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INTRODUC TION

The lakes draining into Bristol Bay along the base of
the Alaska Peninsula are nurseries for juveniles of the red

salmon, Onchorhynchus nerka (Walbaum), spawned in tributaries

ofg the lakes. Although the other Alaskan Pacific salmons are
also taken in the coastal fishery, the reds (sockeyes or blue-
backs, as they are sometimes called) contribute most to making
the Bristol Bay fishery one of the most valuable fisheries in
the world. Fluctuations from year to year in the abundance of
the red salmon have prompted many investigations. Despite
continued eri’ort,‘ mAny aspects of red salmon ecology are as yet
imperfectly understood.

The obJjectives of this investigation were to measure
and compare the primary productivity of certain red salmon
mursery lakes, find what factors were limiting, and determine
how basic productivity might be increased. The opportunity to
make the study arose through the interest of the United States
Fish and Wildlife Service in ecological factors that might
affect the mumbers and condition of young Qf this 1mpc;rta.nt
species. The field work was conducted from the Brooks Lake
Research Station. This installation, established in 1940, has

living quarters and laboratory facilitieunincluding electricity

-1 -
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and running water. It is supplied primarily by amphibious air-
craft. Ites overall-reeearch objective is to determine how
physical, chemical, and biological factors affect populations
of red salmon in fresh water.

Considerable evidence suggests that the abundance of
this salmon is determined by conditions prevailing during its

. early life in fresh water (Barnaby 194kL). The growth of the

species in fresh water, although only a fraction of that
achieved in the sea, is of great importance in determining the
percentage of a given year claes that reaches sexual maturity
(Foerster 1954). That food supply is a limiting factor in some
drainage systems was suggested by the inverse relationship
between the average growth rate of juveniles and their numbers
a8 found by Foerster (194h4). Supporting the contention that
food may be a very important limiting factor are the inverse
correlations between available zooplankton and size of the popu-
lations of the red salmon, observed by Ricker as far back as
193T. More recently Nelson (1958), in following the growth of
red salmon juveniles and smolts in fertilized Bare Lake, found
8 closer relationship between their growth rate and gross photo-
synthetic productivity than might have been expected in view of
the large mumber of enviroqnantal factors to be considered in
addition to food supply.

A logical point to begin the attackuon the problem of
food supply in the aquatic environmént'is at the level of the

photosynthetic primary producers. These grganieﬁn are not all

°
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restricted to photoeoynthatic production of organic mttér , nor
do they represent the only primary producers in the lake. "The
photosynthetic carbon fixation by phytoplankton and bacteria
hés, however, been demonstrated to represent the ma jor f)ortion of"
organic matter in lakes.. Chemosynthetic productivity is of ’
secondary importance (Kuznetsov 1956). Changes and differences

in this basic productivity within lakes and among la.keg may be
expected to influence, although not alwaye direct]y; the rate of
accumulation of organic matter in aucce;aive 10-,roph1c levelaa. The
natural fertility or lack of fertility and rate of primary produc-
tion in lake waters is therefqre of fundamental importance for
understanding and comparing lakes as biological units.

Techniques of measuring primary productivity by
Phytoplankton were developed late in the i;irst quarter of thie
century. Steemann Nielsen (1952) credits Atkins (1922, 1923) with
the first attempt at the indirect mea.auremanta of organic production
in the sea. His estimates were based on loss of carbon dioxide and
pPhosphate from the watar as it was-taken up by phytoplankton.
Before this time, biologists had relied on a direct measure of
standing crop, wvhich, by its etatic nature, was of limited use in
understanding a system in constant motion. A very important step
1°n°mea.auring the rate of photosynthesis was the developmaont of the
: oxygen technique, as apparentlj first used by Putter (l%eh).
Applicg.ti:an of the oxygen method sprea.d: Gaarder and Gran (1927),
Schome;:z and Juday (1933), Vinberg and Iarovitzina (1939), Ro:lley
(1940), Nygaard (1955), and Odum and Odum (1955), to. name a° fewv,

°

employed 1t. Chlorophyll content has also. been used as a medns of

°
°
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estimating photosynthesis. Manning and Juday (1941), Riley (1940,
1941), Gardener (1943), Gessner (1949), a:onl Ryther and Yentsch
(1957) have extracted chlorophyll for thie purpose. Daily varia-
tions in chlorophyll content are complicating factors in this
technique (Yentscl; and Ryther 1957).- Verduin (1956) has used pH
change as still another method of measuring photosynthesis. A

ma jor step in increased senaitivity at measuring primary produc-
tivity in natural water was achieved with the development of the
Clh technique by Steemann Nielsen (1951, 1952). The relative
merite of the oxygen, COs, nutrient uptake, cl* ang chlorophyll
methods of measuring primary productivity are reviéved by Ryther
(1956).

Paralleling the advance in techniques was growth in
appreciation of the complexities of organic transfer through
aquatic systems. From the first consideration of the lake as ‘a
microcosm (Forbes 1887) through the ealey diagrammatic representa-
tion of the food webs (Shelford 1913; Neumenn 1925; Perfiliev 1929;
and MacFadyen 1948) to the trophic dynamic approach of Lindeman
(1942) and estimates of "biocactivity" by Ohle (1956), there has
been a conceptual evolution in understanding the complexity of
energy transfer through the ecosyateﬁl.u The early work ofﬁ Lindeman
provided an important basis for development ofﬂ the concept of
o productivity, although his’ early conception of trophic levels was
criticized by Ivlev (1945) as an oversimplification of natural

producer-consumer relations.

°

@

Confusion has arisen in the use of the words "production”

and "productivity”, because there has been a tendency to’carry along
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in their meaning the static and deep-rooted concept of biomass.
Thienemann (1931), although the first to assess the terminology
critically, was confused by considerations of energy and matter.
Ivlev (1545) thought it inadvisable to use "potential productivity"
because it does not reflect the existing state of the body of water
in question. The terms and confusion of biomass and energy were
generally clarified by MacFadyen (1948) and Dussart (1950).
MacFadyen suggested the abandonment of "production" and the use of
"productivity" as the rate of flow of matter. "Primagy productivity"
has been used in this study as the net rate of fixation of organic
carbon by bacteria and phytoplankton in photosyntheeie. During the
summer of 1957 I made the first comparative measurements of primary
pProductivity in three red salmon nursery lakes of the Alasksa
Peninsula with emphasis on physical and chemical factors which were

limiting the process.



GEOGRAPHY

My studies in Alaska were centered ‘some 260 air miles
southwest of Anchorage, at the base of the Alaaka Peninsula
between latitudes 58° and 59° North, and longitudes 157° and 154°
West (Fig. 1). With the exéeption of Lake Becharof, this area 1is
all within the boundaries of the Katmai National Momument (Fig. 2).
Six years after the famous volcanic eruption of 1912 the Monument
was established. Later it was enlarged to include approximately
4,215 square miles.

The aquatic and terrestial ecology of this area has been
profoundly influenced by its geological history. The eastern half
of the Katmai Monument is a glaciated region characterized by the
rugged young mountains and volcances ;f the Aleutian Range. Some
of the volcanoes are still active and glaciers are numerous. To
the west the land elopes with gentle irregularity beyond the
MSnument's border to Bristol Bay. This bay is formed from the
Bering Sea by the peninsula to the east and the mainland to the
north. ﬁhe hundred miles of coast.line on'the eastern side of the
reninsula included in the Monument are eeparat;d from.Afo;nak and

Kodiak Islands by Shelikof Strait. I . .

0°

o

-The drainage pattern originating in partufrom the snow
and glaciers of-the mountains is dendritic on both the eastern and

western sides of the peninaul@, The proximity of the Aleutian ﬁanga
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to the eastern side gives the streams a steep gradient over their
relatively short course to the coast. A few, nearly attaining
base level, meander back and forth in the temporary channels on the
valley floor before entering the Shelikof Strait. To the west of
the divide, although the initial pattern is similar, the streams
thread down the longsr U-shapeci valleys to lakes or, like King
Salmon River, directly into the Bristol Bay. The low land is
poorly drained. Small natural ponds and beaver impoundments dot
an extensive area of tundra. Mud flats occupy extensive reaches
of the immediate coast line.

Although volcanic origins mey be considered for lakes in
such a region, Atwood (1911), in a survey of the peninsuls,
suggested that the four large lakes (Kukaklek, Naknek, Becharof,
and Ugashik) in the northeastern portion of the peninsula owed
their depth and ocutline, if not their existence, to ice gouging.

He further pointed out that except for Ugashik, all were in valley
courses leading from the mountains to the shores of Bristol Bay.

The eruption of 1912, originally attributed solely to
Mount Katmai, is now believed to have 1ncluded° the eruption of
Novarupta. The total upheaval was of great magnitude, flooding
what is now called the Valley of Ten Thousand Smokes with more than
a cubic mile of tuff (Fenner 1923), as well as depositing a great
quantity of silicious ash over a wide area. The Ukak River and its
tributaries have now cut down through a hundred feet of this pumice
and ash to form a narrow'paﬁwon. Sinc; Robert F. Griggs led the

first post-eruption expedition to the area, numercus geologists

o
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have visited the area to study the sequence of geologic events
that marked the eruptionc.

° Ecologically the a.rea: is of considerable interest. The
furthest southwestward Uadva"nde of the white spruce (Picea glauca)
forests covers a good portion of the momument. This spruce to-

gether with cottonwood (Populus deltoides Marsh.), balsam (Populus

balsamifera L.), alder (Almus), and birch (Betula) grade gradually

into the tall arctic reed grasses (Calamagrostis sp.), which in

turn yield to the lichens, mosses, and a variety of small flower-
ing plants of the tundra. Short stands of willows (Salix spp.)
surround the multitude of tundra ponds to the south and west. On
the gentler mountain slopes a variety of shrubs and bushes
flourish.

