MONTANA

STATE UNIVERSITY

Limnological studies on Hebgen Lake, Montana
by Danny Bernard Martin

A thesis submitted to the Graduate Faculty in partial fulfillment of the requirements for the degree of
DOCTOR OF PHILOSOPHY in Botany

Montana State University

© Copyright by Danny Bernard Martin (1967)

Abstract:

The dynamics of the plankton community in relation to the inorganic chemical and physical
environment was studied during the summers of 1964 and 1965, Samples and in situ measurements
were taken at five permanent stations on the lake during thirty cruises.

Under average conditions, total visible light was reduced to 1% of surface intensity at a depth of 8.0
meters, while blue, red and green light were extincted to 1% at 2.8, 6.2 and 7.8 meters respectively.
Various effects of light on primary productivity and the measurement of community photosynthetic
rates have been discussed.

Temperature and conductance in Hebgen Lake are described with respect to both the seasonal and
spatial distribution of heat and electrolytes.

The progressive downstream increase in reservoir temperatures is discussed in relation to observed
changes in the population densities and birth rates of Daphnia schodleri and D. galeata mendotae. The
effects of thermal stratification on the vertical distribution of inorganic nutrients is shown.

Results of the chemical analyses showed Hebgen to be a predominantly sodium bicarbonate lake with
relatively low concentrations of potassium, calcium, magnesium, chloride and sulfate. Phosphate was
unusually high and it appeared that nitrate might be the most important limiting factor to primary
production. Other constituents of the chemical environment discussed are; pH, inorganic carbon, iron,
silica and dissolved oxygen.

Standing crops of each taxon in the phytoplankton community were determined by direct count.
Lyngbya Birgei and Aphanizomenon flos-aquae reached the highest standing crops, followed in
abundance by Anabaena spiroides, Asterionella foraosa, Cryptomonas ovata and Ceratium
hirundin-ella. Total algal standing crops ranged from 0.30 to 5.74 mm3/liter. Measurements of
chlorophyll were also obtained on each cruise, and values ranged between 1.24 and 4.43 p g/liter.

Primary productivity was measured by light and dark bottles utilizing both uptake of radioactive carbon
and changes in dissolved oxygen. Net photosynthetic rates as measured by C14, ranged from 0.10 to
0.65 g C/m2/ day, and those measured by changes in dissolved oxygen between 0.33 and 2.13 g
C/m2/day. Four methods for estimating photosynthetie rates from chlorophyll and light data were
employed simultaneously with the light and dark bottle methods, A comparative analysis of all
methods used is given.

Standing crops of Daphnia schodleri, D. galeata mendotae, D. pulex, Cyclops bicuspidatus, Diaptomus
nudus and D. Ieptopus were obtained. Instantaneous rates of population change, instantaneous birth
rates and mortality rates were computed for the two most abundant zooplankters, D, schodleri and D.
galeata mendotae. The average productivity for the latter two species was 0.11 g C/m2/day.
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ABSTRACT

The dynamics of the plankton community in relation to the inorganic
chemical and physical environment was studied during the summers of 1964
and 1965. Samples and in situ measurements were taken at five permanent
stations on the lake during thirty cruises,

Under average conditions, total visible light was reduced to 1% of
surface intensity at a depth of 8.0 meters, while blue, red and green
light were extincted .to 1% at 2.8, 6.2 and 7.8 meters respectively. Vari-
ous effects of light on primary product1v1ty and the meaSurement of commun-
ity photosynthetic rates have been discussed.

Temperature and conductance in Hebgen Lake are described with respect
to both the seasonal and spatial distribution of heat and ‘electrolytes.
The progressive downstream increase in reservoir temperatures is discussed
in relation to observed changes in the population densities and birth rates
of Daphnia schodleri and D. galeata mendotae. The effects of thermal strat-
ification on the vertical distribution of inorganic nutrients is shown,

Results of the chemical analyses showed Hebgen to be a predomimantly
sodium bicarbonate lake with relatively low concentrations of potassium,
calcium, magnesium, chloride and sulfate, Phosphate was unusually high
and it appeared that nitrate might be the most important limiting factor
.to primary production. Other constituents of the chemical environment
discugsed are:; pH, inorganic carbon, iron, silica and dissolved oxygen.

Standing crops of each taxon in the phytoplankton community were
determined by direct count. Lyngbya Birgei and Aphanizomenon flos-aquae
reached the highest standing crops, followed in abundance by Anabaena .
spiroides, Asterionella formosa, Cryptomonas ovata and Ceratium hirundin-
ella: Total algal standing crops ranged from 0.30 to 5,74 mm3/liter.
Measurements of chlorophyll were also obtained on each cruise; and values
ranged between 1.24 and 4.43 u g/liter,

Primary productivity was measured by light and dark bottles utilizing
both uptake of radioactive carbon and changes in dissolved oxygemn. Net
photosynthetic rates as measured by Cl4, ranged from 0.10 to 0.65 g C/m2/
day, and those measured by changes in dissolved oxygen between 0,33 and
2.13 g C/m“/day. Four methods for estimating photosynthetic rates from
chlorophyll and light data were employed simultaneously with the light and
dark bottle methods, A comparative analysis of gll methods used is given.

Standing crops of Daphnia schodleri, D. galeata mendotae, D. pulex,
Cyclops bicuspidatus, Diaptomus nudus and D. leptopus were obtained.
Instantaneous rates of population change, instantaneous birth rates and
mortality rates were computed for the two most abundant zooplankters, D.
schodleri and D. galeata mendotae., The average productivity for the latter

- two species was 0,11 g C/mZ/day. :




INTRODUCTION

In 1962, a series of ecological studies was begun on the waters of
the upper Madison River in and near Yéllowstone National Park. The cen-
tral and unifying objective of these studies is to determiﬁe quantitative
and qualitative relationships between the biotic productivity of these
waters and certain controliing chemiéal and physical environmental fac-
tors, |

Figure 1 shows a map of the watefways, which to date have been in-
cluded in the studies of the upper Madison River system., Prior to 1964,
investigations had been confined to the Firehole, Gibbon, and Madison
Rivers above Heﬁgen Lake, In 1964, the study described in this paper was
initiated on Hebgen Lake, and was desiéned to run cencurrently with other
research on reaches of the Madison River directly abeve the.lgke,. The
objéctive was éo provide comﬁarative studies of lotic and lentic waters
which ha@ the same macroclimate and geochemical history,

Hebgen -Lake is an artificial-impoundmént of the Madison River, The
reservoir is formed behind a concrete and earthfill dam, completed in 1915,
located 18 miles northwest of West Yellowstone, Montana at lat 44° 51° 507
long 1110 20" 05". The bulk of the lake is contained within Township 12 -
South, Range 4 Eagt, of Gallétin County, Mbntané. During'the normal,
annual high water period (June-July), the lake is approxlmately 15 miles
long, 3 miles wide at the widest p01nt\ and has a total surface area of
about 20 square miles, During high water, the lake has a maximum depth

of about 80 feet (26 meters)., Maximum storage capacity of the reservoir

is 377,500 acre-feet,
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Figure 1. Map of the upper Madison River system and some associated landmarks.
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Throughout an -annual cycle, the water level in the reservoir under-
_goes an average vertical fluctuation of 20 feet (7 meters), This exten-
sive drawdown largely precludes the development of benthic or littoral
biotic communities along the margins of the lake. Productivity is there-
fore limited to the open water or plankton communities.

This report involves the initial limnological investigations carried
" out on Hebgen Lake. Research was conducted during the summers of 1964
and 1965. The specific relationships considered in this study are dia-
gramed in Figure 2, The approach to this problem was based on the current
functional apﬁroach te limnetic acquatic ecology. The theoretical aspects
of this concept are summarized, relative to the phytoplankton entity, by
Findenegg (1965) as follows:

It is a well known fact that primary production im lakes is
controlled by the interaction of many factors which usually are
divided into three groups: (1) Physical factors originating di-
rectly or indirectly from solar radiatien, such as light condi-
tions, temperature, mixing and turbulence by the action of the
wind; (2) The content of nutrients in the euphotic zone of the
lakes, and (3) the interaction of the organisms present in the
plankton community which may promote or hamper the production of
certain species,

In the present study, Findenegg's approach has been somewhat extended.
First, it was assumed that reciprocal relationships exist between the four
entities shown in Figure 2, Events occurring within an individual compo-
nent effect changes in the other three. Thus, in the community, there
emerges an everchanging pattern of cause-~and-effect interactioms. Discrete
events are necessarily studied quantitatively at the level of the indivi-

dual component, but the results must be interpreted with regard to the

entire system. Second, it was considered that relationships between
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‘Figure 2. Diagramatic representation of the entities and
interrelationships considered in the thesis problem.
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components'are not always direct. Events occurring within one entity can
be tragsmitted step-wise, through one or twe intervening components, until
finaily a measurable effect may be manifested in the fourth.
Certain components of the aquatic ecosystem (e.g. decomposers, secon-
dary consumers) have béen omitted from this study. Furthermore, each
component shown in Figure 2 was mot exhaustively treated (eog. the complete

organic and inorganic chemical environment was not quantitatively analyzed).

In this paper, the four major categories shown in Figure 2 have been
used to organize the material in the sections of 'Methods" and "Results”,
Interrelationships among the four entities are explored in the "Discussion”

section.




METHODS

In this study, all samples and in situ measurements were taken éuring
one of thirtyAcfuises on Hebgen Lake, Tables I and II in the "Results”
show the dates for each cruise during 1964 and 1965 res_:pectively° Wheﬁ
possible, sampling days were spaced at weekly intervals throughout both
summers.

Five permanent stations were established on Hebgen dﬁring the firét
cruise of 1964 (see Figure 3), Stations 1, 2 and 3 were located along the
lower, main body of .the lake, Stations 4 and 5 were located just inside |
the mouth of the Madison and Grayling Arms respecfive1y7
Light

Permanent records of total solar ra&iation, incident to the lake sur-
face, were obtained during 1964 and 1965 with an Eppley 50-junction pyra-
nometer and "Rustrak" récorder. These instruments were installed at the
Ri;erside'Labo;atory, about 20 miles from the outlet of Hgbgen Lake (see
Figure 1), Daily radiation curves recorded on the 'Rustrak' charts were

‘converted to langleys/day by the method given in the Eppley Laboratory
Bulletin,

Vertical profiles of light attenuation in the lake were obtained by
measuring light intensity at varioﬁs depths with a submarine photometef.
The photométer employs a Weston, Model 856, selenium photocell which is
activated by wavelengths of 400 to 700 mp. Light measured with the selen-
ium photocell is termed "total visible light" and nearly coincides with
that portion of the spectrum which is photosynthetically active (Edmond-

son, 1956).. Light intensity was measured ‘at regular depths in the lake,

Ji




Figure 3.

Map of Hebgen Lake showing the location of the five permanent sampling stations.
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from the surface to that depth at which the current produced by the
photocell was less than 1 microamp,

During 1964, profiles of total visible light were taken at the 5
permanent stations shéwn in Figure 3. On each cruise, measurements were
taken between 0900 .and 1500 hours,

Iﬁ 1965, profiles of total visible light were taken only at Stationm
3 between 1000 and 1400 hours. In addition, profiles were taken of light
passed by the following filters: (a) Blue - Maximum transmission approxi-
mately 450 mp, (b) Green - Max. trans. approx. 550 mp, and (c) Red - Max.
trans. approx. 650 mp. '

The mean "vertical extinction coefficient" (Hutchinson, 1957), and
corrected surface reading were computed for each profile by the method of
Verdiun (1964),

Temperature and Conductivity

Vertical profiles of ;emperatufe and conductivity were taken simul-
tansously by 1oweriné a platinum electrode with an attached glass bead
thermistor into the lake. The electrical resistance across each sensor
.was measured at one meter intervals from the surface to the bottom of the
lake with an Industrial Instruments Conductiyity Bridge,

The resistance of the thermistor bead was converted to Centigrade
temperature using an experimentally determined calibration curve. Specific
conductance at 25° C was computed from the observed resistance of the water
according to the method described by American Public Health Association
(1965).

Temperature-conductivity profiles were taken at all 5 stations during
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1964 and only at Station 3 during 1965.

Water Chemistry

Water for chemical analysis was collected at Station 3 on every
cruise during 1964'ahd 1965, A 3 liter Van Dorn Water Bottle was used to
collect samples from the fdllowing depths: (a) 1964 - 0, 1%, 3, 4%, 6,

7% and 9 meters, and (b) 1965 - at 1 meter intervals from the surface to
8 meters and at 11, 14, and 17 (bottom) meters,

Upoﬁ collection, two 500 ml aliquots from each depth were immediately
filtered through HA "Millipore' filters (pore size - .45 miérons) to re-
mov; all oxrganisms. About 300 ml of the filtered water was stored in
screw~-cap polypropylene containers; thé remainder was stored in Pyrex
glass-stoppered bottles., Storage containers were rinsed with sample prior
to filling. Subsequént analyses for each chemical constiuent were run on
samples from each depth, resultiﬁg_in a vertical profile of the chemical

environment.

Concentrations of sodium, potassium and calcium were determined with .

a Beckman DU flame spectrophotometer, following the procedures given in
the‘Bechman Instruction Manual #334-A. Silica, tetal iron, phosphate,
chloride, sulfate, calcium, magnesium and total alkalinity were amnalyzed
using either colo;imetric or titrimetric procedures described by American
Public Health Association (APHA, 1965). Optical demsity of the solutions
fof'colorimétric analyéis was measured with either a Bausch and Lomb
"Spectronic 20" or a Klett-Summerson colorimeter.

Hydrogen ion concenération was detefmined with a Beckman expanded

scale pH meter., The pH meter used was thermally compensated and was
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.standardized with two buffers (to bracket the range of pH encountered)
before each use,

Nitrate determinations were made accofding to the method of Mullin
and Riley as described by Barnes (1962). Total inorganic carbon was com-
puted'frsm pH, temperature and total’alkalinity, using the formulae de-
rived by Saunders et al. (1962).

Total alkalinity, nitrate, phosphate and pH determinations were made
within 3~6 hours after field collection; all other analyses were run with-
in 48 hours,

The method used'for dissolved oxygen was the Alsterberg modification
of the Winkler technique (APHA, 1965). Samples for the determination of
diésblved oxygen were drawn carefully from the Van Dorn Watér Bottle into
separate 30b ml Pyrex, glass-stoppered bottles. The unfiléered samples
were "fiﬁed" immédiately upon céllection; and titrations were made from
2-6 hours later. |

Total alkalinity, pH, phosphate, dissolved oxygen and inoréanic car-
bon determinations were made during 1964. All anélyses referred to in this
. section were made during 1965.

Phytoplankton Standing Crop and Productivity

Vertical profiles of phytoplankton standing crop were obtained at
Station 3 for each cruise during 1964 and 1965. The total cell volume'per
unit volume éf water @mms/liter) was determined for each taxon in the
phytoplankton community as follows: (1) A 125 ml sample of lake water
was taken from the Van Dorn Water Bottle at each sampling depth, and pre-

served with about 5 drops of Lugol’s acetic acid solution. (2) Later, in
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the laboratory, the phytoplankton were uniformly resuspended in the solu-
tion, and a 10 ml settling chamber was filled-with the phytoplankton sam-
ple. (3) After 24 hours, the sediment was examined with an inverted
microscope. Morphological units (cells, trichomes, colonies etc,) repre-
senting each taxon were counted and their linear dimensions measured with
a Whiﬁple micrometer disk. (4) By assuming an appropriate geometrical
shape, the average cell volume per morphological unit was computed. A
series of ratios involving sample volume, magnification aﬁd number of
fields counted were used to compuée cell volume per liter, Lund et al.
(1958) have discussed tﬁe various aspects of the procedure described
above along with the étatistical validity of direct count methods.

