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Dilution as an algal bloom control

EucenNE B. WELcH, JaMEs A. BuckLEY, AND RoNaLDp M. Busu

CCELERATED ENRICHMENT OF LAKES and

the associated consequences of a eu-
trophic state constitute an important and
increasing problem in water quality man-
agement. Blooms of nuisance-causing al-
gae, mostly members of the blue-greens,
are the principal consequence of eutrophi-
cation that impair recreational and aes-
thetic enjoyment of waters. Although
blooms of nuisance algae have been closely
associated with increased enrichment in
many situations,’»* the phenomenon is
poorly understood in a quantitative sense.
For example, what combination of such im-
portant factors as increased nutrient income
and decreased water exchange is required
to produce algal nuisances and degrade
water quality? To effect adequate control
of eutrophication and nuisance algal
blooms in a variety of physical situations,
the role of such factors must be better
defined.

Methods of eutrophication control that
have met with some success are nutrient
diversion, dredging of enriched sediments,
tertiary treatment, and “flushing” or addi-
tion of low-nutrient dilution water. Con-
trol of other important factors such as light,
temperature, and herbivorous grazing is
theoretically possible but impractical at this
time. Although treatment with algicides
is practiced, it is not considered an eco-
logically sound long-term solution.

Addition of low-nutrient dilution water
can principally affect the formation of nuis-
ance algal blooms by decreasing water re-
tention time, washing out algal cells, and
reducing the nutrient concentrations to
presumably growth-limiting levels. A de-
crease in water retention time may also
prevent algae-caused changes in the nu-
trient regime that may be necessary for
the dominance of blue-green algae.

Decreasing the algal biomass by adding
dilution water results from the fact that
algal biomass is a function of both growth
rate and cell washout rate. The biomass
will decrease as cell washout rate or dilu-
tion rate approaches the growth or dou-
bling rate of the algal cells. There are
many lakes that naturally maintain low al-
gal biomass as a result of high dilution
rates. In Marion Lake, near Vancouver,
B.C., Canada, the high rate of water re-
newal gives the smaller, faster-reproducing
algae a selective advantage over the larger
forms with relatively slow growth rates.*
A study of four lakes in Scotland revealed
that a high rate of water replacement re-
sulted in a reduction of biomass through
algal cell washout.”

Artificial dilution of several eutrophic
lakes has been tried or recommended. A
program of nuisance algal control through
addition of low-nutrient dilution water was
implemented in 1962 for Green Lake,
Seattle, Wash., a lake that had previously
supported heavy blooms of blue-green al-
gae from March through November.5 7
Results of follow-up studies revealed a re-
duction of lake water nitrogen and phos-
phorus content caused by dilution, a re-
duction of summer algal biomass including
the elimination of Aphanizomenon, and
increased water transparency. The last
two results are probably caused, at least
in part, by cell washout.® In Yugoslavia,
dilution water is being diverted from River
Radovna into Lake Bled, a recreationally
important eutrophic lake in the subalpine
region® In California, recommendations
have been made to divert water from Eel
River into Clear Lake. The lake is ex-
tremely productive and it is felt that, in
addition to nutrient dilution, some flushing
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out of the sediment-bound nutrients may
also be achieved.?®

Another important factor to consider in
water renewal is the chemical content of
the old and new water. The conditioning
or aging of the water is probably the re-
sult of secretion or excretion of dissolved
organic matter into the system by phyto-
plankton or of cell decomposition. The

2246 Journal WPCF

aging effect of water may, in part, be ex-
plained by a continuing supply of dissolved
organics in older water which provide a
renewing source of inorganic nutrients for
algal growth that is not available in new
water.!?

A program of dilution water addition
was recommended for Moses Lake, a hy-
pereutrophic 6,800-acre (2,750-ha) lake in
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eastern Washington (Figure 1). This po-
tential solution to a nuisance algal problem
is especially attractive because low-nutrient
Columbia River water is available nearby:
At the present time this water can be in-
troduced only at the north end of Parker
Horn where Crab Creek is connected to
East Low Canal by Rocky Coulee Waste-
way. Water reaches East Low Canal, the
main irrigation canal of the Columbia basin
project, from Banks Lake, a storage reser-
voir for Columbia River irrigation water.

During the summer of 1967, 472 acre-ft
(580,000 cu m) of Columbia River water
was experimentally introduced into Parker
Horn (equal to 6 percent of the total vol-
ume of Parker Horn) over a period of 24
hr. This action resulted in a temporary
increase in water transparency and pro-
vided data for more detailed recommenda-
tions as to the best use of the flushing
water.’> 1% Further experimentation was
considered necessary to permit estimation
of the degree to which dilution water ad-
dition would control nuisance algal blooms
in a shallow [mean depth 18.5 ft (5.6 m)],
very rich lake such as Moses Lake. As a
result of the Green Lake work?® it was
known that addition of dilution water re-
duces nutrient concentration, productivity,
algal biomass, and the prevalence of nuis-
ance blue-green species, and increases wa-
ter transparency. However, in addition to
estimating the degree of effect of dilution
water on nuisance algae, the investigators
were interested in determining the mecha-
nism of effect.

To elucidate the relative importance of
the separate effects of dilution water on
nuisance algae and increase the usefulness
of that control measure, in situ experiments
in plastic bags were conducted during 1970
in Parker Horn of Moses Lake (Figure 1).
Parker Horn is a shallow [mean depth 12.6
ft (3.8 m)] 758-acre (307-ha) section of
Moses Lake that is bordered by the city
on its eastern side and residential districts
and open fields on its western shore. Like
most of the lake it supports a heavy growth
of blue-green algae from late spring to fall,
thus providing typical levels of nuisance

SJC_213
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algae with which to test the effect of di-
lution.

