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ABSTRACT

THE EFFECTS OF NUTRIENT ENRICHMENT ON THE
PLANKTON COMMUNITY IN EIGHT
EXPERIMENTAL PONDS

By

William John O'Brien

The concentrations of nitrogen and phosphorus
present in a body of water may limit the amount of energy
fixed by the primary producers of that water body. Little,
however, is known of the relationship between varying
amounts of these nutrients and the density of the phyto-
plankton in a water body. The relationship between
varying amounts of phytoplankton and the density of the
zooplankton is also poorly understood. To investigate the
effect of different levels of nutrients on the plankton
community, Frank deNoyelles and I organized a controlled
fertilization study in eight experimental ponds. Two
controls were maintained, and an inorganic nitrogen and
phosphorus fertilizer was added at three increasing levels,
each replicated, to create conditons ranging from the
oligotrophic control ponds to the highly eutrophic level
in the highest fertilized ponds. The ferti}ization regime

was conducted throughout two summers, 1968 and 1969.
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Chemical and biological observations were made
primarily during the two summers of the fertilization
treatment with less frequent observations during the rest
of the year. The factors of major interest were the species
composition and abundance of the phytoplankton and zoo-
plankton, with Mr. deNoyelles studying the phytoplankton
and I concentrating on the zooplankton. Many factors of
common interest were also measured: concentrations of
nitrogen and phosphorus in the pond water, chlorophyll a
concentration and primary production of the phytoplankton,
various chemical conditions, and other limnological
parameters thought to be important.

The concentrations of nitrogen and phosphorus in
the ponds ranged over three orders of magnitude. Classi-
fication of the nutrient concentration, especially that of
nitrogen, and the level of primary production showed the
treatments ranged from oligotrophic to highly eutrophic.

A biocassay and other evidence suggested that nitrogen was
the "governing" nutrient.

The concentrations of nitrogen and phosphorus
largely followed treatment level and each treatment was
distinct from the others, especially in 1969. 1In 1969
this was also true of the phytoplankton density as measured
by chlorophyll a concentration and primary productivity.
In 1968 the phytoplankton density according to treatment
level was erratic, with the medium treatment level ponds

having the highest phytoplankton density and the high
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treatment level ponds generally having phytoplankton densi-
ties little greater than the low treatment ponds.

The relationship between treatment level and
crustacean zooplankton density was variable in both years.
In 1968 the high nutrient ponds had the highest average
cladoceran density with the other treatments differing only
slightly from one another. 1In 1969 even this relationship
was no longer apparent. However, there was a clear,
positive correlation, with four exceptions, between the
average chlorophyll a concentration and the average
cladoceran density in a pond. The four exceptional ponds
had the highest chlorophyll a concentrations of all the
ponds, and the relationship between the amount of phyto-
plankton and the cladoceran density may have been con-
sideraly altered by the high phytoplankton densities in
these ponds.

The species composition of the phytoplankton varied
markedly with treatment level. Phytoplankton algae
occurring in the control ponds were those common to
oligotrophic conditions, while those occurring in the high
and medium treatment level ponds were those typical of
eutrophic conditions. The most interesting distribution

of a species by treatment level was that of Microcystis

aeruginosa, an organism often associated with eutrophic

conditions, which occurred in the low and medium treatment
level ponds but did not occur at all in the high treatment

level ponds. The species diversity of the phytoplankton,
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as measured by the average number of summer species,

decreased with increasing nutrient input in both years.
While the same species of zooplankton occurred in

all the ponds, the relative species composition changed

dramatically, with Ceriodaphnia reticulata completely

dominating the species composition in the higher treatment
ponds. Considering species diversity to be the evenness
with which the total biomass of the zooplankton is distri-
buted among species rather than the overall number of
species present, the species diversity of the zooplankton
decreased with increasing nutrient input.

In the four ponds in which average cladoceran
density did not increase with average chlorophyll a
concentration, the relationships between the phytoplankton
and the zooplankton were analyzed in detail. Three of
these cases occurred in 1969 when the phytoplankton density
was very high in late July and August yet no crustacean
zooplankton at all were present at this time. Laboratory

life tables investigating the survivorship of Ceriodaphnia

reticulata in this water and other laboratory experiments

along with field correlation suggested a pH mortality
threshold at pH values over 10.8. The high pH values
which occurred in these ponds were produced by high
primary production. The other exceptional pond was pond 8
in 1968, a medium treatment pond. In this pond it was

demonstrated that a large part of the chlorophyll a
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measured was from large algal species such as colonial

Volvocales and Microcystis aeruginosa which would be

unavailable to the zooplankton as food. The high zoo-
plankton densities which preceded blooms of both these
large phytoplankton forms may have played a role in the
development of these blooms.