Identification of the_phﬁtoplankton organisms was carried out to the

species level where possible; but in several cases, only gemneric desig-

. nations have been made. Smith (1960) and Prescott (1951) contain des-

ériptions of all phytoplankters included in this repbrto

Vertical profiles of chlorophyll "“a” concentration were taken at
Station 3 for each cruise in 1964 and 1965, Five milliliters of 90%
acetone were used to extract pigments from fhe phytoplankton which were
concentrated on réplicate "Millipore" filters during the procedure of
collecting water for chemical analysis. Extraction was carried out in
the dark for 24 hours at 0-10 oC° After extraction, the solutions weté
centrifuged and the optical density af each supernatant solution was de-
termined, AbSOrbanée values.determined on the Beckman, Model DU spectro-
photometer were converted to chlorophyll "a" per liter following the

method of Richards and Thompson (1952), The methods of Wright (1959) and
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Odum et al. (1958) utilizing the Klett-Summerson and Bausch aﬁd Lomb

spectrophotometers respectively were also used. On several oécasions, the
three above mentioned methods were applied simultaneously in order to
maintain standardization of techniques,

Two types of light and dark bottle experiments were used to obtain
profiles of primary productivity at Station 3. Two clear and two darkened
bottles were filled with lake water from each of the following depﬁhs:

(a) 1964 - 0, 1%, 3, 4%, 6, 7%, and 9 meters, and (b) 1965 - 0, 1, 2, 3,
4, 5, 6, 7, and 8 metefs, These samples were taken from the.Van Dorn Water
Bottle along with,ﬁhe ;amples for chemical and chloroﬁhyll "a'" analysis.
One light énd one dark bottle from each depth was inoculated with 10 miéro-

curies of_NaC14

HO3; The other set of light-dark bottles was used to
determine cyanges in dissolved oxygen that occurred during the subsequent
incubation feriod. Light and dark bottles were filled between 0400 and
0600 hours, suspended in the lake at the depthénfroﬁ which the samples
were taken, and removed from the lake 12 hours later; Upon r@moval,ltﬁe
bottles for diésolved oxygen analysis were immediately "fixed,” and titra-
tions were performed 1-3 hours later. Differences between the initial
oxygen concentratioen of the water and concentrations in the light and
dark bottles wére used te estimate community respiration along with gross
and net photosynthesis. -A photosynthetic quotient of one (1.00) was used

14

to convert oxygen concentrations to units of carbon. Samples for ¢ anal-

ysis were filtered through "Millipore" filters. After the filters were

dried, they were dissolved in 2 ml methanol. This solution was added to

14

15 m1 of toluene-base scintillation fluid., Activity of the C from each
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filter was measured by standard procedures on a Nuclear Chicago liquid

14 was determined

scintillation counter, Photosynthetically assimilated C
by subtracting the activity of each dark bottle from its corresponding
light bottle as suggested by McAllister (1961),‘ The relationships des-
cribed by Ryther (1956) were used to compute primary productivity at each
depth,

On several occasions during 1965, an attempt was made to follow in
situ changes in the coé concentration of the euphotic zone. Profiles of
pH, temperature and total alkalihity were taken during the day at 3 hour
intervais, starting before sunrise and continuing until after dark. Pre-
liminary investigations on the relationship between pH and CO; were made
on Hebgen water samples using the method of Beyers et al. (1963). Curves
derived empirig;lly by this method were nearly equivalent wiéh those cal-
culated from the equations of Saunders et al. (1962. Net change in the
CO» concentration at each sampling depth was determined graphically by
plotting 002,concentration against time of day. | |

The method of Ryther and Yentsch {1957) was used to estimate primary
productivity at Station 3, This method assumes an average ratio between
chl&rophyll and préduétivity at light saturation and requires additional
déta on: - (1) The average chlorophyll concentration of the euphotic zone,
{Z)Atotal sola; radiation, and (3) the extinction ceefficient of the water
column, Various authotrs such as Curl and Small (1965) and Ichimura et al.
(1962) have modified this original method by substituting assimilation
ratios of the local populations, obtained with light and dark bottle experi-

ments. Other investigators (Wright, 1959 and Williams and Murdock, 1966)
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have incorporated additional information into the formulae, A comparative
anélysis of several light-chlorophyll methods, using data from Hebgen
Lake, will be included in the next sectiom,

Zooplankton Standing Crop and Population Dynamics

Zooplankton samples were collected from all 5 permanent stations
during 1964, énd at Station 3 in 1965° Oblique tows, from the bottom of
the 1ake to the s;rface, were made with_a Clarke-Bumpus plankton sampler,
using a #10 net. Collections were preserve& in the field with 95%
ethanol,

in the 1aboraﬁory, the total volume of each sample was measured,
Upon uniformly suspending the organisms in the sample, 1 ml aliquots were
removed and placed in a Sedgewick-Rafter counting cell. A 30X binocular
microscope, equipped with a Whipple micrometer disk, was used to count
and measure each zooplankter in the aliquot. The number of eggs per ali-
quot, ahd the clutch size of egg,beéring individuals were also counted.
Successive 1 ml aliquots from the same sample were examined until 100 indi-
viduals of tﬁé most commen species had been counted and measurédf From
the above data, the population demsity of each’species_(number}lit@r) was
determined for each sample. Specific.parametérs of the populations spéh
as instantaneous birth rate, death rate and rate of increase were esil::.lcl=
mated using the methods described by Edmondson (1960), Hall.(1964) and

" Wright (1965). A more complete description of the calculations and as-
sumptions involved in computing population statistics will appear in the

following section, using data from the Hebgen samples.




RESULTS

Light

The total solar radiation received on each sampling day during 1964
and 1965 is given in Tables I and II. Values for the two summers ranged
from 206 to 704 laﬁgleys per day. Examination of valﬁes for comparable
calendar dates in 1964 and 1965 points up two facts regarding seasonal
weather patterns during the two summers. First, throughout tﬁe 1964 samp-~
ling period, Hebgen Lake received more solar energy than was received dur-
ing the same period in 1965. Second, the random distribution of high and
low values of total radiation reflects the frequent, although erratic
occurrence of rain storms and heavily overcast skies in the Upper Madison
Canyon,

Table I gives the average extinction coefficient of total visible
light at each sampling station for the 1964 cruises, It is noted that
Stations 1, 2, 3, and 4:appear to be quite similar with respect to trans-
parence, while at Station-S light is consistently attenuated at a much
greater rate. A't-test, preceaeded by the standard F-test, was used to com-
pare the average‘ektinction coefficients of the five stations. Between
120 and 150 degrees of freedom were available for each test between each
of the 10 possible pairs of stations. The statistical analysis showed no
significant diffgrence in the average transparency conditions among Sta-
tions 1, 2, 3, and 4. A highly significfnf difference was found when
Station 5 was compared with each of the other four stations.

A summary of underwater light conditioms at Stations 1, 2, 3, and 4

during 1964 is presented in Figure 4. Light intensity is plotted along
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Table I. Total solar radiation at the lake surface (langleys/day), and-
the mean extinction coefficient of total visible light of each .
. permanent. station ‘during 1964,

TotalA Mean Extinction Coefficient
Cruise . . 'Solar Station Station St;tion Station-Station
Number Date": Radiation:f. - 1-- jii 2 , ‘ 3 ';4‘ 5
1 June 24 700 - 0.58  0.52  0.64 0.59  0.90
2 July 1 . 657 © 0.53 0.6 0.62  0.62 0.8
3 July é. : 682 0.53 . 0.57  0.55 .. 0,55 .0.80
4 Csuly 15 704 0,53:'“50.48 . 0.56  0.56 0.82
5 “July 22 694 0.57 0.64 0.59 - 0.61  0.92
6 July 29 - 402 1 0.52  0.58  0.57 0.65  0.98
7 August 5. 580 . =- - 0.620 - --
8 ' August'lz 253 - - 0.60 ﬁ\ - --
9 . September 2 206 0.48  0.53 0.5 == --
10 September 9 562 0.60. 0.60 0.59  0.58 1.08
11 September 16 511 b<57 0.60 0.58  0.53  0.84
12 September 23 458 0.69 ...0.65 0.57 0,57 1.04
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the abscissa on a logar;thmetic scale and is expressed in relative terms
as the percent of corrected sgrface sunlight, The ordinate axis is the
depth of‘the lake in meters. The three iines on the graph indicate the
penetratioﬁ of‘total visible light at extinction coefficients of .69, .48,
and .58. These three values are the seasonal maximum, minimum and average
extinction coefficients when Stations 1, 2, 3, and 4 are considered to-
gether.

A number of field and laboratory studies have shown that the compen-
sation point for yarious phytoplankton organisms is reachéd at light in-
tensities of aboﬁt 1% total surface radiation (Vgrduin, 1964)., Therefore,
the compensation depth at Statiéns 1, 2, 3, and 4 would range somewhere
between 6.7 and 9.6 meters, with an average of 8.0 meters, By definition,
the compensation depth setsvthe lower limit of the euphotic zone, Here-
after, the texm "euphotic zone" will refer to the average euphotic zone,
or that layer of water between 0 and 8 meters depth.

Table 1T gives the average extinction coefficients of total visible
light measured on each cruise at Station 3 during 1965. The t-test was
used to compare the 1964 and 1965 average transparencies at Stafion 3. WMo
significant difference was fouhd between the mean extinction coefficients
of 1964 and 1965. |

Extinction coefficients of light passed by the three colored filters
are shown in Table II. On every cruise the light af 450 mp was much more
rapidly absorbed by the water than either red or green. Light at 650 mp
was the next most rapidly attenuated portion of the spectrﬁm,‘while the

penetration of green light hearly paralleled that observed for total
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Figure 4. Penetration of total visible light at the maximum, minimum and average extinction

coefficients found at Stations 1, 2, 3 and L.
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Table II Light conditions at Station 3 during 1965. - Mean extinction

coefficients are for total visible light and light.passed by.the
three. colored filters. Total solar radiation at the lake sur-
face is 'in langleys per day.

Total ”Mean_Extinction Coefficient
Cruise Solar Blue - Red - Green Totﬁf
Nuﬁber Date Radiation Filter Filter Filter Liéht
1 May 30 524 2,06  0.76  0.75 0.67 .-
2 " June 6 430 1.92  0.90  0.69 0.82
3 June 17 428 2,09  0.76 0.63 _ 0.64
4 . June, 24 267 1.68 0.76 - 0.65  0.68
5 July 1 380 1.59 © . 0.71 0.57 0.62
6 *July 8 547 1.44 0,63 0.57 0.52
7 July 15. - 612 1.36 . 0.62 0.57 0.56
8 July 22 564 - 1.54 °  0.73 0.54 0.68
9. July 29 b4bty 1.48  0.70 0.58 0.60
10 . August 5 490 - 1.82  0.74  0.54 0.49
11 August 12 429 1.60  0.81  0.61 0.63
12 . August 19 233 1.24 0.82 0.62 0.60
13 August 26 464 2,04 0.78 0.58 . 0.56
14 September 2 445 1,28  0.78  0.64 0.62
15 Seétemﬁer 9 242 1.42 0.67 0.54 0.57
16 September 16 213 1.66 0.56 0.49 0.53
17 September 23 . 417 1.66 0.68 0.63  0.59
18 October 2 345 .2.17 0.53 0.57 0.48
AVERAGE 1.67 0.71 0.60 0.59
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visible light.

Figure 5 shows the average spectral édmpositian.of the underwater
light at Station 3 during 1965. Under average conditions blue light was
reduced to 17 of surfaée intensity at 2.8 meters, while red lighé pene-
trated to 6.2 meters before being reduced to 1%. The 1% level of inten-
sity was reached for green and total light at 7.8 and 7.9 meteré
respectively.

Ruttner (1963) proposed a system of classifying lakes according to
their characteristic transmission values for light of 400, 500, and 600
millimicrons. By this mefhod, Hebgen Lake would be given a code number
of 265, since 20, 60, and 50 percent of the light at the 3 wave lengths
are transmitted throqgh each successive meter.,

Temperature and Conductivity

All profiles of temperature and conductivity are given in the appen-
dix. The various aspects of thermal and co;ductance conditions considered
in this section include: (1) Spatial relations-the vertical or horizontal
distribution of heat and electrolytes in the lake at any giy@n instant,
{2) Seasonal variation-the eyents that proceed with time at a given sta-
tion throughout a season, and (3) VYearly differences-the conditions that
grossly characterize one particular sﬁmmer,

Examination of Table III shows that on any date, there is a progres-
sive decrease in the average euphotic zone temperature from Station 1 to
Station 5., The average 1964 temperature profiles for the upper 15 meters

of all stations were compared by means of Student’s t-test for paired ob-

servations. Results of these analyses showed a highly significant
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Figure 5. Average spectral composition of light at Station 3 during 1965.
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difference between the average profiles for each pair of adjacent stations.

In Table III spatial differences are observed with respect to the
average specific conductance at the five stations. In general, there ap-
pears to be a progressive increase in the conductivity cf the euphotic zone
- from Station 1 to Station 4, éonductance at Station 5 is markediy less in
all cases,

From the above data, a g@neralized pattern for the heorizontal distri-
bution of heat and electrolytes -emerges. Throughout the summer coel, di-
lute water entered the main body of the lake from the Grayling Creek Arm
at Station 5, Grayling Arm water was then mixed with water of warmer
temperature and higher conductivity that,eﬁtered.fr@m the Madison River
Arm at Station 4. The upper 15 meters of water then underwent significant
increases in température and decreased in conductivity as it moved down-
1akg paét Stations 3, 2, and 1. It should be noted that local upwelling
or convergence could alter this general sequence significantly.

Figure 6 shows the thermal :egime at Station 3 during the 1964 and
1965 experimental periods. Spring temperatures were warmer during 1965
than on comparasle dates in 1964. However, in 1964 greater solar radia-
tion during suBsequent periods of time produced more rapid increases in the
temperature. Midsummer surface temperatures were greater than 21°¢c during
1964 while the corresponding high period in 1965 produced surface tempera-
tures of about 19°C. The lake underwent complete thermal mixing in mid-
September during both years. The temperature atvthe onset of fall over-
turn varied by about 2%c.

Figures 6 and 7 illustrate the more intense degree of thermal




Table III.

Average temperature (°C) and specific conductance (K 5 = in micromhos) of
the euphotic zone (0-8 meters) at each permanent'sta%lon during 1964.

Station 1 Station 2 - Station 3 ‘ -Station 4 ‘Station 5
Cruise o k25 °c | Kys °oc Kys 2c Kys oc Kyg
1 13.0. 259 127 259 12,6 233 12.3 . 249 1.6 132
2 15.8 260 15.0° 250 14.6. 25% . 14.9° 260 14.5 125
3 18.1 . 247. 17,9 - 252 1756 . 256 17.5 247‘- 7.1 137
4 19.7 244 19.7 247 190 252 19.1- 259 18.7 203
5 2216 251 21.7 248 20,9 258 20.6 ~ 258 .  20.7 179
6 22,1 24l 21.6 247 2156 247  21.1 253 21,4 175
7 22.2 230 21.8 - 230 214 256 - O
8 20.5 . 231 20.4 230  20.1 230 19.9 236  .19.5 190
9 16.8  -- 16.0 - = 16.0 == e - 14:3 .-
10 15.7 244 15.7 245 15.5 246 14.8 259  14.0 213
11 14.5 249 14.5 250 4.5 255 14,1 254 14.0 217

12

13.9 251 13.9 252 13.6 253 . 13.1 270 12.0 227

-EZ-

\
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stratification that occurred during 1964, In this year a distinct thermo-
cline formed in mid—July at about 7 meters. As the summer progressed, the
metalimnion was driven deepér and reached a maximum of 11 or 12 meters by
mid-August. 1In 1965 a pronounced thermocline never persisted, and Figure
6 (B) shows that more of a uniform thermal gradient existed.

Vertical and seasonal changes in temperature are shown in Figure 7,
The effgctivenéss of Hebgen Lake as a heat trap is well illustrated by

the successive temperature profiles., ' Areas between the profiles represent

heat stored over the intervening time period. Because of the constant deep

water discharge of cool hypolimngtic water, summer influent temperatures
are continually warmer than those of the effluént° Therefore, during the
summer Hebgen stdres advected heat in aédition to heat absorbed from solar
radiation, A discussion on the heat budget of reservoirs direétly appli-
cable to Hebgen Lake can be found in Wright (1967). |

Water Chemistry

Results of the chemical analyses should in part be considered in re-
lation to the geologic formation that comprises the major portion of the
upper Madison watershed, Most of the extrudedAground water that enters
Hebgen Lake via the Madisen River or érayling Creek has been in contact
with rhyolite or welded tuff, The similar chemical compositions of these
two bedrock fofmations are shown in Table 16, In Table IV the first

column shows the chemical composition of average rhyolite as taken from

Daly (1933). Columns 2-7 show the chemical composition of some Yellow-

stone rhyolite and tuff as determined'by Boyd (1961), It can be noted that

these formationms are primarily compounds of sodium or potassium alumino-
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Table IV. Chemical analyses of Yellowstone rhyolites (Boyd, 1961) compared.
. to the average composition of rhyolite (Daly;»1933)ﬁ

B @ (@ @) @ G) (8 @)
‘sdo, 72.80. 73.15  76.95 .76.77  76.78  73.91  67.09
"A1203 13149 12.13 12.18 11.71 '12.09 l11183‘ 13,08
'Nazo 3.38 4.01  2.98 4.01"  3.78 3.3 3,97
Kzo: 446 5.27 5,50 5.10 4,93 5.14  2.75
Fe,0,1 ',1?45 112 1.07  0.66 0.5 0.92  1.60
ca0 1.20  0.71  0.28 0.49  0.57  0.68  :1.89
MgO 0.38 0.13 q.iz 0.33  0.10 0.11  0.53
FeO 0.96 0.66 0.26 1.05 0.81 0.66 1.9
Ti0, 0.33  0.14  0.13  0.15  0.08  0.26  0.47.
Mno - 0.04 0.0l 0.05 0.2 - 0.04 0.0
Ba0 --==  .0.08 0.08 0.02 ~ 0.00 0.10 0.09"
2,0 0.08 0.00 0.07 0.00  0.09  ©0.00  0.08
210, -e== 0,04 0.0 0.04.  0.01  0.04  0.02
H,0 1.47 2.12 . 0.30 0.26 0.20 3.05 6.31

(1) Dpaly's (1933) average rhyeolite

(2)’“Glassy'ye1ded tuff; base of Yellowstone tuff; Mt. Everts
(3) Lithoidal welded tuff; Norris Geysef Basin )

(4) oObsidian scoria (plateau fiow)% Reas,PasQ, Montana

(5) -Obsidian (plateau flqw);‘obsidian Cliff

6), (7), Perlite (b;ateaurflow); Midway and Upper Geyseér Basins
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silicates, 'Takgn by weight, calcium and magnesium compounds together
usually comprise less tha& one percent of the total combosition.

Congentrationé of the four major cations found in Hebgen Lake are
showp in Table V. The column headed "0-8," under each ion, is the average
euphotic zone concentration. The range of Vvalues within the euphotic zone
on any given day seldom_varied outside the limits of precision for the
methods used. The column headed "11, 14, 17" is an average of sampies
taken from the indicated: three depths, and represents conditions in the
hypo_limnion° In the euphotic zone concentrations of sodium'ranged from
1.17 to 1.60 meq/1 with 5 seasonal average of 1.35.  Concentrations of
potassium were quite stable throughout the summer, averaging .1l meq/l in
both the euphotic zone and the hypolimnion. The rénge of concentrations
for potassium was .09 to .12 meq/l.