The objectives of these experiments were
to:

1. Determine the effect of diluting lake
water with the low-nutrient Columbia
River water on growth rate and maximum
biomass of nuisance blue-green;

2. Determine the nutrient that was
caused to be limiting by the dilution, by
adding back nitrogen and phosphorus in
separate dilution experiments;

3. Determine if nutrient manipulation or
dilution altered species composition during
the 2- to 3-wk study periods; and

4. Estimate the effects of different rates
of dilution on cell washout and growth rate
of nuisance algae in Parker Horn.

METHODS AND MATERIALS

Experimental design. To test the effect
of low-nutrient dilution water on the
growth rate and total yield of natural phy-
toplankton populations, an in situ experi-
ment was conducted in July 1970. The
study was conducted by suspending in
Moses Lake various dilutions of lake water
enclosed in water columns (bags) made of
polyethylene plastic. The water columns
were supported by wooden frames an-
chored 40 m off shore in Parker Horn,
Moses Lake.

The experiment involved the incubation
of 100-1 water columns containing the fol-
lowing percentages of lake water: two
columns of 0 percent lake water, two of
25 percent, three of 50 percent, three of 75
percent, and two of 100 percent. Low-
nutrient Columbia River water collected
from the East Low Irrigation Canal at a
point approximately 5 miles (8 km) north-
east of Moses Lake was used for dilution.
The lake water was obtained from Parker
Horn in Moses Lake. In order for each
experimental chamber to begin with the
same biomass, a volume of lake water equal
to the volume of Columbia River dilution
water in each bag was filtered through a
110-micron mesh plankton net. The fltrate
was discarded, and the algae were then
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TABLE 1.—Nitrogen Addition Schedule, Mean of
Initial NO;-N Concentration in
Duplicate Cultures

NO:-N . Expected| Stock
Stock | NOs»N :
Percentage | "% | soliiion aiter N | SOV | Sglition
ake ter e y: e ition : .
B R e ]
Control :
25 0.003 — — 0.250 -
50 0.002 — — 0.500 —
75 0.004 — — 0.750 —
N added:
25 0.004 | 53.6 | 0.751 | 1.00 5.4
50 0.003 | 35.7 | 0.502 | 1.00 3.6
75 0.004 | 17.9 | 0.232 | 1.00 1.8

added to the 100-1 solution. The assump-
tion was that the amount of algae in the
Columbia River water is negligible, and to
bring each experimental cell up to the same
starting concentration, it was necessary to
add back algae from a volume of lake water
equal to the volume of dilution water used.
An attempt was made to prevent the
cultures from eventually becoming in-
dividual lakes after the initial addition
of dilution water by daily exchanging
the appropriate proportions of dilution
water and lake water with the cultures at
a rate that was determined to be less than
the algal growth rate. In this way it would
be possible to prevent cell washout and
thereby relate changes in algal concentra-
tion and community composition to en-
vironmental manipulations, that is, to vary
the concentrations of dilution water.
Biomass data from preliminary dilution
experiments conducted in 1969 and 1970
provided growth rate coefficients that were
used in determining how much water
should be exchanged daily to stay below
the growth rate of the cultures and there-
fore prevent cell washout. The lowest
value calculated was 0.17 doublings/day.
From this figure it was decided that re-
placement of 0.1 or 10 percent of the water
in the cultures each day would keep cell
removal below the growth rate of the algal
community. The procedure of adding
algae filtered from a volume of lake water
equal to the volume of dilution water re-
placed was also used in the daily exchanges.

2248 Journal WPCF
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The water removed in the daily exchange
was sampled for the analysis of phytoplank-
ton, chlorophyll a, nitrate, orthophosphate,
total phosphate, total alkalinity, conduc-
tivity, and pH. The water temperature in
each experimental cell was also measured.

In order to determine whether or not
the effect of dilution water on algal growth
was caused by the reduction in concentra-
tion of either of the macronutrients, nitro-
gen or phosphorus, in situ dilution experi-
ments with nutrient additions were con-
ducted in August and September 1970.

The nitrate addition experiment em-
ployed experimental design and apparatus
similar to those of the July dilution experi-
ment. Twelve experimental cells were set
up, with four each of 25 percent, 50 percent
and 75 percent lake water. Two cells of
each dilution were enriched with inorganic
nitrogen (NaNO;). The nitrogen additions
were intended to bring the enriched experi-
mental cells up to a uniform concentration
of 1.00 mg N/I. The nitrate concentration
of the lake water was lower than expected,
and thus the desired concentrations from
nitrogen addition were not achieved. Table
I shows the initial nitrate concentration in
the test cells and the amount of nitrogen
added.

In the phosphate addition experiment,
9.5-1 clear plastic containers (water jugs)
were used instead of plastic bags. A test
of the light-transmitting properties of the
containers revealed a 5 percent reduction
in intensity of transmitted light and no
selective absorbance of any wavelength
from 350 to 700 mp.

For the phosphate addition experiment,
12 experimental cells were set up, with four
each of 25 percent, 50 percent, and 75 per-
cent lake water. Two cells of each dilution
were enriched with inorganic phosphorus
(Na;HPOy) to give cultures of approxi-
mately the same phosphate concentration.
Table II shows the orthophosphate con-
centrations before and after the additions
of Na,HPO,.

In the nutrient enrichment studies the
procedure of adding algae filtered from a
volume of lake water equal to the volume
of dilution water was used, as was the pro-
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cedure of 10 percent daily exchange. Also
in these experiments, 10 percent of the
initial addition of stock solution was added
with the daily renewal throughout the
study. The same sampling procedures
used in the July dilution experiment were
used in the nutrient addition experiments.

Biological and chemical analyses. Phyto-
plankton samples from the dilution experi-
ment were preserved in Lugols solution
after collection, while samples from the
nutrient addition experiments were counted
live. Two aliquots were taken from each
phytoplankton sample and placed in 1-ml
Sedgwick-Rafter cells. In each cell a strip
of known volume was scanned at 100X and
210X using a standard light microscope.
Phytoplankton were identified by genus
and counted, and the mean generic count
of the two aliquots was calculated.