Large field experiments such as this one are
valuable in determining what factors are important in the
functional coupling between trophic levels, and how these
factors are altered as basic ecosystem parameters change.
Necessary to such experiments are constant monitoring by
the investigator and the performance of critical experi-

ments at appropriate times to confirm causal relationships.
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INTRODUCTION

Brandt (1899) was perhaps the first to suggest that
the amount of nitrogen and phosphorus present in a body of
water limits the amount of energy fixed by the primary
producers in that water body. Since then it has been well
documented that the amount of energy fixed through photo-
synthesis determines the amount of energy available for
consumer trophic levels. The general steps in the flow of
energy are known for plankton communities: the phyto-
plankton fix carbon through photosynthesis and are fed
upon by filter-feeding zooplankton which in turn are
consumed by both invertebrate predators and small fish.

A number of investigators have manipulated nutrient
input to small bodies of water, primarily in an attempt to
understand factors affecting fish production (Swingle and
Smith, 1939; Ball and Tanner, 1951; Nelson and Edmondson,
1955; and McIntire and Bond, 1960). Since the fish
production in most of the waters studied did increase with
fertilization, it is apparent that the effect of nutrient
addition is "transmitted" to higher trophic levels. Most
workers on experimental nutrient enrichment have left

unstudied the details of the coupling between trophic
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levels. Hall, Cooper, and Werner (1970), in a cross-
classified study of nutrient enrichment and predation level
on experimental ponds, demonstrated that not only did fish
production increase with increasing nutrient input, but
that this increased fish production was clearly related to
the abundance of food particles greater than a certain
critical size.

Some of the relationships between nutrients, phyto-
plankton, and zooplankton have been suggested through
various correlations. Sakamoto (1966) shows a strikingly
positive relationship between nitrogen and phosphorus
concentrations and chlorophyll a concentrations in various
Japanese lakes of widely varying nutrient content. This
strongly suggests a corresponding increase of phytoplankton
with increasing nutrient concentration. Hrbacek (1966)
has shown a direct relationship between the fixed nitrogen
in water, determined by Kjeldahl analysis, and the amount
of nitrogen in zooplankton, which suggests that the zoo-
plankton biomass is directly related to the amount of
particulate matter (mostly phytoplankton) in the water.
Other workers have shown that the abundance of zooplankton
in a particular water body is inversely related to the
abundance of phytoplankton (Anderson, Comita, and Engstrom-
Heg, 1955). Nauwerck (1963) has shown that in the lake he
studied the phytoplankton, if considered the only source
of zooplankton food, cannot account for the observed

abundance of the zooplankton. While these studies have
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produced some insight into the mechanisms by which changes
in one trophic level affect the others, the functional
couplings between trophic levels are not well understood.

To investigate the effect of different levels of
nutrients on the phytoplankton and zooplankton community,
while minimizing the variability among the bodies of water
under observation, Frank deNoyelles and I organized a
controlled fertilization study of eight experimental ponds.
We established three levels of fertilization, with one
replicate pond at each level, and two control ponds. The
fertilizer was added to create conditions ranging from
slightly higher than the unproductive oligotrophic control
ponds, up through intermediate ranges to a very productive,
eutrophic level.

A fixed fertilization schedule was followed
throughout two summers, early June to late August of 1968
and 1969. The pond nutrient concentrations and plankton
communities were observed weekly during the time of ferti-
lization and at less frequent intervals during the rest of
the year. A concentrated observation period during the
time of maximum possible biological change was felt to be
a better analytical procedure than a less intense obser-
vation schedule throughout the entire two years. The
factors of prime interest in this study were the numerical
abundance and species composition of the phytoplankton and

zooplankton, with Mr. deNoyelles studying the phytoplankton
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and I concentrating on the zooplankton. Many factors of
common interest were also measured: concentrations of
nitrogen and phosphorus in the pond water, chlorophyll a
concentration and primary production of the phytoplankton,
various chemical conditions, and other limnological
parameters thought to be important.

As an initial working hypothesis, we assumed that
the relationship between nutrients and phytoplankton and
the relationship between phytoplankton and zooplankton were
simple, proportional functions. That is, the more nutrients
added, the more phytoplankton production and biomass would
result; the more phytoplankton biomass, the more zoo-
plankton biomass would result. As specific contradictions
to this hypothesis arose, experiments were performed to
determine what relationships were involved in these
responses. A series of bioassay experiments was performed
to determine what factors were limiting the production of
the phytoplankton in each of the four treatment levels.

The filtering rate of the dominant zooplankter, Ceriodaphnia

reticulata Jurine, was measured at different food densities

in order to assess the capacity of this species to influ-
ence phytoplankton abundance through grazing. Several life

table experiments were performed using C. reticulata to

investigate the decrease and disappearance of crustacean
zooplankton in certain of the higher nutrient ponds which

had high phytoplankton densities.