Sodium and potassium are of about equal abundance in Yellowstone

rhyolites (see Table IV), The large differences observed in the concen-

trations of the two ions are due to two factors. First, although the

sodium and potassium compounds decompose in the same way, the solubility of

sodium is many times greater, leading to a more rapid decompositioen of the
sodium feldspars., Once both ions are dissolved, sodium takes part in no
important precipitatioen reactions, since neariy all sodium compounds are
soluble in water., Several processes tend to selectively remove potassium
from solution and return it to the solid phase. Precipitation and ad-
sorption by clays are two means by which this can be accomplished,

The concentration of calcium in the euphotic zone ranged from ,19 to

.28 meq/l, around a seasonal mean of .23, Concentrations in the hypolimnion
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Table V. - Concentrations of sodium, calcium, magnesium, and potassium in
the. euphotic zone. (0-8) and in the hypolimnion (11, 14, 17)
during 1965\
‘ Sodium Galcium‘ Magnesium Potassium
. meq/1  meq/l -fmeq/1 meq/1
Cruise 0-8 11,14,17 0-8 11,14,17 0-8 11,14.17 0-8 11,14,17
1 - - - - - - - -
2 - - - - - - - -
‘3 1.26 1.44. 0.20 0.23 0.17 0.22 0.10 .0.12
4 1.20 1.47 0.19 0.20- 0.18 0.19 .0.10 0,12
5 1.26 1.42 0.22 .0.23 0.17 .0,23' -q,09. 0.10
6 1.36 1.32 0.19 0.20‘ 0.18 0.23 .10 0.09
7 1017 1029. 0.19 o0.21 0.18 0.21 0.10 0.10 .
8 1.21 1,27 0.19° 6.20 .  0.12 0.21  .0.09 0.09
9 1.31 1,46 0.21 0.21 0.07 0.10 0.10 0.09
10 1.24  1.26 0.26 0.26 0.14 0.1 0.11 0.12
11 1.35 1.31 0.25 0.31 0.15 0.19 .0.11  0.12
12 1.41 1.37 0.28 0.33 0.14 0.16 0.12 0.10
13 1.44 |1.41 0.26 0.30 0.12 0.14 0.11 - 0.10
" 14 1.47 1.41 0.23 0.25 0.14 0.14 0.10 0.10
15 164  1.42 0.24 0.24 0.15 0.21 0.1 0.11
16 1.42 . 1.37 0.26 O,ZQ 0.21 0.23 0.12 0.12
17 1.48 1.47 0.21 0.22 0.18 0,20 0.11  0.12
18 1.60 1.62 0.23 0.24 0.18 -0.21 0.11 0.11
AVERAGE 1.35 . 1.39 0.23 .0.24 0.16 0.18 0.11 0.11
]
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were consistently slightly highgr. Concentrations of magnesium were inter-
mediate to those of calcium and potassium. The relative abundance and
seasonal variation with respect to the four predominant cations can be
seen in Figure 8,

The most abundant anions in Hebgen Lake were bicarbonate, chloride
and sulfate. The total alkalinity, shown in Tables VIII and IX, is largely
bicarbonaté, since only trace amounts of the carbonate ion exist at the
hydrogen ion concentrations found in Hebgen Lake., Concentrations of total
alkalinity ranged from 1,12 to 1.48 meq/l in the euphotic zone during
1965. Figﬁre 8 shows that these concentrations nearly coincided with
those for sbdium over the same period,

Concentrations of chloride and sulfate are shown in Table VI and
Figure 8. The seasonal concentration éf chloride in the euphotic zone av-
eraged .56 meq/1 with a range of .45 to .72. Sulfate concentrations in the
euphotic zone fluctuated between .12 and .23 meq/1 ﬁith an average of ,17.

Table VII shows that silica was one of the most abundant constituents
found in the water analysis. It will be noted in Table IV, that with the
exception of oxygen, ;ilicpn is the most abundant element in rhyoclite.
Crystalline SiO,, as quartz, is one of the most resistant of all rock
minerals to the.attack by water. The greater part of dissqlved silica in
natural waters originates in the chemical breakdown of silicates. In
these reactions hydrogen ions replace metallic cations in the silicate
lattice, Some of the silicon—dxygen-grdups of the original mineral are
surplus to the.new arrangement and these, plus the replaced cations, be-

come available for solutien., .Silica concentrations in the euphotic zone
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Table- VI. GConcentrations of chloride, sulféte, phosphate and nitrate. in
the .euphotic zone (0-8) and in the hypolimnion (11, 14, 17)
during 1965,

Chloride Sulfate Phosphate Nitrate
meq/1 meq/1. - mg/L e/l
_Gruise 0-8 -11,14,17  0-8 1I,14,17 0-8 11,14,17  0-8 11,14,17
1 - .- 0.20 . 0.22 0.39 = e mer
2 - .- 0.23 0.2 0.19  -- -
3 0.70  0.80- 0.22 0.23 0,19 0.20  10.8  15.9
4 . 0.67 0.77  0.23 0.23 0.12 0.16 7.3 9.7
5 0.72 0.73°  0.20 0.21 0.08 0.12 2.2 6.9
6 0.66 0.65 0.4 0.14 0.12 0.15 1.2 8.7
7 0.60 0.63-  0.14 0.17 0.14 0.16 0.8 .15.7
8 0.54 0.61 0.12 0.14 0.11  0.17 6.6  22.7
9 0,52  0.56 0.15 0.16 0.12 0,19 6.2  29.3
10 0.48  0.49 0.17 0.15 0.07 0.19 5.4 52.7
11 0.47  0.43 0.17 0.17  .0.14 0.20 4.0 84.0
12. . 0.45 0.46 0.12 0.12 0.13  0.20 8.0  70.7
13 . 0.52  0.50 0.12 0.12 0.14 - 0.17 4.0 57.7
4 0.50  0.49 0.16 -~ 0.19.  0.16 ,0}18 5.7 37.3
15 0,52  0.52 0.14 0.15 0.16 0.21  13.0  13.0
16 ©0.53  0.53 .18 0.17 0.18  0.20 8.9 9.7
7 é.ss 0.57 0.23  0.23 0.20 0.20 1.8  10.7
18 0.56 -0.57 0.21 0.23 0.17 0.18 0.5 3.3

S . o GO Em me S R W W 8 D P O D N SO SR e T S N A e M MY AR AR AP TP N B D M AR WD GO G O R 4D SR M @0 Ve CH b W S D P D D WD D R D W NS G WP R Am 3 A6 M 4O = %O WO A OO
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Table VII. Concentrations of silica, ironm, oxygen, and the specific
conductance in the ‘euphotic zone (0- 8) and in the hypolimnion
(11 14 17) during 1965.

Siliea’ Iron Oxygen - Gonductivity
mg/L mg/1 © mg/l micromhos
Criise  0-8 11,14,17 0-8 11,14,17  0-8 11,14.17  0-8°11,14,17
1 43 44 - -- 8.54 7.8l 253 294
2 45 47 - - 8.25 7.33 226 279
3 40 © 45 -- -~ 7.76  6.85 225 255
4 37. 4l 0.12 0.12 7.75  6.22 203 241
5 37 40 0.10 0.12 7.45  6.06 205 224
6 38 37 0.12 0.10 7.73‘ 6.02 S 210 221
7 37 39. 0.10 0.10 7.29  5.38 “- -
8 36 - 36 0.08 o011 7.36 - 4.84 205 -213
9 36 38 0.09 0,11 7:.43 3,96 207 215
10 37 38 0.10 6.11 7.88  3.09 200 217
11 40 38 9;10 . 0.10 8.14 2,80 218 214
12 40 38 0.05 0.09 8.26 2,58 223 229.
-13 40 40 0.09 0,11 7.56  5.05 222 - 230
14 42 41 0.13 0.19 7.12  4.35 227 227
15 43 43 . 0.11 '0.11 7.07  6.16 231 231
iaA, 42 43 - 0.12  0.12 7.30  6.73 - -
17 4545 0.13  0.12 7.73 7.84 - -=
18 43 45 0.11 0.1l 7.82  7.80 . -
AVERAGE 40 41 0.10 ©0.11.  7.69 5.60 219 235
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ranged.from 36 to 45 mg/l.

The concentration of total iron ranged from .05 to .12 mg/l (see
Table VII) in both the euphotic zone and the hypolimnien.

Tables V, VI, and VII show that there was no appreciable accumulation
of sodium,‘calcium, magnesium, potassium, chloride, sulfate, silica or.
iron in the hypelimnion during thermal stratification. ‘The vertical dis-
tribution of each constituent stayed relatively homogeneous as indicated
by the similar seasonal averages for each zomne,

Table X contains the chemical analysis of water associated with rhyo-
lite. formations at several different geographic locations. A comparison
of the values in this table with those found in Tables v, VI, and VII
shows a remarkable similaxity°

Concentrations of oxygen, inorganic carbon and hydrogen ion are sﬁown
in Tables VII, VIII, and IX. ALl of these constituents are highly non-
conservative, and large diurnal fluctuations in their concentration were
often observed inm the euphotic zone. Since all analyses were made on
samples collectéd just before dawn, the weekly values should be comparable.
The dissolved oxygen and pH values given would represent daily minimums,
while total inorganic carbon should be at a maximum,

Dissolved oxygen in thé euphotic zone ranged from 7.07 to 8.54 mg/l
during 1965. 1In 1964, the range was from 6,70 to 8.23 mg/l, Table VII
shows that a.marked depletion of oxygen occurred in the hypolimnion during
the summer stagnation. Concentrations in the hypolimnion decreased
steadily from Cruise 1. An average hypolimnetic low of 2.58 mg/l occurred

on Cruise 12, shortly before the thermocline started to break down., With
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" fall overturn, the okygen supply in the deep water was replenished.

pH in the euphotic zone ranged from 7.89 to 8,85 during 1965. All
1964 pH values were within this range, Tables VIII and IX show that in
both years the highest pH occurred in mid-summer.

Total inorganic carbon, taken for Both years, ranged from 13.5.-

18.1 mg/1. Spring and summer periods were éharacterized by fluctuating
levels of carbon, never exceeding 17.0 mg/l. With the onset of fall
pvefturn, the epilimnion was enriched3 and eupheotic zone concentrations
were always above 17.0 mg/1.

Concentrations of phosphate are shown in Tables VI and IX. Euphotic
zone concentrations were generally high eariy in the season and again
after the onset of fall overturn. fhefe was- a noticeable accumulation of
.phosphate in the hypolimnion with the highest éoncenérations coccurring just
prior to the thér@al mixing period. in relation to average natural watexs,
the content of phosphate in Hebgen Lake is quite high,-

Nitrate coencentrations dﬁring 1965 are shown in Table VI. It is
noted thaf nitrate was present in nearly equal amounts, beth im the
euphotic zone and in the hyp@limnion; at the onset of the season. With
the progression of thermal stratification, hypolimmetic concentrations im-
creased until at the maximum they are some 20 times greater than these
in the euphotic zone., Fall overturn eventually restored vertical homo-
geneity. Absolute concentrations of nitrate are low, all values being ex-
pressaed in u grams/liter. However, these values are similar to thoge
reported for many natural waters,

The entire chemical budget of Hebgen Lake can be summarized on the




Table VIXII.-

i
Total alkalinity, temwperature, pH and inorganic carbon in

the euphotic zone during 1965. |

~ Total _
_ Alkalinity Carbon Temp.
Cruise .meq/1 pH: -mg/1 oC

1 1.3  8.18 16.3 11.3
2 1.39 ‘8:14 16.9 - 13,2
3 1.27 7.89 - 15.7 14.5
4 1.12. 8.11 13.5 16.2°
5 1,21 8.10 14.8 15.7

6 1.27 8.19 15,2 17,4

7 1.12 8.16 -13.6 --

8 1.27 8.29 15.3 17.8
9 1.21 8.42 14.6 17.5
10 1,30 8.67 . 15,6 18.0
11 1.32 8.85 5.1 . 18.2
12 1.40 . 8.78 ‘ 15;5 17.5
13 1,45 . 8.50 17.5 15.0
14 1.39 8.56 16.7 16,2 .
15 1.45 8.41 17.4 14,4
16 1.48 8.41 7.7 12.9
17 51,47 8.35 17.6 11.6
18 1.43 8.38 17.2 10.0
1.33 8.36 16.0 15.1
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Table IX. Total alkalinity, pH, inorganic carbom, oxygen and phosphate
- in the euphotic zone during 1964, '

" Total Inorganic '
Alkalinity ' Garbon Oxygen Phosphate
Cruise - meq/1 pH mg/1 mg/1 . mgfl
1 1.32 8.08 15.8 8.23 0.23
2 ‘ 1.57 8.12 | 16.4 7.84 é.14i
3 1.30 . 8,16  15/6 7.54 .6.10 
| 4_ 1.31 7.98 16.4 7.11 0.10
5 © L3783l 16.4 6.87 . 0.25
6 1.39 8.53. 16.6 7423 0.16
7 1.34 8.58 16.0 . 7.54 0.16
8 C 1.38 ° 8.59 16.3 7.56 6,15.
9 1.47 8.46 17.7 6.70 0.13
10 1,42 8.59 . 16.9 7.74 0.18
11 1.52 8.49 18.1 . 7.59 0.18
12 | 1.44 8.49 17.1 7.4 0.15

Dt - e S e S e TS ED ED R AR M AN R A N M3 S Cw e S e e B O S P G A SN U e S G A R e R R e G Gy NS G e G G N AS SN W S S T e e S
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Table X.- Chemical analyses of water associlated with rhyolite formations.

(4) Madison River near West Yellowstone,

Montana

1 (2) - (3) . (4)
silica (mg/1) 99.0  103.0  60.0°  89.0
Sodium (meq/1) 4.35 174 178 3.68
Calcium (meq/1)- 0.12 0.32 0.70 0.26
Magnes;uﬁ (meq/1) - 0,12 0.09°  0.62 0.03 -
Potassium (meq/l) 0.07 - 0.11 0.22
Iron (mg/l) 0.04 0.00 0.01 --

. Bicarbonate (meq/1) 1.82  1.26.  2.20 1,96, .
Sulfate (meq/l) 0,62  0.31.  0.29  0.40
Chloride (meq/1) - 0.28 0:48. 0.68 1.52

LOCATION . REFERENCE .
(1) :Q@yhee County, Idaho . Hem,

: (2)},Sandoval\éounty, New Mexico Heﬁ, 1959

(3) Harney.County, Oregon - Hem, 1959

Roeder; 1966
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basis of the information presented in this sectic;n° Wright_(1967) has
compared the nutrient regimes of reservoirs and natural lakes; and the
generalizations held forth for the former are directly applicable to
Hebgen.

During the period of intense biological productivity inerganic nu-
trients are éonstantly removed from the epilimnion through photosynthesis.
A sizeable fraction of these nutrients then enter the hypoiimni@n through
the sinking of organic mafter, In the deep water the elements are again
mineralized, but are unable to pass through the thermocline and into the
upper layers. This proéess is illustrated by the previous discussion of
nitrate and phosphate,

The sﬁrface water discharge of natural.lakes continually releases
nutrieht-poor water downstream. During fall overturn, the nutrients which
have been accumulating in the hypolimnion are replaced throughout the
water column, By‘this-pracéss natural lakes act as nutrient traps.

/
In Hebgen, nutrient rich.water from the hypolimnion, is constantly

being released downstream. This drain om the chemical budget keeps the

lake in a steady-state nutrient depletion.

Phytoplankton Standing Crop and Productivity

The plankton flora of Hebgen Lake was not particularly diverse at any

time during the 1964 or 1965 experimental periocds. Table XI 1lists all taxa

identified from the phytoplankton samples of both years, Those taxa
marked with an asterisk in Téblg'XI were rare, being encountered on only
a few, isolated occasions,

Table XII gives the average standing crop of the most important algae




Table XI. List of algal taxa identified from phytoplankton samples,

BACILLARIOPHYCEAE

‘#Achnanthes sp.
*Anphora sp.

Asterionella formosa

*Cocconeis sp.
_ Gyclotella‘sﬁ.

Fragilaria g;otbnensis

*Gomphonema -sp.

Melosira granulata

Meridion sp.
Navicﬁla s;,
#Pinnularia sp.
Synedra sp. L

. CHRYSOPHYCEAE -

%*Synura uvella

Chrysococcus sp.

)

. CRYPTOPHYCEAE

Rhodomenas .lacustris

Cryptomonas evata

DINOPHYCEAE

Ceratium hirundinella

CHLOROPHY CEAE

Ankistrodesmus -falcatus

.Chlamydomonas SPps

Chlorella ellipsoidea

glakﬁtothrix_gela;inosa
Gloepczstis sp.
*Ki?cﬁneriellafspg
Pediastrum sp.

Pandorina morum .

Qocystis sp.

*#Scenedesmus 'sp,.;

‘Schréederia setigera-

Staurastrum sp.

 EUGLENOPHYGEAE

*Trachelomonas sp.

MYXOPHYCEAE

Anabaena. spiroides

- Aphanizomenon. flos-aquae .
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plankton taxa during 1965.