Chlorophyll a samples were obtained by
filtration through a Reeve-Angel No. 934AH
glass fiber filter at 2.5 in. (6.3 cm) of mer-
cury. The chlorophyll a was extracted
from the filters by grinding the cells in
90 percent aqueous acetone. The extract
was analyzed by the fluorometric method
of Strickland and Parsons.**

Orthophosphate samples were filtered
through Schleicher and Schuell No. 27 glass
fiber filters. The filtrate was fixed with
chloroform and frozen in 250-ml poly-
ethylene bottles. Total phosphate samples
were similarly fixed and stored, but without
filtration. Both ortho and total phosphate
were determined by using the phosphomo-
lybdate complex method of Strickland and
Parsons.'* Nitrate samples were frozen in
polyethylenc bottles. Determinations were
made by the cadmium-copper column
method of Strickland and Parsons.

Total alkalinity was determined by using
the procedures of the American Public
Health Association ** and titrating to an
equivalence point of pH 4.8. Conductivity
measurements were determined with a
portable conductivity meter.

REsuLTs

A statistically significant decrease in bio-
mass of blue-green algae occurred with an
increase in the percentage of dilution water

SJC 213
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TABLE II.—Schedule of Phosphate (PO,P) Ad-
dition with Actual and Expected Concen-
trations, Mean of Duplicate Cultures

Expected| Stock
Percentage ? b;f(.)re S%'iﬁili{on g zi)ft.er c onlz en- S‘,ﬂlégg“
Lake Water | Addition | Added |Addition tration Daily
(mg/1) (ml) (mg/1) (mg/1) (ml)
Control:
25 0.022 — — 0.019 —
50 0.035 — — 0.024 —
75 0.037 — — 0.028 —
P added:
25 0.022 | 33.0 | 0.035 | 0.032 3.3
50 0.029 | 22.0 | 0.038 | 0.032 2.2
75 0.034 | 11.0 | 0.039 | 0.032 1.1

at all dilution levels (Figure 2). The
dominating blue-greens were Aphanizo-
menon (A. flos-aquae) and Anabaena (A.
circinalis). The net increases or decrease
of blue-green algal cells is shown in Fig-
ure 3. At 0 percent and 25 percent lake
water, the blue-green algae either de-
creased in number or were just able to
maintain their initial concentration.

A decrease in green algal biomass was
not shown with an increase in the percent-
age of dilution water (Figure 4). The
green algae were dominated by species of
Scenedesmus and Ankistrodesmus.

The growth of the diatoms was directly
related to increased percentage of dilution
water (Figure 5). Higher biomasses of
diatoms were attained in the cultures with
less lake water. The dominant diatom
genera represented were Fragilaria and
Nitzschia.

A decreasc in biomass as measured by
chlorophyll @ was also shown in similar in
situ dilution experiments in which there
was no daily renewal of dilution and lake
water. However, chlorophyll @ concentra-
tions in the dilution experiment with daily
renewal showed very little change from
initial concentrations for about 12 days,
after which they began to increase.

The initial and final nutrient concentra-
tions in this experiment are shown in Table
III. The extremely low nitrate concentra-
tions both at the beginning and end of the
experiment resulted in lower than optimum
N:P ratios of about 1:3. However, in-

—Vol. 44, No. 12, December 1972 2249

This content downloaded from 128.95.220.71 on Wed, 24 May 2017 16:25:38 UTC
All use subject to http://about.jstor.org/terms



WELCH ET AL.

10*

ORGANISMS /ml

SJC 213

O 100% LAKE WATER
a 7% -~ "
A 50% " "
O 25% = "
0% = "

- DOMINANT ALGAL GENERA (daily mean)

% LAKE WATER
ANABAENA 76
APHANIZOMENON 80

0% 25% 50% 75% 100%
760 2820 4i48 5932
229 534 660 885

] | ] J

1
8 10 12 14

16 18 20 22

DAY OF JULY 1970

FIGURE 2.—Variation in blue-green algal concentrations in ex-
periments with daily water exchange.

organic levels of both nitrogen and phos-
phorus were low and suggest a dependence
of the algae on recycled organic supplies.
Effect of dilution with added nitrogen.
Addition of nitrate-nitrogen to dilution
experiments in amounts to equal a maxi-
mum lake concentration of 1.0 mg/l re-
sulted in an increase in abundance of blue-
green algae (Anabaena, Aphanizomenon,
and Microcystis) over that in the control
cultures (Figure 6). This increase at all
levels of dilution is statistically significant
at the 95 percent level. The increase in
blue-green biomass over the control was
nearly as great in the 25 perecent and 75
percent lake water cultures with nitrate

2250 Journal WPCF

added as at the 30 percent level, as shown
in Figure 6. This increase in biomass in
response to nitrate addition was more ap-
parent from an analysis of chlorophyll
content (Figure 7). Again, at all dilu-
tion levels, the increase in biomass with
added nitrate was significant at the 95
percent level. This is understandable be-
cause river dilution water is low in ni-
trate-N relative to phosphate-P [0.009 and
0.016 mg/1, respectively, (Table IV)]. With
nitrate addition, initial nitrate-N was in-
creased to levels from 0.232 mg/1 to 0.751
mg/] in the three dilutions compared to
levels from 0.002 to 0.004 mg/l in the con-
trol cultures.
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FIGURE 3.—Net change in blue-green algal colonies in experi-
ment with daily water exchange.