The climate is warmer than might be expected at this
latitude and 1s generally maritime in nature. The proximity of the
Alaska Current to the east and the Bering Sea to the west have a
stablilizing effect on the temperature, although continental air
magses cause infrequent extremes. U. S. Weather Bureau climetolog-
ical data for King Salmon, AEI.a.ska, are Wavailable since 1928. This

is the government weather station nearest to Brooks lake which

. maintains complete records. A record low of -4LOCF (-40°C) was

recorded in February, 1954. The average anmial rainfall at Kingu
Salmon is 20.39 inches. During the summer of u1957° the fm;r month-
total at Brooks lake was 17% greater than at King Salmon. A

comparison of eummerorainfall at Brooks lake and King Salmon since

1942 gives very similar values. Rainfall at Brooks Lake during
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June, July, August, and September averaged 1.87, 2.30, 5.31, and
3.6hk inches respectively during 1942-1957, exclusive of 1943, 1945,
aﬁdol9h6. Precipitation during the summer of 1957 was below these

averages (United States Department of Commsrce Weather Bureau 1957). |



THE 1AKES
Brooks

Brooks lake is 10.7 miles long and varies in width from
2.5 to 4.0 miles. The surface area, exclusive of islands, 1is
approximately 28.2 square miles (18,060 acres; 7308.5 hectares).
It 1s 18.9 meters (62 feet) above mean sea level, and the long
axis lies northeast by southwest. There are three prominent
islands in the lake with & total surface area of 164 acres (66 .4
hectares). During the 1957 field season the depth of the basin
wag carefully ascertained wi?h a Raytheon depth recorder.
Morphometry was calculated by Olson's system (1949). Meximum and
mean depths ware found to be 101.5 meters (333.0 feet) and 45
meters (147.6 feet) respectively. Shore development was 1.48,
The northeast end hasca broad, sandy littoral zone extending about
a half mile from th;°ahore. The other end of the lake has a similar
;helf of about half the width; The northve;tern side of the basin
drops. off more rapidly than the southeéhtern, reflecting the greater
proximity of the mountains to the west.

The general U:shaped basin of Brooks lake is a smaller and
perhaps somewhat deeper model of the other Paains of probable glacial
origin in the area. An area of over 12 square miles of the lake has

a depth of 61 meters (200 feet) or greater; and an area of about

o
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five square miles has a depth of 73 meters (240 feet) or more.
Mountains afford wind protection along the northwest and southwest
sides. Both éﬁde aie open providing & maximum fetch for winds
blowing in the direction of the long axis.

| To the northeast, the Brooks Rivaer drains the lake into
Naknek Lake, 9.2 meters (28 feet) below. At the southwest end of
Brooks Lake, Headwater Creek, its ma jor tributary, meanders across
a broad valley with only a slight gradient near ite mouth. A
number of small tributaries are found along both sides of the
roughly rectangular lake. Those along the southeast side are
typically clean, gravel bottomed streams which find their source
in the small ponds and low lands at the base of the mountains. All
five species of Alaskan Pacific salmon utilize these streams,
Headwater Creek, and, to a limited extent, the lake shore for
spawvning. The tributaries to the northwest are smaller and, for
the most part, find their sources near the shore in beaver ponds or
narrow gullys. During the 1956 and 1957 seasons, salmon were

observed to spawn in only one of these streams.
Naknek

Naknek lake, the largest body of water in the Monument,
covers approximately 125,000 acres (50,586 hectares) at an elevation
of 10.36 meters (34 feet). From the mein lake, two arms extend to

the east. The more northerly arm receives very little of the ma jor
drainage. The southerly Iliuk arm receiveé the outflow of Coville

and Grosvenor lakes via the Savonoski River as well as the Ukak
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River drainage from glaciers and the Valley of Ten Thousand Smokes.
Although complete soundings have not been made in thevarious parts
of this lake, extensive areas of water less than 25 meters in depth
exist juet off the mouth of the Brooks River. Contours based on
23 soundings in the southern portion of the lake (exclusive of the
Iliuk arm) give an approximate mean depth of 20 meters (65.6 faet).
Both the Savonoski and the Ukak Rivers contain a great
deal of suspended pumice and ash which reduces the transparency of
Naknek Lake. The turbidity decreases progressively as one procedes
away from the tributaries toward the Neknek River outflow; but is
8till quite evident near the mouth of Brooks River where the inflow
of clear water 1s 1in sharp contrast.
As mentioned previously, these lake basins appear to be
the continuation of glacial valleys extending from the mountains to
the east towards Bristol Bay. The Naknek Lake basin almost certainly
has a deep deposit of pumice and ash from the eruption and from the
tributary streams already noted. Rather steep mountains rim the lake.
The highest of these is Mount Katolinat, rising abruptly from the
south shore of the Iliuk arm to an elevation of about 1402 meters

(4600 feet.)
Becharof

lake Becharof, second largest of Alaska's inland lakes, is
approximately 50 miles (80.5 kilometers) south of Naknek. Its long
axis is about 40 miles (64.4 kilometers) in a general east-west

direction. The greatest north-south dimension 1s approximately
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15 miles (24.1 kilometers). The large Egegik River drains the lake
into Bristol Bay, 35 miles (56.3 kilometers) to the west. The out-
let, although a rapids strewn with boulders, is navigable to small
boats. The lake's shoreline is more regular than that of Naknek
Iake and lacks the rim of mountains except near the east end. It
is beyond the advance of the white spruce foreets and is bordered
for the most part by a rocky shore with tundra beyond.

Soundings were taken to a distance of four miles east of
the outlet. The bottom was rather flat and sandy in this area
with a fairly uniform depth of about 25 meters (82 feet). Greater
depths were encountered further east of the outlet. The drainage
into the lake 1s through a& number of small to moderate size

tributaries.



METHODS USED FOR MEASURING PRIMARY PRODUCTIVITY WITH C]‘l‘L
Ilake Studies

The C:U4 technique for measuring primary productivity of
Phytoplankton populations in natural waters, first presented by
Steemann Nielsen (1951), involves the addition of a small amount
of radioactive carbon as sodium carbonate to water samples
contained in clear glass bottles. Determination of the amount of
carbon fixed is based on the assumption that rates of photosynthetic
fixation of Clh and 012 differ only slightly because of the slower
uptake of the heavier, radioactive isotope of carbon. This
difference of 6%, called isotope effect, is corrected for in the
calculations. Because preliminary experiments indicated that non-
photosynthetic uptake of Clh'exceeded the 1% of photosynthetic up-
take suggested by Steemann Nielsen (1952), dark bottles were included
with each experiment at selected depths at all stations to measure
this.

Water samples were collected from selected depths at each
station with a Kemmerer water sampler and transferred to 150 ml,
clear, glass-stoppered bottles. Ordinarily, collections for an entire
experiment were mede within one hour. When all the samples for an
experiment were on hand, five microcuries of C1h were added to each

sample bottle. The sodium carbonate was prepared by Volk Radio

- 16 -
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Chemical Company, Chicago, in 100 ml serum bottles with an activity
of 2.5 microcuries per ml. An automatic hypodermic syringe (Cornwall
No. 1251 B D) was adapted to facilitate its rapid injection into the
150 ml, clear, glass-stoppered bottles without danger of contamina-
tion (Figure 3). Thie procedure allowed & minimal time lapse for

Clh addition among the bottles at each station and among stations.

The time of Clh

addition was carefully noted so that the lasotope
would be available to the algae for the same interval in each bottls.
Each of these bottles had a metal smap tied to its neck for ease of
attachment to hog rings secured at measured intervals to a line
which, in turn, was attached to a float at each permmnent station.

In Brooks Lake the three mein study stations were located
over depths of 5 (Station I), 35 (Station II), and 65 (Station III)
meters, and were as representative as possible of the lake as &
whole. The sites were marked by well anchored buoys. Each float
was made from an inflated automobile inner tube securely lashed to
a wooden crosspiece. A portable float of the same construction was
also utilized as a supplementary station at the south end of Brooks
Lake as well as in Naknek Lake and ILake Becharof.

Sample bottles were suspended at one-meter intervals from
the surface to five meters at all stations. At Stations II and III
bottles were also placed at 10, 15, 20, 25, and 35 msters. In
addition, Station III had bottles at 50 and 65 meters. After four
hours, the bottles in each seriee were retrieved and placed in a
lightproof, insulated wooden box in which they were transported

without delay to the 1@%9ratory for prompt filtration.



- 18 -

Figure 3. An automatic hypodermic syringe was 14
adapted to facilitate rapid injection of NayC™ 04
into sample bottles.

Figure 4. Millipore filtering of lake phytoplanktonm
was done by a 110-volt centrifugal vacuum pump ’
connected to six vacuum flasks.

°
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Filltering equipment included a 110-volt centrifugal
vacuum pump connected to six vacuum flasks (Figure 4). Each flask
had a funnel which was fitted to a coarse porosity, fritted glass
disk. Funnel and disk were held securely together by a removable,
spring-loaded clamp. A precut, 1.1875 inch (3.016 centimeters)

HA Millipore filter (Millipore Filter Corporation, Watertown,
Massachusetts) was sealed between the funnel and the disk by the
pressure of the clamp. The 0.5-micron HA Millipore filter was
selected because of its ability to retain the nannoplankton (Goetz
and Tsuneishi 1951; Goldberg et al. 1952).

Light meter readings, Secchi disk depths, and temperatures
were recorded at each sampling period. To insure uniform light
exposure, the sample bottles were taken one at & time from the
lightproof insulated dark box and treated in the following manner.
After shaking the sample to resuspend any settled plankton, 100 ml
were pipetted into the funnel and filtered at a maximum vacuum of
15-20 1lbs. per sq. inch. Two ml of a pale blue Janus Green B dye
solution were added to the sample to show whether or not leakage
occurred over the edge of the filter.

After the sample wes filtered, ten ml of .003 N H'1l were
pipetted onto the filter to remove any residual carbonate adhering
to it or to the organisms and to wash any organisms from the
surface of the funnel to the filter, Addition of ten ml of 3%
formalin for preservation of the organiems followed. Then the funmel
was removed and the wet filter placed in a labeled 1.25 inch (3.18

centimeters) diameter aluminum sample pan for drying. After dessica-
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tlon, the filter was glued to the pan with a thin film of nitrate
airplane dope and stored for subsequent counting.

Because radiation counting equipment was not available at
the Brooks Lake Station, selected dried samples, glued to their
aluminum pans, were air mailed to Ann Arbor, Michigan, for counting
during the field season. The rest were stored and counted later.
The results of the radioactivity determinations on the mailed lots
were obtained within two weeks and provided a quality control for
the field operations.