Precedence was given to analyzing averaged zoo-
plankton samples and individual samples from particular
ponds where preliminary observations showed dynamic
interactions between phytoplankton and zooplankton were
affecting the pond community. Approximately 50 per cent
of the phytoplankton samples ‘were analyzed, with emphasis
placed on characterizing seasonal trends in the phyto-
plankton species composition of all the ponds and the
relationship between phytoplankton species composition and
treatment level (deNoyelles, 1970). Although there is
need for further analysis, this thesis presents the major
response of the phytoplankton to increasing nutrients,
along with the analysis of the average cladoceran response
to treatment level. Each pond with high average phyto-
plankton density which showed no marked increase of aver-
age cladoceran biomass is analyzed in depth, and mechanisms
causing these anomalies are suggested.

The concentration of nutrients in a body of water
also affects the relative distribution of the plankton
biomass among particular species or size categories. A
preliminary analysis of the species diversity, as measured
by average number of species in the case of the phyto-
plankton and by number of dominant species in the case of
the zooplankton, is reported. Margalef (1964) and others
have predicted that as the primary production of a body of
water is increased through nutrient addition, the ratio of

primary production to biomass will increase and this will
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decrease the species diversity of the community through
differential increase of certain species. Although much
of our work could and will be used in the future to test
this and other hypotheses put forth on the subject of
species diversity, this consideration is much too complex

and lengthy an undertaking for this dissertation.



MATERIALS AND METHODS

The Ponds

The ponds used in this experiment were constructed
by the Department of Agronomy at Cornell University in the
summer of 1964 at Cornell Pond Site #2. The general area
is in the Erie-Langford Soil Association developed on
glacial till with poor drainage. Site #2 was constructed
on an old field and marsh. There are 50 ponds at the
site, 40 built in the summer of 1963 and the 8 used in
this study built the next year. The entire area was
scraped down and the ponds constructed by building up dikes
to form a square depression. The bottom area was 1/10
of an acre (0.04 hectare), the top area 1/3 of an acre
(0.14 hectare), and the dikes were 3 meters high. Follow-
ing construction the ponds were allowed to fill with rain
water and snow; however, a canal system and reservoir
were constructed at the site to fill the ponds if necessary.
No effort was made to seed the 8 ponds used in this study
with any organisms, and they remained undisturbed except
for the maintenance of a 1.22 m water level from 1964

until the summer of 1968.
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Because the bottom of the ponds is clay and relatively
impermeable and the general locale has a high water table,
the ponds lose very little water. During both years of the
experiment, water had to be pumped out of the ponds each
spring to reduce the pond depth from 1.83 m to 1.37 m. At
this depth the pond volume is approximately 8.1 x 10s 1.
Prior to fertilization, all the pond bottoms were covered
with Chara sp., and the water was very clear.

Experimental Design and
Numerical Analysis

The pond nutrient treatments were organized in a
randomized complete block design (Federer, 1955) with
three levels of nutrient addition and a control, each
replicated. Thus there were two blocks, an upper one and
a lower one, and the ponds were numbered as shown in
Figure 1. Ponds 4 and 6 were control ponds (here called
4 C and 6 C), ponds 2 and 7 were low nutrient level ponds
(2 L and 7 L), ponds 1 and 8 were medium nutrient level
ponds (1 M and 8 M), and ponds 3 and 5 were high nutrient
level ponds (3 H and 5 H).

Usually an experimental design utilizing a block
procedure is aimed at minimizing the effects of a known
environmental gradient, and the blocks run along this
gradient of assumed importance. In this case there was
no a priori knowledge of an important gradient, and a
determination of the concentrations of various elements

made on 15 November 1967 showed no major differences among



Figure 1. Randomized complete block experimental
design. Block I ponds 1-4; Block II ponds 5-8.
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ponds (Table 1). However, a block design was used because
of the arrangement of the ponds (Figure 1).

Most parametric statistical techniques have only
limited use in analyzing sequential environmental or
population data because the observed values on different
sampling dates are not independent. Although summer
averages are reported in several figures and tables, no
confidence limits may be associated with these means
because the autocorrelation between sampling dates violates
the assumptions of parametric statistics. Block effects
and asynchronous biological events within replicate ponds
severely affected the magnitude of treatment mean variance
for sequential data. This data is analyzed primarily for
major, consistent trends. Ranges and means of chemical
and biological parameters are reported to indicate the
extent of within-pond and within-treatment variability

throughout the summer.