The increase in blue-green algae was
also greater with nitrate added as more
river dilution water was added, that is, as
the percent of lake water was reduced.
This trend corresponds to the actual
amount of nitrate added to attain an equal
concentration of 1.0 mg/1 in the test bags;
the initial nitrate concentrations were 0.751,
0.502, and 0.232 mg/l at the 25, 50, and

75 percent dilution levels, respectively
(Table I). Although the unexpected low
lake concentration (0.002 mg/l) accounted
for the failure of the initial test concentra-
tions to approach the goal of 1.0 mg/l, the
importance of reduction in nitrate concen-
tration by dilution as an important inhibitor
to algal growth is even clearer. This is true
because algal biomass attained was pro-

TABLE III.—Initial and Final Nutrient Concentrations (Mean of Duplicates) in Experiments
at Five Levels of Columbia River Water/Lake Water Dilutions

Orthophosphate Total Phosphate Nitrate
Lake Water (mg PO4-P/1) (mg POs-P/1) (mg NOs3-N/1)
%
July 8 July 24 July 29 July 8 July 24 July 29 July 8 July 24 July 29
0 0.019 0.006 — 0.039 0.070 — 0.002 0.001 —
25 0.003 0.008 — 0.062 0.098 — 0.001 0.001 —
50 0.003 0.008 — 0.093 0.133 —_ 0.001 0.001
75 0.003 0.007 — 0.119 0.156 — 0.001 0.002 —
100 0.004 — — 0.172 0.179 — 0.003 0.002 —
Ambient 0.002 0.005 0.011 0.053 0.049 0.239 0.002 0.003 0.001
Dilution 0.017 — — 0.024 — — 0.003 — —
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FIGURE 4.—Variation in green algal concentration in experi-
ment with daily water exchange.

portional to initial nitrate content in spite
of this increase occurring with reduced
fractions of lake water.

As shown in Figure 6 for the 50 percent
lake water dilution level, and equally for
the 25 and 75 percent levels, green or
diatom algae were not favored by nitrate
addition.  The dominant green alga
Oocystis was greater in mean concentra-
tion in the control (43 organisms/ml) than
with nitrate added (36 organisms/ml).
The dominant diatom Melosira, although
greater with nitrate added at the 50 per-
cent dilution level, actually averaged 94
and 74 organisms/ml in the control and

2252 Journal WPCF

nitrate-added cultures, respectively, con-
sidering all dilution levels.

Nitrate addition raised the N:P ratios
to values from 140 to 330 at the three
dilution levels compared to ratios of 0.2 to
1.5 in controls, which might be considered
to exert selective advantage from one group
of algae to another. Furthermore, free CO,
decreased from about 0.15 mg/]1 as CaCO;
to less than 0.01 mg/l in the bags with
nitrate added. Concentrations remained at
or above 0.05 mg/] in the controls. This
too could have exerted a selective force and
encouraged change in dominant genera
during the 2-wk experiment.
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FIGURE 5.—Variation in diatom algal concentration in experi-
ment with daily water exchange.

Effect of dilution water with added phos-
phate. The growth pattern shown by blue-
green algae (principally Aphanizomenon
and Microcystis) at the three dilutions
(25, 50, and 75 percent ) of lake water were
similar. Maximum abundance ranged from
200 to 300 organisms/ml with increase in
dilution causing a slight decrease in mean
abundance throughout the experiment.
However, an increase in blue-green algae
abundance in response to added phosphate
did not occur (Figure 8). Phosphate was
added to equalize the three levels of
Columbia River water/lake water dilu-
tions at the mean inorganic phosphate con-

tent in Parker Horn during 1970 (0.032
mg/l P). The mean content in Columbia
River water was 0.015 mg/1.

Green algae dominated by Oocystis and
Scenedesmus also decreased slightly in
abundance with increased dilution water
and in general were more abundant than
blue-greens. Phosphate addition did not
stimulate green algae.

Diatoms, principally Fragilaria, Nitz-
schia, and Cyclotella, dominated the algal
community in September. These organisms
increased in abundance in response to in-
creased percentage of Columbia River
water in contrast to blue-green and green
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FIGURE 6.—Algal concentration (colonies) and genera domi-
nating (mean of duplicates) in 50 percent lake water—Colum-
bia River water dilution with and without nitrate added to equal
1.0 mg/1 maximum lake water concentration.

algae in either this or the nitrate-addition
experiment. Phosphate addition was as-
sociated with an increased diatom growth
only at the 25 percent lake water (75 per-
cent Columbia River water) dilution level.
Although statistically significant, the in-
crease was only slight.

As was the case in previous experiments,
there was no tendency for the community
to change dominance—the three algal
groups increased and decreased in nearly
parallel fashion (Figure 8). However, at
the highest level of Columbia River water,
diatoms were continuing to increase at the

2254 Journal WPCF

end of the 2-wk experiment and had ex-
ceeded 10,000 organisms/ml.

Chlorophyll concentration at the three
levels of dilution, with and without phos-
phate added, indicates only slight differ-
ences among the treatments (Figure 9).
Maximum chlorophyll content ranged from
75 to 100 ug/l at the various treatments,
not very different from that in the nitrate-
addition experiment (35 to 120 ug/l). In
agreement with results from colony counts
of diatoms, only at the highest proportion
of Columbia River water was mean chloro-
phyll content greater in response to phos-
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FIGURE 7.—Chlorophyll a concentration with and without ni-
trate added at various dilutions.

phate addition than in the control without
phosphate.

That this increase in diatom abundance
and chlorophyll concentration at the high-
est proportion of Columbia River water
(75 percent) with phosphate added was
not caused by the phosphate per se is sug-
gested by the similar initial concentrations
of phosphate at all levels (0.035 to 0.039
mg P/1) (Table IV). Although inorganic
phosphate was considerably reduced at the

end of the experiment, nitrate was nearly de-
pleted (Table IV). As a result, N:P ratios
declined in containers both with and with-
out phosphate addition from between 6 and
11 to less than 1. In contrast to the nitrate
addition experiment, CO; was not depleted
morc with phosphate added than in control
without phosphate. In both situations,
with and without phosphate, CO, de-
creased from initial concentrations of about
1.0 mg/1 as CaCO; to about 0.1 mg/L

TABLE IV.—Initial and Final Nutrient Concentrations (Mean of Duplicates) in Experiments with and

without Nitrate Added at Three Levels af Columbia River Water/Lake Water Dilutions

Orthophosphate Total Phosphate Nitrate
Lake Water (mg POs-P/1) (mg POs-P/1) (mg NOs-N/I)
(%)
August 15 August 27 August 15 August 27 August 15 August 27

Controls:

25 0.004 0.008 0.155 0.173 0.003 0.003

50 0.022 0.007 0.134 0.218 0.002 0.003

75 0.008 0.008 0.214 0.235 0.004 0.004
NO;added:

25 0.005 0.006 0.080 0.232 0.751 0.005

50 0.004 0.007 0.132 0.310 0.502 0.004

75 0.008 0.011 0.147 0.149 0.232 0.002
Ambient Lake 0.009 0.010 0.123 0.222 0.002 ~0.004
Dilution water 0.016 — 0.232 — 0.009 —-
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FIGURE 8.—Algal concentration (colonies) and genera domi-
nating (mean of duplicates) in 50 percent dilution with and
without phosphate-P added to equal 0.032 mg/l mean lake

water concentration.

