-
pling depths that they represent and the incubation tem-
peratures of the samples taken from these depths. The
model user also specifies the integration interval (usually
1 m), the depth of integration, the reflection coefficient,
and a temperature correction coefficient. Solar-irradiance
data, recorded as PAR and at 1-hour intervals, are input
for each day to be computed. The solar-irradiance moni-
tor was located about 2 km northeast of Big Lake at the
Big Lake hatchery (fig. 2.1) and continuously recorded
data over the 2-year duration of the study.

The temperature and chlorophyll data for both sam-
pling dates are linearly interpolated to fill in data for those
depths not sampled. These depth profiles then are used to
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linearly interpolate values of temperature and chlorophyll
for days between the two sampling dates.

The PAR values at each depth on both sampling
dates are computed as shown in the equation in figure
2.4.3. The PAR  values between the two sampling dates
are computed in a similar manner; however, the extinction
coefficient for each day is interpolated from the extinction
coefficients measured on the two sampling dates.

The photoassimilations for both sampling dates are
normalized with respect to their associated chlorophyll-a
concentrations, and the resultant values are then interpo-
lated over the depth to be integrated for both sampling
dates. The two profiles of chlorophyll-normalized
photoassimilation are then interpolated over the days be-
tween the two sampling dates.

The model then finds a PAR value for each depth
on each day and multiplies each value by its appropriate
chlorophyll-normalized, hourly photoassimilation.
These values are then multiplied by their associated
chlorophyll-a concentration to achieve hourly rates of
photoassimilation per cubic meter for each depth on each
day of the specified interval. The second equation in fig-
ure 2.4.3 further modifies these values by correcting
them for differences between in situ and incubator tem-
peratures. The temperature-corrected values of hourly
photoassimilation then are summed over depth and time
to yield daily integral primary production.



EQUATION TO COMPUTE PHOTOSYNTHETICALLY ACTIVE RADIATION

-nz
PAR_=(1.0-R)(PAR )(e™)

where PARZ is PAR at specified depth, in microEinsteins per square meter per second;

z is depth, in meters;
R is reflection coefficient, unitless;

PAR is PAR measured by solar-irradiance monitor, in microEinsteins per square

meter per second;
e is base of natural logarithms, unitiess; and
n is extinction coefficient, in per meter.

EQUATION TO COMPUTE TEMPERATURE-CORRECTED VALUES OF
HOURLY PHOTOASSIMILATION

H=(P)(Q,,) (t,- )10

where H is temperature-corrected hourly photoassimilation, in milligrams of
carbon fixed per cubic meter per hour;

P is non-temperature-corrected hourly photoassimilation, in milligrams of
carbon fixed per cubic meter per hour;

01 0 is temperature-correction coefficient, unitless;
tz is in situ water temperature, in degrees Celsius; and
t is incubator water temperature, in degrees Celsius.

i

Figure 2.4.3. Equations used to compute photosynthetically active radiation at a specified depth and
temperature-corrected values of hourly photoassimilation.
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2.0 STUDY METHODS—Continued

2.4 Measurement of Phytoplankton Primary Production—Continued

2.4.4 Expansion to Annual Lakewide Primary Production

Annual Lakewide Primary Production at Big Lake Was
Determined From Results of Primary-Production Modeling
for East and West Limnological Stations

Annual integral primary production, on a per square meter basis, was computed for the
east and west limnological stations. The proportion of lake surface area represented by
these two stations was used to compute their contribution to the annual integral primary
production of Big Lake’s 1,213-hm? surface area.

The daily integral primary-production values gener-
ated by the model were summed over the 1984 calendar
year to obtain the annual integral primary production of
the sampling station under consideration. Each station’s
summation represented the annual primary production
within the water column under a square meter of lake
surface.
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To obtain an annual lakewide value, the lake’s sur-
face area was apportioned into those regions represented
by the primary-productivity sampling stations. There were
two such stations on Big Lake: one in the east basin, the
other in the west basin. The annual lakewide primary pro-
duction of Big Lake could then be calculated as shown in
figure 2.4.4.