Nutrient Treatment

Nutrients were added as high quality agricultural
fertilizer purchased from the Agway farm supply store in
Ithaca, New York. The treatment was a mixture of nitrogen,
phosphorus, and potassium. The nitrogen source was
ammonium nitrate fertilizer which is rated as 32.5 per
cent nitrogen by weight. The phosphorus source was a
fertilizer termed triple superphosphate, rated 20 per cent

phosphorus by weight. The potassium source was potash
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fertilizer rated 20 per cent potassium by weight. These
three fertilizers were mixed in a ratio of 13 parts ammonium
nitrate to 5.4 parts triple superphosphate to 1 part potash,
a nutrient ratio of 8:2:1 (N:P:K) by weight which gives an
atomic ratio of roughly 24 to 3 to 1. The fertilizer was
mixed in 13.62 kg lots, and from this mixture appropriate
amounts were taken and applied to the ponds.

The actual amounts added to the ponds per week were
1.36 kg, 3.63 kg, and 7.26 kg of the fertilizer mixture to
create low, medium, and high nutrient treatment levels.

See Table 2 for the amount of nutrients which would have
resulted from these treatments if all the fertilizer went
into solution and none of the nutrients was acted upon
biologically or physically. The rates of addition were
chosen such that a complete span of trophic conditions from
the oligotrophic control ponds to a very eutrophic high
level of nutrients would be created.

While the figures in Table 2 are expressed on a
weekly basis, the fertilizer was actually applied three
times per week, on Monday, Wednesday, and Saturday after-
noons. In all cases, the fertilizer was added after water
samples were taken for chemical analysis. The three times
a week treatment schedule was begun on 7 June 1968 and
continued until 28 August 1968; fertilizer was added
1l September, 6 September, 15 September, and 22 September
1968. The three times a week schedule was resumed on

4 June 1969 and terminated on 27 August 1969. To apply
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the fertilizer, 1/3 of each pond's weekly allotment was
divided and mixed into four pails of water from that pond,

then broadcast from each side of the pond.

Water Samples

All the water samples for water chemistry, chlorophyll
a concentration, primary productivity measurements, and
enumeration of phytoplankton species were taken using a
column sampler designed and built of inert plastic tubing
by Mr. deNoyelles. This sampler was usually lowered to
within 8 cm of the bottom of the pond (1.37 m), enclosing
about 700 ml of water. When water samples were taken for
the chlorophyll determinations, the sampler was lowered to
a depth of only 1.22 m.

The number of samples taken at a particular time and
the size of the container used varied depending upon the
analysis to be performed. However, the samples were
always placed in a Nalgene screw cap bottle 0.94 1, 1.89 1,
or 3.79 1 in size and taken to the laboratory soon after
collection.

A column sample was used to eliminate from consider-
ation any vertical differences in distribution. Because
of the almost constant breeze at the pond site, the ponds
never thermally stratify for more than a few days, and
then only during particularly calm, hot periods. For this
reason, vertical heterogeneity was not thought to be

important.
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Chemical Analysis

The reactive phosphorus content of all the ponds was
determined weekly during the summer of 1968; five determi-
nations were made throughout the fall, winter, and spring
of 1968-1969; and determinations were made every two weeks
during the summer of 1969. The method used to determine
the amount of reactive phosphorus was that of Strickland
and Parsons (1965) with a detection limit of 1.0 ug P/1.
This technique utilizes the complexing of molybdic acid,
ascorbic acid, and trivalent antimony with phosphorus which
results in a blue solution the light extinction of which
was measured with a Klett-Summerson photoelectric colori-
meter using a red filter and a 2 cm cell. Solorzano and
Strickland (1968) and Rigler (1968) have pointed out that
this technique may include forms of phosphorus unavailable
for plant nutrition. However, the measurement demonstrates
major nutrient differences among treatments.

The reactive phosphorus content of the ponds varied
from below detection in the control ponds up to 893 ng/1l
in one of the high nutrient ponds.

The inorganic nitrogen content of the pond water was
determined for all three forms of inorganic nitrogen
(nitrite, ammonia, and nitrate) each wtek during the
summer of 1968, five times between September 1968 and May
1969, and every two weeks in the summer of 1969, on

alternating weeks with the phosphorus measurements.
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The nitrite procedure used was that of Strickland
and Parsons (op. cit.) with a detection limit of 0.15ug
N/1, in which sulphanilamide complexes with nitrite to
form an azo dye, the light extinction of which was measured
with a Klett photometer using a green filter and a 2 cm
cell. The nitrite concentrations varied from a low in the
control ponds of 0.7 ug/l to a high in the high nutrient
ponds of 100 ug/1l.

The other forms of nitrogen were measured as nitrite.
The ammonia content of the pond water was determined using
the method given in Strickland and Parsons (op. cit.) with
a detection limit of 1.5 ug N/1, in which ammonia is
oxidized to nitrite by alkaline hypochlorite and determined
as nitrite using the technique described above. The
concentrations of ammonia ranged from a low of 5.5 ug/l in
the control ponds to 280 ug/l in the high nutrient ponds.