Thus, nitrogen seems to have been in
shorter supply than carbon or phosphorus
in this experiment as well as in the previous
experiment with nitrate added. This is
supported by the general lack of stimula-
tion from phosphate addition, but very
positive stimulation from nitrate addition.
Because nitrate was relatively high initially
in the September phosphate addition ex-
periment (0.111 to 0.319 mg N/1) (Table
V), it is not surprising that dilution with
low-nitrate (0.015 mg N/1) dilution water
had little effect on algal growth.

2256 Journal WPCF

Expected effect of dilution in Parker
Horn. If Parker Horn were diluted with
Columbia River water at arbitrary rates of
1, 2, and 10 percent/day, the percent of
lake water remaining would be expected
to decrease according to the equation:

C = C,e kit
where

C = concentration at time ¢,
C, = initial concentration, and
K = dilution rate constant.
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FIGURE 9.—Chlorophyll a concentration with and without
phosphate-P added at various dilutions.

Expected decreasing concentrations are
shown by the solid lines in Figure 10.

From the experimental evidence of the
effect of low-nitrate dilution water on the
growth rate of nuisance blue-green algae,
it is clear that to reduce algal biomass by
decreasing growth rate would require a re-
placement of more than 50 percent of the
lake water. By plotting associated growth
rates K,, as the three levels (75, 50, and
25 percent) of lake water are achieved at
the three arbitrary dilution rates, the time

necessary for dilution rate to equal algal
growth rate and result in zero biomass in-
crease can be estimated. For dilution rates
of 0.01, 0.02, and 0.1/day the estimated
time periods are about 200, 100, and 20
days (Figure 10). To cut the growth rate
in half, from 2 to 1 doublings/day, would
require about 15, 75, and 150 days
for the three dilution rates, 10, 2, and 1
percent/day, respectively. The inflow
rates to attain these dilution rates would
be about 50, 100, and 500 cfs (85, 170, and

TABLE V.—Initial and Final Nutrient Concentrations (Means of Duplicates) in Experiments with and
without Phosphates Added at Three Levels of Columbia River Water/Lake Water Dilutions

Orthophosphate Total Phosphate Nitrate
Lake Water (mg PO«P/1) (mg POs+-P/1) (mg NOs-N/1)
%) -
September 13 September 29 September 13 September 29 September 13 September 29

Controls:

25 0.022 0.007 0.241 0.124 0.112 0.002

50 0.035 0.011 0.266 0.323 0.227 0.002

75 0.037 0.007 3.212 0.458 0.319 0.001
PO, added:

25 0.035 0.009 0.120 0.204 0.111 0.003

50 0.038 0.007 0.494 0.216 0.140 0.002

75 0.039 0.016 0.688 0.210 0.272 0.002
Ambient lake 0.044 0.032 0.247 0.179 0.437 0.669
Dilution water 0.018 — 0.152 — | 0.015 -

i i

—Vol. 44, No. 12, December 1972 2257

This content downloaded from 128.95.220.71 on Wed, 24 May 2017 16:25:38 UTC
All use subject to http://about.jstor.org/terms



WELCH ET AL.

SJC 213

K(g) = GROWTH RATE % LAKE WATER  K(q)
= A - e
K(q) = DILUTION RATE o T
10000} (ASSUME 0% WHEN 1ac-ft REMAINS) 25 ‘o7
100} 20| —_——— X 50 179
Sy, —2g) ron 75 1.95
~op, = g, 100 1.99
8000} - \’3(* S~
o © %. ~
w @x s X \& -
,,& w 1.0] K, =K, . AT
= +<—[ E Kms K(a) AT Q)" "(d)
w 6000~ = S APPROX. 100 DAYS APPROX. 200 DAYS
Pl v @
X
< s 3|
i 4000} — ©
° T
£ e ’;
'8 s O
2000 o) -10}
o o ) 20 40 60 80 100 120 140 160 180

DAYS FOLLOWING START OF DILUTION

FIGURE 10.—Effect of dilution on growth rate of blue-green algae.

Steady

state is reached when growth rate reaches cell washout rate.

850 cu m/min), respectively. Only the
lower end of this series would be com-
patible with the physical constraints of the
inflow channel.

To decrease algal biomass by the strictly
physical process of washing them out of
Parker Horn faster than they could grow
would require dilution rates in excess of
50 percent/day. The Dblue-green algae
would continue to replace their biomass
totally each day at a lesser dilution rate
because the blue-greens grew at a maxi-
mum rate of 2 doublings/day in the experi-
mental chambers. Of course at such rates
of dilution, before cell washout caused a
biomass reduction, growth rate would ac-
tually be declining because of nutrient re-
duction as a result of dilution with low-
nutrient river water.