EQUATION TO COMPUTE LAKEWIDE PRIMARY PRODUCTION

L= (PE X SE) + (PW X Sw)

where L is annual lakewide primary production, in milligrams of carbon fixed
per year;
P is annual integral primary production measured in east basin of Big Lake,

in milligrams of carbon fixed per square meter per year;

SE is lake surface area of east basin of Big Lake, in square meters;
PW is annual integral primary production measured in west basin of Big Lake,

in milligrams of carbon fixed per square meter per year;

S is lake surface area of west basin of Big Lake, in square meters.

West basin surface area
equals 65,140 square meters

East basin surface area
equals 56,160 square meters

Figure 2.4.4. Equation used to compute lakewide primary production.
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3.0 PHYSICAL LIMNOLOGY

3.1 Climate Characteristics During 1983-84

Climate at Big Lake During 1983-84 Was Characterized by
Higher Than Normal Annual Mean Air Temperatures and
Lower Than Normal Annual Precipitation

The long-term mean annual air temperature of 1.72°C was exceeded at Big Lake during
1983 and 1984 largely because winters were warmer than normal. The long-term mean
annual precipitation of 395.2 mm exceeded the 1983 and 1984 annual precipitation. In
both years, March was the driest month and July the wettest. The lake’s ice cover melted
in mid-May and re-formed in late October in both years.

Annual mean air temperatures in 1983 (2.61°C) and
1984 (2.22°C) were slightly higher than the mean annual
air temperature of 1.72°C recorded at the Matanuska Ag-
ricultural Experiment Station. During 1983-84, the
monthly mean air temperatures ranged from -9.7°C
(January 1983) to 13.9°C (July 1983); the normal range
in mean monthly air temperatures is —11.4°C (January) to
14.4°C (July). In both years, the winter months tended to
be warmer than normal by several degrees, and the sum-
mer months were slightly cooler than normal (fig. 3.1).
In 1983 there were 109 days (May 19 to September 5)
with daily mean air temperatures higher than 0°C; 91
such days (May 29 to August 27) occurred in 1984. Big
Lake was free of ice cover from May 20 to October 23,
1983, and from May 16 to October 30, 1984. The ice
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cover at the east station attained a maximum thickness of
0.9 m in both years, as did the west station in 1983. In
1984 the ice cover at the west station was only 0.6 m
thick.

The mean annual precipitation of 395.2 mm reported
for the Matanuska Agricultural Experiment Station was
greater than the annual precipitation for 1983 (325.8 mm)
and 1984 (354.8 mm). Monthly precipitation ranged from
0.0 mm (March 1983) to 118.1 mm (July 1983) during
198384 (fig. 3.1). The normal range in monthly precipita-
tion is 13.5 mm in March to 63.5 mm for July. During
1983, the winter months were drier than normal but July
was substantially wetter than normal. Four months in 1984
were substantially drier than normal, but only August was
much wetter than normal.
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Figure 3.1. Monthly mean air temperatures and monthly precipitation near Big Lake during
1983-84.
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3.0 PHYSICAL LIMNOLOGY—Continued

3.2 Solar Irradiance

Approximately 76 Percent of Annual Solar Irradiance,
Measured as Photosynthetically Active Radiation, Was
Input to Big Lake During May Through October

The annual input of photosynthetically active radiation averaged 6,288 Einsteins per
square meter during 1983-84. On a monthly basis, photosynthetically active radiation
ranged from 12 to 1,247 Einsteins per square meter and exhibited a pronounced seasonal-
ity due to changes in daylength and meteorological conditions.

The input of solar irradiance to the surface of Big
Lake was measured as photosynthetically active radiation,
or PAR, which is that part of the visible spectrum lying
between 400 and 700 nm. The solar-irradiance monitor
measured instantaneous PAR, in microEinsteins per square
meter per second (UE/m?%s) but recorded the data as hourly
PAR, in Einsteins per square meter per hour (E/m?hr).
The hourly values were variously summed into daily,
monthly, and annual values.