The determination of the nitrate content of the pond
water was made using the technique of Wood, Armstrong, and
Richards (1967) and Strickland and Parsons (op. cit.) with
a detection limit of 0.7 ug N/1. 1In this method, the
sample is exposed to tetrasodium ethylenediamine-
tetraacetate solution and passed through a column of
copperized cadmium filings. During this procedure the
nitrate is reduced to nitrite and is determined in this
form using the method described above. To keep the
readings within the range of detection of the instrument

used, it was often necessary to dilute the high nutrient
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pond samples with 0.0015 N HC1l and adjust the values
arithmetically. The amount of nitrate nitrogen in the
water extended from less than 1.5 ug/l in the control and
low treatment ponds to almost 1400 ug/l in the high
treatment ponds.

At infrequent intervals throughout both summers and
occasionally in the winter of 1968-1969, water samples
were taken to the Cornell University Department of
Pomology for analysis of the concentrations of various
important elements (P, Ca, K, Mg, Na, Zn, Mn, Fe, Cu, and
B) in the pond water; the measurements were made with a
photoelectric spectrometer manufactured by Applied Research
Laboratories, Inc., Glendale, California. The water
samples were Millipore filtered and put in Nalgene
containers before being sent to the Pomology laboratory
for analysis. During the summer of 1968 and throughout
the winter, the Millipore filters used were not pre-rinsed
to remove possible contaminants. The pre-rinsing procedure
was instituted for all the sampling dates during the
summer of 1969 but seems to have been an unnecessary
precaution. See Table 1 for a summary of some of these
data.

The hydrogen ion concentration of the water was
measured in conjunction with a determination of alkalinity.
During the summer of 1968 both these factors were de-
termined infrequently. During the summer of 1969 they

were determined weekly between 10:30 a.m. and 11:30 a.m.
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in conjunction with carbon-14 primary production measure-
ment. pH was measured using a Corning Glass electrode pH
meter (Model 7). Because of the general basic nature of
the ponds, the meter was consistently calibrated using a
buffer of pH 10. The control ponds generally maintained a
pH from 8.8 to 9.3 while the high and medium ponds
occasionally reached a pH of 10.6 to 11.0.

The alkalinity of the ponds was always measured at
the same time as the hydrogen ion concentration was
determined. The method used was that described in Standard

Methods for the Examination of Water and Wastewater (1965):

titration with 0.02 N HZSO4 to the color change of
phenolphthalein and methyl orange. The phenolphthalein
alkalinity was at times non-existent in the control and
low ponds, and ranged up to 1 meq/l weak acid salts
(largely HCO3- and CO3--), often expressed as 50 mg
CaCO3/l, in the high nutrient ponds. The methyl orange
alkalinity varied from 1.2 meq/l weak acid salts (60 mg
CaCO3/1) in the lower treatment level ponds to an oc-
casional maximum of 2 meqg/l weak acid salts (100 mg
CaCO3/1) in the high nutrient ponds.

The oxygen concentration of the ponds was occasionally
determined during the morning using the Azide modification

of the basic Winkler technique as described in Standard

Methods for the Examination of Water and Wastewater

(op. cit.). Because the ponds are shallow and mix almost
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continuously, the oxygen concentration was generally very
close to saturation, or greater than 8 mg 02/1.

Water temperature was measured at about 11:00 a.m.
once a week during the summer of 1968, and varied from
22° to 30°C with no difference among ponds nor among depths
within ponds. In 1969 a maximum-minimum thermometer was
placed in pond 4 C and read daily in the morning. The
summer range was 20° to 30°C with the daily range never

exceeding 5°C.

Plant Pigments

The chlorophyll a concentration of the pond water was
determined weekly from 11 July to the end of August 1968,
and weekly from the beginning of June to the end of August
1969. The basic procedure used was very similar to that
described in Strickland and Parsons (op. cit.), but
several important changes were made at various intervals
throughout the study. The procedure was to filter the
phytoplankton from the water, extract photosynthetic
pigments using 90 per cent aqueous acetone, and measure
the light extinction at various wavelengths of light as
specified in Richard's equation (Strickland and Parsons,
op. cit.) using a Coleman Hitachi 101 spectrophotometer.
At the same time, the light extinction at 480 nm was
measured, and using the equation given by Strickland and

Parsons, the carotenoid concentration was determined.
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For the first four weeks of chlorophyll determi-
nations in 1968, Millipore filters and an 18-hour extraction
period were used. Because the Millipore filters tended to
become cloudy in acetone thus greatly reducing the sensi-
tivity of the technique, Gellman glass fiber filters were
used in later determinations. These filters must be ground
up in a tissue homogenizer and the suspended glass fibers
removed by centrufugation. Because the grinding of the
glass filters completely ruptures the phytoplankton cells,
the extraction time was shortened to approximately 1/2
hour. This greatly enhanced the precision of the tech-
nique, but on occasion the variance of replicates within
a pond was large and appeared to be due to occasional
contamination of the sample with periphyton algae from the
bottom of a pond. Therefore, on and after 16 August 1968,
the column water sampler was lowered to within 15 cm of
the bottom of the ponds instead of to within 8 cm of the
bottom. The number of samples taken per pond was also
increased from two to three. On 30 August 1968 the light
path length in the spectrophotometer was changed from 1 cm
to 2 cm by using larger cuvettes. The method then
remained unaltered throughout the summer of 1969.