Expecting growth rate to be affected by
dilution with low-nutrient river water, as
suggested in Figure 10, precludes any inter-
acting effect on nutrient concentration from
sediment-water interchange and nutrient
uptake and release from suspended partic-
ulate matter that would occur over a longer
period than that of the 2-wk experiments.
To obtain a better idea of what might
happen to growth rate over an extended

2258 Journal WPCF

period requires some estimate of the dilu-
tion effect on nutrient concentration. An
expected decrease in nutrient concentra-
tion can be expected to follow the curves of
water replacement in Figure 10 according
to the equation

C=C;+ (C,—C;)e™t
where

C = concentration at time ¢,

C, = initial concentration,

C; = concentration in the inflow water,
and

K = dilution rate constant.

Beginning with the mean concentrations of
nitrate-N and phosphate-P of 0.484 and
0.032 mg/], respectively, the concentrations
would be expected to reach 0.175 and 0.021
mg/] of nitrate and phosphate, respectively,
after 100 days at 1 percent/day replace-
ment.

Because several biological and chemical
factors, particularly sediment interchange,
could interact to produce considerable
variation from these calculated rates of
concentration decrease, results from an ac-
tual dilution in Green Lake were used to
indicate the magnitude of interacting fac-
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FIGURE 11.—Calculated dilution of lake water and macronu-
trients compared to observed changes in nutrient concentration

for Green Lake study. (Gal x

tors (Figure 11). The actual concentra-
tions of nutrients do not decrease gradually
throughout the year, as expected from the
calculated values. Phosphate varied con-
siderably but tended to remain higher than
the calculated values while nitrate de-
creased to much below expected values.
Similar variation between expected and
observed values also occurred for two
other years, 1965 and 1966; however, the
mean annual concentration progressively
decreased over this 3-yr period.® ®

The physical characteristics of both lakes
are similar, as shown in Table VI. Also,
thermal stratification is periodically de-
stroyed by wind-induced currents in both
lakes. The combination of shallowness,

3.785=1.)

transitory stratification, and wind reaera-
tion of water precludes continuous periods
of anaerobic conditions in both Green Lake

TABLE VI.—Comparison of Physical Character-
istics in Green Lake and Parker Horn,
Moses Lake

Characteristic Green Lake* Parker Horn

Volume (acre-ft) 3,340 9,520
Mean depth (ft) 12.5 12.6
Lake basin Complete | Incomplete, con-

nected to main
body of lake

* Initial concentrations in Green Lake at the be-
ginning of 1967 were 0.007 mg PO.-P/l and 0.118
mg NO;s-N/IL

Note: Acre-ft X 1,233 = cu m; ft X 0.305 = m.
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FIGURE 12.—Effect of dilution water on concentration of blue-
green algae compared to 100 percent lake water control.

and Parker Horn of Moses Lake. As a
comparison of other conditions related to
dilution, the mean rate at which city wa-
ter was added to Green Lake in 1967 was
0.54 percent/day. The mean contents of
phosphate-P and nitrate-N in city dilution
water in 1967 were 0.003 and 0.030, re-
spectively.

DiscussioNn

The addition of low-nutrient dilution
water to lake water significantly reduced
the maximum biomass or yield of blue-
green algae as determined by colony
counts. As shown in Figure 12, the reduc-
tion in yield is proportional to the amount
of dilution water added. The same trend
for reduction in yield of blue-green algae
proportional to the amount of dilution wa-
ter is found in the control cultures for ex-
periments with added nitrate and phos-
phate. This is understandable because if
dilution is actually proportionately lower-
ing the concentration of limiting nutrient,
then growth will stop when the nutrient
supply is exhausted.

When the growth constant k is plotted
against percent lake water, the resulting
curve shows that the growth rate of the
blue-green algae is reduced very little until
more than 50 percent dilution water is

2260 Journal WPCF

added to the cultures (Figure 13). These
findings indicate that large amounts of di-
lution water were necessary to reduce the
growth rate by nutrient dilution. This ob-
servation conforms to the typical relation
of algal growth rate to limiting nutrient
concentration. That is, growth rate is
constant at high saturating nutrient con-
centration and then tends to decrease rap-
idly as the growth-limiting concentration
is reached. Addition of dilution water ap-
pears to have less effect on the growth of
greens than on the growth of blue-greens,
while stimulating the growth of diatoms.
In other words, adding dilution water de-
creases the abundance of blue-green algae
without necessarily increasing or decreas-
ing the abundance of greens and increasing
the abundance of diatoms.

The reduction in growth rate of nuisance
blue-green algae that would be expected
from adding Columbia River water to
Parker Horn would probably result from a
reduction in nitrate concentration. This is
supported by the positive stimulation from
nitrate addition and lack of any real con-
sistent increase from phosphate addition.
Such a result might be expected from add-
ing Columbia River water because it is
rather low in nitrate-N (0.009 mg/1) and
even higher in phosphate-P (0.015 mg/1),
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resulting in an N:P ratio of less than one.
In addition, nitrate tends to be very low
in Moses Lake during the summer (0.002
to 0.004 mg/1). Addition of nitrate might
be expected to increase growth under those
conditions, but it is not so clear why addi-
tion of dilution water with a similar and
even higher nitrate content would decrease
growth rate. The answer may be that the
dilution water is low in total nitrogen,
which would reduce the total N supply
on addition to lake water. This was true
for total phosphorus in three of the four
experiments and total P supply was re-
duced from 0.115 to 0.024 and 0.172 to
0.039 mg/l with increased percentage of
river water in June and July dilution ex-
periments, respectively. However, in the
nitrate addition experiment in July, dilu-
tion water nitrate was greater than that in
lake water, therefore raising the mixed con-
centrations over those in the lake. Although
nitrogen reduction was apparently respon-
sible for the effect of dilution water on
growth rate of blue-green algae, the lack
of total nitrogen data clouds the picture.
The effects of dilution water on growth
rate in July tended to be negated by ni-
trate addition in the July experiment.
Table VII shows the algebraic sum of net
increase and decrease in blue-green algae
abundance at the various treatments. Posi-
tive values describe a growing community,
zero values a static community, and nega-
tive values a declining community. The
figures were obtained by keeping a record
of the number of blue-green colonies lost
or gained at each daily exchange. By this
procedure it was possible to correct for cell
washout and arrive at values that reflect
only the effect of dilution on algal growth
or, in the case of nutrient addition, the ef-
fect of adding NO; or PO,. The effect of
nutrient dilution with daily renewal is a
reduction in the net yield of blue-green
algae that is proportional to the amount of
dilution water added to the cultures. The
nearly equal and greater increase with ni-
trate added compared to the control fur-
ther suggests that the dilution effect re-
sulted from nitrogen decrease. Phosphate
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FIGURE 13.—Effect of dilution water on
maximum growth rate of blue-green algae.

showed no such pronounced or consistent
stimulation.