Average standing crop (mm3/1iter) of the principle phyto-

o =

Q [} L

=1 2] + 1k

BTHN ) ] wn} A -

7] g « [=] ] @ = - QF

o o O:vil Qo g el L] g| s
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Qf -~ i o [e] g] & [~N ~| T

a| © = ALl O LI ) o1 m (=] g

o] = al » o -1 -] - o) 2

2| = &l 2 S E# al 8 gl 8 - B4l
Cruise = <l @ < =l o Ol o ) = ol.s
1 0.00 . 0,00 0.00 0,08 0.02. 0,02 0,00
2 0,01 0.00  0.00 0,10 0,03 0.03 0,00
3 0.03 0.01 0,00 0.18 0.06  0.05  0.00
4 0.07 0.02 0.00 0.14 0.06  0.05 0.15
5 0,14 0.08 0,00 0.16 0.03 0,02 0,00
6 0,13 0.15 0,00 0.20 0,03 0.02 0,00
7 0.12 0.20 0,00 0.14 0.06 0,04 0.15
8 0.11 ~ 0.25 0.00 0.10 0.06 0.05  0.00
9 0.09 0.58 0.33 0.08 0.02  0.06 0.08
10 0.05 1.36 1,66 0.10 0.01 0,05 0.25
11 0,03 1.41 2,72 0,02 0.03 0.06 0,32
12 0.03 2,16 2,96 '0,23 0.03  0.05 0.25
13 0.01 0.65 3.74 0.19 0,04 0,04 0,15
14 . 0,02 - 0.19 2,30 0.39 0.05  0.06 0,64
15 T 0.10 1.55 0.06 0.01  0.05 0,00
16 0.00 0.24 2,84 0.04 0,01 0,11  0.00
17 0.00 0,41 2,46 0.31 0.03  0.00  0.00
18 .. 0,00 0.44 0,21 0.39 0.06 0,10 0,00
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Table XII. (Coft.) .
[}
- - (] 4]
~ ol . o
: 21 ol & ol O o w o Total
© (o] [\ [ [ o) < o - -
Y "l @ —| g | 9| @ 2 ,
1 R g W S o 2 g & 8 Standing
cl . I} o] o = ol al o 2 N A
- >~ & 0 [v] ~ = ‘U - J [} g [N
Cruise wl o <| W =l o = wl « =1 ) Crop
1 0.04  0.13  0.01 T 0,00  0.01.  0.33
2 0,01  0.05- 0.001 000 0.00 0.0l - 0.30
3 - 0,10  0.0L  0.000  0.00. ° 0.00 0.44
4 0.00 . 0.09 0.02 0.00 T 0.00 0:61
5 0.00 0.02 0.01 0.00 0.01  0.00 . 0.48
6 0.00 0.02 0.01 0.00 ©  0.66 - .0.00 0.62
7 0.00 0.09 0.04 0.00 0.12 0.00, 10,96
8 0.00 0.04 0.06 0.00 0.06 0.00 0.73
.9 0.00 0,01 0,04 0.00 0.04 T 1.33
10 0,00 0.00 0.00 0.00 0.01. T 3.49,
11 0,00 6.00 . 0.00 0.00 0.01. T 4,60 7
12 0.00 0.00 0.00 T 0.03 T 5.74
13 10,00 0.01 0.00 0.00 . 0.02 T 4,85
14 0.00 -.0.02.  0.00 0.00 0.02 T 3,69
15 T 0.01 0.00 T 0.01 . T 1.79.
16 T 0.01 0.02 0.01 0.01 T 3.29
17 T 0.0 0.01  0.02  0.00 T 3.36
18 T 0.0l  0.03  0.04 0,00 1.31
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during 1965. This table includes all taxa whose standing crop exceeded
.01 mm3/1 at any time dﬁring the summer. A "I" for any species indicates

that the species was observed on the given date, but that the total cell

3.
volume was less than .0l mm™ /1. A zero indicates that no organisms were

foﬁnd. Counts and measurements of Chlamydomonas, Chlqrella and Chryso-
coccus were combined, and their total standing crop appears under the
column headed '"Microplankton''. This was necessary because the distoftien
.of cells, produced by-the preservative, made positive identification im-
possible much of the time. All values in Table XII represent the average
standing crop in the euphotic zone.

Table XII shows that during much of the summer variocus blue-green

algae dominated the phytoplankton community. Lyngbva Birgei produced the

largest biomass of any speciés, reaching a density of 3.74 mm3/1 in late

August. The only other species which reached a standing crop greater than

1,09 mm3/1 was Aphanizomenon'flos~aquae, A pronounced bloom of this
species occurred in early and mid-August, producing an observed high of
2.16 mm3/1,

Anabaena spiroides, Cryptomenas ovata, Creatium hirundinella,

Asterionella formosa, Schroederia setigera and the miéroplankton periodi-
. cally reached standing crops of between .1 and 1.0 mm3/1. All other | |
species in Table XII were of limited abundance; their standing crops rang-
ing from between .01 and .1 mm3/1; |

Figure 9 shows the seasonal distribution or succession of certain
phytoplankton taxa during 1965. Since large differences exist among the

absolute standing drops of the various species, the relative biomass of
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Figure 9. Seasonal standing crops of the five most abundant phytoplankton species during 1965.
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each organism is plotted in Figure 9. Relative biomass on any date is the
percent of tﬁehhighest'standing crop that tﬁat species attained during the
summer,

The most important species of the early spring period was Asterion-

ella formosa. The highest standing crop of this organism was observed on
May 30, bﬁt'substantiél peaks occurredflatef on June 17 and July 15. With
the demise of the final peak, the abun&ance remained limited for the dura-
tion of the season,

Anabaena spiroides was the next species to reach maximum biomass.

From its firs£ appearance on June 6, it reached a peak standing crop of

.14 mm3/1 on July 1, A gradual decline in the abundance of this organism

followed, until on September 9, ité presence was no longer detectable,
The first ﬁuild up of standing crop, to reach real "bloom'" propor-

tions, was that of Aphanizomenon flos-aquae. A gradual increase in the

biomass of this specieé started on about June 17, and continued through
the next 8 weeks until the maximum standing crop occurred on August 19, A
rather rapid decline, followed by a slight increase, occurred during the
rest of the season.

Immediately following the Aphanizomenon peak was the maximum standing

crop of Lyngbya Birgei. This organism made its first appearance some five

weeks later than Aphanizomenon, but its highest standing crop occurred one

week later than Aphanizomenon, on August 26. A two week decline in this

organism was followed by another substantial peak on September 16. The
latter peak was followed by a fapid decline in standing crop.

There was less of a marked periodicity in the occurrence of
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Cryptomonas ovata than in any of the organisms considered in Figure 9,
Detectable populations of this organism were present on eﬁery date through-
out the\season. During the season the standing crop ranged from .02 to
«39 mm3/l. A relative standing crop of 100 percent occurred for this
organism on September 2 and October 2.

In addition to Cryptomonas, two other constituents of the phyto-

plankton community occurred with notable consistency., These were Rhodo-~

monas lacustris and the micreplankton., The standing crdp of the former
nranged from ,01 to .06 mm3/1 and that of the latter between .02 and .11
mm3/1. Both factions were present, in these rather limited numbers, dur-

ing the entire season.

Fragilaria crotonensis and.  Schroederia setigero maintained small

standing crops during parts of the season, Ceratium hirundinella attained

-

rather sporadic peaks, with a maximum of .64 mm3/1 en September 2,

The qualitative aspects of the seasonal periodicity seen in Figure 9
are similar to those found in numerous studies from‘a'wide range of geo-
graphic locations., Some of the descri?tive literature, pertaining to
phytoplaﬁkton succession, hés been reviewed by Fogg (1965),and Lund
"{1964 and 1965). '

| The accumulation of total phytoplankton biomass during 1965 is seen
1in Figure 1@, There was a gradual increase of standing crop from May 30

to about August 1. During this period, the standing crop increased from

233 to 1.33 mm3/1° From August 1, rapid rates of increase in the stand-

ing croﬁ of both Aphanizomenon flos~aguae and Lyngbya Birgei produced the

sharp rise and high peak of total biomass on August 19. During this three
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6.0 Chlorophyll (u grams / liter)

------ Cell Volume (mm3 /liter) X

5.0
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June July August | September 1

Figure 10. Total phytoplankton standing crop and chlorophyll
concentration in the euphotic zone during 1965.
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week period, standing crop increased from 1.33 to 5.74 mm3/1. ' The follow-
ing three weeks were accompanied by a rapid decline of total standing
stock. A substantial rise ended the final two weeks of the study pericd,

Conditions of phytoplankton standing crop and species sﬁccession
were very similgr for the years 1964 and 1965. The same species shown in
Figqrg 9 appeared, became dominant and declinedin the sequence shown in
Figure 9 and discussed above, Minor'variations were found with respect
to the dates of these eventé and the absolute values of standing crop
attaiﬁed. The total standing crop for each cruise during 1964 is shown
on Table XV.' |

Chloropﬁyll'concentrations in the euphotic zone are shOWn-in Tables
XV and XVI. These values represent averageé Af the profiles taken through
the euphofic zone, Vertical distribution of the chlorophyll was rarely
homogeneous when samp¥ed on any cruise, The dark peiiod immediately pre-
ceding the cqllection'of samples was invariably calm, with no wind action
on the éurface of thg lake, " This period of reduced turbulence in the
epilimnion allowed some degree of micro-stratification to occur in the
eplimnion., Non-motile plankton algae would then accumulate in various
strata according to their'spgcific gravity, while motile foxrms might
migrate to certain debths. The result would be a seemingly exratic verti-
cal distribution of phytoplanktén at the time the samples ﬁere collected,
Direct cell volumg éeterminatiqns and chlorophyll analyses both showed
this to be the case. Thus far, any patterns ox direct relations of the
vertical distribution of phytoplankton hgve not been found in this study.

The significance of this complex vertical distribution is somewhat
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Table XIII. Primary productivity and respiration as determined with
light and dark bottles during 1964. '

(1) 2) 3) (4)
TOTAL 3R6DUGTIVITY RESPIRATION . NET 0, GROSS 0,

, -t —

" Cruise G¥4' _Grosé Net 0'4' ¢ ‘

o O 9
1 - 0.26  0.33 - =0.09 - -
2 == 0.80_  0.56  0.24. g -
3 - 0,40, 0.2 -0.02. . == -
4 - 0.65 0.47 - 0.18 -- .-
5 0.32  0.79 0.86 ~ -0.07 2.7 2.5
6 0.35 - 0.90  1.30  -0.40 S 3.7 2.6
7 0.65 1,28 0.84 0.44 1.3 2.0
8 0.23  0.45 . 0,59  -0.14 2.6 2.0’
9 . 0.16 '0.26." 0.67 - =-0.41 4,2 1.6
10 0.4k - 1.0 | 1,32, -0.22 - 3.0 2.5
11 0.39  0.85 gggg 6.03 2.1 2.2
12 0.21  0.61 0.53 ' 0.08 2.5 2.9
L, @ g ¢/ u? / day
. (3}; (%) Photosynthetic Quotient
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Table XIV. Primary productivity and respiration as determined with
light and dark bottles during 1965.
(1) - (2) (3) (%)
TOTAL PRODUCTIVITY  RESPIRATION NET O, GROSS, 0,
' ik YA
Cruise Cl4 _ Gross Net
0y 0y
1 0.10  0.44 0,34 10.10 3.4 A
2 0.14  0.62 0,51 0.11 3.6 4.4
3 0.26  0.42  0.54 -0.12 2.1 1.6
4 0.22  0.45  0.37 10,08 1.7 2.0
5 0.23 . 0.58 0.61  .-0.03 2.7 2.5
6 0.28 0.70 0,71 -0.01 2.5 2.5
7 0.42 0.8 - 0.73 0.11 1.7 2.0
8 0.13  0.71  0.67 0.04 5.2 5.5
9 0.12  0.65 0,84  -0.19 7.0 5.4
10 042 1.81  1.93 -0.12 4.6 4.3
11 0.40  1.16  1.03 0.13 2.6 2.9
12 0.18  0.75  0.41 0,34 2.3 4,2
13 0.27 1.08. 0.92 0.16 3.4 4.0
14 10,45  1.70  2.13 -0.43 4.7 3.8
15 0.39 0.78  0.68 0.10 1.7 2.0
16 0.27  0.40 1.32  -0.92 4,9 1.5
17 0.16 0.3  0.70 -0.36 A 2.1
18 - - -- -~ - --
1), (2) g C / m? / day

(3), )

Photosynthetic Quotient
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lessened by the normal daytime conditions in Hebgen Lake. Dﬁring the day
strong winds constantly produce large waves on the surface of the lake.
This produces turbulence in the epilimnion and reduces the micro-stratifi-
cation. In short, this mixing preduces a more homogeneous vertical distri-
bution of phytoplankten during the period of photosynthetic activity.
Average concentrations qf chlorophyll presented in Tables XV and.XVI are
probably representatiye of conditions throughout the euphotid zone during
the period of daytime tugbulence,

* Yentsch and Ryther (1957) first reported on the diurnal variation
found in the chlorophyll content pf various marine phyteplankton. Sub-
sequent studies have shown that a diurnal periodicity in the chlorophyll
content of natural waters is of widespread occurrence, High and low values
often differ by a factor of 2 or 3, On the basis of these studies, the
Hebgen Lake samples taken between 0400 and 0600 hours would represent
daily low values.

Seasonal fluctqations in the chlorophyll content of the euphétic zone
during 1965 are shown in Figure 10. The values.ranged between a high of
4,43 ug/l on August 12 and a low of 1.24 ug/l on July 22,

Figure 10 shows the relation between average chlorophyll concentration
and average total cell volume in the euphotic zone during 1965, A regres-
sion analysis of a11.simu1taneous measurements of éhlorophyll and cell
volume taken in both years, yielded a correlation coefficient of .46. This
value was not statistically significant. The regression coefficient (ox
slope of the regression liné) was .27, A fréquency analysis of the chlore-

phyll/cell volume ratios given in Tables XV and XVI is shown in Figure 1l.
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- This figure shows that ratios of 0.0 - 2,0 were ﬁos; prevalent. Higher
raties occurred WithLa uniform limited frequency.

“Two expiaﬁaéionéupfeseht pheméelves_in considering a moor generalized
'correlation between chlorophyll and.ceil volume, $he'first of these would
be inherent diffefences among thé predoﬁinént species:of a commﬁnity at
two different times of.yeafni in Figuté 10 it is seen that from May 30 to
about July 15 chlorophyll/cell volune ratioé are high, ranging from-almosf

4-to a little over 10, During this time the flora consisted of diatems,

small flagellates, and only one blue-green algae, Anabaena.

With the oc?urreﬁce of appreciaﬁle‘populations of Aphanizomenon and
Igngbxa, ratios,decreased'sharfly to bétween 1.0 and 2.0. During the peak
stahding cxrops of the'1atterntw6-organ18ms, ratios dropped to below gnﬁtya
The more 1imited'eviden§¢ of 1964 shows tﬁat exactly the same pattern oc-
cgrred during that“ygayo | | |

rAn additional:gptéI:egarding.specﬂes_differehqes_is concéfned yi?h.
diffe?enges in the ektractiéns obtained with ﬁari@us éfganismso It would
appear that the chlorephyll from delicate, fragile cells Sﬁch a§ diatoms
and flégellates would be easily extracted. The.heavy she@th around
izggbxa trichomes and the heavﬁ céll walls often observed in other blue-
. green algae could make extraction more diffiéult and often inéompletéall.

Different physiqlogical conditioné of the same species‘could also
ﬂaccount for variations in the chlorophyll/cell volume ratio. Ketchum
et al, (1958) have discussed the effects of nitrogén and phosphorus defi-
ciencies on the chlorophyll production of plankton algae. A comparison of

the field observations summarized in Figures 9, 10 and Tables XII and
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Table XV, Characteristics of the phytoplankton community during 1964.

: Nl () " (3) ) Gy - (6)
Chlorophyll Total  Chlorophyll Magimum Maximum ¢'? 7
Cell per cell . Gross 0, Assimilation . _
. Volume Volume Assimilat%on Ratio 614
Cruise ' ‘ | Ra;io R
1 2,84 0.85 . 3.3 - 2.1 -- -
2 3.3 1.2 3.00 2.7 - --
3 2,02 0.91 2.22 6.1 - -
4 2.80 1;66‘ 1,69 ﬂ}.4 - -
5 3.22 4.68 0,69 8,7 . 3.6 0.58
6 3.78 . 410  0.92 541 3.2 0.41
7 4.66 5.21 0.89 . 6.4 3.8 0.53.
8 2,92 3.33 0.88 6.4 4.6 0.56
0. 272 2.18  1.25 2.8 1.4 0.40
10 6.47 3.79 ' 1.71 4.5 1.5 0.39
11 357 0 2.0 170 4.0 1.8 0.34
12 2.89 2.53 - 1.14 3.2 1.2 0.34
(D) mg/liter
2 mmo/liter
3 pg/mm’

(4),(5) mg €/ mg Chlorophyll / hour

.
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Table XVI. Characteristics of the phytoplankton community during 1965.

(1) @ 3 (4) ) (6)

Ch16r0= ' Chloro-  Maximum .'ﬁaximum 014 F pH-CQ2
PYIL DL Gross o) ASeletion i presuctiviey
Cruise . - 'volume Ratio
1 2.59 7.85 2.0 0.9 0.23 --
2 3.09 10.30 2.3 Lil - 0.27 --
3 3.61 8.20 - 3.2 2.0 0.34 --
4 2.92 4.79 bt 2.3 0.31 0.27
5 3.32 6.92  .3.0 L7 .0.30 0.30
6  3.35 5.40 5.0 2.2 0.32 0.21
7 3.76 3.92 5.3 3.0 0.30- 0.35
8 1.2 . 1.70 7.8 2.8 0.29 0.21
o9 1.53  L.15 8.0 3.7 . 0.38 0.18 -
10 3.54 1.01 6.0 . 2.7 0.22 0.36
11 4,25 0.92 7.8 2.1 0.20 0.45
12 © 3,90 0.68 7.2 2.9 0.35 0.30
13 3.03° 0.62 3.8 1.7 0.24 -
14 4,43 11,20 4.8 1.7 0.20 --
15 4,25 . 2,37 3.6 1.5 .0.29 --
16. 3.95 1;20 2.9 1.3 0.22 --

17 2.81  0.84 2.3 1.0 0.29 -
S8 L gl et S T T e s« SR
(L) ug/liter
(2) ug /mm-

3),) -mgcC /mg Ghlorophyll / hour
m=/day :
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XVI show that physiolegical variation was probably responsible for differ-
ences in chlorophyll/cell volume ratios during the late-season pulse of
blue-greéns. |

Numerous éther authors have found poor coréelations between chloro-
phyll concentrations and cell volume. Mullin et al. (1966) found no
linear relationship between cell volume and chlorophyll "af in cultures
of marine phyt;.oplankton° Paasche (1960)'repofted that measurements of
cell volume wefe of limited valué in predicting'cﬁlorpphyll concentra-
tions or primary productivity in the phytoélanktop community. Recently,
measurements of the -total surface area of marine phytoplankton by Mullin
et al. (1966) have shown éood chrelation with ether ecoldgically signi f-
icant properties of the community.