To aspess total experimental error, duplicate samples
were taken at each station once during the period of field opera-
tions. Each procedure was duplicated including the collection of
two separate Kemmerer water samples at each depth, the preservation
of separate plankton samples, etc. A simple wire harness was
attached at each level so fhat the two samples could beVEuapended

at exactly the same depth during the experimental period.
Nutrient Experiments by Culture

The sensitivity of culture techniques for determining the
availability of nutrients for phytoplankton growth has been recog-
nized for meny years. Schreiber (1927) working with sea water,
Strém (1933) using Schreiber's approach in fresh wvater, Chu (1942),
Edmondson and Edmondson (1947), Rodhe (1948), Potash (1956), and
Provasoli et al. (1957), to name a few, have developed and used

culture techniques with considerable success.
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Phytoplankton population growth has been measured most
frequently by direct cell counts (Serfling 1349), although light
extinction coefficients (Xberg and Rodhe 1942), chlorophyll (Ryther
and Yentsch 1957), volumetric, and gravimetric measurements have
also been used. The low plankton concentrations encountered in the
natural Alaskan waters used as media rendered all these techniques
less applicable than the C1* method already discussed (Steemann
Nielsen 1952). Therefore, the main experiments in this study
involved a comparison of the rate of carbon assimilation in the
different cultures. The measurement of growth was not dependent
upon a significant increase in cell numbers during the culture
period, but rather upon an increase in the rate of photosynthetic
accumulation of organic carbon which may not be immediately
manifest in a numerical increase. I was able to demonstrate the
extreme sensitivity of this technique for detecting nutrient
limiting factors in the laboratory at Ann Arbor, Michigan » before
the field work was undertaken.

During the summer of 1957, fourteen culture experiments
were conducted. In most of them, lake water with its natural
plankton population (chiefly green algae and diatoms) was placed
in screw top, widemouth, gallon or half-gallon jars in a floating
crib near the lake outlet. Thus, the cultures were at lake
surface water temperature and light conditions, and the rocking of
the crib by current and wave action helped keep the algae in
guspension. Jars were moved daily from place to place within the

crid to eliminate any variability due to position. Vitamins By and
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By2, KHpPO),, NapCO3, MnSOy, MgSOj, Ca(NO3)5, and a variety of
oligo-elements (Fe, Cu, Zn, and Co) chelated with EDTA
(ethylenediamine tetra-acetic acid), as used by Provasoli and
Pintner (1953), were tested separately and in certain combinations
to determine which were most limiting. Other culturing was done
with Brooks lake water shipped to the laboratory in gallon
polyethylene bottles. In addition to the above mentioned
chemicals Mg(NO3)2, NaNO5, NaySO), CaS0,, KpSOy, and KpHPO),

were used in these cultures.

Bottom sediment extract was also assayed in order to
determine its value as & phytoplankton nutrient. This extract
was prepared from a sample of the bottom sediment collected at
Station II. A volume of 40O ml was thoroughly mixed with an
equal amount of lake water and allowed to settle for several
hours. The liquid was then decanted and centrifuged twice in a
Foerst Constant Speed Centrifuge. As a final treatment to remove
microplankton and bacteria, the extract was passed through a
Millipore filter. After analysis for phosphorous, nitrite,
alkalinity, hardness, hydrogen-ion concentration, and silica, the
filtrate was added to cultures in different percentages by volume,
One or more controls were maintained with these as with all culture
experiments.

Lake water for the culture media was collected from the
surface in a clean, stainless steel bucket at Station I. After
careful mixing, thetotal sample was divided into subsamples in

gallon or half-gallon widemouth glass jars. Three liters of lake
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water were used in the former size and 1.0 or 1.5 liters in the
latter.

A measure of the rate of production in the cultures was
accomplished by further subsampling with the addition of C*. oOne
hundred ml of each culture were pipetted into a 125 ml glass
stoppered bottle after first shaking the Jar to insure uniformity
of plankton distribution. When all these subsamples had beer taken,
2.5 microcuries of Cl-h were added to each. The sample bottlas were
then suspended irn the river from a line stretched perpendicular to
the direction of river flow in such a manner that the bottles
remained Just beneath the surface. One or more dark bottles were
included as a measure of non-photosynthetic uptake of Clh. After a
four-hour incubation period, samples were filtered and their radio-
activity was measured in the same manner as the lake samples. To be
certain that the addition of C1* as NapCO3 was not altering the rate
of photosynthesis, the oxygen method of measuring photosynthesis wes
used under controlled conditiomns. Various concentrations of
Na C1%03 up to the highest quantity used in lake or culture
experiments were tested. Rate of oxygen production was not
measurably ' altered by the addition of sodium carbonmate. (See p.62)

In mixed algal populations it is possible that the
presence of one species may inhibit the growth of another (Akshurst
1931; Lefevre et al, 1949). Pratt (1943) on follow-up work with

growth inhibiting substances from Chlorella vulgaris demonstrated

the inhibitory effect of this substance on Chlorella pyrenoidosa as

well as on mixed algal cultures.- Rice (1954) and Proctor (1957)
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showed the existence of similar antimetabolites with a number of
different species of algae. In order to learn whether or not such
an effect was extant in my experiments; unialgal culture series were
conducted to eliminate possible interaction for comparison with
cultures utilizing the natural lake Plankton populations. A pure

culture of the green algre, Ankistrodesmus falcatus (Rodhe ), was

obtained on proteose agar from the Algae Bank of the Indiana
University Department of Botany. From this pure lot s the sterile
Culture Solution VIIT of Rodhe (1948) was inoculated.

The lake water used as a culture medium for the unialgal
experiment was prepared by passing ten liters of surface water from
Station I through a Millipore filter, thus removing bacteria, algae,
and particulate matter. A liter of the filtrate was then placed in
each of nine two-quart culture jars (clear glass). After filtering

the Ankistrodesmus falcatus from Rodhe's Solution VIII, the algae

were washed with and resuspended in distilled wvater. TFollowing the
addition of six ml (approximately 10,000 cells) to each culture,
various nutrients were added. Periodic sampling of these cultures
wag accomplished in the manner already described » With one exception.
Because of the smaller culture volume » only 50 ml subsamples of each
were incubated. The Cll‘ was correspondingly reduced to 1.25
microcuries. In this experiment » &8 1in the others, duplicate
samples of cultures were taken to determine the experimental error

of the techniques employed. Ankistrodesmus falcatus was again used

in subsequent pure culture experiments in the anoraatory at

Ann Arbor, Michigan.
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It has been suggested that results of culture experimente
may not be readily applied to the natural environment because
restriction of plankton in a container does not duplicate the
natural conditions and may favor the development of atypical
forms. To offset this, in addition to using the natural lake
plankton, every attempt was made to duplicate the natural lake
light and temperature conditions in the experimental cultures.
However, to strengthen the findings, a test was conducted in the
lake itself of nutrients found to be limiting. Since direct
application of nutrients to the lake as a whole was not possible
and because the Cll‘ technique was sufficiently sensitive to
rapidly detect changes in the rate of photosynthesis, ghort term

nutrient experiments were conducted at Statliomn I.
Sampling Schedule

Radioactive carbon experiments were conducted from the
first half of June to September, 1957, with reduced sampling to
October. lake studies were run every five days at the three
perianent Brooks lake stations simultanecusly. A diurnal study
was also initiated to determine variation in the daily photo-
synthetic rate. Naknek lake was sampled every 15 days, and the
south end of Brooks lake at least once a month, Single compara-
tive measurements were made in both Lake Becharof and the I{I.__iuk
arm of Naknek Iake., One to three culture experiments were
continuously in progma; during the summer. Sampling dates were
usually staggered so that only ome culture required attention on

a given day.

o Q
°
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Methods of Plankton Sampling and Water Chemistry

During the regularly scheduled Clh lake experiments,
Plankton was sampled by collecting 250 ml of water from the same
Kemmerer water bottle samples used for the C1h uptake measurements,
and by taking vertical hauls with a #20 Wisconsin closing net.
During the first two sampling periods plankton were collected at
each C1% gampling depth. After this they were taken on alternate
clh sampling dates (1.e. every ten days) at the surface and at
depths of 5 meters at each station, 35 meters at Station II, and
35 and 65 meters at Station IIT. On the alternate sampling days,
vertical hauls were made with the Wisconsin closing net from 5
meters to the surface at all three stations, 35 to 5 meters at
Stations II and III, and 65 to 35 meters at Station III.

A ten-day schedule at the three permanent Brooks Lake
stations was also established for chemical water analysis,
Clarke-Bumpus plankton tows, and centrifuge plankton samples.
Depths for this schedule were surface and 5 meters at Stations I,
I1, and III, 10 and 25 meters at Stations II and III, and 35 and

50 meters at Station III.

Laboratory Preparation and Analysis
From the 250 ml water samples taken for plankton analysis
during the lake productivity experiments, 100 ml were preserved by
adding formalin to make a 3% solution for inverted microscope
analysis and another 100 ml were filtered on a gridded Millipore

filter. To achieve & more rendom distribution of plankton on the
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filter than could be obtained with the funmels used for C1¥ filtering,
0.875 inch inside diameter cylinders of plexiglass were fitted with
flanges so that they could be clamped directly to the fritted disks
of the vacuum system. After weshing down any organisms adhering to
the sides of the cylinders with 3% formalin, the filters were placed
on clear, labeled, microscope slides and allowed to dry several
hours in a dust free environment. After drying, the filters were
cleared with two drops of cedarwood oil and one drop of terpineol.
Mounting medium and a number one cover slip were then added. Verti-
cal haul plankton samples were preserved immediately with formalin
in the same manner as the inverted scope samples.

Two liters of water from each sampling depth were
centrifuged in a Foerst Constant Speed Centrifuge. The sample was
then placed in a calibrated centrifuge tube and hand centrifuged.
After a wet volume determination was made, the sampls was resus-
pended by shaking and subsamples were placed in a Sedgwick Rafter
Counting Chamber for identification and enumeration of organisems.

Water analyses included the determimation of phosphate,
nitrite, silica, turbidity, dissolved oxygen, pH, alkalinity, and
total hardness. FPhotocolorimetric determinations in ppm were made
for phosphate, nitrite, and silicon, using standard procedures out-
lined in the Klett-Summsrson photoelectric colorimeter "Industrial
Manual."” -

Turbidity measurements were made with the colorimeter
until 24 July when a Hellige turbidimeter became available. The

early velues were then con;erted to the Hellige readings. The
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Hellige turbidimeter, semsitive to turbidity ranges below .80 ppm
SiOa, was more satisfactory than the Klett-Summerson because of the
low turbidity encountered in Brooks lake.