Comparison of the effect of nitrogen and
phosphorus may be slightly biased by the
changing composition of the algal commu-
nity. While blue-green algae peaked in
abundance both in the experimental bags
and in the lake during July and August,
diatoms and green algae dominated the
community in June and September. Be-
cause temperature plays an important part
in community composition in Moses Lake,
the described community shifts may be oc-
curring according to temperature optima
that may affect response to nutrient avail-
ability. That is, the response of blue-green
algae to phosphate addition may have been
greater if the experiment had been per-
formed during July or August. However,
the fact remains that N:P ratios during
midsummer suggest that nitrogen is limit-
ing and because dilution water is lower in

TABLE VII.—Net Yield of Blue-Green Algae in
Three Experiments in Parker Horn

Net Yield (colonies/ml)
Lakﬁ%a“’ Nitrate Addition |  Fhosphate
Dilution

Control |N-added |Control|P-added

0 —1,590 —_ — — —_
25 — 313 | 4277 | +743| —12| — 99
50 +2,596 | + 57| +896| —19 | 4+ 14
75 +3,673 | + 40| +796 | +41 | 4124

100 +7,366 — — — —_
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TABLE VIII.—Daily Mean Ratio of Algal Concen-
trations in Control to Experimental Cultures
with Added Nitrate

Algae Concentrations
Lake Water (control/experimental)
(3
Greens Diatoms
25 1.9 1.3
50 1.4 0.7
75 0.9 0.7

nitrate than phosphate, the most likely
cause for the growth-rate-inhibiting effect
of dilution water is a reduction in nitrogen
supply.

Green and diatom algae do not show a
similar consistent increase in response to
nitrogen addition. It was expected that
greens and diatoms, being unable to fix
nitrogen, would respond to nitrogen addi-
tion most vigorously, especially in view of
the low ratio of N:P existing in the lake
and cultures. However, this was not the
case. One explanation is found in recent
literature,’” where evidence indicates that
green algae are more intolerant of low CO»
concentrations than are blue-green algae.
This may be an explanation for the inabil-
ity of green algae to exploit the added
nitrogen because CO. decreased to low
levels (less than 0.005 mg/1 as CaCO;) in
these cultures.* Table VIII shows the
ratio of algal cell counts in the control to
nitrogen added cultures using the mean of
daily phytoplankton counts. Green algal
abundance was less than that in controls
in two dilution levels out of three and the
diatoms in one case out of three. The low-
est yield of green algae relative to the con-
trols occurred in the two dilutions (25 per-
cent and 50 percent) with the lowest CO»
concentrations. The low yield of diatoms
also occurred in the dilution (25 percent)
with the lowest CO, values.

Concerning blue-green algae, the same
paper ¥7 states that CO. concentrations of
less than 2.5 p moles/l (0.25 mg CO,/1
as CaCO3) have been found to result in

* In September, when CO., concentrations were
higher in both the lake and the cultures, green
and diatom algae showed a more typical growth
curve.

2262 Journal WPCF
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carbon-limited growth of mixed cultures of
blue-green algae. Results from these ex-
periments do not seem to support that
hypothesis. Abundant growth of blue-
green algae occurred at CO. concentra-
tions well below 0.25 mg/l. However, re-
sults do support the contention that blue-
green algae are more tolerant of low CO,
than are green algae.

Community shifts were expected in the
experiments during the 2- to 3-wk incuba-
tion periods, but they did not occur. In
the nitrate-addition experiment, blue-green
algae abundance increased and decreased
in response to the various treatments nearly
in paralle] with greens and diatoms, al-
though blue-greens dominated throughout.
A succession from blue-greens to greens
was expected when nitrate was added and
shown to be limiting growth. Nitrogen
fixers Aphanizomenon and Anabaena*®
might be expected to dominate when ni-
trate content is low.® but when nitrate is
made plentiful the advantage should pass
to the faster-growing greens and diatoms.
This did not occur in these experiments.
Blue-green algae responded positively to
the addition, continuing to dominate, while
nitrate addition generally had less or no
effect on greens or diatoms.

Periods longer than 2 to 3 wk may be
necessary for succession of the dominant
groups to occur. However, other work has
supported the hypothesis that blue-green
algae can compete more successfully than
the other groups when nutrient content is
low and temperature high.* The con-
centration of nutrients in the bags and in
the lake was consistently low in the July
and August experiments when blue-greens
dominated and high in the September
experiments when diatoms dominated, in
spite of attempts to alter the concentrations
by nitrate and phosphate addition. To
force succession it may be necessary to
maintain higher or lower nutrient content
than that existing in the lake at the time of
the experiment.

