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Abstract

To investigate the observed correlation between alkalinity and
productivity of lake waters and to test the use of lime in bog lskes to
inerease bilological productivity, lime application was made to two, acid,
soft-water, colored bog lakes in the upper peninsula of ¥ichigan. Lime
application was made twice to each of the two lakes, once in the sumer
under thermally stratified conditions and once in the autwm under nearly
homothermous conditions, by pumping a lime-water mixture into the surface
waters. Total rate of lime application was 100 pounds per acre-foot in
each lake.

The summer lime applications resulted in raising the pH and in-
creasing alkalinity, total hardness and conductivity in the epilimmion
only. The autum application resulted in similar effects in the lower
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hypolimnion, due to a fall of the lime solution to the bottom because of
the greater density of the solutlion, which did not later mix with upper
layers.

Lime application did not decrease the organic colloidal color.

Total phosphorus was greatly ineresased in the bottom vaters of one
treated lake which had had low original totaJ. phosphorus content but was
not increased significantly in the bottom waters of the other treated
lake where total phosphorus concentrations were originally high. Total
phosphorus also increased temporarily in the epilimnion of cne lake
following the summer application.

A bloom of nannoplankton (Microeystis aeruginosa) was cbserved in

one lske following the release of epilimnial phosphorus. Chemical data
indicated that because of the presence of higher bicarbonate concentra-
tiona, the nannoplankton utilized carbon dioxide at a rate which may not
have been possible without lime application. In both lakes the following
summer, significantly higher standing crops of net phytoplankton were
observed (prinecipally due to Dinobryon sertularia). Increases in stand-

ing crop of zcoplankton also occurred the year following lime application.

Introduction

A direct correlation between the bioclogical productivity and alka-
linity of lake waters has been observed and reported frequently (Ball,
1948; Moyle, 1949; and others). This corrslation appears to hold general-
ly true at the lower region of the range of alkalinity found in natural

waters (lakes with esoft to medium hardness), but at extremely high values



of alkalinity the correlation appezrs tc be reversed with the result of
"alkalitrophy” in hard-water lakes (Barrett, 1953).

In the upper peninsula of Michigan, despite the presence of cal-
careous glacial drift, many seepage lakes including colcred bog lakes
fall into the lower part of the alkzlinity range; measurerents reveal
many waters of less than five p.p.m. total alkalinity. These lakes,
for the most part, are characteristically of low produetivity, as re-
vealed by & paucity of plankton and bottom fauna, a scarcity of aquatic
vegetation, and the slow growth of fish.

It was the purpose of the present experimental program to test the
feasibility of increasing blological productivity of these waters by
increasing the alkalinity through the application of hydrated lims,

In ¥iehigan the first attempt to alkalinize an acid lske was in 1943,
when a small application of hydrated lime was made to a soft-water,
non-bog leke by the Michigan Department of Conservation; the same lake

was treated again in 1945, this time with limestone,z neither treatment

ZReport on Stoner Lake, Alger-Delte County, Yichigan by R. C. Ball, 1947.
Unpublished report.

effecting any significant changes in alkalinity. In 1952, the same lake
again was incorparated in an experimental alkalinization program which
 continued through 1955 (Ms. in preparation). The use of lime in treating
. bog lakes was investigated in liisconsin in 1948 by Hasler, Brynildsan and
Helm (1951). They offered several sugrestions as to the mechanisms by

which productivity might bs increased by lime application in colored bog
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lakes. The color-wcaused by humie eolloids——wrould be floeenleted and
precipitated through combination with caleium, thus permitiing deeper
lizht penetration and increasing the volume of the trophogenic zone.
Secondly, alkalinimation of the water would mobilise nutrients which are
fixed in unavailable organic forms in the lake soils. Finslly, a higher
ceoncentration of bicarbonstes would result, offering available carbon
dioxide to nlants for photosynthesis in hisher concentration. Following
their experiment, they renorted that the lime treatment resulted in
clearins the color from the water and improving oxygen conditions for
trout in the deeper, cooler lavels of the lakes, but showed no striking
differences in mitrient content of the woter. Tt was later reported
(Johnson and Hasler, 195L) that no apparent ircrease in production or
éar:ying ¢capacity resulted.