Total hardness determinations were made with a "BEH Water
Hardness Outfit." Hydrogen-ion concentration values were obtained
with a Hellige pocket comparator, glass disk type, using bromthymol
blue-D indicator. Alkalinity was determined by titration with
methyl orange indicator. OXygen content was measured by the
unmodified Winkler method as nitrogen was below 0.1 ppm (Standard
Methods 1955). Water shipped to Ann Arbor in polyethylene
containers was analyzed by flame spectrophotometer for magnesium,

sodium, potassium, and calcium.
Radiocactivity Determinations

The validity of conclusions based on the measurements of
radioactivity depends upon the accuracy of the correction of
errors in counting and, since no machine detects all the disinte-
grations, on the degree of accuracy attained in determining the
efficiency of the machine employed. There is a definite probability
at any given time of a nucleus disintegrating regardless of the
atom's environment. The rate of disintegrations (which register as
counts) therefore follow either a normel or Poisson distribution
(Lapp and Andrews 1955). Because the standard deviation closely
approximates the square root of the total counts, the desired
accuracy can easily be achieved by adjusting the counting time. In

this study samples were counted to 4 3% or better.
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Natural cosmic and machine radiation must also be
corrected for. Since samples from dark bottles were always
included in the experimente reported here, these samples not
only served to measure counts from non-photosynthetic uptake by
chemosynthesis or adsorption, but also served as a basis for
subtracting machine and sample background as well. Thus, in
one subtraction all background and non-photosynthetic uptake
could be eliminated without the necessity of determining these
factors individually.

In determining the amount of C1° agsimilated in photo-
synthesis it is necessary to know how much Clh was available. The
N52C1h03 used was prepared with an activity of 2.5 microcuries per
ml. This absolute activity was based on a National Bureau of
Standards calibrated source with an accuracy of ‘ 10%. This
figure reflects the extreme difficulty in determining the
absolute activity of Clh. The error involved in preparing the
Nagclh03 in 100 ml serum bottles was only about ¥ 0.3%.

As noted above, the Clh technique necessitates conversion
of detected counts to absolute counte. Steemann Nielsen (1952)
£11tered barium carbonate-C1% of kmown activity onto a collodion
filter and plotted a self-absorption correction curve. On the
assumptions that the geometry of the filtered barium carbonate was
identical with the geometry in measuring the activity of filtered
plankton, and that because the weight of the plankton was always
below 0.1 mg per three sq. cm, the activity of plankton could be

directly compared with barium carbonate of known activity. Self-
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absorption in the plankton were therefore disregarded.

Because of the low energy Beta emission of the Clh

atom
(0.155 Mev), I felt that self-absorption should not be ignored nor
should a counting efficiency be based on & barium carbonate
standard if a better one could be devised. To circumvent these
problems, my calibration was based on filtered algae of known
activity. To prepare and calibrate this source, duplicate samples

of the algs, Ankistrodesmus falcatus, and nannoplankton grown in a

Cll" rich medium were killed with formalim, filtered, washed, and
resuspended in distilled water.

One set of the duplicate samples was dessicated in
flasks, burned to COp (Van Slyke and Folch 1940), and counted in
accordance with the gas phase counting method of Bernstein and
Ballentine (1950). The high efficiency gas phase counte were then
converted to absolute counts with an efficiency value determined by
combusting and counting a number of calibrated samples (Series A,
June 1949, S. S. No. GS3849, PO No. 155382, National Bureau of
Standards).

Quadruplicate samples, taken for the second get, were
Millipore filtered, dessicated, and counted with the same equipment
used for all the experimental counts. The algme suspension was
gufficiently dilute to provide single cell thickness on the filters.
The true efficiency of the equipment used in counting an algal source
of known activity could thus be obtained by comparison with the gas
counts. By removing the cl¥ from the algae and counting it as COp,

the problems of self-absorption and geometry have been eliminated.
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The replicated samples from gas conversion counts and
Millipore filter counts allowed a statistical evaluation of the
ratio derived (Arkin and Colton 1953). This efficiency was equal

to 31.63% with a standard deviation of © 0.64% (31.63 ¥ 0.20).



RESULTS
The Primary Productivity of Brooks, Naknek, and Becharof lakes

The need and the desire to classify lakes has long been
a motivating force in limnology. In the past a great variety of
geographical, physical, chemical, and biological criteria have been
employed for this purpose with varying degrees of success. Recently
Nygaard (1955) has added productivity to the list. Since produc-
tivity must necessarily be a syntheeis of the host of variables
acting in any lake, it is likely to emerge the most important.
Nygsard, who compares his Compound Index with primary productivity
measurements, points out the danger of predicting productivity with
chemical measurements alone and the improbability of founding the
concepts of oligotrophy and eutrophy exclusively on the basis of
productivity.

In the study reported here, regular biweekly measurements
of photosynthesis with Clh were made in Naknek Iake for comparison
with the more intensive sampling in Brooks lake. A single measure-
ment in lake Becharof was included because of the lake's size,
importance, and decidedly different typology. Estimates of
Productivity on .both a unit volume and surface area basis were
possible because sufficient measurements were made at each sampling
to construct a curve of the variation in rate with depth. By

computing the total area under each curve by planimetry, the total

-32 -
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carbon fixation in the euphotic zone was obtained. The mean
productivity per unit volume was calculated by dividing this figure
by the depth of the euphotic zone. The mean primary productivity
per unit of surface area was obtained by multiplying the average
productivity per cubic meter by the depth of the euphotic zomne or
by the mean depth depending upon which value was lower. This is an
important consideration if a meaningful comparison of primary
productivity among lakes ie to be made on a surface area basis. If
the euphotic zone exceeds the mean depth, as was the case in Brooks
Lake, the average surface area productivity 1s limited by the mean
depth. In contrast, the estimated mean depth of Neknek Lake 18
greater than the euphotic zone. An areal estimate of productivity
in thies lake must therefore be restricted to the depth of the
euphotic zone.

A marked diurnel variation in the rate of phctosynthesis
by plankton populations has been noted by Doty and Oguri (1957) and
further investigated by Verduin (1957). A diurnal study was made
at Brooks lake, and the curve (Figure 5) for the rate of carbon
£ixation per hour formed the basis for converting the L-hour
meagsurements to daily net photosynthesis. Solar energy reduced to
the photosynthetic range in Langley's per minute (15°C gram-
calories/centimeter?/minute) teken from Brooks lake pyrheliometer
recordings during the diurnal study is also given.

All measurements were corrected for gseasonal variation
in the visible portion of the spectrum (k000 £ to 7000 R) penetrating

a smooth water surface at sea level. The solar radiation values used
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wvere monthly averages of the U. S. Weather Bureau as compiled by
Gotaas and Ozwald (unpublished), interpolated to 58030‘ North
latitude, and corrected for average monthly sunrise to surset cloud
cover during 1957 (Figure 6). Average monthly cloud cover data were
obtained for the King Salmon Weather Station (58%%1' North, 156°39
Weet) from the Weather Bureau, U, S. Department of Commerce.

The most striking feature of a comparison between the
productivity of these lakes is the much higher rate per unit volume
in Naknek lake as compared with either Brooks or Becharof lakes
(Table 1). Because of the limited euphotic zone in the shallow
south arm of Naknek Lake, and despite a rate of carbon fixation per
unit volume over three times that of Brooks lake and 17 times that
of lake Becharof, the difference in Productivity per square meter
of surface area between Brooks and Naknek Lakes is not great. This
has been generally recognized in other lakes (Ruttner 1952; Ohle 1956).
No estimate for Lake Becharof is included because the mean depth 1is
not known. On the basis of transparency, however, the euphotic zome
Pprobably exceeds 70 meters at mid-day. The accuracy in estimation
of the euphotic zone 1s dependent upon the degree of precision in
determining the average "compensation point" (the place at which
Photosynthesis balances respiration; Jenkin 1937). Thi? depth
necessarily moves upward with decreases in light penetration and
downward with increases. Estimates for compensation depth vary from
seven meters at Woods Hole harbor to 100 meters in the Sargasso Sea
(Clarke 1954). Talling (1957) reviews the subject briefly in a

formation for "Respiration losses and the 'compensation point.'"
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In Brooks Iake the vertical euphotic zore varied in dspth
from about 25 meters to over 50 meters, with an average of 46 metara
for the seasonal sampling periods. This ie fortultously closs to
the mean depth of 45 meters which is used in this study for the
areal estimate of productivity in the lake. The considerabis
variation in the rate of carbon fixation on a clear day as oppos=d
to a rainy day is illustrated by Figure 7. On these two days ths
mgC/Ma/day is within about 10% of being proportional to the available
light energy, as measured by pyrheliometer. The production oxr the
extremely dark day (17 August) corresponds to Nygaard's (1955) figure
for reduction of light intensity to about 10% of that encourtered on
a bright day. In contrast to the deeper stations, Station T exhibited
light inhibition (Edmondson 1956) on the bright day as evidenced by
higher productivity on the dark day.

In Naknek lake the minimum compensation depth was found to
be about 14 meters. Extreme fluctuation in transparency coupled with
those of light intensity would extend this zone considerably on
bright daye if lake depth allowed. Strickland (1958) has noted that
the steady compensation depth at noon will only be four to five
meters below the 24 hour mean compensation depth. Although the mean
depth of Naknek lLake is not known, an estimate of 20 meters was made
from 23 soundings in approximately 60 sq. miles of lake west of the
Iliuk arm. All measurements of photosynthesis in Naknek Lake
extended to 13 meters and some to 17, ard the depth of the euphotic
zone averaged about 16 meters; this depth was used for an approxima-

tion of carbon fixation per square meter of surface area. Because
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sampling dates in Brooks Iakes bracketted those in Naknek Lake, the
dates showing the greatest similarity in weather conditiors were
uged for comparison in Table 1.

The relationship of Secchi depth to the compensatior point
has received attentior in the literature since Poole and Atkins (1929 )
calculated an approximate ratic of 1.7/Secchi depth in meters for the
extinction coefficient of visible rays. Verduin (1956), in reviewing
some of the literature on the subject, givee values of 2.5 to 5.0
times the Secchl depth for estimations of the compensation point.

The ratio of the mean depth of the euphotic zone and the mear Secchi
depth in Brooks lake gives a factor of 3.6 with variation at least
ag great as those noted above. Naknek Iake, with an average Secchi
depth of only 3.9 meters, had a ratic of 4.5. This difference
Probably resulted from the human eye's being more sensitive to the
longer wave lengths of a given light energy favored by turbid water
(Sverdrup et al. 1942), The approximate nature of Secchi disk
conversion factors may result in errors of 25% or more from

variation in back-scattering of light encountered in natural waters

(Strickland 1958).
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Variation in Primary Productivity within Brooks and Naknek lakes

The sites of Stations I, II, III, and IV (Figure 2)
were selected not only to provide a good average estimate of the
primary productivity of Brooks lake, but also to serve as an
accurate comparison between different areas in the lake. The
first three Brooks stations, each sampled 16 times during the
summer, formed a matrix of 96 measurements for a comparison of
carbon fixation in the first five meters of Stations I, II, and
III, 144 for the first 20 meters of Stations II and III, and 176
measurements for the first 35 meters of these last two stations.