Results of the light and dark bottle experiments, to determine rates
of phytoplankton productivity, are shown in fables XIII and Xiv. Rates
of photosynthesis are reportéd as Fhe total grﬁms carbon assimilated by
the phytoplankton community under éne-square meter of lake surface per
day. This value was determined by plotting productivity versus depth and
determining the tot#l area under the resulting curve, The "Gross 05,"
"Net 0," and "Respiration” columns refer to those measurements derived
from changeé in dissolved oxygen. The ncl4 column shows the results
of the radioactive.carbon studies, |

14

Values of gross 02 and C™° productivity have been plotted in Figure

12, This figure éhows the degree of relative and absolute agreement

obtained by the two methods, From a relative standpoint to the two metheds

give quite similar results. Both show pronoﬁnced peéks of productivity on
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August 5 and September 9, 1964 and again on July 15, August 5 and September
2, 1965. The correlation betweén the two metho@s during low productivity
periods is also good. - In short, the overall shapes of the two curves are
.very similar,

The differences observed in the absolute values of productivity ob-
taine& with each method are §triking. Values of both net and gross 02
producfivity wéré, without-exceptidn;lhigher than those obtained with
014, Since great,care.wés taken, throughout both summers, to maintain
‘standardization of methods, it would aﬁpear that any exrror resulting
from teéhnique would tend to be a constant value. waevér, differenées
in né; 02 and C]'4 measurements vary.between a. factor of 1.3 and 7.0,
while gross 02 is from 1.5 te 5.5 times greater than CM°

Since a photosynthegic quotient (PQ) of unity was assumed in con-
verting oxygen measurements into units of carbon, columns 3 and 4 in
Tables XIIL and XIV represent the PQ’s for the ﬁh&toplankton community
during the time of each experiment. Ryther (1956) reviewed a number of
experimentsg, designed to dgtermine'the PQ of various planktonic algae,
and finally sﬁggested a working value of 1.25. 1t is obviocus that if
all values for ¢14 in Figure 12 were multiplied by this number, agree-
ment of the two methods would still be far from close. Thérefpre if
- must be concluded that differences between the two methods must'either
be experimental artifacts or real occurrences in nature..

Eppley and Sloan (1965) performed a number of detaiied experiments

on the carbon metabolism of various marine phytoplankton. Among their

results, they found abnormally high PQ values for several species of .
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diatoms. Even under garefully.gontrélled exﬁerimental conditions, they
were unable to detect a possible cause for these high measurements.
Thomas (1963) noted a high PQ for phosphorus defiéient cultures of

Dunaliella primolecta and McAllister et al, (1964) show the same effect

for both nitrogen and phosphorus deficient cultures of Skeletonema.
Meyers and Cramer (1948) showed that the PQ in Chlorella cultures varied
with intensity of illumination.

The PQ values in Tables XIII and XIV were'compared to other data
taken simultaneously in Hebgen Lake. No adequafe‘cor;eiations were
found between these values.and nutrients, ph&sical factors or the species
compesition of the plankton community. It appears that this particular-
-aspect of phytoplankton-metabolism needs éddition@l study Eéth in the
1aborafory and in the field,

Valﬁes of community respiraﬁioﬁ, measured with the dark oxygen bof-
tles, are shown.in Tables XiII and XIV. One of the most perplexing as-
pects of the entire'study was thé,frequent occurrence éf ihqreased amounts
of dissolved oxygen in the dark bottles at fhe end of the incubation per-
iod. On éeveral‘occasioné, this increase occufred in sufficient ameounts
to cause éhe negative résbiration values seen in Tables XIII and XIV,A
This had the further interesting result of making the measured net photo-
synthesis greater than the gross value, A number of.labqgator& exﬁeri-
ments were undertaken by tﬁis author in an attempt to reproduce this
phgnomenon'undgr cdntrolled conditions. No positive results were obtained,
Although it is‘belieQed that this dark increase of oxygen is of common

occurrence in modern limmological investigations, no literature has been
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found relating to the pessible cause, The effect of this happening,
however, is to place some doubt on the validity of the entire oxygen
method, |

Table XVI gives the results of the method utilizing in gigg changes
of CO9 to estimate primary ﬁroductivity. It can be seén that'the values
obtained most nearly coincide with the cl4 measuremenés,l Better agree-
ment might be obtaimed if thése values were corrected for the physical
tramqurt of COy in or out of the euphotic zome, Estimates of eddy dif-
fision, and the subsequent corrections, might be made similar to the
method of Wright (1961). 1In addi%i&n, indirect evidence obtained during
the collection of the field.data, indicated that advection ma& play an
important role in the différential transport of gases past a fixed station.
It is suggésted that the present method might bé improved if an attempt
was made to follow discrete water masses throughout a diufnal\period.

The relative corrglatian between chlorophyll.and p;imary'proéuctivity

can be seen by cemparing Figufes 16 and 12. Curves for 014

an§ grossloz
productivity have essentially the same\characteriséics as the one for-

chlerophyll. The photesynthetic ratés computed by the method of Rygher
and Yentsch (1957).are given in Tables XVII and XVIII. This method uses

the equations

R
P=k xCx 3.7

Where P is the productivity in grams carbon per square meter per- day,
R is a variable, relative rate of photosynthesis--the value of which is

fixed by the amount of total solar radiation, k is the -extinction
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Table XVII. Estimates of primary productivity during 1964 by various
methods utilizing chlorophyll and light data. '

TOTAL PRODUCTIVITY

g C/m?/day
Ryther and Curl and- - Wright New
Cruise Yentsch 1957 Small 1965 1959 Method

1 0.44 - - -
2 | 0,52 - - -
3 0.36 - S L
4 0,50 - .- -
5 0.5 /0,32 0,63 0.59
6 10,49 0,29 0.48  0.58
7 0.67 0.40 0,83 0,78
8 0.27 ©  0.16 0.69 . 0.26
9 0.24 0.14 0,15 0.12
10 0.97 0,57 0.3 0.46
11 E 0.52 10.31 0.21 0.21

12 0.39 0.23 0.11 0.14
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Estimates of pr@m?ry productivity during 1965 by various
methods utilizing chlorophy;l and light data.
TOTAL PRODUCTIVITY
g é/mzlday
"Ryther and Curl and Wright - - New
Cruise Yentsch 1957 Small 1965 1959 . Method .
1 0.33 - 0.20 0.04 0.08
2 0.29 - 0.17 " 0.06 0.10
3 0.40 0.25 0,21 . . 0.17 .
4 0.25. 0.15 0.17 . 0.14
5 10.39 0.23 0.15. 0.19
6 0,57 0.34 0.25 0,36
7 0.62  0.37 0.33 . .8.40
8 0.16. 0.0  0.08 0.11
9 .0.20 0.12 0.20 0.13
10 0.59 © 0,35 0.24‘ 0.41
11 0.51 0.30 0.16 0.37
12 0.34 0.20 0.37 0.22
13 0.43 0.26  0.12 0.19
14 0.56 0.33 0.13: 0.29
ﬁg 0.41 0.25 0.43 0.17
16 0.36 0.21 0.12 0.12
17

18

0.35 0.21 0.08 0.10
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coefficient of the water column, C is the average chlorophyll concentra-
tion, and 3.7 is an average assimilation ratio at light saturation--the

units of which are grams Carbon per gram chlerophyll per hour.

Figure 12 shows the values calculated by Ryther and Yentsch'’s method,"

plotte& with the values for 014 and gross 0, measured productivity, The
reLative agreement‘is good in most instances, but it aspears.that a better
fit between this method and either Cl4 or gross 0, might be obtained by
multiplying calculated chlorophylljlight values by a constant factor,
! By the authors admission, the average assimilation ratio of 3.7 was
the weakest p01nt in the method, Carl and Small (1965) obtained better
comparisons between the chlorophyll-light method and cl* measured values
by using a locally obtained assimilation ratie.

The assimilatidn'ratio, at the depth of light saturation, was com-
‘ puted for every.cruise on hebgen Lakeo _Both values of gross‘Oz_and Cl4
productivity were used, The resultant values are given in Tables XV and
XVi. Using the average assimilation ratio, obtaihed with the 0;4 measure-

ments, the productivity was then calculated using the formula:

R
=k xCx 2.2

The values obtained with this method are given in Tables XVII and XVIII.
rlght (1959) attempted to replace both constants in the orlglnal
-equation with variables indicative of the local s1tuat10n. The resultant

equation was:

4,6
- P= k x FxTxCxR
. : opt
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Where éﬁé sets the limit of the euphotic zone, F is the ratio of photo-
_ synthesis ét light saturation to total euphotic zone photosynthesis, T is
the number? of hours-of photosynthesis, C is chlofophyll‘concentration and
. Ropt is the assimilation ratio at light saturétibn. Values of F for
Hebgen Lake were computgd using the 614 productivity profiles, and are
presented in Tables XV and XVI. Wright’s (1959). F values ranged from .34
te .60, F values for Hebgen were between .20 and ,58. The productivity
cémputed by:this method is shown in Tables XVII and XVIII.:

The relationship between the assimilation ratio at light saturation
and total sélar radiation is shown in Figure 13. it is seen that over the
e&tire fange_of field lighf coﬁditions, the ratio is indépendent of the
amount of sunlight falling on the lake surface. The otﬁef most likely
pﬁ&sical factor to affect the maximum assimilation ratio would be tempera-
t&re, In Figure 14 the log.of tﬁé assimilation ratio at light saturation
is plotted against the average temperature in ﬁhe euphotic zone, A rather
ciear cut linear relationship is observed, with the ratios obtained by
bo%h gross 02 and C14 measﬁreﬁeqts, Thg lines, which are éye-fitted to
the peints, give the photoéynthetic mechanism an approximate Q10 of 4.4,
This is somewhat higher than the Qqq of 3.2 obtained by Williams and
Murdock (1966) in similar field investigations.

The relﬁgionships obsefvéd between.temperétﬁfé-andﬂassimilafion ratios
were used to modify the original method of Ryther and Yentsch (1957)° The
formula used was;

‘ R
P=k x Cx Ay
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Where all variables are the same as in the original equation except ATo

AT (the temperature-dependent assimilation ratio) is found in Figure
14 at the intersection of the line through the points and the average
temperature of the euphotic zone on the particular day.

A comparative analysis of the four chlorophyll-light methoeds is
summarized in Figure 15. A regression line between CIA-meaSured photo-
sfnthesis and each method of calculation was computed from the data in
Tables XIII, XIV, XVII an& XVIiI. Tﬁe dotted line om each axis'represents
the perfect 131 correlation, 1In each small figure, b indicatég the slope
of the regression line and r is the correlation ceefficient, |

The two methods (A and B) which utilized the constant assimilation
ratios gave the poorest fit with respect to the perfect line. This
merely indicates that in nature there is enough variation from the average
condition to seriously limit the accuracy which can ever be qbtaine& by
such methods. Methods C and D yielded regressiom lines that best fiﬁ the
desired 1:1 situation, This was to be expected, since both methods used
data which more nearly represented the pepulations under consideration,

It would appear that methods C and D represent an aﬁproach in the
right direction. In Wright'’s (1959) method the major improvement was to
take into account seasonal variation in the vertical preductivity profiles.
Tﬁis is synonymous with saying that differences in the species compoesition
of the phytoplankten community are being considered. The new methed in
this paper introduces a variable assimilation ratio based on knowledge of
the euphotic zone temperature. In.the future, it would seem desirable to

further refine these methods with information based on the concentration
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of nutrients and/or other environmental factors.

Zooplankton Standing'Crop and Productivity

Table XIX shows the standing crof of the six majer zooplankton species
found at each station &uring 1964, Population densities are reported as
the number of individuals per square meter of lake surface. Values at
each station have béen weighted to compensate for differences im the
depths of the water.,

The most abundant zooplankters at every station were Daphnia schod=-

leri and D, galeata mendotae, Populations of D, pulex were usually too
low to permit adequate sampling.

Among the copepods encountered, Diaptomus nudus reached the highest

sﬁanding crops at every station. Diaptomus leptopus and Cyclops bicus-

pidatus thomasi maintained limited populationé'at every station through-

out most of the season.

Figures 16 to 20 show the seasonal distributions of Daphnia schodleri

an& D. galeata at the five stations during 1964;. A pranougc@d peak, early
in the season, was.observed in the D, schedleri pepulations at all stations.
The magnitude of this spring maximum varied between 1.1 x 106 organisms per
square meter at Statien 4 and 7.0 x 104 per square meéer at Statiom 5.
Stations iz, 2, and 3 were all similar with respect to the size of this

spring peak, reaching highs of between 5.0 x 105 and 7,0 % 105

D, schodleri
per square meter, 'The date of the spring maximum varied from June 24 at
Station 2 to July 15 at Statiom 5. F@lléwing the spring peak, populations

of D, schodleri characteristically declined to lower mid-season densities

at all five statiomns. Toward the end of the experimental period, there was
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Table XIX. .
' at each station during 1964.
STATION 1
number b4
W
=]
&4
Ll [} /)] /]
= o =] =10 "]
9] © .0 o (5] w] A =] gl 3
et et =l l =1 [+] .0l &y
[~ B v} gl « al ® of « o ow & o
S E-E S;ﬂ 48 2E i
o] O ® [1:] B~ ot 1 =] | @
[=13"] [=] (=] (] RE=] (=1~ [=] ]
Cruise
1 17.8 0.0 0.2 0.4 0.0 0.2
2 21.6 3.6 0.4 2.0 0.2 0.4
3 13.0 0.4 0.0 0.8 0.2 0.2
4 29.2 2.0 0.2 1.2 2.4 1.2
5 27.4 1.8 0.2 2.2 6.8 4,2
6 32,2 3.2 2.2 3.0 3.4 . 2.6
7 14,4 2.4 0.0 3,2 0.8 1.6
8 13.6 6.2 0.0 1.4 1.4 0.2
9 37.2 37.6 0.2 0.6 2.6 1.0
10 31.8 21,4 0.6 0.4 5.8 0.6
11 9.0 3.6 0.0 0.2 . 0.6 0.2
12 4.0 2.8 0.2 0.0 0.4 0.2
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Table XIX (cont.)

STATION . 2
number / ﬁz X 104

sndo3der
_snmo3deTq

‘snpnu ‘|

m:ﬁowmmwa:

sajeprdsnotiq
sdo1249
_xuanm
eTUYdeq

e3eaTes

etuydeq

FI9]poyos

- etuydeq

2.0"

Cruise

0.1

0.7 -

0.1

0.7

68.7

0.0 2.5 0.4 0.1. 0.3

24.8

8.5 0.0 53 0.4 b

35.7

1.1 0.8 1.8 2.4 0.4

34.2

0.4 0.1 1.0, 2.7 1.0

11.9:

2.0 0.0 1.3° - 2.4 1.4

- 18.2

0.1 .2.5° 0.8 2.1

23 o_l

21.7

5.0 0.1 0.8 0.6 0.4

8.0

0.0 0.3 1.1 ~ 0.3

20.7

31.4

6.0 0.1 5,0 0.1

25.8.

32.8

10

0.0 . 0,1 0.4 " 0.1

5#3

9.4

11

0.1

3.6 0.1 0.0, 1.0

11.3

12




Table XIX (cont.)

-72-

~ STATION 3

number / mz'x 10

4

@
al.
. &
o4 ] 2] »n
9| © wl o L ol o g g 3
| ! 4 ol - Al o [} ol &
=1 - g « daf K ol mw | w Wl o
4l 9 S| o S 9 | (3 o 3 2 &
£ Qal ~ [ 2 BI9) o] © ] o
’ ] Y ol © o 3 e B, b= I | @
Cruise Al = A al aj ol o al & Al =l
1 17.8 0.0 0.0 L4 0.2 0.2
2 C 23,1 0.0 1.0 0.8 0.2 0.2
3 60.0 3.9 0.0° 4.2 1.4 0,3+
4 — - - - -- --
5 9.2 2.6 0,0 1.4 3.2 2.0
6 14.1 2.2 0.0 1.0 1.2 1.5
7 10.2 + - .14.3 - 0.3, 2.7 1.7 2.6
8 6.5 10.4 0.0 0.7 1.0 1.0
.9 10.7 26,2 0.0 0.3 0.2 1.0
“10 25.8 41,6 0.0. 0.3 3.2 0.3
11 14.1 7.8 1.7, 0.2 1.7 0.2
12 14.3 0.2 0.0, 2.6 1.0

2809
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Table XIX (cont.)

STATION 4

number / m2 X 104

mnmoumma

snwolde1q - |

snpnu

snmo3de1d

msumvﬁmmaouﬂ

sdo124)

xo1nd

dwaamwn.

eleoTed

mwﬂﬂmmnw

ﬁwmavonum

mwnammmw

Cruise .

0.0 0.8 1.1 0.8

2.2

4

0.1

3.9 1.8 0,1 0.5 0.3

84.9

1
"

3.5 0.0" 0.8 0.7 10,3

110.3

1.9 0.3 0.1 00 0.1

) ﬂ902

0.3

0.1

1.2

1.1 0.1

9.7

7.2 0.0 4.2 5.1 1.6,

9.9

21.9 0.1 1.9 1.9 1.1

13.4

0.1

0.4

0.1

1.4

13.2

9.3

10

0.3

2.4

31.7 0.1 0.1

7.8

11

0.0

2.3 1.1

0.1

16.9

46.6

12




Table XIX (cont.)

_STATION 5
number / mzfx 104
1 o,
]
.: ‘&' /2] (/]
Sl @ ol o o, w 3 g : g g
o] i ot W owd [~F1 I~ ¥ o] Q]
gl o =1 .] . M o| » ol on &1 ol
L] O Ll @ = ] ~] 3 .l 3. [~¥ X
ot gl [~9 | Q4 0 (2 gl o 5]
[ [3] [+'] [0} [y » [ IR oref 2 e [\
Cruise Al v a1 8o Q. Al D o [=~1 =] G =t
1 1.3 0.8 0.0 0.2 0.0 0.1
2 0.2 . 0.2 0.0 0.1 0.0 0.0
3 2.9 2.2 0.0 0.4 0.1 0.1
A 7.3 3.1 0.0 . 0.2 1.4 0.8
5 2.2°  15.2 0.0 0.2 0.6 0.8 °
6 2.0 5.5 0.0 0.8: 0.2 0.4
7 - - - - - -
8 2.5 10.2 0.1 2.1 1.8 0.4
9 12.8 34,2 2.9 0.6 4.8 2.4
10 4.1 - 54.6 0.0 0.1 3.9 1.0
11 6.6 36,4. 0.0 0.0. 0.9 0.3
12 5,5 © 11.2 0.0 1.2 0.4
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Figure 16. Standing crop and instantaneous rate of population change of Daphnia schodleri

and D. galeata mendotae at Station 1 during 1964.
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Figure 17. Standing crop and instantaneous rate of population change of Daphnia schodleri
and D. galeata mendotae at Station 2 during 1964.
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Figure 18. Standing crop and instantaneous rate of population change of Daphnia schodleri
and D. galeata mendotae at Station 3 during 196k.
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Figure 19. Standing crop and instantaneous rate of population change of Daphnia schodleri

and D. galeata mendotae at Station 4 during 1964.
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Figure 20. Standing crop and instantaneous rate of population change of Daphnia schodleri

and D. galeata mendotae at Station 5 during 196k.
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a second, usually lesé pronéunced‘peak in numbers of D. schodleri,

At Station 1, D. schodleri was clearly the dominant cladoceran, Pop-~
ulations of D. galeate remained small until, in early September, atnqtice-
able peak in the numbers of this organism occurred,

At thé second station, there was a marked increase in fhe promineﬁce
of D. galeata ;elatiye to Station 1, 1In addition te the early‘autuﬁn
pulse, thefe were pronouqced peaks of Qﬂ galeata in Julf and August.