In the summer of 1953 the present rescarch program was initisted
upon two bog lakes in the wpoper peninsula of ¥Michiran. Three postulates
were made regarding the mechanisms by which blological productivity
night be increased by the use of lime, snd the sampling program wes
deaigned to test these postulates: (1) a greater concentration of
bicarbonate alkalinity, offering more available carbon diexide for photo-
synthesis, would result; (2) phosphorus would be relessed either by in-
creagsed decomposition activities or through ion-exchange phenomena in the
muds and (3) the colloidal organic color would be decreassed by flec-
culation and precipitation caused by caomhination with ecalcium.

The two bog lakes used in the experiment, Timijon and Starvatioen
lakes, are both located in the Miswatha National Torest, an area which

contains many small bog lakes of the colored, acid, soft-water type.
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Timijon Lake, Te Ll N., R. 18 W., Sec. 19, Schooloraft County, was 2.0
acres in surface area with & maximmm depth of 42 feet, and Starvation Lake,
T. bl N., R. 19 ¥, Seec. 1, Alger County, was 1.7 ecres in surface ares
with a maximum depth of L2 feet. Both lakes were completely surrcunded by
an encroaching sphagnum-lsatherleaf bog mat; the waters were acid (approxi-
mately pH 5), very soft (3 to 5 p.p.m. total hardness), and colered by
humic colloidas. The bottom types in both lakes were of brown fibrous peat
near the mat and of a fine, gelatinous pulpy peat in the deepest regions

of the lakes., Both lakes appeared to be meromictic.
¥ethods of lake sampling and lime application

A periodical sampling program was initiated in the summer of 1953
consigting of the chemical smalysis of the water and the collection of
two net plankton samples spnroximately every ten days from each of the
following four levels: eentral epilimnion (always three feet), top of
thermocline, central hypolimmion, and bottom waters (one foot above the
md-water interface). Chemical analysis consisted of the determination
of dissolved oxygen, free earbon dioxide, pH, alkalinity, total hardness,
eonductivity, color, and total phosphorus. Air and water temperatures,
weather date and light penetration (Secchi disk) were also recorded.

The plankton from a ten-liter sample was collected with a Juday plankton
trap snd analyred volumeirically by counting the organisms under a
mieroscope in & Sedgewick~Rafter cell and determining average volumes

of each species by measpuring with a calibrated ocular micramester.

Lime snplications were made twice to each lake during 1954, the first
during the summer under conditions of thermal stratificstion and the



second in the fall when the lake waters were nearly homothermous. For
all applications, a raft-and-pump system was employed which mixed the
1lime with water and discharged the mixture into the surface waters. The
spparatus consisted of a raft ten feet long and six feet wide, supported
in back by the edge of the bog mat and in front by two floating 50-zallon
drums. Through a rectangular hols in the raft was lowered a plywood
mixing tank which allosed the intake of water at the bottom of the fremt
pide of the tanks a hopper was constructed at the top of the mixing tank
through which the lime was introdused. The intake hose of the pump was
placed in the mixing tank, where both lime and water were taken wp,
carried through the mechanism of the pump and through the exhaust hose of
the pump, to be finally dischsrged into the lake (Figure 1). A total rate
of application of 100 pounds hydrated lime per sere-foot was applied in
this manner to esch of the two lakea, half this amount being applied at
each of the surmer and fall applicationg. The surmer anplication in
Starvation lake was made as rapidly as possible, and when the apparent
destruction of the plankion resulted from the precipitous chemical changes
the gubsequent sumer application to Timijon Lake was made at a2 more
gradual rate through most of the summerjy the discharge point for the
summer application to beth lakes was immedistely in fromt of the raft.
Both fall spplications were made rapidly, with the discharge point being

near the center of the lzka.,
Imsediate effects of lime application

Because of the strong thermal stratification presemt during the
summer applications, the immediate effects of the lime were felt only

in the epilimnion and no chemical changes were observed below the thermoeline.