For easier ccmparison with the four sampling dates at
Station IV, these data have been arbitrarily grouped in Tables 2,

3, and 4 as the means of four consecutive dates covering each of
four 15-day periods. This grouping of Stations I, II, and III
has the further advantage of combining a variety of light condi-
tions since each group includes at least one bright day and never
more than two.

Even preliminary comparison of sample radiocactivity counts
by variance analysis indicated a very significant statistical
difference between stations. Although the average starting time
differential between Stations I and III was only 20 minutes, this
difference, because of peak photosynthesis about noon, was found
to favor the earlier starting time. In the three comparative tables
(2, 3, and 4), the values for Stations I, II, and III were corrected

on the basis of the diurnal curve to the same starting time on each
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date before statistical comparison of the rates of productivity.
This correction, although slightly reducing the differences between
the three permanent stations, did not alter the trend or the signi-
ficance of these differences.

The primary productivity at Station IV can be conaidered
as only an approximate comparison because productivity measurements
could not be taken there on the same day at the three permaneunt
stations. Meteorological conditions could therefore bilas the results
of sampling carried out on four dates. In this respect, it is of
interest that two of the measurements were made on cloudy days and
two on clear days.

Table 2. Rates of primary productivity in meC/M3/dey for the first
5 meters of four Brooks Iake Stations.

Dates Station I Station II Station III Station IV*
(5 meters) (35 meters) (65 meters) (35 meters)

18 June
to 1.97 2.08 2.38 1.67
3 July

8 July
to 1.25 1.11 1.71 1.46
23 July

28 July

to 1.21 1.58 1.5k4 2.07
12 August

17 August
to 1.08 1.16 1.42 2.38
2 September.

Mean 1.38 1.48 1.76 1.90

Standard
Error .02 .02 .05 .08

No. of
Measurements 96 96 96 2k

*Measurements made on 26 June, 22 July, 15 August, and 6 September
regpectively. °
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In comparing the first five meters of Stations I, II,
and III, it is evident that an inverse relationship existe between
the average rate of primary productivity in the first five meters
and the depth of the stations (Table 2). In addition and perhaps
more important is the trend for higher production per unit volume
as one proceeds away from the outlet in the direction of the major
tributaries.

When all 16 dates are compared, Station II is just
significantly higher in production at the 0.05% level by Wilcoxon
sum than Station I. Predominant WSW winds during July caused a
concentration of plankton in the vicinity of Station I. If the
four measurements in July are excluded the difference is significant
at the 0.01% level.

When Station II is compared with Station III the degree
of significance by the same test increases to slightly above the
0.025% level. The greatest difference (significant at above the
0.01% level) is obviously between Stations I and III. This trend
in higher production rates is retained by Station IV.

A comparison of the first 20 meters of the three stations

yields very similar results to a comparison of the first five
(Table 3). Station IV again retains the trend, even if the unusually
high productivity of 8 Auguet were excluded from the average.
Table 2 when compared with Table 3 further illustrates that the rate
of carbon fixation per unit volume is higher between the surface ami
20 meters than it is from the surface to five meters. This is also
ghe case for Station IV excépt on 6 September when peak production

wag at a depth of only four meters.

°

o
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Table 3. Rates of primary productivity in meC/M3/day in the first
20 meters of three Brooks lake Stations.

Dates Station IX

Station III

Station IV¥*

(35 meters) (65 meters) (35 meters)
18 June
to 2.58 2.61 2.54
3 July
8 July
to 1.05 2.06 1.89
23 July
28 July
to 1.39 1.64 k.23
12 August
17 August
to 1.0k 1.20 1.80
2 September
Mean 1.52 1.88 2.62
Standard Error .03 .05 .06
No. of
Measurements 14k 145 39

*Measurements made on 26 June, 22 July, 15 August, and 6 September
respectively.

A decrease in average productivity per cubic meter is
evident when an additional 15 meters of depth is included in the
comparison (Table 4). Station III is consistently more productive
in the first 35 meters than Station II, at a significant level abowve
0.005%. The only date when measurements extended to a depth of 35
meters at Station IV was 15 August. This was a bright day and the
warmest of the summer with a record high of 82° F. recorded at the

King Salmon weather station. The clear conditions that prevailed
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and the high phytoplankton population doubtless provided a higher
than average production there, but even at half the rate, the trend
of higher productivity toward the tributary end of the lake 1is
maintained. -

Table 4. Rates of primary productivity in mgC/M3/day in the first
35 meters of three Brooks lake Stations.

Dates Station II Station III Station IV#*

(35 meters) (65 meters) (35 meters)
18 June
to 1.91 2.08
3 July
8 July
to 0.9k 1.7k
23 July
28 July
to 1.22 1.81 3.51
12 August
17 August
to 0.77 0.96
2 September
Mean 1.21 1.65 3.51
Standard Error .02 .03 .09
No. of
Measurements 176 176 12

*Measurement mede on 15 August.

On 4 August parallel primary productivity measurements were
mede in the Iliuk arm (Station B) and the regular station (Station A)
on Naknek lake three miles to the west of Station B (Figure 2).

These measurements were to compare the primary productivity of the
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wvater at Station A with water nearer the mouths of the Savonoski
and Ukak Rivers. Because of the contribution of ash, pumice, and
glacial cutwash from these two streams, the Secchi depth at
Station B was only 2.5 meters as compared with 6.5 at the regular
station. Although temperature recording equipment was inadequate
for precision, thermometer values from the water samples at each
depth above 10 meters show an average increase of 1.8° F. from
Station B to Station A. Below ten meters the temperatures of the
two stations were identical.

The rate of carbon fixation at different depths at
Stations A and B in the two water columns is illustrated in
Figure 8. Although light inhibition at the surface was more the
rule than the exception in Naknek Lake as well as in Brooks Iake,
the measurements of 4 August were made under cloudy conditions.
This is the probable explanation for the high photosynthetic rate
at the surface, as there was not a significant difference in the
plankton between the surface and one meter. The variability in
productivity with depth reflects the heterogensous distribution of
phytoplankton which was evident from centrifuge and inverted micro-
scope analyses of plankton in both Brooks and Naknek lakes. The mean
productivity for 13 meters at Station A was 3.T4 mgC/M3/day ae
compared to 2.62 mgC/M3/day at Station B. Station A is more produc-
tive than Station B at all depths except between 4.0 and 6.5 meters.
The lower productivity of the water column at Station B is prodably
not the result of lower temperature, since Station B is cooler between

4.0 and 6.5 meters than Station A and still has higher production



3 4

T A

Depth in mMeters

StatioanD

101

./.
114 ,/ 5tation A

Figure 8, Changes in photosynthetic rate with depth at Naknek Lake
Statlons A (solld line) and B (broken line), % August
1957,
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between these depths. Lower temperatures tend, also, to reduce
respiration more than they reduce the rate of photosynthesis
(Spoehr 1926).

The rapid decline in photosynthesis below seven meters
at Station B suggests that light limitations imposed by the higher
turbidity are responsible.

A comparison of all routine water analyses during the
gummer shows little detectable difference among the stations
(Table 5). Analysis for phosphorus and nitrogen were near their
limits of detectability with valuee below 0.0008 ppm registering
as O, When all depths are included at Stations I and III, there
is a trend towards higher phosphorus content as one proceeds from
Station I to IITI. If, however, only the first five meters are
included in the comparison, the trend is reversed. Nitrite
nitrogen is appreciably higher at Station IV than it is at the
other Brooks stations. Silicon increases towards Station IV
regardless of whether only the first five meters or the entire
water columns are considered.

A comparison of Naknek Stations A and B similarly show
only small differences in the amounts of the elements measured.
Station B, nearer the mein tributaries gave slightly higher average
silicon, phosphorus, and total hardness values with nitrogen and
alkalinity slightly lower than at Station A. Phosphorus and
nitrogen values are probably at or close to their extreme range
of reliability. In respect to the amount of eilicon, which is

very likely the most reliable of the photocolorimetric determinations
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reported here, it is of interest that the 13-meter value (11.6 ppm)
at Station A is the same as the mean value of the surface and 13
meters at Station B. The surface value at A is lower (10.2 ppm).
This difference might result from sillca removal by diatoms in the
surface layers, but more probably, since temperatures were the same
below 10 meters at the two stations, from the presence of the denser
water mass from Station B close to the bottom at Station A.

The variation in productivity in Brooks and Naknek lakes
from June to October is illustrated by the curves in Figure 9. Both
of these show a steady decline in primary productivity imposed by
diminishing light as the season progresses. This is generally
recognized as a dominant factor at higher latitudes (Livingstone
et al. 1958). Thermel stratification, although not as severe as in
more scutherly latitudes, set in firmly by late June and remained
until early September when there was evidence of mixing to 35 meters.
Temperatures in Naknek lake were about two degrees warmer than in
Brooks lake during the summer, Although daily variations were large
in the shallower waters of both.

The seasonal change in the total phytoplankton of Brooks
Lake (derived from the means of Stations I, II and III) is in rather
good agreement with productivity measurements and lends support for
a usable relationship between standing crop and rate of production
estimates for major changes in productivity during a season (Figure 9).
Verduin (1956) presents & formula for such estimatee from standing
crop measurements, Unfortunately, if nutrient or other factors are

limiting, a crop built up before this deficiency may be producing
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very little additional organic matter at the time the estimate is
made. In thie situation standing crop measurements would give
unreliable values for the rate of production.

As might be expected at this northern latitude the
dominating Phylum (Division) was the Chrysophyta. Its important

genera were Melosira, Stephanodliscus, Fragilaria, Asterionells,

Tabellaria, Synedrs, and Navicula., The diatom population followed

and was primarily responsible for the trimodal curve shown in
Figure 9. Next in abundance of both species and numbers were the
Chlorophyta. The green algac were at or near their peak develop-
ment in late June, and declined gradually throughout the reat of
the summer except for a short lived increase at Stations III and IV

in early August. Phacotus, Pediastrum, Ankistrodesmus, and

Dictyosphaerium were the most abundant genera. Of the Cyanophyta,

Microcystis and Lyngbya were the only representatives throughout the
summer. They formed a significant portion of the phytoplankton in
the second half of August.

The total zooplanktor population in Brooks lake (measured
at Stations I, II, and III) declined steadily throughout the season.