D. schédleri hoﬁever, still maintained higher‘populations throughout the
season.

Station 3 was the furthest down-lake station at which populations of
D. galeata clearly exceeded those of D. schodleri during parts of the
season., The September pﬁlSe of D. galeata.resulted in numbers gfeater than
those of D. schodleri, and the mid-season period was also charaéterizea-by
higher nﬁmbers_of the forﬁer.

Relative numbers of the two cladécerans at Station 4 rgmained about
theAsame as those at Stétion 3. The higher numbers of D. galeata were
observed during.August and on into mid-September,

At Station 5, D, galéata had clearly replaced D. schodleri as the
dominant cladoceran throughout mbst of the season,

_A comparison of Tables XIX and XX and Figures 18 and 21 show that

zdoﬁlanktén populations were very similar at Station 3 throughout both

1964 and 1965. The peak populations of Daphﬁia schodleri occurred on the
same dates in 1964 and 1965, namely July 8 and Septeﬁber 9. 1In both years,
.D. galeata replaced D. schodleri as the most abundant cladoceran on. about

August 5, The highdst standing crop 6f D, galeata occurred on September




Table XX.

Population densities of the six prlnclple zooplankton specles
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at Station 3 during 1965.

number / m2 x 10
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1 0.5 0.3 0.2 0.1 0.0 0.0
2 0.7 0.2 0.2 0.1 0.0 0.0
3 16.7 1.9 1.2 4,8 1.4 0.8,
4 20.2 2.2 0.5 1.8 0.2 0.4
5 17.5 2.0 0.2 0.5 0.4 0.6 -
6 75.6 8.7 1.0 5.0 1.1 0.6
7 19.2 5.3 0.0 1.1 0.5 1.3
8 16.5 6.6 0.2 1.9 1.9 2.9
9 7.0 4.1 0.2 0.8 2.0 2.6
10 16.0 9:9 0.0 2.7 2.9 5.1
11 13.3 20.4 0.0 1.2 3.8 3.0
12 6.1 13.1 0.0 0.3 3.9 1.1
13 11.4 19.0 - 0.1 0.5. 1.9 0.2
14 16.7. 18.4 0.0 0.4 1.3 0.4
15 34.8  39.6 0.0 0.5 8.1 0.0
16 - 25.5 7.3 0.0 0.7 7.9 1.0
17 11.2 18.4 0.0 0.3 2.1 0.3
_18 - 18.7 12.1 0.7 0.2 1.9 0.2
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Figure 2l. Standing crop and instantaneous rate of population change of Daphnia schodleri
and 2. galeata mendotae at Station 3 during 1965.
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9 in 1964 and 1965, 1In addition to similarities in the shapes of the
curves for the two years, the absolute values for population densities are
also about the same.

Certain population statistics were calculated for Daphnia schodleri

and Daphnia galeata for 1964 and 1965. The finite birth rate (B) of each

species was computed for each weekly sample using the relationship:

E, -the number of eggs per square meter of lakg surfate,‘was calcu}ated for
each species from fhe direct egg counts. Loose eggs in each sample were
prorated to the iﬁdividual species on the basis of the number of attached
eggs counted on each species. D, the duratién of the repfoductive-in-
stars, was taken from the data reported by Hall (1964’. The temperatures
used in obtaining a vaiue for D were .those shown in Table ITI. N, was
the population densit§ of the species at the time of sampling as shown
in Tables XIX a@d XX.
The instantaqeoué Birth rate (b) was calculated from tﬁe ;elationship:
e? =1 +'8
Where e is the base of natural logarithms and B is the fihite‘birth rgte?
The inséantane@us rate of populaﬁion change (r) was comppted'fér

each interval of time between samples usings

rt
e

where N, equals the.-initial population and Nt,ié the population after
time t.

With b and r known, the mortality rate (d) was computed with the
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formulas
d=b -r

The instantaneous rates of population.change are shown for D. schod-
leri and D. galeata in Figures 16 to 20. .Positivé " valueé.indica;e a-
net increase in the populations during the time interval shown while .
negative values indicate a net decrease. It is noted that over certain
:péfiods there is a similar iﬁcrease or decrease in populatiﬁns of both "
species, (i.e., r values for each species have a like pﬁsitive or'negativé
sign). It is assumed that during these periods overall conditions aré
more unselective, and tend to cause a mutual‘risé or decline in the popu-
lations of botﬁ sﬁecies. Dur?ng other time iﬁterQals, the sighs for the
two species are opposite, This would indicate that during these periods
factors were operative which selectively inhibited one species and en-
hanced the growth rate of the other species. The variation in the-distri-‘
bution of positive and negative "r'" values and the range in absolute
_values of r encountered, point up the complexify of the dynamics within-
the zooplankton community, |

Figure 22 shows the instantaneecus birth rateS‘éf D. schodleri and
,Qorgaleata at the five stations during'1964; In general, peaks in tﬁe
birth rate precede peaks in population density by about one or two weeks,
It;should be noted however,Athat'high birth rates are not always'imﬁedir
" ‘ately followed by high population'densities. |

At all statiomns in Figure 22; curves for D. schodleri, run through-
out the entire summer, and are characterizéd by two or three prénoupced

peaks. The dates of each peak vary with respect to different stations,
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Figure 22. Instantaneous birth rates of (A) Daphnia schodleri and (B) D. galeata mendotae

at the five stations during 1964.
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but the general patterﬁ is for one early summer peak; one mid-summer peak,
and one peak early in September. It is noted that the early summer'peaks
and September peaks'usually give rise to substantial D. schodleri popula-
tions, while the mid;summer‘peaks in b, result in less marked chaoges in
the population, ‘ |

| Birth rates of D. galeata showed a definite pattern with respect ro
the five permanent stations. At StationIS, there was a.soBstanfial birth
rase throughout most of fhe season, At Station 4,'a:birrh rate was not
detected ontil July 22, and at Stations 3, 2, and 1,‘birtﬁ rates staped
below detectable limits until July 29, August 5, and August 12 respec-
tively., The areas under each of the five curves for the five~stations,‘
show that the birth rates of D. galeata became progressimely higher from
Station 1 through Station 5. This differential birth rate at the five
stations coincides with the progressive increase-in population density
noted earlier at the five stations, |

Mortality rates of D. schodleri and D. gaieafa are shown in Table XXI

for Station 3 during 1965. The frequent'oceurrence of:negatiVe mortality
rates indicates that on.these same-dates,‘birth rates were'probabiy un&erf
estimated. One of the main problemsjeooounrered in the-processing of zoo-

plankton samples and data ‘was the occurrence of large numbers of loose

+ eggs in the preserved samples. Often times large numbers of 1oose Daphnia>*

eggs had to be assigned to one species or the other on the ba31s of rela-

tively small counts of attached eggs. This could have easily 1ed-to_errorsf

in the estimation of the finite birth rate. These-errors could not be

avoided; however, it is admitted that some estimates of b in this,stqdy
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Table XXI. Instantaneous birth rates (b) and mortality rates (d) of
Daphnia schodleri and Daphnia galéata,at Station 3:during 1965,
- - - I . i - ,

Daphnia schodleri A »Dapﬁnia galeata
Eggs ‘ | | - Eggé ‘
per - par . !
Cruise Liter. b | d . Liter =~ b X!
1 0.24 0.10 0.06 0.00 ° 0.00 0.06
2 0.48 0.18 -0.11 0.00 0.00 . -0.23
3 2.39 0.05 0.02 1.77 0.32 0.30
4 5,31 0.12 - 0.14 0,00 . 0.00 0.01
5 1.09 0.03  -0.18 6ﬂ00 - 0,00  -0.21
6 2.21 0.02 0.22 0.000  0.00 0.07
7 0.63 . 0.02 0.04 0.00 0.00  -0.03
8 1.63 0.06 0.18 ©1.63 - 0,13 0.20°
9 0.46 0.04 -0.08 3.00. 0.35 0.22
10 . 2.48 0.09 . 0.12 6.1l 0.30°  0.20
1 1,03, 0.04 0.15 3.36 0.09  0.15
12 0.70 0.06 . -0.03 0.00 0.00 ~0.,05
13 1.03 0.03 -0.02 - 2.46 0.05 0.05
14 1.11 0.03 . -0.08 1.72 0.04 . =-0.07
15 2,83 0.03 0.07 2.83 - 0.02.  0.26
16 0.33 0.00 0,12 0.00 0.00  -0.13
17 . 0.18  0.00 . -0.07 0.26 10.00 0.06

18 2,04 0,02 -- 1.16 0.02 -
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are perhaps unrealistic. _

An éstimation of Q,;schodleri and D. galeata productiveity waé made
fqr 1965, using the method described by-wright (1965). On thehﬁasis'of
the length-frequency analyses, ma&e on each weekly sample, it was esti-
mated thét the average biomass of D. schodleri was 1,11 ¢ C/t’n2 and that
of D, galeata was .69 g c/m2, The average birth rates of the two.were
.05 and ,07 respectivély. Thergveragé turnover rate of 20 days'for D.
schodleri yielded an'averagé productivity of .06 g C/mzlday. The turn-
over rate of 14 days for 2. galeata gave an average productivity'of
.05 g C/mZ/day. Total net productivity of the two specieé'WOﬁid“Ehgi_
equal .11 g C/mzldgy,. This agrees with Wfight's (1965) estimate for thé

same two species in Canyon  Ferry Reservoir of .15 g C/mzldéy.




DISCUSSION

Certain relationships between total solar radiation and primary pro;
ductivity have been discussed in the previous section; That‘sunlight is
the most important 1imiting factor in the plankton'communitv has been éx~
pressed by Ryther (1956) for the marine énvironment .and by. Edmondson (1956)
in reference to inland lakes. 1In con51dering local, short term situations
however, it must be concluded that total rediation is only one of several
factors interacting to determine phytoplankton productivity,. Under the
range of field conditions encountered during both summers on Hebgen Lake,
no;correlation was found between total\community photosynthesis and totel'
sunlight, A comparison of Tables 1 andtiI.with Tables XIII and XIV'shovA
that factors other than light must certainly be operative in determining
primsry productivity, while a consideration of the predictive vslue of the
chiorophyll-iight methods shows that the size and. physiological state of
the standing crop is one such,fsctortof at'least-equal importance°

The direct effect ofilight;-ss it.penetrstes the water, is to increase
the standing crop of phytoplanktono As the concentration of algal}cells |
in the water increases,.iight penétration_decreases, so that the pbyto-
plsnkton becomes self-shading, Inverse.correlations between piankton
density.and light penetration have often been described, but in the field .
it is usually difficult to establish the direct casual relationships, due.-
to the unknown effects of detritus and other non-algal forms of turbidity.

Talling (1960a) however, has rsported a clesr case of self-shading in a

field population of Asterioneila, In Hebgen, extinction coefficients could

not be correlated With.phvtopiankton standing crops. The significantly
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higher attenuation of lighg at Station 5 was associated with the censtant
higher turbidity present at that station. This turbidity was a result of
the shallow depth of the station and the action of wind-inquced turbulence
on the.bdttom;A

Agide from the quantity of light available to thé phytdplankton com-

mﬁnity certain workers have concerned themselves with the épectral compo-

sition of underwater light: Rhode (1965) studied the qﬁality of underwater‘
. . ) .

light in rela;ion to 014 measured phot@syﬁtﬁesis in 12 European lakes,

Six of these lakes had the same blue-red—green ascending order of lighf

pénetration that characterized Hebgen. The other six had various other

combinétions of underwater“light qualiﬁya Results of the stu&ies showed

that below the depth of light saturationm, éhotosynthesis was proeportional

to the most penetrating component, regardless of its wave length character-

istic, Attempts te correlate the’éxtinction coefficients of blue, fed,

aﬁd green iight in Hebgen, with the total standing cfop ;f phytoplankton

.gaVé negative results, NeVeftheless, on a‘theoretical basis significant

correlations between light quali;y and sténding crop, and perhaps even the

species compesition of the standing crop, should at times be possibie.

The conditiens for suéh correlations would include a minimum.of detri#uS'

and other suspended material and more elaborate instrumentation,
Perhapsfﬁhe mdst_imporéépt ré}ationshiﬁ.shéwn'between the physical and

chémical enyironments in Hébgen Lake was the effect of thermal stratifi-

cation on the vertical distribution of dissolved inoféanic substances,

The data for 1965 revealed a strong clinogra&e oxygen curve near the end

of the summer stagnation peried, During this same period, there was a
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large accumulation of-nitrate, and a lesser build up of phosphate, in the
hypolimnion. The distribution of biologically less important nutrients
seemed to be little affected by the summér stratification; however, exam-
ination ef the conductivity profilesvshows a marked accﬁmulation of -total
electrolytes in the hypolimnion. Sinée'it was noéed earlier that a less
pronounced thermocline was present in 1965 than in 1964, it is reasonable
to assume that thermally induced chemicél stratification would have been
fgféater during 1964,

The net depletion of non-conservative nutrients from. the epilimnion,

that occurs during thermal stratification, has séveral effects in the phfto-

plankton community. Of sbeéial interest in Hebgen Lake, is the concentra-
tion of nitrate in the euphotic-zone, A comparison of‘Tébles VI and XVi,
shows that a strong inverse relationship exists between hitrate concen-
trations and the phytoplankton standing crop-expressed in tefms of chloro-
phyll content. | |

The effects of nitrate deficiency on the cholorphyli "a'" content of
phytoplankton cells has been reviewed by Ketchum (1954) and further re-
ported by Ketchum et al. (1958); The low concentrations of nitrate ob-
served in Hebgen Lake, coupled with the inverse correlation between thié
nutrient and chlorophyll, has led to the coenclusion that nitrate may often
be limiting to the'phytoplankton standing crop. |

Silicates and phosphates afe also biclogically important nutrients,
and in many natqral waters their coﬁcentra;ions>are often limiting
(Hutchinson, 1957; Fogé, 1965). The extended studies of Lund et al.

(1963) would place the limiting concentration of silica at about .5 mg/1
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for increased growth of diatoms such as Asterionella, It is seen from

Table VII that concentrations of this nﬁtrieﬁt in Hebgen are cénsisﬁently
one order of magnitude abQVe-this‘limiting value,t,A large quantity éf
work, some of which is summarized in Mackenthun (1965) shows thaf phos-
phate concentrations in Hebgen:Lake are also several times highef thar
any repdrted as.limitiﬁg to phytoélankton productivity. |

Little infdrmation is available éonqerning the carbon &ioxide re-
quirements ofvphytoplankton° Certain workers such as Wright.(i960) have
found evidence of carbon dioxide limitations during periods of‘pﬁytoplank-l
ton blooms, while others (Talling, 1960b) found little reduction of the
nutrient in relation to natural rates of photesynthesis. ‘The general
_tendency in Hebgen Laﬁe-for pH to increase and inorganic carbon to de;'
crease during the height of the summer phytoplankton standing cfop indi-:
cates the corrélation between phytoplankton.bibmass and.Coz,.e§en thoﬁéh
the latter ﬁay not become actuélly limiting. |

The sigﬁificancé'of the various other eleménts, considefed in the
present study, with respect to phytoplankton pré&uétivify can be found in
Lewin (1962). In‘general it:éan-be stated that thé éonﬁentrations of
these nutrients in Hebgen Lake are'sﬁfficientl& high so és to be-éonsi&-
ered not limiting, '

Nutrient'cqncentfatipns ﬁqthﬁiy effect total“priméry productifity;'
but also the species compgsition of’the phyfopiankéon community,' The
seasonal sucqessibn‘of phytopiénkton'cannot be eﬁfirely related to the
concentration of a single inorganic nutrignt nor to any combinatiqn‘of'

nutrients, It has been shown, howevér, that the occurrence of diatoms
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usually éoimcides with the higher levels of inorganic nutrients present
early in the season., The position of blue-greens in the successional
pattern is usually accompanied by low levels of nitrate-nitrogen and/oxr
high phosphate/nitrate ratios.

Temperature is undoubtedly a direct as well as indirect causative
factor in phytoplankton succession. Different species may predominate at
different times because of the interaction between prevailing temperature
and other envirommental factors. The limitations of temperature per se in
controlling species periodicity is seed in a comparison of the years 1964
and 1965. Although Figure 6 shows many differences in the thermal re-
gimes 6f 1964 and 1965, the succession of algal species in both years was
essentially the same. If temperatﬁre were a dominant controlling factor,.
a shift in species composifion should follow the omset of fall overturn,

- gince it is seen in Figure 6 that euphotic zone temperatures drop sharﬁly-
" at this time. During both 1964 and 1965, the fall period of thermal mix-
ing was accompanied by increased growth of the same blue-greem algae that
were prgdominant throughout‘the warmest periods.

Some of thé recent ;eséarch on. algal succession has been reviewed by

Fogg (1965). Many of the important factors conmected with this pheno-
menon, such as the organic chemical enviremment, the production of growth-
inhibiting substances and the concentrations of certain trace nutrients,.
have not been included in this study. The well defined periodicity of
certain phytoplankton species in Hebgen Léke would provide an excellent
opportunity for further research.