Figure l.—-Summer lime application to Starvatien Lake,
shoring reft-and-pump system.
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The chemical effescts in the opiliminn, however, were sbrupt and large.
Figure 2 shows the changes in pH and alkalinity in the central epilimnion
of Starvation Lake, where the application was made rapidly, while Figure
3 shows the pH and alkalinity in the eentral epilimnion of Timijon Lake
where lime applications were made throughout the summer.

At the fall application when the lake waters were nearly homothermous,
almost the entire application of lime fell to the hottom, spparently be-
cause of the greater density of the lime solution, with little mixing in
the upper levels of the lakes. DBecause of the meromietic character of the
lakes the lime solution remained at the bottom and did not later circulate
through the upper levels. In the bottom waters of Starvation lLake, the pH
rose from about 6§ to 11, while total alkalinity increased from 17 to 128
p.pats In Timljon Lake, at the same level, pH values also rose from about
6 to 11, and total alkalinity inereased from 13 to 175 p.p.m.

Changes in total hardness and conductivity, in both the epilimmion
and hypolimmion, in both lakes, generally follcwed those of total alke=
linity. Ko decrease in color was observed following the lime applications
in either lake.

Nelease of phosphorus from lake soils

Preliminary laborstory experiments .-To cbtain some information upon

the possibility of a release of phosphorus from the lake soils upon lime
application, thes following experiments were carried out in the laboratory
prior to the field experiments involving lime applicstion to the lake.
The general pattern of these experiments was to add hydrated lime at known
rates of application to bottles containing water and mud from the lakes



Figure 2.~pH and alkalinity in the central epilimmion,
Starvation I.akg,.
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Figure 3e~pH and alkalinity in the central epilimnion,
Tini:}m leﬂ/.
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and subsequently to anslyze the water for disgsolved phosphorus. Three
md-water combinations from each of the two bog lakes were treated with
limet (1) surface water with mud, (2) bottom water with smd, and (3)
surface water without mud (control). 3Six different rates of lime
spplication were used:t O (control), 25, 50, 100, 150, and 200 pounds
per acre~foot. The experimental unit consisted of a two-quart jar
containing 50 mililiters of mmd, taken from the mud-water interfacs,

and one liter of water. The lime was added by disselving weighed amounts
of lime with wa.ter from the experimental bottleg and adding the selution
to the bottle. later samples were extracted for anslysis by pipette
three days after the lime addition.

The results are shown in Figure L, where it can be seen that dis-
solved phosphorus concentrations were higher at the higher rates of lime
application; this was true in 3ll series containing rmud except that
series including Starvation Lake boitom water, where the dissolved phos-
phorus concentration was originally high. In both control series (no
mud) there were no increases in dissolved phosphorus concentrations with
lime application, indicating that the higher phosphorus concentrations
observed in the other series resulted from the presence of mud.

Field experimsnts .~Immediztely following the rapid lime application

during the summer in Starvation Lake tctal phosphorus increased from
approximataly 15 p.p«b. before application to a high of about 70 pepebe
in the central epilimnion, as shown in Figure 5. A similar increase to
sbout 60 p.pe.b. occurred at the top of the thermocline level. The high
values decresased soon after to values nsar those existing before lime

application. It is suggested that the sourcs of released phosphorus was



Figure L ~Nissolved phosphorus in experimental bottles of lake
water and mud treated with lime.
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Figure Se=-ilotal phegphorus in central epilimnion, Starvation
Lake, 195h.



Phosphorus (p.p.b.)

Total

~
o

(0]
o

6]
o

H
(@]

w
o

Figure 5.