The copepods were more abundant in the lake than cladocerans.
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Experiments on Nutrient Factors Limiting Productivity

The more presence of chemical substances in ths environ-
ment, although recognized as a valuable guide for pure culture
studies (Provasoli and Pintner 1953), does not necessarily prove
their biological availability (Potash 1956). Nevertheless
because of the intricacies of growth factors in natural waters
(Butchinson 194%4), biocassay may be expected to reflect limiting
factors better than chemical analysis of the environment.

As described under "Methods," culture series were run to
identify the role of various nutrient factors in phytoplankton
production in Brooks lake during the summer portion of the red
salmon growing season with three experiments in Naknek lLake and
Lake Becharof for comparison. By starting Brooks lake cultures
at regular intervals during the field season, it was possible, further,
to detect progressive changes in these limiting factors.

Although cultures were maintained for a sufficient time
to allow significant population increases in them, the effect of
specific nutrients on rate of carbon fixation was detectable (with
Clh as a tracer) within a few minutes or hours after their addition
to the media.

To demonstrate the efficiency of the method before field
work was undertaken, a nitrogen deficient culture of Scenedesmus
quadricauda Turp. was divided into two equal volumes. Five ppm of
nitrogen was added as Ca(NO3)2 to one; the other was maintained as
a control. Equal amounts of Clh were added to both., These were

then subsampled four times during the 30-minute period immediately
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following the addition of Ca(NO,). and C*. Figure 10 illustrates
3’2

the high sensitivity of this technique for measuring the increase
in rate of photosynthesis initiated by the addition of Ca(NO3)2 to
the nitrate deficient culture. Steemann Nielsen and Al Knoly (1956)
have demonstrated that thé'Clh.teéhnique is applicable under
conditions of phosphorus and nitrogen deficiency. This 1s & rather
important consideration since many of the measurements in the
Alaskan lakes studied as well as in cultures were made under sub-
optimal concentrationa of these two elements,

The first Brooks Iake culture experiment was started on
23 June and was maintained until 8 July. Of the variety of
nutrients added, MgSO) was most conspicuous as a stimulant to
photosynthesis (Figure 11). Although evident throughout the summer,
the increase in the rate of carbon fixation stimulated by the addi-
tion of S ppm MgSO; was most pronounced in June. That this
nutrient was still in short supply in early July is evidenced by a
significantly higher production value in the culture of that month
to which MgSO), haed been edded (Figure 12). Similarly, the pure
culture experiment started on the last day of July showed an
appreciable gain upon the addition of this nutrient (Figure 13).

In testing various concentrations of MgSOy with natural
Plankton populations, the quantity used initially, amounting to
9.0 ppm (1.82 ppm of Mg and 7.18 ppm of SO4), was found to be about
optimum., This concentration is within the range used by Rodhe (19u48)

to obtain optimum growth with Ankistrodesmus falcatus and is close

to the quantity used by Potash {(1956) in pond water with the green

alga, Kirchneriella subsélitaria G. S. West, as an indicator organism.
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Analysis by Beckman flame spectrophotometer of Brooks
lake water collected in February 1958 indicated that 1.2 ppm of
magnesium were present. Since the importance of magnesium as &
1imiting factor declined towards the end of the summer (Figure 1h4)
it is probable that lower magnesium levels or unfavorable cation
ratios (Pravasoli et al. 1954) existed in June and July. Turbidi-

metric determinations (Standard Methods 1955) gave 7.6 ppm

sulfate. The addition of sulfate as CaSOy, NapSOy, and MnSOy in
all possible combinations to water taken from Brooks lake in
February 1958 was stimulating to growth, but unless nitrate was
provided, this stimulation was short lived.

To determine the relative importance of magnesium in
different parts of the lake, surface water was collected at
Station I, I1I, and IV on 22 July. Each sample was subsequently
divided into three 2-liter cultures. Because KE,POy and Ca(NO3),
were also falrly consistent in initiating increases in the rate of
carbon fixation above that of the control they were added together
with Na2003 in two of the three cultures from each station. MgSQ)y
was then added to one of these. The third was maintained as a
control. A high rate of productivity in cultures was attained by
the addition of MgSO) when other nutrients were not allowed to
become limiting (Figure 15). The deficiency of magnesium although
evident at all stations decreases somewhat in the direction of the
lakeb main tributary.

The addition of MgSOy to a single culture of Naknek ILake

water did not produce an increase in carbon fixation. With Iake
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Becharof water, however, MgSOh gave the highest rate of photo-
synthesis in the culture experiment conducted on 23 August
(Figure 16).

To be certain that the addition of MgSO), or Na2clh03 to
the cultures was not initiating the uptake of carbon by ion exchange
mechanisms other than photosynthesis (e.g. by absorption into outer
or apparent free space; Kramer 1957) an oxygen production experiment
wag run in addition to the regular maintenance of dark bottle controls
with Clh experiments. Net O, producticn over a five-day period with
0.0, 2.5, and 5,0 microcuries of Na201h03 added, vas 0.72, 0.70, and
0.73 ppm of O, respectively. 1In a fourth sample 5.4 ppm of Mgso),
produced 1.3 ppm of oxygen.

As a final check on the limiting nature of MgSOh in Brooks
Lake, the same wire spreaders that were used for suspending duplicate
samples for determining experimental error in the regularly ascheduled
lake experiments were utilized to determine if there wase a significant
difference in Clh uptake betweean duplicate samples of lake phyto-
plankton at Station I. Because of the difficulty of assuming
randomness even in dilute plankton populations, a non-parametric
test (Wilcoxon Matched Pairs Signed Ranks Test; Siegel 1956) was
utilized. The high efficiency (95%) with small samples made this
test an excellent statistical treatment for these data.

When the Wilcoxon sum (10) was found to be well below the
.05 level of significancy (Table 6), the null hypothesis (Hy) was
accepted and parallel samples were agepin taken. To one of each

pair, 6 ppm of the nutrient being tested were added together with
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N32C1h03. The other, the control, was inoculated only with
N32C1h03. These pairs were resuspended at meter intervals from O
to 5 meters for four hours of incubation; then their contents were
filtered. This rapid biocassay technique had the advantage of
measuring the immediate change in carbon fixation initiated by the
addition of specific nutrients at a variety of depths without
allowing time for population shifts, which, although not detected
in the cultures, might conceivably have occurred in the nanno-
Plankton.

Table 6. Relative rates of C* assimilation (counts/second) of
algre from duplicate samples suspended at Station I

Depth in meters 0 1 2 3 I 5
Sample A 2.21 1.68 1,11 3.26 2.01 1.80
Sample B 1.58 2,10 1.00 2.9% 2,49 1.96

Decision: Accept H,

Carbon uptake increased at each depth of incubation in all
pamples to which 6 ppm of MgSOh had been added. On a single end-
test basis, the Wilcoxon sum of O is significant at the .025 level
(Table 7).

Calcium nitrate did not produce very significant increases
in growth until July. In the culture started on 6 July (Figure 12),
the deficiency of this nutrient was not pronounced until the fourth
day when the culture carrying an addition of Ca(NO3)2 began a rapid
increase in rate of carbon assimilation. Twenty-five days later the

lack of this nmutrient in the lake water was even more pronounced as
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evidenced by the pure culture (Figure 13) started on 31 July. The
response at that time to the addition of Ca(NO3)2 resembles the

preliminary laboratory experiment with Scenedesmus quadricauda

(Figure 10).

Table 7. Relative rates of c1¥ agsimilation (counts/second) of
algee from samples of Brooks Lake water suspended at
Station I with and without MgSO) added.

Depth in meters 0 1 2 3 4 5

Control 2.30 1.73 1.84 1.72 2.12  2.34
MgS0), added 2.62 2.8 2.09 2.13 2,52  2.96

Decision: ReJject Hy

Unfortunately the only nitrogen determinations that
reagents were available for during the field season were for nitrite
rather than the more stable and preferable nitrate. The relation-
ship between ammonia, nitrate, and nitrite is apt to be unstable,
although nitrate values are likely to be higher. The nitrite values
are included in this study because they appear to show a relationship
between the available nitrogen in the lake and results of culture
experiments. The bioassay technique provides the best basis for
asgsessing nitrogen deficiency.

It is of interest that in the single culture experiment in
late August utilizing Naknek lake water with its natural phyto-
plankton population, the only nutrient that significantly stimlated
carbon assimilation above that of the control was Ca(N03)2. At this

time nitrite nitrogen values for the lake were appreciably higher
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than they were in Brooks Iake. The same experiment with lake
Becharof water on 15 July and 23 August showed only a slight photo-
synthetic increase in July by the addition of Ca(NO3)2, but in
August the stimulating effect of this nutrient was very marked
(Figure 16). ILake Becharof nitrite nitrogen for 23 August was at
a level above the mean Brooks Lake determination for the same day.

Rodhe (1948), using Ankistrodesmus falcatus, found Ca.(NO3)2

to be a better source of nitrogen for this organism than NHyC1l and
recommended 29.4t mg Ca(NO3)y per liter as the lowest level for
achieving optimum growth. Only 6.1 mg per liter were used in the
Brooks lLake study.

In Brooks Lake water there was a decrease in nitrogen,
measured as nitrite, during late July and early August (Figure 17),
concomitant wich the deficlency noted in the pure culture experiment
(Figure 13). As already mentioned, in reference to the MgS0), Brooks
Iake water collected in February and used in pure culture experiments
in the laboratory gave elevated rates of production when nitrate was
added in combination with any one of the following: calcium,

magnesium, or sodium. Cultures of Ankistrodesmus falcatus to which

the three foregoing cations were added individually soon turned fram
green to yellow with a decrease in rate of photosynthesis. When
nitrate was added to these cultures they recovered. This clearly
demonstrated that nitrogen was the deficient element.

With the advent of a new limiting factor in the July
cultures, it seemed advisable to repeat the experiment in situ at

Station I. This time Ca.(NO3)g instead of MgS0, was added to one of



-67-

21/t 173 c7/ £uk ] w2/l i/l Y/

0260°0

6000°0
Ohoo’o
0o 0
09000
8100°Q
08000
000 Q
e v - — .'.'o
©0010°0
€200° 0

*axye] $3003¢ up (SUFY
8ox31u
uanoaq) snaoydsoyd pue (JUF PFIOS) U
* nouﬁuu«a 3o (111 pue ‘II ‘I naouudumuwmﬂm 0%10°0
‘[T ®
0900°0 , Suesw) UOYIPTIPA TBUOSEIS ofvasay a gwaoydsoyy wdd
APAN wd



- 68 -

sach of the parallel samples (Table 8). Again utilizing the
Wilcoxon Matched Pairs Signed Ranks Test, the increase in carbon
assimilation initiated by the addition of Ca(N03)2 gives a
significant Wilcoxon sum of 1.0 (.05 level = 2.1, .025 level.
Table 8. Relative rates of C1* assimilation (counts/second) of

algae from samples of Brooks Lake water suspended at
Station I with and without Ca(N03)2 added.