As was stated earlier, it is clear that cell
washout to control nuisance algal blooms
in Parker Horn is probably not feasible
because, unless water was exchanged at a
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FIGURE 14.—Relative reduction in nutrient concentration at
dilution rate of 1 percent/day and expected trend in nutrient

concentration in Parker Horn,
study results.

rate greater than 50 percent/day, biomass
would still maintain a steady state because
the maximum growth rate was 2 doublings/
day. However, addition of low-nutrient
dilution water could still be expected to
inhibit nuisance algal blooms because the
nutrient concentrations would decrease.
Growth rate would slow for this reason and
biomass would decline long before simple
washout would have an effect on biomass.
At continuous addition of Columbia River
water at a low rate, the concentration of
limiting nutrient (probably nitrogen) will
be decreased exponentially to a level at
which growth rate will be reduced, neglect-
ing nitrate regeneration from the sediments.
As an approach to controlling nuisance al-
gal blooms in Parker Horn, a dilution rate
of at least 1 percent/day seems necessary
throughout a period from March or April
to August. At that rate, about 150 days
would be required to reach a river/lake
water mixture that would reduce the
growth rate by one-half, from 2 to 1 dou-
blings/day, and 200 days to reach a steady
state at which growth rate equals dilution
rate. Such a dilution rate over a 6-month
period is twice the dilution rate and
amounts to about three times the total sup-
ply of water added to Green Lake in 1967.

as projected from Green Lake

The two counteracting forces that would
dampen the effect of nutrient reduction
and biomass decrease are sediment regen-
eration of limiting nutrient and strong
southwesterly winds that tend to blow the
floating masses of blue-green algae toward
the inlet where dilution water would en-
ter. Both of these forces would contribute
a reverse flow of nutrients, the extent of
which is difficult to estimate. However,
projecting the results of expected and ob-
served nutrient reduction in Green Lake
to Parker Horn provides some estimate of
interacting effects on nutrient change. The
effect of wind transportation of algae and
their incorporated nutrients into Parker
Horn is unknown and must be neglected
for now. Other important physical char-
acteristics of Parker Horn and Green Lake
are similar, for example, destratification
occurs periodically, allowing for upwelling
of enriched bottom water, and mean depth
is the same, allowing about equal oppor-
tunity for sediment-water interchange. Fig-
ure 14 is an estimate of how nitrate and
phosphate might change in Parker Horn
with continuous addition of dilution water
at 1 percent/day. Nitrate might be ex-
pected to remain lower than calculated
values during the growing period because
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greater demand for nitrogen than phos-
phorus was demonstrated in experiments.
Phosphate may tend to remain higher rela-
tive to nitrate in Moses Lake than in Green
Lake because wind-induced currents are
probably stronger in Moses Lake and an
inflow to Parker Horn contains high con-
tent of phosphate. Because nitrate reduc-
tion from adding the low-nitrate dilution
water would probably be the principal
deterrent to algal growth, the higher phos-
phate may not be important. However,
other work on the lake has shown that
phosphate control, even though concentra-
tions are high, may lead to biomass reduc-
tion in spite of low nitrate levels which
suggest that nitrogen is limiting.'* Both
nutrients would tend to increase in the fall
because of reduced growth, greater wind-
induced mixing, and the associated nutri-
ent release from decomposing biomass and
sediments. Increased nutrient content in
the ambient lake water was observed in
the September experiments. Even though
the extent to which possible interacting
factors dampen the dilution effect on nu-
trient content is unknown, the potential for
a low rate of continuous dilution water
addition to reduce nuisance algal biomass
seems great enough to justify the cost of
experimentation.

SUMMARY

1. The addition of low-nutrient Colum-
bia River water to Moses Lake water re-
duced the subsequent maximum biomass
of nuisance blue-green algae attained in
the dilution water/lake water mixture in
direct proportion to the amount of dilu-
tion water added. The effect of dilution
water on maximum biomass was not sim-
ply a result of serial dilution of an initial
biomass because techniques were employed
to equalize initial biomass throughout each
dilution series. Furthermore, the response
was caused by growth because maximum
biomass in excess of 100 ug/l chlorophyll
occurred in the experimental bags as a re-
sult of growth rates as high as 2 doublings/
day.

2. In contrast to biomass, the relation-
ship between dilution water addition and

2264 Journal WPCF
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maximum growth rate of blue-green algae
is nonlinear. Growth rate remained high
(2 doublings/day) and relatively constant
at lake water concentrations down to about
50 percent, and then dropped rapidly to
negative rates at 0 percent lake water.

3. Addition of nitrate along with low-
nitrate dilution water to equalize the initial
concentrations at 1.0 mg N/l (observed
lake water maximum) significantly stimu-
lated the growth rate and increased the
maximum biomass of blue-green algae
compared to control cultures without
added nitrate but had little or no effect
on subdominant green or diatom algae.
Phosphate addition to equalize initial con-
centrations to 0.032 mg P/l (mean lake
water concentration) had no appreciable
effect on any group, although lake biomass
was initially low and diatoms were domi-
nant. Although blue-green algae were not
dominant and temperature probably fav-
ored diatom growth in the phosphate ad-
dition experiment, the positive stimulation
from nitrate addition, the much lower con-
tent of nitrate than phosphate in dilution
water (N:P < 1), and the low lake water
N:P ratio suggest that nitrogen reduction
accounted for the inhibiting effect of dilu-
tion water on nuisance blue-green algae.
Nutrient or dilution water/lake water ma-
nipulation had no apparent effect on algal
group dominance, although diatom growth
was favored by dilution water addition,
the opposite effect from that on blue-
greens.

4. Comparison of results of dilution wa-
ter addition to Green Lake in Seattle with
experimental and calculated potential ef-
fects of dilution water in Parker Horn of
Moses Lake allowed estimates of dilution
rates that might offer some control of blue-
green algal blooms. Addition of low-
nutrient river water at about 1 percent/day
would be expected to result in a lake
water/river water mixture that would re-
duce maximum growth rate by one-half in
about 150 days and reach a steady-state
biomass in about 200 days. Loss of bio-
mass by washout rate would not have a
significant effect on existing biomass unless
water were replaced at a rate greater than
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50 percent/day, which is impractical. Ac-
tual control would probably fall short of
these goals by an unknown degree because
of dampening effects from nutrient renewal
from sediment-water interchange and
wind-driven return of nutrient-laden algal
biomass. Because Moses Lake’s Parker
Horn is physically similar to Green Lake,
where one-half the dilution rate and one-
third of the total volume of water sug-
gested for Parker Horn were successful in
significantly controlling nuisance algal
blooms over a 3-yr period, the suggested
control procedures should be at least par-
tially successful.
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