STARVATION LAKE

r
}_
| } Plankton
Lime | bloom
- c1pplicu'ric&_4I
| |
|
! |
' |
| |
i | |
' l
' |
| [
May | June T July T August T September |
1954




-lll”

in the bottom mud in those shallower &reas of the lakewhere epilimnial
waters, originally containing low concentrations of phosphorus, came into
contact with the bottom. These conditions are essentially those produced
in the bottle experiments with "mud and surface water,' where the release
of dissolved phosphorus was observed. (The possitility of the inecreased
phosphorus being due to its presence in the liming material was eliminated
after analysis of the lime shoved no significant amounte of soluble
phosphorus.) In Timijon Lake, where the swwer lime application was

made gradually through the summer, no significant increases in total
phesphorus were observed in the epilimnion.

FPollowins the fall lime application to Timijon Lake, which fell
almost entirely to the btottom, a2 large increase in total phosphorus was
otserved in the bottom waters. This increzse was from & mean of 23 pp.be.
before the fall application (195L) to a mean of 156 p.psb. after the fall
application (1955); a t-test showed the difference to be highly significant.
This result was essentially the same as obtained in the laboratory bottle
experiments with "mud and bottom water,” where the release of dissolved
phosphorus was observed. In Starvation Lake, where the bottom waters
originally contained high concentrations of total phosphorus, no
significant increase in total phosphorus occurred following the fall
applicetion; this result was similar to that observed in the bottle
experinents with Starvation lLake "bottom water and mud."

The release of phosphorus upon alkalinization may be accomplished by
one or both of two mechanisms. The first is by mineralization of organie
phoaphorus through decomposition. Acid conditions, such as are found in

bog lake waters and muds, have inhibltory effects wpon the micro-organisms



~15 =

responsible for decomposition of organic matter and the subsequent
nineralization of nutrients. It is well established that the addition
of liming materials, where such acid conditions exist in solls, improves
conditions for decompesition of miero~organisms and, therefore, hastens
decomposition (for general discussion see Lyon, Buckmar, and Brady,
1953, p. 139, and Vaksman, 1938, p. 319). Cecondly, phosphate ions may
be released through anion exchange; in the case of the addition of lime,
an anlon exchange betwsen phosphate and the introduced hydroxide
radiecals is probably the resetion involved. Anion exchange involving
phosphorus in soils may concern phosphate adsorbed to clay minerals,
organic colloids, and hydrated aluminmum and iron oxides. It is not
likely that clay minerals will be found in a bog lake, so the sonrces

of exchangeable phosphate are most likely to be colloidal hydroxides and
organic matter. In a general discussion of anion exchange in soils,
¥iklsnder (1955) deseribes anion exchange mechanisms in clay minerals and
hydrous oxides, and says, "Humic acids take part in anion exchange, as
evidenced by their power of releasing adsorbed phosphate, but the exact
mechanism is pot known.® Where reoleases of phosphorus wers observed in
the present study no data were colleeted to suggest which of the ahove
two mechanisms, i.c., increased decamposition or anion exchange, were in
operation.

From the practical standnoint, the releass of phosphorus due to
inercased decomposition would have greater importance than that due to
anionic exchange. In the former mechanism, the source of phosphorus to
be mineralized is in almost insxhaustible supply and might be incorpor-

ated in a more balanced organic matter cyele, while in the latter



mechanism, the supply of exchangeable adsorbed phosphate ions may soon
become exhausted, a phencmenon which has been observed in the use of lime
to release nutrients in Furopean carp ponds (Neeass, 19L.9).

The value of applying lime to increase phosphorts concentrations
in hypolimnial waters, such as oceurred in Timijon Lake, when such waters
appear never to enter into ciroulation with wpper waters, may be questioned
when such methods are epplied in lake management. The bottom water of
Starvation lLake contained original high concentrations of phosphorus; yet
blological produetivity in this lake (as measured by standing crep of
plankton) was no greater then in other bog lakes lacking such high con~
centrations of phosphorus in the hypolimnion. Such phosphorus release
can probably best be utilized in lekes which stratify yet still are
holomicties in these lakes phosphorus, relsased in the hypolimnion wnder
deoxygenated conditiens during the summer stratification peried, would
be transgported to the wpper trophogenlic zone during fall and spring
circulation periods.,

Effects of alkalinization upon plankton production

The immediate effects of the rapid summer lime application to Starva
tion Lake apparently resulted in a partial destruction of the plankton.
The subsequent lime application to Timijon lLake was made gradually through-
out the summers howsver, the gradual application also appeared to destroy
muich of the plankton. ¥hipple (1948, p. L405) discusses the use of hydrated
lime as an algicide and says that lethal effects are probably due to the
loss of oarbon dioxide available for photesynthesis or to changes in

hydrogen ion concentration.