Depth in meters 0 1 2 3 4 5

Control 5.11 7.24 7.17 4,46 3.11  3.47
Ca(N03)2 added 6.31 9.25 7T.04 6.03 3.37 5.k0

Decision: ReJject Hy

Phosphorus, &as KEéPOh, although a consistent stimulant to
culture growth throughout the summer (Figures 11, 12, and 13), did
not increase the photosynthetic rate in the cultures to the extent
that MgSOL and Ca(NO3), did until middle August (Figure 15). An
environmental decline in phosphate is in close agreement with culture
results. Despite a very low potassium level of 0.94 ppm the addition
of potassium as KoSO) to pure cultures did not produce a significant
photosynthetic increase.

In lake Becharof, KHoFOy was the most conspicious stimu-
lating mutrient in the July experiment (Figure 16). The August
cultures of Lake Becharof water did not demonstrate this deficiency,
and water analysis at this time showed phosphorus to be at a higher

level than in Brooks or Naknek lakes.
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It 1s common knowledge to equatic bilologists that a large
percentage of nutrient material, both organic and inorganic, i1s lost
to the ecosystem by deposition as bottom sediment or by binding in
aquatic plants (e.g. Hutchinson and Bowen 1950; Hayes et al., 1952).
Under natural conditions no large-scale release of nutrients occurs
unless the oxidized layer of the surface muds disappears (Mortimer
1949), Sedimentation, as in Danish fiords, can be assumed to take
place at a faster rate than regeneration (Gréntved and Steemann
Nielsen 1957). The recirculation of nutrients freed for reutilize-
tion in the system by decomposition is accomplished by eddy diffusion
or by overturn in spring and fall. Mechanical agitation (Zicker et al.
1956) or artificially turning over a lake (Hooper et al. 1953) has
been suggested as a possible means of Increasing the efficiency of
the system.

While using SCUBA equipment to inspect the shelf area of
Brooks Lake, the author noted that clouds of bottom sediment billowed
up &8 he walked along the bottom. The extremely fine texture of the
superficial bottom deposits suggests that mechanical resuspension
might easily be achieved if it could be demonstrated that release
of soluble nutrients in such bottom material would indeed be
beneficial to the me*? .bolism of the lake.

In Brooks lake, analysis of sediment extract indicated
that it contained .062 ppm of phosphorus as compared to the lake's
.0057 ppm. It also had .023 ppm of nitrite as compared to the lake's

,0012 ppm, and 6.0 ppm more SiO, than the lake water. Additions of
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one and two percent by volume of this extract to cultures of Brooks
Lake water increased the rate of photosynthesis appreciably (Teble
9).

Table 9. Assay with Cl,"' of the nutrient contribution of bottom

gediment extract to cultures of Brooks Lake phytoplankton,
in counts/second. .

Amount of Days
extract added 1 o 5 T 11
0% (Control) 3.63 6.50 5.81 2.56 3.47
1% 6.17 8.64 5.98 4.56 --

24, 9.17 10.28 9.60 6.84 5.32




DISCUSSION

The importance of lake basin morphometry in influencing
lake productivity has received considerable attention since the
pioneer work of Thienemann (1927) and Naumann (1929). Because
morphometry affects temperature, thermal and chemical stratifica-
tion, and dilution and circulation of nutrients, mean depth, as the
best indicator of morphometry, has been suggested as & dominant
factor in productivity (Rawson, 1952). The extreme variability
betwsen lakes precluding any sharp delineation between types has,
however, led larkin and Northcote (1958) to conclude thet only the
total dissolved esolid content could be used as an index of
production in their studies.

The information gained from the studies reported here
indicate that, if the productivity of the water alone is considered,
the quantity and quality of replenished mutrients by the inflow
of tributary streams is & much more important factor than depth in
Brooks lake. Important considerations in this respect, however,
are the benthic development in the littoral zone which would
certainly increase the productivity on a surface area basis and
antimetabolites which might cause antagonistic interactions
between plankton and sessile algae (Jorgemsen 1956).

Traditionally the productivity per unit of surface area

has been used for comparing different water bodies. On this basis,

-71 -
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as in the comparison of Brooks and Naknek lakes, a long euphotic
zone may compensate for a lower production per unit volume. There
can be little doubt, however, that zooplankton or fish can feed at
a faster rate if their food supply is concentrated. Richmond (1957)
has demonstrated an increase in net efficiency of young production

(from 52.08 to 70.46%) by Daphnia pulex with increase in the concen-

tration of food supply. Since the food levels he used were well
above those encountered in Brooks Lake, higher phytoplankton
densities may support a fasterrréie of zooplankton production.

This might be an important factor in the larger average size of red
salmon migrating from Naknek lake compared with those migrating from
Brooks lake, Supporting this speculation is the recent work (Nelson
1958) on the relationship between photosynthesis and growth of the
Juvenile red salmon in Bare lake.

Eicher and Rounsefell (1957), working from fishery
statistice, crude soil tests, chemical analyses of lake water,
plankton production, and tree growth rings, have suggested that
lake fertility mey have been significantly increased in the lakes
that received volcanic ash during the eruptions of 1912 and 1913.
This is especially pertinent to the discussion because Brooks and
Naknek Lakes were the only ones on the peninsula thought to have
received the ash. Martin (1913) reported that the ash fall extended
only as far west as Brooks Iake and the Iliuk arm of Naknek Iake.
This reached a maximum thickness of 20 inches, and, although covered
by a thin layer of humus, is still clearly visible in the area when

a shallow excavation is made.
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Perhaps the greatest weakness in considering the pumice
and ash as a nutrient source is evident from its chemical composi-
tion. Griggs (1920), who investigated the recovery of vegetation at
Kodiak, makes rather a strong argument of this. He points out the
basic difference between this geologically fresh, acid ash and the
lava of the Columbian region and further notes that the former has
practically the same composition as pulverized granite. He goes on
to state that the widespread idea that luxuriant growth of vegeta-
tion was due to some fertilizer in the ash was erroneous. He
attributes recovery of vegetation to mulching and reduced competl-
tion. Attempts at growing wheat in the ash failed, as death ensued
as soon as the nutrients stored in the seed were exhausted.

In comparing his analysis of the ash with the composition
of the average igneous rock (Pettijohn 1957), the latter is higher
in almost every element except silicon. White pumice, hurled out
by the eruption, was composed of rhyolitic magma with a silica
content of 75%. The high concentration of this important element
(Iund 1950) in Brooks and Naknek Lakes 1s in sharp contrast to
Lake Becharof whose watershed did not receive the volcanic pumice
or ash. The important water soluble salt potesh (K,0) was
especially low in Brooks lake. Griggs (1919) also noted that rankest

growth of Calamagrostis langsdorfii occurred where evaporation was

evidently concentrating the meager salts.
The greatest deficiency in the ash from the standpoint of

plant growth, however, was nitrogen (Griggs ibid). “he first plant

invader of the ash was the lupine (Lupinus nootkatensis) which has

o
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its own nitrogen-fixing bacteria., Shipley (1919a), chemist for the
1917 Katmai expendition, noted that the high ferrous sulfate content
of the ash was not only directly injurious to plant growth, but also
inhibited the action of nitrifying bacteria, thereby indirectly
reducing the supply of an essential element.

The sub-optimal level of nitrogen in Brooks lake evidenced
by cultures and chemical analyses during July and August is of
special interest since meteorological and geological evidence from
the region are in good agreement with these findings. Ruttner (1953)
and Welch (1952) have observed that the primary source of nitrogen
is from the atmosphere. Hutchinson (1957) concludes, however, that
in most lakes the origin of fixed nitrogen is to be found in the
soils of the dralnage basin. It 1is worth noting at this point that
atmospheric nitrogen may not be as efficient for growth of algae as
ammonia or nitrate (Kratz and Myers 1955). Shipley (1919b), who
was more than casually interested in the nitrogen problem in this
area, made numerous determinations for the ammonia and the nitrous
nitrogen in the rainwater of southwestern Alaska. Using Nessler's
reagent, he found an almost entire absence of ammonia in the rainfall
of this region in striking contrast to similar measurements made at
about the same latitude in Europe. His highest value was 0.015 ppnm
NH3 as compared with the lowest —alue observed in Scotland of O.hl
ppm. He found nitrate nitrogen in the rainfall along Shelikof Strait
from August to September averaged only 0.0018 ppm and noted that

nitrites were not transformed to nitrates.
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Nitrogen fixation by algne has been recognized for some
time (Fogg 1951; Williams and Burris 1952) and has been demonstreted
to increase the ylelds of rice fields (Watanabe 1956). Studies now
underway on Afognak Island mey provide an evaluation of the importance
of nitrogen in the lake waters of this region. The carcasses of
spawvned-out salmon might also provide a significant amount of
nitrogen and phosphorus if the escapement is of great size (Nelson
and Edmondson 1955). Unfortunately most of this contribution comes
at a time of rapidly declining light intensity and the normal
nutrient recirculation by the fall overturn.

The nitrogen contribution of spring or melt water would
appear negligible, as Shipley (1919b) commented that it was not
neceasary to prepare distilled water because of the almost total
absence of either nitrous nitrogen or ammonia nitrogen in the spring
and creek waters of the district as well as water obtained from
melting snow. While the volcanic ash in question contains less than
1% of the nitrogen found in cultivated soil, the tundra of the region
has a total nitrogen content of 43.0 ppm which is appreciably higher
than Illinois prairile soils or the black loam of the Red River Valley,
which Shipley (1919¢) used for compariébn. He associated this high
nitrogen content with a low rate of nitrification in the cold, shallow
tundra soil.

Another soil source of nitrogen which has received atten-
tion in recent years (Virtanen et al. 1955; Virtanen 1957) and which
may have been a factor in Shipley's measurements ls the alder shrub

(Alnus). These plants are abundant in the area and have nitrogen-fixing

o
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bacteria in root nodules. Although some of the nitrogen leaks
directly into the soil, most 1s deposited in the leaves, which,
falling to the ground, add to the soll annually as much as 140
pounds of nitrogen per acre (lawrence 1958). The possible contri-
bution of alders to lake fertility is certainly worthyof investi-
gation.