The amount of pond water filtered varied greatly
depending upon the amount of suspended material in the
water. It was never more than 1 liter nor less than

50 ml.
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The chlorophyll a concentrations averaged about 10
to 20 mg/m3 in the control ponds and generally increased
with increasing treatment level to a high value of almost

1000 mg/m3 in ponds 3 H and 5 H at the end of August 1969.

Primary Productivity

During the summer of 1969, the carbon-14 primary
production was measured weekly using the technique of
Steemann Nielsen (1952) with modifications suggested by
Vollenweider and Nauwerck (1961) and Wetzel (1964). The
procedure used to fill the incubation bottles was designed
to assure an even distribution of pond water and tracer
among the bottles used for a particular pond. First,
several column samples were taken from a pond and mixed
together. This water was then put in an opaque 2 1
separatory funnel to which was added an appropriate amount
of carbon-14 in the form of sodium bicarbonate (New England
Nuclear Corp., Boston, Mass.). The formula for adding the
water and tracer was as follows: 250 ml of pond water and
1l ampoule of 1 ml of 50 ug sodium bicarbonate in sterile
distilled water at pH 9.5 at 5 ucurie activity for every
two bottles to be incubated. The maximum volume of the
BOD bottles used was about 130 ml, but they were filled
only to the 100 ml mark. In a typical pond, six bottles
would be filled, two to be incubated at a depth of 0.31 m,
two incubated at a depth of 0.92 m, and two dark bottles

incubated at a depth of 0.31 m.
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At times more than six bottles were used per pond.

In the late summer in ponds 3 H, 5 H, and 8 M the phyto-
plankton was so dense that an extra set of bottles was
incubated at a depth of 5 cm in order to obtain an estimate
of the effect of extreme light extinction on production.
Additional bottles were also used for a series of ex-
periments in which a nutrient or nutrients thought likely
to be limiting were added to pond water and the uptake of
the tracer compared with a control of unaltered pond water.
The only change in procedure for these bottles was mixing

a 1 ml nutrient solution with the pond water at the time of
filling.

As soon as a bottle was filled, it was placed in a
dark box. When all the bottles for a particular pond were
filled, they were immediately taken to that pond and
incubated by suspending them to the appropriate depth from
a permanent crosspiece in the pond.

The experiments were begun at about 8:30 a.m., bottles
were incubated in the first of the ponds by 8:45 and in the
final pond usually by 10:30 and never later than 11:00 a.m.
The bottles were removed beginning at 2:00 or 2:30 p.m.
and 1 ml of 10 per cent formalin was added to stop carbon
fixation. This procedure took about 1/2 hour. Thus the
incubation period of the bottles in different ponds varied
from 3 1/2 to 5 1/2 hours, as suggested by Barnett and

Hirota (1967).
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Due to the need for rapid placement of the bottles
in all the ponds so as to assure similar incubation
conditions, bottles were incubated in ponds in the most
efficient possible order, one of two linear series running
from pond 1 M to pond 8 M, or pond 8 M to pond 1 M,
decided randomly each week. The bottles were always
removed in the same order in which they were suspended in
order to reduce any effect due to time of day of incubation.
Water samples for pH and alkalinity determinations were
taken during the incubation period.

The volume of carbon-14 labeled sample filtered
(47 mm HA Millipore filter) varied with the amount of
phytoplankton in the pond, but was consistent for all the
samples from that pond on that day. The volume varied
from 50 to 100 ml. Occasionally only 4 ml from a particu-
lar bottle were filtered and compared with a larger volume
filtered to check for decreasing measurable radioactivity
as a function of increasing volume filtered (Arthur and
Rigler, 1967). This same procedure should demonstrate
increasing color or chemical quench with increasing amount
of cellular material on the filter, as predicted by Pugh
(1970) . As there was no significant difference in the
radioactivity measured per unit volume between large and
small volumes filtered, neither of these potential errors
seems to have been large in the present technique. The
funnels were rinsed with 10 ml of distilled water, and

10 ml of 0.003 N HC1l was passed through the filters at the
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very end of filtration. The filters were then treated in
a fashion similar to that of Lind and Campbell (1969).
They were placed in 20 ml liquid scintillation vials which
were desiccated over Drierite (CaSO4) for two days.