The annual input of PAR in 1983 was 6,238.8 E/m?,
which was slightly less than the 6,337.3 E/m? input during
1984. As shown in figure 3.2, there was a pronounced sea-
sonality in the monthly input of PAR. The range in
monthly PAR, in Einsteins per square meter, was from 12
(December 1984) to 1,247 (June 1983). During both years,
76 percent of the annual PAR was input to the lake during
May through October. The large differences in monthly in-
puts between the winter and summer months were due
mostly to changes in daylength, although seasonal me-
teorological conditions also affect PAR inputs. The effect
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of daylength can be illustrated by comparing the PAR in-
puts of the summer and winter solstices of 1983. On June
21, with 19.5 hr of daylight, the lake received 55.8 E/m? of
PAR, whereas on December 21, with 5.5 hr of daylight, it
had a PAR input of only 0.9 E/m’.

The effects of changing meteorological conditions
are readily apparent in comparisons of daily and hourly
PAR values. On a clear, sunny day in June 1983, Big Lake
received 56.3 E/m? of PAR; on the following overcast day,
the lake received only 19.2 E/m? of PAR. Phytoplankton
photosynthesis is sensitive to short-term fluctuations in
PAR; thus the primary-production model used in the Big
Lake study relied on hourly PAR values. There were often
substantial differences in hourly PAR within a single day.
For example, during midday of June 12, 1984, 5.56 E/m?
of PAR were input between 13:00 and 14:00, but during
the following hour, the lake received only 2.14 E/m? of
PAR. The next hour’s PAR increased to 5.52 E/m?. Inter-
mittent cloudiness can thus cause significant reductions in
PAR inputs even over a few hours.
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3.0 PHYSICAL LIMNOLOGY—Continued

3.3 Reflection and Extinction Coefficients

Extinction Coefficients Measured at Two Limnological
Stations Were Characteristic of Clear-Water Lakes

The ice and snow cover on Big Lake reflected more than 80 percent of the incident solar
radiation, whereas the lake’s open-water surface reflected only 5 to 44 percent. Extinction
coefficients within the water column varied from 0.30 to 0.67; the east station normally
had the larger extinction coefficients and thus attenuated solar irradiance more rapidly

than did the west station.

The part of solar irradiance not reflected from Big
Lake’s surface entered the water column, where it was
attenuated by scattering and absorption. An extinction
coefficient is commonly used to quantify the water-
column attenuation of PAR. The variation in reflection
and extinction coefficients at the east and west stations
is shown in figure 3.3. During the open-water season,
the reflection coefficient ranged from 0.05 to 0.44; how-
ever, the lake’s ice and snow cover yielded reflection co-
efficients in excess of 0.80. The amount of PAR
available beneath the lake’s ice cover was thus limited
by a combination of high reflection coefficients and the
seasonally reduced input of PAR to the lake surface. For
example, on the winter solstice of 1983 the PAR re-
ceived at the lake’s surface was 0.9 E/m? This was re-
duced to 0.04 E/m? immediately beneath the ice cover
because of a reflection coefficient of 0.95. In contrast,
about 50 E/m? entered the lake during the summer sol-
stice of 1983 because on that day the reflection coeffi-
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cient was 0.10 and the PAR input was 55.8 E/m?.
Extinction coefficients at the east station ranged
from 0.30 to 0.67 per meter (mean=0.46, n=29), whereas
they ranged from 0.30 to 0.50 per meter (mean=0.38,
n=29) at the west station. These values are characteristic
of clear-water lakes according to Wetzel (1975). The
higher coefficients tended to occur during iceout, when
increased streamflows in Meadow Creek delivered sus-
pended sediment to the lake. An additional influence
during iceout may have been due to increased water
color in Meadow Creek, which drains numerous
muskegs that typically contain organically stained water.
Extinction coefficients were also higher at both stations
during the autumn, a time in which lake-bottom sedi-
ments were likely to be resuspended by water-column
circulation. The differences in extinction coefficients be-
tween Big Lake’s east and west stations were largely due
to the isolation of the west basin from Meadow and Fish
Creeks, both of which are located in the east basin.
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Figure 3.3. Extinction and reflection coefficients during 1983-84.
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3.0 PHYSICAL LIMNOLOGY-—Continued