The steady depletion of nutrients from the epilimnion during the
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summer leaves two alternatives in maintainiﬁg sufficient quantities in the
euphotic zone for contipuéd algae growth, Either nutrients must be added
from external éources or the nutrients present must be rapidly recycied,
In the case of nitrogen, lafge,quantities are often added to the euphotic
- zone by nitrogen-figiﬁg bacteri; and blue-green algae. The importancé of
nitrogéﬁ fixation, in the overall nitrogen metabolism of fresh watérs has
been stressed by Dugdale and Dugdale (1962), In quanfitative studies of’
nitrogen fixation in Lake Mendﬁta; Goering and Neess (1964) observed a
rate of 14.8 u grams of nitrogen fixed per liter in 24 hours. This
amounted to more than the total nitrate-nitrogeﬁ-obsefved in the euphotic
zone of Hebgen Lake on any cruise dur;ng the 1965 experimental season.

Most workers have agreed that various species of Anabaena are the
principle nitrogen fixers in the phytoplankton commuﬁity° If this is the
case, it could be expected that limited amounts of nitrogen would be
fixed in Hebgen Lake from late spring until early autumn- (see Figure 9).
Other authors (Sawyer and Ferullo, 1961; Krauss, 1958) have reported the

fixation of nitrogen by Aphanizomenon and members of various families of

blue-greens, of one of which Lyngbya is a member. 1If these latter two
genera can be .implicated in the nitrogen-fixatien occurring in Hebgen :
Lake it is obvious that the overall importance of nitrate-nitrogenlas a
limiting factor would be -greatly changed. "

The role of zooplankton as agents for phospﬂate regeneration has been
studied'extensiv_ely° Recent work b& Barlow and Bishop (1965) showed that
Daphnia liberated about 80% of the assimilated phosphorus back into the

epilimnion of Cayuga Lake during the pefiod of strong thermal stratifica-
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tion. Pomeroy et al. (1563) have fbund turnover times for total phosphorus
te be as low as eight days in coastal waters during summer. The effects
of increased temperature on the metabolism of the. zooplankton would tend
to accelerate the recyéling process during the most critical periods.

One of the effects of temperature on priméry productivity was noted
in one of the methods of estimating photosynthesis frém chlorophyll and
light data. The concentration of nutrients in the euphotic zone will éisd

.effect the pfedictive value of such methods.  If a large standing crdpfis
present in an environment where one or more nutrients are limiting, pro-
ductivity will probably be over estimated. The productivity of a small
standing crop, present in a nutrient;rich medium, will undoubtedly be
greater than that estimated from its chlorophyll concentration. The cén-
trolling effects of the nutrient supply on the assimilation ratio has been
demonstrated by Holmes (1958) and McAllister, Shah and Strickland (1964)°
While there are many unknown variables to contend with in the chlorophyll-
light methods, some of the measurable factors may also become sources of
error. The measurements of éhlorophyll and fhe physical data are of
great importance in these methods. 'For example, a change in extincﬁioﬁ
coefficient from .55 to .56 at 400 langleys per day results in a 4% dif-
ference in calculated production.

It is difficult to explain the differences 6bserved between the Cla
and dissolved 02 methods of measuring primary pfoductivi;y. The empirical
evidence first presented by Ryther (1954), and repeatedly confirmed in

14

subsequent studies, shows that the C° method often approximates net

photosynthesis, From a theoretical standpoint, the light and dark bottle
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02 method would underestimate net photosynthesis due to the consumptioﬁ
of oxygen by non-autotrobhic organisms such as bacteria and zooplankton.
Recently, a iarge amount of literature has appeared on the excretion of
various organic metabolites of éhytoplankton in almost every phase'of
growth and under.a wide variety of environmental conditions. Under-
estimates of total assimilated carb&n might reéult from the excretion of
014 labeled organics back into the medium.

The correlation between total phytoplankton standing crop and zoo-
plankton ﬁopulation density, as seen in Figures 10 and 21, is not parti-
cularly high. This is to be expected if consideration is made for the
species composition of the phytoplankton community. Certain workers
(c £. Wright, 1965) have found good coerrelations between reproductive
rates of various zooplankton species and the phytoplankton standing crop.
However, others (Edmondson gﬁ al., 1962 and Edmondson, 1965) show more
pronouncéd relationships between zooplankton and the micréplanktbn portion
" of the standing crop.

Tappa (1965) has shown a high degree of food selectivity in various
species of Daphnia. On the basis of this and other studies it would

appear that Cryptomonas, Rhodomonas, Asterionella and the microplankton

would consistute the most important food species in Hebgen Lake., The

éooplanton food value of such organisms as Lyngbya, Anaboena, and Aphani-

gomenon, which often comprise the bulk of the phytoplankton standing crop,
is questionable,
If the biomass of the three major blue-green algae are in fact

scarcely utilized by zooplankton populations, then their standing crops
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must be entirely limited by the chemical and physical environment; The
standihg crops of the smaller planktonic algae must be primarily limited
by zooplankten grazing pressure. The following hypothetical illustration
of Harvey (1945) shows the magnitude of effect of zooplankton utilization.
"If an initial population of 100 cells pei liter undergoes six suécesgive
cycles of di;ision, the final poﬁulation would be 6400 cells per liter,
if, however, one cell in every 10 is eaten in the intervals between divi-
sions, the population will only reach 3400 cells per liter, although only'
413 cells have been eaten,"

The work of Rhode et al. (1958) has shown tﬁat rates of productivity
among various species in the phytoplankton community are seldom propor-
tional to their biomass or standing crops. Photosynthesis in the '"mano-

plankton'" is consistently much higher than the "netplankton" on a weight

or volume basis. In most cases the total contribution of the larger forms

is no more than 10-20%. The high rates of productivity observed in the

microplankters is attributed to the large surface area-volume ratios
If it is true that the smaller organisms poséess an inherently great-

er capacity for biomass productivity, then the outcome of their competi-
tion with the larger forms, in the absence of zooplankton grazing, would
be obvious, However, selective predation, of the organisms with the
competitive advantage allows both types of organisms to coexist in what
appears to be an undiversified habitat. Further support of this hypo-
thesis is seen by the seasonal distribution of the tﬁo classes of organ-

isms in Hebgen Lake. Cryptomonas, Rhodomonas and the microplankton all

maintain substantial populations throughout the season under a wide range
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of environmental comditions, 'The larger forms such as Anabaena,

Aphanizomenon and Lyngbya however, are restricted to what is evidently a
rather specialized set of environmental conditions.
One of the most interesting features of the zooplanktom data concerns

the spatial distributien of Daphnia schodleri and D. galeata. The pro-

gressive importance of D. galeata, both with respect to sténding crop and
rates of reproduction, coincides with a significant decrease in fhe tem-
peratures at Statiems 1 through 5. On the basis of a simple temperature
regulated relationship, one would conclude thgt Qq:galeata was favored by
the cooler prevailing temperatures at Station 5 and that D. schodleri was
able to dominate at Stations 1 and 2 because of the warmer températures°
Stations 3 and 4 would represent the intermediate temperatures. at which
first one organism, and then the other, dominated during different times
of the season. These ¢onc1usion§ would be in general agreement with the
findings of Brooks (1946), Hall (1964), McNaught and Hasler (1964) and
Wright,(1965) who all found that peak populations and/or high birth rates
in D, galéata were associated with low temperatures;

If temperature was the primary regulatory facter opérative at the
five stations, then the same sequence should'repeat itself at each station
during the seasonal temperature cycle. It is noted in Figures 16 through
22 that this is not the case. In the spring when temperatures are IOQ,
D, schodleri is dominant at all stations. Whén D. galeata is‘able to re-
place D, schodleri,’it is later in the season when water temperatures are

at a maximum, Examination of Figure 22 also shows that the birth rates of

D. galeata were most significgnt'durihg the periods of highest temperatures




-99-
at all stations. These findings on the seasonal distribution of D.
schodleri and 2. galeata are-diametrically opposedffo the results of the
aﬁ;horshcited in thé preceding paragraph,

“Two conclusions on the distribution and dynamics of Daphnia in
Hebgen Lake haye beeﬁ reached; First, it'is suggested that tempeiature

alone does not regulate the birth rates and subsequent standing crops of

D. schodleri and D. galeata, and second that the perhaps unique situation
found in Hebgen Lake would offer a good opportunity for further study on

the ecology of these two species.

!
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Table. XXII. Temperature (°C) profiles .at Statioh 3 during -1965.

Depth Cruise 1 Gruise 2 Gruise ‘3 -Cruise & Cruise 5 “Cruise 6

0 12.9 16.2 14,6 . 17.0 . 17.6 . . 18.4.

1 12.9 15.0 14.6 17..0 17.0 .. 18.4

2 12.9 - 13.5 4.6 16.6 15.8 18.4

3 12.2 12,9 14.6 16.6 15.8 18.4

4 11.6 12,9 14.6 16.1 15.4 17.4

5 10.9 12.2  14.6 . . 16.1 15.0 - 17.0

6 . 9.6 S 12.2 | 14.2 16,1 15.0 16.6 .

7 9.6 12.2 14.2 - 5.4 . 15.0 16.6

8 9.0 11,9 14,2 14,6 15,0  15.8

9 9.0 11.2 C14;2 13.5 15.0 15.0
10 8.7 . 10.8 . 3.3 133 - 15.0 15,0
11 8.4  10.8 - 12,6 12.6 15,0 14.6
12 8.4 9.5 12.2 12.2 - 14.2 13.9
13 8.1 9.3 11.9 12.2 14.2 13,5
4 . 8.1 9.0 1.9 11.6 ‘13.5 - 13.3
15 18,1 8.7 11.6 - 11.6 12.9 12.6
16 8.1 8.7 10.8 11.6 12.2. 12.6
17 7.8 8.4 10.5 10.9 12.6

18 7.5 . 8.4 10.5 o 12.2
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Table XXII, (cont.)

- Depth ' Cruise 7 - Cruise 8 | Cruise 9 Cruise 10 Cruise 11 - Gruise 12

0 -- 17.4 . 19,6  18.4 18.8 19.2

1 -- 17.9 18.4 18.4 18.8 18.8

2 -- 7.9 17.9 18.4 18.8 17.4
T3 -- 17.9 17,4 - 18.4 18.4 17.0
4 - 17.9 17.4 18.4 18.4 17.0
5 -- 7.9 17.4 18.4 17.9 17.0
6 -- 17.9 17.0 17.9 17.9 17.0
7 s 17.9 16.2 17.4 17.4 17.0
8 -- 17.9 15.8 16.6 17.4 17.0
é - 17.0 15.0  16.6 16.6 16.6
10 - 6. 13.9 16.6 15.8 16.6
11 -- 15.8 13.2 16.1 - 14.6 . 16.2
12 -- o 14.2 12,9 15.8 13.5 15.4
13 - 13.5 12.2 15.0 13.2 13.5
W - 12.9 11.6 14.6 12.9 12,2
15 -- 12.2 11.6 13.9 A 12.9 11.6
16 - 12.2 13.2. 11.9 11.6
17- - 11.9 . 12.6 11.2 10.9

18 -- 11.6 12.2 9.9




Table XXII, (cont.)
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Depth- Cruise 13 'Cruise 14 Cruise 15 Cruise 16 Cruise 17 Cruise 18

o
1

2

10
11

12

13

14
15
16
17

18

15.0

1590

15.0°

15.0

15.0

15..0

15.0

15.0

15.0
15.0
15.0

143.6

14.6

13.2

12.9

-11.6

10.5

. 16.6

16.6

16.6

16.2

16.2

16.2

15»8 :

15.8

15.8

15.8
15.8
15,8
15.8
15.8

15.0

15.0

14.6

13.5

-12.6

14.6
14.6
14.6
14.6

14,6

14.2

- 14.2

14.2 .
14.2

14.2

14,3

14;2 '.
14.2
14.2
14.2
14.2
13.5

13.2

12.9

12.9
12.9

12,9

12,9 |
12,9

12.9-

12,9
12.9
12.9

12.9

12,9

12.9.

12.9
12.9
12.9
12.9
12.9
12.9

12.9

11.6 - -

11.6

11.6

11.6 .

11.6
11.6

11.6

11.6

11.6
11.6

11.6

.11.6

11.6
11.6

11.6

11.2

- 10.9

12.2

-10.2

9.9

- 9.6

9.6
9.6
9‘;6

9.6

9o:6 !

. 9.6

9.6
9.6
9.6
9.6
9.6
9.6
9.6

9.6

9.6




Table XXIII.

-Depth (Cruise 1

104~

Speclfic conductance (micromhos) profiles at Station 3

~ during 1965.

.Cruise 2 Icruisé'3 Cruise 4 Cruisé 5 Cruise 6

0 . 229 211 212 215 215 210 |
1 229 217 226 215 214 203

2 229 218 226 216 211 210

3 241 191 226 209 - 204 210
4 260 208 226 204 198 - 211 |

5 263 245 236 204 1200 207 |

6 275 247 229 189 200 - 216

7 272 - 247 227 193 202 212

8 277 247 - 223 185 202 212

9 277 256 218 201, 202 203

10 279 . 259 223 209 200 207

11 . 287 259 243 223 210 205 -
12 289 278 - 249 237 219 212,
13 294 1279 251 237 . 218 216

14 294 282 253 245 220 - 223

15 300 287 . 258 247 1236 234

16 300 . 287 1268 247 241 234

17 305 295 270 256 236

18 305 300 270 256 241
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Table XXIXII (econt.)

Depth Cruise 7 Cruise 8 . Cruise 9 Gruise 10 Cruise 11 - Cruise 12

0 - 205. 210 210 T 218 . 218
I 205 207 212 - 218 218
2 -- ,205 . 207 ‘212 216 - 223
3 - 265 208 212 218 225
4 - ..205 208 210 218 227
5 -- 205 206 210 218 225
6 -- 205 208 209 218 225
7 -- 205 199 211 219" 225
8 e 205 211 191 215 223
9 - - 210 211 209 214 225
10 - 1205 209 © 209 - 209 225
11 .- 206 208 - 208 207 225
12 - 208 210 209 211 218
13 e - 211 214 211 212 .'229
14 - 214 217 214 213 217
15 - 218 220 . .218 213, 220
16 -- 219 . 222 219 222
17 - - . 220 - 229 . 223 228

18 -- 226 239 . 240
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Table' XXIII (cont,)

‘Dépth Cruise 13 Cruise 14 Gruiséd 15 Cruise 16 Cruise 17 Cruise.18

o - 220 227 230 - - -
1 220 227 230 g - -
2 222 227 . 230 - -- -
3 222 227 230 -- - -
4 222 227 231 - - -
5 222 . 227 231 .- -- -
6 - 222 227 231 - Ce- -
7 222 227 231 - - .-
8 224 227 231 -- . - -
9 224 225 231 - - -
10. 224 225 231. -- -- .
i1 226 227 . 1231 -- - -
12 224 227 231. -- -- -
13 216 227 231 - - -
14 . 218 228 231 - - —
—is_ 219 228 225. - - -
16 246 224 223 - - -
17 225 231 - — -

18 232 23 R - -




‘Table ‘XX1V. - Profiles of'temperatureg(oc) arid s ecifig.coﬁduétance‘(K

1
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at 'Station.l during 1964. - Conductance expresses as

micromhes.

25).

Gﬁdise 1 Cruise 2 Cruise 3 Cruise 4
' Depth °%¢ Ky % Ky5 °¢ Ky % Kyg
0 14.6 257 . 16,7 - 266 18.5 244 19.7 251
1 14.6 257 .  16.7 258 18,5 .- 249. 19.7 . 241
2 14,4 258 16.7; . 258 18.5 239 19.7 243
3 4.3 263 16.3 258 18.5 - 241 19.7 238
4 13.0 264 15.8 - 256 18.5 - 249 19.7 243"
5 12.0 259 15.3 255 18.0 - 252 19.7 249
6 11.5 263 15.1 254 17.9 247 19,7 249
7 11.5 253 14,8 268 17,6 252 ©  19.7 243
8 11,5 253 - 14.6 267 17.2 242 19.7 243
9 11.5 282 13.5 268 17,0 256 19.1 255
.10 11.5 268 . 12.5 279 16.0 248 17.7 263
11 11.5 263 1.1 273 14.0 256 15.3 275
12 1.1 273 11.0 277 13.0 263 . 14.0 278
13 11.0 261 11.0 . 261 12,5 261 12.9. 269
14 10.8. 268 10.5 295 - 12.1 254 12,5 271
15 10.5 265 10,4 281 12,1 254 12.0 293
16 10.2 283 10.2 283 1.5 276 12,0 : 272
17 10.2 277 9.5 313 11.2 287 11.9 . 279
18 9.1 295 9.0- 318 10.4 309 11.5 294
19 9.0 298 8.8 309 9.9 321 10.9 308
20 8.5 301 8.7 324 9.6 © 320 10.6 311
21 8.0 316 - 8,5 329 9,6 303 '10.6 311
22 8.0 316 8.2 - 352 9.6 323 10.6 311
23 8.0 316 8.2 352 9.6 323
24 8.0 323 '




Table XXIV (cont.)
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S

Gruise 5 Gruise 6 Cruise 7 Cruise 8
Dgpth - 0g Ky5 o¢ Kys o¢ Eo5 g .:KZS,
0 - 22,5 248 22,1 264..  21.5 229 . 20.5 233
1 22.5 254 22.1 .. 252. 22.0 231 20.5 234
2 22,5 . 260 22.1 259 22.2 230 20,5 231
3 23.0 254 22.1 236 22,2 230 20,5 -230
4 23.0 257 ©22.1 236 22.4 . 229 20.5 . 229
5 23.0 254 22.1 236 22.2 . 230 20,5 229
6 23,00 240. 22.1 236 22,5 229 20.5 231
7 22,5 . 248 22.1. 233 - 22.4 229 20.5 233
'8 21.5 244 22,1 239 . 22,0 231 20.5 229
9 19.8 245 21.0 256 21.4 . 227 20.5 232
0. .17.0 250 119.5 247 20.6 228 20,6 231
11 16.0 251 17.5 247 20.0 230 19.8 230
12 14.6 . 254 - 16,0. 246, 6.6 . 235 17.2 239
13. 14,0 . 261 15.0 254 15.5 237 . 16,9 . 234
14 13,4 263 14.0 269 4.5 241. 16,1 236
15 12.9 269 . 13.6 . 272 13.7 248 [ 15.0 240
16 12.9. 269. 13.4 265 13.3 251 13.5 249
17 . 12.5 .. 269 13.0 . 363 13,1 . 252.  -13.0 . 252
.18 12,3 267 12.8 272 .12.7 265 . . 12,8 254
19 11.6 275 12.0 278 12.7 286 12.5 . 261-
20 .. 11,0 285 11.6 287 12.5 289 12.0 264
21 10.8 293 . 11,0 . 291 12.0 297 11.6 . 267
22 10.8 340 - 11,0 338.  12.0 311 11.5 294
23 - 10.8 344 . :
2% 348