From the above it would appear that the most important
gsource of nitrogen in the area may be from such streams as Headwater
Creek, which have their source in the tundra and alder thickets.
This hypothesis finds support in the increase in productlivity
towards the tributary end of the lake as well as in the chemical
analysis summarized in Table 5. On 22 July (after a 0.30 in. rain
on 21 July) the nitrite nitrogen at Station IV was over twice the
average at the other three Broocks stations measured the following
day. Thus it would appear that rainfall soaking through the
nitrogen rich tundre before entering tributary streams may be a
significant factor in the lake fertility of the region. In Brooks
lake, as observed in the sea (Ketchum 1947; Steemann Nielsen 1958),
the rate of replenishment of nutrients rather than the concentration
at any given time, determines the fertility of the environment.

Recently sulfate has been found to be a limiting factor
in Lake Victoria, Africa (Fish 1955). Even without the chemical
analyses and experimentation by addition of sulfate in various
forms, the geology of the Alaska Peninsula and analysis of the ash
might well suggest a deficiency of magnesium rather than sulfate

in thie reglon. Average igneocus rock conteins almost 3.5% magnesia
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(Mg0). The ash that blanketed the area discussed contained less
than 0.5%.

One thing that the eruption certainly did contribute to
the area was sulfate, Following the eruption, rain containing high
concentrations of sulfuric acid fell over large areas of Alaska
(Griggs 1917). As far away as Prince William Sound, 300 miles (483
kilometers) to the east, concentrations were high enough to burn the
flesh. Even before the eruption, however, Spurr (1898), in a
reconnaissance in southwestern Alaska, noted precipitates of iron
and sulfur in hot springs of the Katmai pass. Thawing has been
noted in upper Naknek Lake (the Iliuk arm) with air temperatures of
15° F (-9.6°C). This was also considered indicative of hot springs
by early explorers (Griggs 1922).

Magnesium, occupying the center of the chlorophyll
molecule and estimated as occupying about two percent of the earth's
crust (Mason 1958), is essential for both plant growth and
chlorophyll formation. Experimental increase of magneslium
concentration in Chlorella cultures, even at levels which do not
apprecliably increase the chlorophyll content, results in an increase
in photosynthetic rate (Hill and Whittingham 1955). Like potassium,
magnesium has long been recognized as a necessity for life but has
not been considered as a limiting factor for phytoplankton develop-
ment in lakes (Rodhe 1348),

After converting the extensive ionic water analysies of
Lohammar (1938) to percentages of equivalents, Rodhe (1949) found
close agreement beéveep these and his own analysis of Swedish lakes

o
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as well as with those of the world (Clarke 192L4). Cations in Brooks
Lake as determined by flame spectrophotometer were converted to
percentages of equivalents for comparison with these figures

(Table 10). This table illustrates a divergence from the usual
concentrations in two important respects. First the Ca/Mg ratio is
higher in Brooks lLake and secondly the magnesium-sodium relation-
gship is reversed from the usual. The first i1s of interest in
respect to the work by Pravasoli et al. (1954) which indicates that
below monovalent-divalent ratios of 1.3 the range of favorable
Ca/Mg ratios for growth of Synure sp. is restricted. In contrast

the above-mentioned workers found Fragilaria capuclina does well

below this level. The diatom predominance in Brooks lake is
therefore in accord with the low monovalent-divalent ratio. The
second is of interest in relation to the culture work. Magnesjium,
demonstrated to be very stimulating to phytoplankton growth during
much of the season, is less available for plants in the presence of

increased quantities of sodium or potassium (Leeper 1952).

Table 10. A comparison of cation percentages of equivalents.

The Whole World Brooks Uppland, 1-21

Cation (Clarke 1924) lake (Lohammar 1938)
Cass 63.5 63.6 67.3
Mges 17.4 13.2 16.9
Nas+ 15.7 20.1 13.6

Ke 3.4 3.1 2.2
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It wouldcappear from the evidence at hand that a;though
potassium uptake by cells is independent of the presence or absence
of sodium (Sc;tt and Hayvardul95h), the already low magnesium level
in comparison to other cations is made less available in Brooks
Lake by the presence of relatively higher quantities of sodium.

The slightly hiéher levels of phosphorus and nitrogen evident early
in the summer are therefore of limited use to the phytoplankton
population. Uptake during this period may represent luxury consump-
tion above the phytoplankton requirements (Gerloff and Skogg 1954).
As the levels of nitrogen decline, the relative optimum levels of
MgSOh may also be depressed to the actual level of the environment.

This situation was observed in cultures of the fungus Mucar hiemelis

by Fothergill (1954). He found that with lower NH,NO3 concentrations
optimal growth was obtained at reduced levels of MgS0)y and that

K,HPO), has 1ittle influence on this relationship.

Very little published data are available on primary
productivity in arctic lakes. Those that are available are diffi-
cult to compare because of the varlety of techniques used. Early
studies were made by the oxygen method and were usually reported
in terms of gross photosynthesis. This is apparently the case in
the measurements near Point Barrow, Alaska, by Comita and
Edmondson (1953), and the measurements at Bare Lake before and
during fertilization (Nelson and Edmondson 1955). The very limited
freshwater work with C1* is 1isted by Iund and Telling (1957).

Before the completion of this study, however, Frey and

Stahl (1958) made measurements of primery productivity with clk

o
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on 13, 16, 19, ;nd 20 August, 1957 in a pond and a lake on

- Southamptonolsland in the Canadian arctic. Although the two
measurements in the lage (desigﬁated S-7) were made for periods

of 20 and 2h.5ohours, their daily estimates are of interest for
comparison with measurements in Brooks, Naknek, and Becharof lakes
during the same period. After correcting their two measurements

at 5-7 to mgC/M3/day, 1t is obvious that the difference between the
two was not of significant magnitude to necessitate the inclusion
of both in the comparison they made with Imikpuk and Bare lakes.
The estimate for mgC/M3/day 1s 1.5 in S-7, as compared with 0.84
in Brooks lake on 22 August, 4.47 for Naknek lake on 19 August,

and 0.27 in lLake Becharof on 23 August. The alkalinity of ST was
over twice that of the three lakes Just compared. Since variations
in Brooks lake with seasonal and meteorogical conditions range from
well below 0.8% to a maximum of 4.23, there is little point in
carrying the comparison further than to note that these lakes were
all coverting solar energy at a rather low rate in comparison to
other lakes of the world (Vollenweider 1956).

If the primary productivity ir Brooks lLake continued to
follow the light values downward after the last sampling date in
October (& not unreasonable assumption), about half of the annual
production was measured during the season. On this basis an
estimate of productivity for Brooks Lake is extremely close to that
of the Sargasso which Steemann Nielsen and Jensen (1957) estimate

at 1 mgCo/M3/da.y, or 50 mgC/M /day.
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Problems in connection with fertilization have been
covered by a number of authors (g.g. Hutchinson and Bowen 1950;
Hasler and Einsele 1948)., The experiments reported here provide
a feasible approach to the establishment of a rationale for
increasing basic productivity, and the C1h technique as adapted
in these atudies provides the fastest and most sensitive means
yet devised for assessing nutrient limiting factors in natural
waters. The Brooks lake shelf areas hold a great store of
nutriente that might be released by mechanical agitation. Since
light is frequently inhibiting in very shallow water the increase
in turbidity might be more beneficial than detrimental. If
fertilization is to be tried in a lake on a trial basis, it should
be done with due respect to the factors actually limiting
productivity, and should be balanced so as to supplement, not
replace, the contribution of the watershed. The work reported
here demonstrates the seasonal variation in these factors as well
as marked differences in lakes of the same region. A careful
investigation of the plankton nutrient requirements, seasonal
changea in these requirements, and the trophic relationships of
the consumers in individual lakes is of great importance in fufure

work of this kind.



SUMMARY

l. The Cl)4 technique was utilized for both biloassay of
nutrient limiting factors and direct measurement of primary produc-
tivity in Brooks, Naknek, and Becharof lakes. The efficlency of
counting radioactivity was based on conversion of plankton to COp,
thereby eliminating problems of geometry and self-absorption.

2. Comparisons of daily photosynthetic rate in Naknek
and Brooks lakes on a unit volume basis indicate a threefold
higher rate in the former.

3. When photosynthetic rate is compared on a surface
area basis, the difference is small.

4. The euphotic zone in Brooks Lake varied from about
25 meters to over 50 meters with an average for the season of 46
meters.

5. The average primary productivity of Brooks lake was
higher on bright days than it was on cloudy days. The reverse
was frequently the case in shallow water where light inhibition
wag especially evident.

6. The depth of the euphotic zone in Naknek averaged
about 16 meters with considerable variation with changes in light
and turbidity.

7. The possible relationships of Secchi depth to the
euphotic zone are discussed with emphasis on the approximate nature

of such comparisons.
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8. Comparisons of the four Brooks lake stations indlcate
that primary productivity per unit volume at coéparable dept?s
consistently increases towards the tributary end of th; lake.

é. Comparisons of the primary p;oductivity of Naknek
lake Stations A and B indicate a higher rate at the less turbid
Station A.

10. Primary productivity measurements in Brooks lake
compare favorably with variations in total phytoplankton. Phyto-
plankton and zooplankton abundance both followed the eseasonal
decline in light energy so evident at these northern latitudes.

11. The sensitivity of the clh technique was demonstrated
in the laboratory with a nitrate deficient culture of Scenedesmus
quedricauda Turp.

12. Magnesium was found to be a limiting factor for
phytoplankton production throughout the summer by both culture and
in situ lake experiments. The relative importance §f magnesium
odecreases somewhat towards the major tributary and with deficiences
in other nutrients.

13. Magnesium deficiency was also noted in lake.Becharof
in late August.

14, Nitrate deficilency was evident in Brooks Lake cultures
in July and August concomitant with a decline in lake nitrites.
Results were verified in experiments in situ.

“ 15. The single culture experiment in Naknek lLake indicated
nitrate deficiency-in late August.o Thé lake Becharof experiméital

cultures in July showed only slight stigﬁlation with the addition of

°
o
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nitrate; in the August culture, the nitrate addition was considafabiy

more stimulating. °

16. Phosphorus, although consistently stimulating to
photosynthesis, did not appear as critical as MgS0, or ‘Ca(NO3),
until middle August. An evironmental decline was observed at this
time. In lake Becharof, although phosphorus was of primery
importance in July, by August environmental levels were above those’
in Brooks and Naknek Iakes and the cultures derived no measurable
benefit from its addition.

17. Brooks Iake bottom sediment extract was vefy
stimulating to cultures of the natural phytoplankton population,

18, A discussion is given on published wor) related to

the problems of primary productivity and fertility in arctic lakes.
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