3.4 Euphotic Zone and Epilimnion Depths

During the Summer, the Euphotic Zone at Each
Limnological Station Was Frequently Deeper Than

Its Associated Epilimnion

The euphotic zone of the west station ranged from 2.2 to 15 m, whereas that of the east
station ranged from 1 to 11 m. During the period of summer thermal stratification, the
epilimnion depth ranged from 4 to 17 m at the west station and from 3.5 to 12.5 m at the

east station.

The euphotic zone, defined here as that part of the
water column in which in situ PAR is equal to or greater
than 1 percent of the PAR incident on the lake’s surface,
ranged from 1 to 11 m at the east station and from 2.2 to
15 m at the west station (fig. 3.4). The deepest euphotic
zones at both stations occurred in June and July, when ex-
tinction and reflection coefficients were low and the solar
angle was near its yearly maximum. During the open-
water season, the mean euphotic-zone depths were 9.7 and
12.5 m, respectively, at the east and west stations. The
deeper euphotic-zone depths for the west station were due
largely to its lower extinction coefficients. The depth of
the euphotic zone has often been estimated from secchi-
disc transparency measurements. During Big Lake’s open-
water season, secchi-disc transparencies ranged from 3.8 to
7.2 m (mean=5.7, n=21) at the east station and from 4.0 to
9.4 m (mean=7.3, n=19) at the west station (fig. 3.4). The
mean depth of the euphotic zone was found to be 1.7
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times the mean secchi-disc transparencies for both stations.
There was, however, considerable variation in the indi-
vidual comparisons; thus, the prediction of Big Lake’s
euphotic-zone depths from its secchi-disc transparencies
would be imprecise.

Also shown in figure 3.4 is the depth of the epilim-
nion. The lower depth limit of Big Lake’s epilimnion was
based on the depth of the thermocline, the point in the
water column at which water temperatures decrease at a
rate greater than 1°C per meter. The thermocline was non-
existent during full-depth lake circulation and when the
lake was covered with ice. When the lake was thermally
stratified, generally from late May into late September, the
thermocline depth ranged from 3.5 to 12.5 m at the east
station and from 4 to 17 m at the west station. An impor-
tant feature of both stations was that the lower limit of the
euphotic zone commonly was deeper than that of the epil-
imnion, often by as much as 5 m.
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3.0 PHYSICAL LIMNOLOGY—Continued
3.5 Water Temperature

3.5.1 East Station

Following Iceout in Late May, Thermal Stratification
Developed Rapidly in Response to Warming Caused by 18
to 19.5 Hours of Daylength Available Within 1 Month of

the Summer Solstice

Big Lake was dimictic in both 1983 and 1984 in that full-depth circulation occurred in the
spring and autumn. A well-developed thermocline existed during the summers of both
years, with upper water-column temperatures between 18.0 and 18.7°C.

The distribution of water temperatures with depth at
the east station is shown in figure 3.5.1. The minimum
temperatures under winter ice cover were less than 1°C.
After the ice cover melted in late May, the upper water
column warmed rapidly in response to the 18 to 19.5 hours
of daylength available from late May to the summer sol-
stice. Temperatures exceeded 18°C for about 45 days in
each year, and such temperatures extended to depths of 4
and 5.5 m, respectively, in 1983 and 1984. The maximum
temperatures reached 18.7°C during early July and early
August 1983, and 18.5°C during mid-July and mid-August
1984. The upper part of the water column commenced
cooling in mid-August, and ice re-formed in late October.
Circulation of the water column was complete in the
spring and autumn of both years; thus the east station was
dimictic.