10.8

3




Table XXIV (cont.)
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N
5

Cruise 9 Cruise 10 Cruise 11 Cruise 12
Depth I °%C Ky ° K, °¢ K,
0 16.8 -~ 15.7 242 14.5 248 13.9 - 251
1 16.8 - 15.7 243 14,5 248 13.9 251
2 16.8 -- 15.7 244 14.5 248 . 13.9 251
3 16.8. - 15.7. 244 14.5 250 13.9 . 251
4 | 16.8 - 15.7 244 14.5 . 250 13.9. 251 -
5 16.8 - 15.7 245 14.5 248 13.9 251
6 16.8 - 15.7 243 14.5 250 13.9 251
7 16.8. == 15.7 244 14,5 249 13.9 251
8 16.8  -- 15.7 . 243 14.5 249 13,9 - 251
9 16.8 == 15.7 244 4.5 250 '13.9. 251
10 16.8 ~- 15.7 245 14,5 248 13.9 251
A1 . 16.8 - 15.5 246 14.5 250 13.9 . 251
12 16.8 . -- 15.0 - 248 - 14.5 2560 . 13,9 251
13 . 16.8 -- 15.0 . 248 14.5 . 250 13.9 251
14 16,8  =- 15.0 247, 4.4 251. 13.9 251
15 16.8 - 14.5 251 4.4 249 .13.8 253
16 16.8  -- 14.0 256 . 14,4 251 13.8 253
17 16,5 == 12,6 265 . 14.4 249 . -13.8 262
18 14.9  -- 12.2 268 14,1 255 "13.8 257
19 12.6 - 12.0 270 13.4 260 . 13.8 258
20 12.6  -- 12,0 270 12.9 263 13.8 , 263 .
21 11,6 . -- 11.5 270 12:4 296.  13.6 301
22 115 -- 11.5 291 12.4 296 . 13.6 301
23, "11.5 291
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Table XXV. Prqfi]ﬁgs’éf'ten_xpevrature',(98) ;and specific "‘conduc.taxicg- (K-z's)
at-‘Station 2 during 1964. Conductance expressed as
micromhos. ' .
Cruise 1 - Cruise 2 Gruise. 3 Gruise 4
Depth - O K,s % K, % Ky °C . Ky
0 14.2 . 249. . 16,5 262 19.0 243 20.1 264
1 14,2 . 255 16.2 248 19.0. 244 20.1 240
2 14.2 255 15.9 250 18,8 - 243 20,1 . 246
3. 13.3 261 15.0 251,  18.5 . 247 . 20,1, 244 -
4 . 12.5 26l 14,7 246 17,9 250 20,1 " 244
5 12.1 264 - 14.5 254 17.2 . 258 20,1 244
6 11.9 . 260 4.5 242 17.2 263 . 19.6 249
7 11.2 270 4.2° 259 16.7 269 19.4° 253
8 10.6 259 13,2 240 16,5 251 17.8 259
9 10.7 261 12.5 253 15.0 249 - 16.2 263
10 10.7 266 11.9 265 . 13.4. 265 15,1 270
11 10.7 . .274 11,5 246 12.7 . 270 4.2 274
12 10.1 273 11.5 .253 12.2 . 273 13.4 286
13 10.0 287 11,5 253 11.8 258 12.8 287,
14 11.0 . 266 11.5 273 12.4 - 275
15 . 11.0 266 11.5 307 12,0 293
16 11.2 290 12,0 . 293
17 11,0 291 12,0 29
18 10,5 - 295 11.5 . 297..
19 10.1 315 11.1 - 307
-20 10.1 - 315
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Cruise 5 Cruise 6 - Gruise 7 Cruise 8
Depth  °C . K, ¢ Ky % K, % Ky
0 22.0 250 214 245 - 21.8 232" 20.5 228
1 22,5 248 21,4 2564 22,0 231 20.5. 230
2 22,2 249 21.4 254 21.9. 232 .20.5 230
3 22,2 . 249 21.4 251 21.9 - 232 20.5 226 .
4 22.2 249 22.1 241 21.8 231 26?5 230
5 22,2 252 22,1 . 244 21.8 231 20.5 231
6 22,2 255 .  22.1 250 21.8 227 - 203 232 °
7 20.6 231 21,6 244 22,0 . 226 20.3 230
8 19,6 . 247 21.3 - 240 21.2 230 20.0 234 -
9 17.5 247 20.9 242 20.8 228 20.0 . 234
10 15.5 254 18.0 255 20,0 231 19.6 - 236
11 15.0 249 16.5 259 17.2 236 . 19.0 236
12 14,0 - 269 . 15.2 253 15.6 239 18.0 . 238
13 . 14,0 269 13.2 267  15.0 240 18.0 "~ 238
14 14.0 247
15 13,9  245.
16 13.2 250
17 13.1 254
18 13,0 247
19 13.0 260
20. 13.0 260
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Cruise 9 -Cruise. 10 - Cruise 11 ' Gruise 12

| Depth. - ©C Kys . OC Ky % Ry o Ky
0 16.0 == 15.7 . 24 4.7 249 13.9 250

1 6.0 -- 15.7 245 14.6 251 13.9 251

2 160 -- 15.7 244 16.6 249 18,9 251
3 16.0 . -- 15.7 245 14:5 250 13.9 251
4 16.0 - 15,7 . 245 14,5 . 251 13.9 254
5 16,0 . -- 15.7 245 14.5 250 13.9  251.
6 16.0  -- 15,7 245 14.5 249 13.8 252

7 6.0 -- 15.7, 245 14,5 . 250 13.8 252
8 16,0 -- 15.7 245 145 250 "13.8 252
9 6.0 -- 15.7 245 - 14.5 250 13.8 _ 252
10 . 16,0 -- 15.7 245 14,5 250 13.8 252
11 16.0 - 15.7 248, 14.5 253 13.8 252
12 16.0 -- 15.5 249 14.5 251 3.8 252
13 16.0 . -- 15.3 247 4.3 256 13.8 252
14 16,0 -- 15.2 - 248 14:3: 259 13.8 . 252
15 16.0 - 15.2 253 14.3 259 13.7 253
16 16,0 . -- 13.5 254
17 13.5 254
18 13.5 254
19 13.5 276
20 13,5 276
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.?able XXVI. Prqfiles;of temperature (°C) and specificlconduqtanée (Kés)
: - at: Station 3 during 1964. -Conductance expressed as
micromhos, '
Cruise 1 Cruise 2 : Qruise 3 - Cruise 4
pgpth °%C  Kys ¢ K5 % Kys . % .) Kye
6. 13.0 240 15.5 252 - 19.1 265 19.9» . 248.
1 13,0 236 15.5. - 253 19.1 258 19.9 - 248.
2 12,5 237 15.0 254 184 245 19.9 - 248
3. 12.5 230 15.0 248 17.5 255 19.9 248
4 12.5 237 14,9 242 17.5 237 19.9 248
5 12.5 236 14.5 . 259 17.1 . 250 19.5 250
6 12.5 236 14,3 255 17.0 264 18.9 256
7 12,5 226 13.5 247 17.0. 264 17.5 258
- 8 12,2 225 | 12.8 261 15.8 263 16.0 267
9 12.1 227 12.5 253 14,5 258  --14:6 274
10 12.0 234 12.2 244 13,7 274 '1309‘ 279
11 | 1i.8 236 '12.0 250 13.4 274 13.4 - 280
12 11.5 242 | 11.5 251 13.0 - 282 12.9 283
13 11,2 253 11.5 253 12.2 273 12.5 . 283
14 16.8 265 11.0 - 277 1.7 277 12.1 299
- 15 10,0 276 10,6 280 11,7 286 12,0 293
16, 9.5 290 10.6 264 11.0 288 12,0 287
17 9.2 313 10.6 269 10.8 290 11.6 320
18 9.2 306 10.0 300 10.4 306 11.6 328
19 9.0 357 9.5 313 10.1 308  11.6 328
20 9.5 313 10.1 ° 315




Table XXVI (cent.)
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Cruise 5 Cruise 6- Cruise 7 C€ruise 8
Depth  °C K, °C Ry %  K25 °%C Ko
0 21.5 *. 262 21.7 250 20,9 256 20.0 .230
1 21.5 262 21.7 250 210 250 20.2 228
2 215 265 21.7 .-253..  21.3 257 20,2 231
3 21,1 . 255 2i.7 245 21.4° 263 20.2. -231
4  .21.0 256 21.7 245 21.5 262 . 20.2 230
5 21,0 - 265 217 236 21.7 261 20.1 232
6 21,0 . 259 21.7 260 21.7 - 252 .20.0 231
7 . 20.5 .256 . 21.7 239 21,7 252 20,0 230
8 19.1 - 244.. 21,0 262 21,7 252 20.0 228
9 16.5 241 19.8 . 243 20.7 251 20.0 236
.10 15.0 .249 16.0 256 19,4 - 250 120.0 235
11 14.0 256 15,4 252 . . 16.8 252 19.5 - 237
12 13.5 267 14:1 266 15.2 253 17..6. - 238
13 . 13.0 263 13,8 265 14.8 261 . 15.0 243
14 13.0 - 263 13.7 258 14.6 262 4.4 246
15 13.0 250 13.2 275 14.5 . 253 13.5 249
16 12.5 271 - 13.2 267 13.5 259 13.2  .256
17 12.5 - 266 13.0 263 13.0 265 13,2 251
18 12.5 . 266 13.0 - 263 12.9 266 12.2 260,
19 12,0 329 - 12,6 279
.20 12.0 246 12.6 - 332




Table XXVI (cont.)
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~ Cruise 9: Cruise 10 Cruise 11 Cruise'lz_
Depth G K, % Ky % Ky % Ky
0 16,0 -- 15.5 . 246 14.6 . 253 13.6 . 251
1 16.0 - -  15.6 246 4.6 253 - 13.6 251
2 16.0 - 15.6 245 . 14.6 253 13.6 254
'3 16.0 - 15.6 245 14,6 . 254  13.6 254
4 16.0 -- 15.6 . 245 14.5 258 13.6 - - 254
5 16,0, - 15.5 246. 14,5 . 258 - 13.6 254
6 16.0 -~ 15.5 246 4.5 259 13.6 254
7 16.0 == 15.5 .246 = 14.5 . 256 13.6 254
8 16,0 -~ 15.5 246 14,5 250 13.6 254
9 16;0 - 15.5 246 14.3 251 136 254
10 16.0 -~ 15.5 246 14.3 250 13.6 254
11 6.0 -- 15.5 246 4.2 252 13.6 - 254
12 16,0 -= 15.4 - 248 14.2 250 13.6 254
13 16.00° -- 15.0 252 4.2 250 13.6 256,
1% 16,0 -= 14,8 251 14,2 . 250  13.6° 255
15 16.0 - 14.4. 258 14.2 250 13.6 . 256
16 .16:0' -- 4.2 .260 4.1 251 13.5 . 255
17 15,8 == .. 13.7° 260 4.1 269 13.5 255
18 15.6 -~ 13,7 264 4.1 277 13.5 282
19 . 15.6 -- 13.5 291

20 1504 -

13.5 . 312




Table XXVIL. - Profiles of temperature (°C) .and specific conductance (K

. ~1l6~

. at’Station 4 during 1964, Conductance expressed as

25)

micromhos .
Gruise 1 Cruise. 2 .@ruise 3 Cruise 4
Depth  %¢ - Ky, %6 K % K, . 0¢ - Ky,
0 14,0 . 255 16.5 : 273 . 18,5 259 . 20.6 274
1 13,5 -254. : 15.5 262 18,5 - 255 20,6 274
2 13,0 248 15.0 . 265 18.2 - 257 20.6 - 271
3 12.5 249 15,0 © 254 18.0 - 244 = - 20.0 268
4 12,5 249 14.9 254 17.5 255  .19.2 - 251
5 11,5 - 246 14.7 <255 1751 . 267 19:0 252
6 11.4 242 14.7 - 255 16.9 274 18,2 251
7 1.2 242 145 257 16.5 256 7.1 235,
8 11.2 .257 13.5 266 16.1 248 16.5 - 253
9 11.2 255 13,1 262 15.5 ~ 257 16,2 250 -
110 11,2 257 12.5. 263 13:1 . 285 15.5 257
11 1.2 262 12,1 251 12.7 247 ° 14,9 263
12 11.0 -.256. . 11.5 270 12,2 - .265 13.5 285
13 10,5 272 11.0 (274 11,5 268 13,2 . 287
14 - 280  10.5 281  1L.5 270 12.6 292
15 -~ 280 10.5 - 281~  1l.5 273 12.6 288
16 ;288

12.6




Table . XXVII (cont.)
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Cruise 5 _crnise 6 Gruise 7 Cruise 8

‘Deptk %€ Ky ¢ Kys °%C Ky %6 Ky5.
0 22.0 266 21.5 - 260 -- -- 20.0 - 236
1 22,0 256 21,5 254 S 20,0 234
2 21.0. 272 .21.5 254 R — 20.0 23
3 20.5 275 21.5 260 - - 20,0 234
4 20,5 250 21.5 254 . -- .- 20.0 234
5 20.5 247 - 2L5 260 - - 20.0 ..236
6 20.5 250 21,0 250 - 20.0 236
7 20,0 250 . 20.5 . 244 -- -- 19.6 238
8 ' 18.5 - 255 - 19.4 237 -- -- 19.6 . 238
9 17.5 242 17.7 239 -- -- 19.5 239
10 17.0 243 .  16.9 238 -- - "19.2 236
11 16.0 243 15,5 - 246 -- - 17.5 - 230
12 15.4 252 14.5 . 253. - - 16.5° 236
13 15,0 . 271 13,6 259 -- - 15,4 242
1% . 14,5 253 .  13.6 254 . == -- 15.0 240
15 14.0 . 269 13.6 259 - -- 15.0 245,
16 14.0 269 - -- 15.0 249




' Table XXVIL (cont.)
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_ Cruise.12

QGruise 9 Cruise 10 Grﬁise'll
“Depth’.  °€¢. K, ° R, og Kyo oc Kys
0 e “- 15.0 257 14.7 - 254 13.2 .. 267
1 - -- 15.0 - 258 14,5 - 254 13.2 269
2 - -- 15,0 257 4.0 256 13.2 269 .
3 -- -- 15.0 257 14,0 254 13.2 269
b e 14.6 260  °14.0 254 13.1 270
5 N 14.6 260 4.0 - 256 - 13.1 272
6 -- -- 4.6 260 4.0 254 13.1 . 272
7 -~ -- 14,6" 260 - 14.0 . 254 13,1 272
8 -- -- 14.6° 260 14.0 ° 254 13.1 . zzé
9 - -- 14.6 260 13.7 256 13,0 272
10 -— = 14;6' 260 13.6 .258 13;0 _z7i
11 - e 4.6 260  13.5 263 13,0 . 271
12 - e= 14,6 262 13.5 266 13.0 - 272
13 -- - 4.6 278 - - 13.5 277 13,0 272
14 - - 14.5 291 13.5 277 13.0 275
15 —— e 14.0 291 13.5 283 13.0 275
16 0 se ee 14.,0




Table XXVIII.-
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Profiles of temperature (°c) and. spegific coﬁductance'(Kzs)
.at ‘Station 5 during 1964, '

Conductance expressed as -

micromhos.
Cruise 1 Cruise 2 Cruise 3 Cruise &
. " Depth %  K,g °C | Koo °¢ . K, % Kys
0 16,6 121 18.9 B 21,5 126 - 21.8 zli
1 13,0 - 131 17,5 117 19.0 - 134 216 204
2 12.8 132 17.0 108 . 18.5 127 2156 202
3 12,5 133. 17.0 119 17,4 12 21.6 . 199
4 11.5 137 152 165 16.8 239 .  20.5 176
5 10.2 113 13.1. - 16.0 162 19;% 207
6 9.6 . 14k 12.5 - 15,6 145 18.1 . 214
7

9.5

144




Table XXVIII {(cont})
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113

Cruise 5 ‘Cruise 6 .Cruise 7 cfui,se 8
‘Depth € '.Kés %€ Ky % Kps. % Ky
0 22.5 ‘126 2.5 221 - - 21.0 - 222
1 225 140 22.5 . 236 - 20,8 223
2 216 -195 . 225 221 i - 20.0. 166
3 215 .215 . - 22.5 210 - - 20.0 - 166 .
4 215 ~_21$ . 22,5 168 - - 20,0 171
5 21.2 180 21,5 149 - e 19.0 --
6 21,0 181 20.5. 147 T — 17,0 ==
7 19.4 . 113 - - '
8 1904 - --




Table XXVIII . (cont,)
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Cruise 9 Cruise 10 Gruise 11- .Gruise 12
Depth °%. K, % Ky °¢ Ky °c K, -
6 145 -- 15.4 242 15.2 226 13.0 245
1 145 - 15.1 243 .15.2 225 12,9 244
2 4.5 -- 14,5 ° 220 14,5 222, 12,0 225
3 14.5  -- 13.8 206. - 14,0 220  .12.0 200 -
4 14.5 -- 13.8 203 14.0 216 11,9 211
5 4.5 -- 13.5 202 13.6 216  1L.9 218
6 13.0 - 13.5 199 13.5 209 11.6 223
7 13.5 204 13.5 211 11,6 227
8 13.5 - 202 13.5 212
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