Wallen and Geen (1968) report loss of radioactivity during
the drying process, but offer no easily adaptable alter-
natives. After the filters were dry, the vials were
filled with a toluene-based scintillation fluid: POPOP
[1, 4-bis-2-(5-phenyloxazolyl)-benzene] and PPO (2, 5-
diphenyloxazole). They were placed in a Model 6850 Unilux
Liquid Scintillation System (Nuclear Chicago, Chicago,
Il1l.), and each vial counted twice for a period of 10
minutes each time. Using the channels ratio technique
(Wang and Willis, 1965) to determine the counting ef-
ficiency, the amount of radioactivity on each filter can
be expressed as the number of disintegrations per minute.
With this information and knowledge of the amount of total
carbon in each pond, the formula proposed by Saunders,
Trama, and Bachmann (1962) can be used to determine the

productivity.

P

r/RxCx £

where
12

v
I

photosynthesis in mg C per cubic meter
r = uptake of radioactivity in disintegrations per

minute
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R = total available radioactive carbon in disin-
tegrations per minute

C = total available stable inorganic carbon in mg
per cubic meter

f = isotope correction factor (1.06)

The radioactivity of the two dark bottles was averaged and
subtracted from the r value in the above formula. The
method of determining C is as described in Saunders,
Trama, and Bachmann (op. cit.). This formula yields
results in terms of carbon fixed per cubic meter, which
can be expressed as carbon fixed per square meter of pond
surface by extrapolating the values determined at 0.31 m
and 0.92 m from the surface to the bottom of the pond on
the basis of a logarithmic extinction curve. When extra
bottles were incubated at 5 cm the values obtained agreed
well with an extrapolation of such a curve.

The primary production varied immensely over the
difference treatment levels. Carbon fixation in the
control ponds averaged about 20 mg Clz/m3/hr and generally
increased with increasing treatment level to a high value

of over 2000 mg Clz/m3/hr in pond 5 H on 20 August 1969,

Phytoplankton Enumeration

Column water samples for the enumeration of phyto-
plankton species were taken from the ponds and thoroughly
mixed in a container by a gentle whirling motion. Two

50 ml samples were then taken and preserved, one with
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5 per cent formalin and glacial acetic acid and one with

1 per cent Lugol's iodine solution. Two preservatives
were used due to their different disruptive properties:
formalin and glacial acetic acid may destroy small
flagellates while Lugol's may break the colonial organisms

(colonical Volvocales, Syncryta, and Uroglenopsis) into

single cells. The sampling and enumeration were performed
by Frank deNoyelles (1970). The technique (deNoyelles,
1968) consisted of filtering previously stained organisms
onto an MF Millipore AA filter (0.8 p pore size) using a
Millipore Swinny filter holder. This filter with the
retained organisms was then mounted on a glass slide and
the algae counted at 788 magnifications. The volume
filtered varied from 0.5 ml to 6 ml depending on the
density of the phytoplankton in any given sample; to keep
constant the "effective pond volume observed" (0.2 ml), the
area of the filter observed was a function of the amount
of water filtered.

The mean dimensions of most of the phytoplankton
species were measured from samples preserved in Lugol's
solution which may cause some slight cell shrinkage,
especially of some of the Cryptomonadales. By applying
some assumptions about the geometric shape of an organism,
these measurements can be converted to average cell volume

(Table 3).
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TABLE 3.--Calculated cell volumes of phytoplankton species

present in pond 8 M 1968.

Species

Dimensions (u)

Volume (u3)

Ankistrodesmus falcatus

(Corda) Ralfs

Chlamydomonas pertusa
Chodat

Chlamydomonas Reinhardtii

Dangeard
Chlamydomonas sp.

Chlorella sp.

Chroomonas caudata
Geitler

Cosmarium sp.

Probably not edible

Cryptomonas erosa
Ehrenberg

Cryptomonas marssonni
Skuja

Cryptomonas pulsilla
Bachmann

Erkenia subequiciliata
Skuja

Eudorina elegans
Ehrenberg

Colony too large to be
eaten

Euglena sp.
Quite large; marginal
food

Kirchneriella lunaris
(Kirchner) Moebius
Colony may be 100 to
250 U in diameter;
inedible

cell actually 3 dia.
72 long but pointed;
assume 3 dia. and

60 - long

cells
long

cells

cells
cells

cells
long,

plate
and 4

cells
long,
cells
cells

cells

cells

8.8 dia.

4 dia. 6

4.5 dia.
4.0 dia.
4.2 dia.

12.3
long

sphere
sphere
11.5

flattened ovate
(1/2 ovate)

cell a flattened
assume 26 dia.

thick

14.5 dia.

ovate

32.8

8 dia. 18 long

4 dia. 9.