Thermal stratification was pronounced in the sum-
mer of both years. The thermocline, in the metalimnion,
developed within a week of iceout. The thermocline in
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1983 was developed more strongly than in 1984 on the
basis of a comparison of maximum rates of temperature
decline per meter. On July 6, 1983, a temperatute of
18.7°C at 4 m overlaid a temperature of 12.9°C at 5 m.
The largest change in 1984 was observed on July 16, when
the temperature between depths of 5.5 and 6.5 m dropped
4.5°C. The depth of the thermocline during 1983 ranged
from about 3.5 m (late May) to 9 m (late September); in
1984 the range was from about 3.5 m (late May) to 12.5 m
(early October). Cooling and subsequent circulation of the
water column during August and September deepened and
weakened the thermocline until it ceased to exist in late
September or early October. Inverse thermal stratification
developed rapidly under the winter ice cover. Colder, less
dense water overlies warmer, more dense water that is
near the temperature of maximum density at about 4°C
(see fig. 3.5.1). Bottom waters under ice cover retain heat
from the bottom sediments. This inverse stratification was
not disrupted until iceout occurred the following spring.
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Figure 3.5.1. Lines of equal water temperatures (interval is 1°C) at the east station.
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3.0 PHYSICAL LIMNOLOGY—Continued
3.5 Water Temperature—Continued

3.5.2 West Station

Water Temperatures at West Station Reached Peaks Similar
to Those at East Station But Did Not Persist as Long

The pattern of water temperatures at the west station was similar to that at the east station,
but the larger volume of cold hypolimnetic water at the west station delayed the develop-
ment of near-surface temperatures higher than 18.0°C.

The seasonal distribution of water temperatures
with depth at the west station (fig. 3.5.2) was similar to
that at the east station (fig. 3.5.1). The upper water col-
umn warmed rapidly after iceout, but peak temperatures
were attained later and did not persist as long as they did
at the east station. The lake at the west station is 10 m
deeper than at the east station and thus can store a larger
volume of cold, hypolimnetic water. The west station
may also have been cooler than the east station because
the latter is more directly influenced by surface runoff
delivered from Meadow Creek. On only about 20 days
(mid-July to early August) in 1983 and about 30 days
(mid-July to mid-August) in 1984 did the west station
have near-surface temperatures higher than 18°C; the
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east station had about 45 days of such temperatures in
each year. The west station reached a maximum tem-
perature of 18.5°C in late July of both years. Full-depth
circulation occurred in the spring and autumn of both
years.

The water at the west station was thermally strati-
fied from the first of June to early October in 1983 and
from about May 22 to mid-October in 1984. The thermo-
cline was most pronounced in early July of both years,
with a temperature decline of about 6°C per meter be-
tween depths of 5 and 6 m. The depth of the thermocline
ranged from 4.2 to 16.5 m in 1983 and from 4 to 11.5 m
in 1984. Inverse stratification developed but was not as
strong as that found at the east station.
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4.0 CHEMICAL LIMNOLOGY

4.1 Major Cations and Anions

Waters of Big Lake Are of the Calcium Bicarbonate Type

Concentrations of major cations and anions and the alkalinity and hardness differed
only slightly between near-surface and near-bottom samples taken on four occasions at
each limnological station. Calcium was the dominant cation and bicarbonate was the

principal anion.

The major cations (Ca?, K*, Mg*, Na*) and anions
(CI, HCO,", SO}") were determined for both limnological
stations from near-surface and near-bottom samples collected
in May and September 1983 and March and May 1984. The
range in concentrations, in milligrams per liter of the major
cations and anions, was as follows: Ca?*, 14 to 22; K*, 0.1
to 1.1; Mg?, 2.4 to 3.7, Na*, 1.9 to 2.7; CI, 1.5 to 2.1;
HCO,, 61 to 93; and SO%, 1.7 to 7.5. There were only
minor differences in the concentrations of near-surface and
near-bottom samples. The concentrations of alkalinity (as
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CaCO,) and hardness for both depths are shown in figure
4.1. The near-bottom samples had slightly higher concen-
trations than the near-surface samples. The concentrations
of the cations and anions were converted to milliequivalents
to determine the percentage contribution of each constitu-
ent. Calcium represented between 70 and 72 percent of the
major cations, whereas magnesiu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>