4 dia.

15 dia.

3 long

colony (assuming 32
cells/colony)

cells

cells

20 dia.,

2 dia. 16

68 long

(straightened) colony
(assuming 16 cells/
colony)

420

570

58.6

47.7
33.5
70

2,123

4,618

770

100

33.5

1,767
56,551

19,000

48.2
770
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TABLE 3.--(cont'd.).

Species Dimensions (u) Volume (u3)

Microcystis aeruginosa cells 4 dia. sphere 33.5
(Kuetz.) Elenkin
Colonies too large to be
eaten
Oocystis parva cells 8 dia. 12 1long 469
West and West colony (assuming 4
Colony may be 44 uy in cells/colony) 1,876
diameter; may just barely
be edible
Pandorina morum cells 15 dia. 1,766
Bory colony (assuming 28,266
Probably too large to 16 cells/colony)
be edible
Pediastrum boryanum assume a plate of 37,700
(Turp.) Meneghini cells 80 dia. and
Too large to be eaten 15 in depth/2
Peridinium gatunense cells (assume a 50,900
(Nygaard) sphere 46 dia.)
Not edible
Peridinium palatinum cells (assume a 44,600
Lautenborn sphere 44 dia.)
Not edible
Pleodorina californica vegetative cells 10 523
Shaw dia. reproductive 20,574
Colony much too large cells 34 dia.
to be edible colony (assuming 1,350,000
64 veg. cells/
colony and 64 repr.
cells/colony)
Scenedesmus abundans cells 5 dia. 12 long 202.9
(Kirch.) Chodat
Scenedesmus bijuga cells 6 dia. 12 long 282.7
(Turp.) Lagerheim
Scenedesmus dimorphus cells 5 dia. 18 long 320.7
(Turp.) Kuetzing
Scenedesmus quadricauda cells 8 dia. 15 long 619.9
(Turp.) deBrebisson
Schroederia Judayi cell of peculiar 360.2

(G. M. Smith)
Spines so long it may
be inedible

shape; assuming an
oval 4 dia. 30 long
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Species

Dimensions (u)

Volume (u3)

Tetraspora lacustris
Lemmermann

Uroglenopsis americana

(Calkins) Lemmermann
Colony diameter may
reach 500; inedible

Volvox aureus
Ehrenberg
Not edible

Volvox globator
Linnaeus
Not edible

Misc. ciliates

Misc. flagellates

colony 23 dia.
sphere

cells 5 dia. colonies
with perhaps 200
cells

cells 5 dia. colony
(assuming 1000 cells/
colony)

cells 3 dia. colony
(assuming 10,000
cells/colony)

cells roundish 20
dia.

cells 2 dia. 4 long

6,371

65.4
13,000

65.4
65,400

14.1
141,000

4,200

10.5
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The abundances of phytoplankton cells varied from a
low value of less than 1000 cells/ml to over 900,000

cells/ml in the high nutrient ponds.

Particle Size Analysis

During the summer of 1969, samples were taken twice
weekly for particle size analysis using a Coulter Counter.
The water samples were taken with a sampler which could be
swung out over the pond and which takes a 0.7 m deep
column sample. Samples were taken from each of the four
sides of the ponds; then two were mixed together to give
two samples per pond. These were than taken directly to
the laboratory. The means of analysis was a Model B
Coulter Counter using a 100 u orifice which can effectively
size and count particles within a 2 to 50 u size range.
Various size ranges were selected and the total number of
particles within each was recorded. The size ranges,
selected to encompass the most common phytoplankton
species, were 3 to 6 u, 4 to 6, 6 to 12, 12 to 24, and 24

to 40.

Zooplankton Enumeration

Zooplankton were sampled using a 0.92 m long #20
plankton net (100 u mesh opening) mounted on a brass ring
0.31 m in diameter which was attached to a sturdy pole.

A #20 plankton net will retain all the crustacean zoo-

plankton and many of the common rotifers.
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The general sampling design was fairly simple. The
pond is considered to consist of three corridors running
north and south and three corridors running east and west.
Each corridor is assigned a number, 1 through 3, from left
to right as one faces south and east. On a given sampling
date, two random numbers from 1 to 3 are chosen per pond.
These numbers specify which corridor in each direction is
sampled. Thus on each sampling date, two discrete samples
were taken from each pond with the direction of the tows
at right angles.

At the time of sampling a small boat was rowed
backwards across the pond. The net was held at the back
and starting at one edge of the pond was raised and lowered
in a sine wave-like pattern to the opposite shore. The
ponds are square, 27.45 m on a side, and one may therefore
assume a column of water 0.31 m in diameter and 27.45 m
in length has been filtered.

As the cladoceran zooplankton have a strong negative
phototaxis and clump just above the bottom throughout the
day, all sampling was carried out at night, co<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>