In Starvation Lake, after the pH in the central epilimmion had de-
creased from its hiph of near pH 11 following the summer lime application
to about pH 8 (the point near which free ecarhon diaxide shomld appear),

a definite plankton bloom of Microcystis asrupinosa Fvetz . was observed.

This orpanism is & member of the Cyanovhyta (blue-green algse); it was
net cbserved prior to lime application nor were any other members of the
blus-green group ever cbgerved in either lake. The bloom did not avrear
among the quantitative data secured from the plankton samples collected
bacause the corganism was apparently toc small to be retained by the
planktan net (2ilk bolting cloth mumber 20). The bloom was, however,
obvious to the eye; it gave a definite green eonlor to the water and col-
lected in windrows of "scum" along the les shores of the laks at the
edge of the bog mat. The date when it was nost strikingly observed was
August 2, 195h, and chemicnl data for this sams date reflected the affects
of the bloom. Dissclved oxygen increased markedly from the previous
sampling date, from 2.8 to 10.5 p.parsy & rise in pH was observed with
2 corresponding shift in the form of alkalinity from the biearbonate
form to the normal carbonate form, these being the results of carbon
dioxide extracticn fram the bicarbonates (see Figure 2). The Secehi disk
reading waa decreased markedly. The bloom occurred while the phosphorus
content of the epilimmion was high (after the release of phosphorus in
the epilimnion) which decreased after the beginning of the bloam (see
Figure 5).

During the summer of the follewing year (1955) the standing crops
of both phytoplankion and zooplankton were observed to reach much higher

levels than before lime aspplication in both lekes, as shown in Figures
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§ and 7. The organism principally comprising these larpge standine crops
of net phytoplankton in both lzkes was Dinobryon sertularia Fhrenberg,

a member of the Chrysophyta (vellow~green algae) which had not been obe
served in either lake prior to lime spplication. There were no changes
in pH or in the form of alkalinity attributed to these large siandinc erops
of phytoplankton in 1955, giving no indication of carbon dicxide extraction
from the bicarbonates., Pipures 5 and 7 exclude date concerning cne species

of algae, Peridinium limbatum (Stokes) Lemmermanny this organism was

omitted from the net plankton volume analyses hecause of the extreme
variation it caused as a result of its relatively large gize and scattered
occurrence in the cell counts.

In considering the auestion of whetbor a cauvsal relationship exists
between alkalinity and produetivity, dfferentiation shouléd be clearly
made hetweon fertilization and lime arplication. In fhe former, the
effects are principally direct onesi l.e., nutrients are smmplied to the
lake waters which are utilized direetly by producing plants. The latter
procedure is more a case of chemieal modification and the effects are
principally indirect: (1) nutrient availability is improved due to more
optimm reactions (pH) and ion concentrations, and (2) a greater cone
centration of immediately available carbon dloxide results.

The events which occurred in Starvation Lake in 195h soon after the
summer lime application provided the necessary data to calculate the
rate of carbon dioxide production by the lske and also the rate of its
utilization under conditions of a plankton bloom, for the central
epilimnion level., In Figure 2, the graph for bicarbonate alkalinity

shows a linear increase betwaen the dates of July 15, 195k, and July 25,



Figure 6.--Average volume of wet phytoplankton
in cubic millimeters per liter in central epilmilon,
Timijon and Starvation lakes.
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Figure 7.-<iverage volume of zooplankton in centrsl epilimnion,
Starvation and Timijon lakes.
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1954, covering & perioed of 10 days which included five sampling dates;
during this period of time the bicarbonate concentration was inereasing
due to the reaction of normal carbonates with the carbon dioxide being
produced by the lake's respiratory activities (respiration, decomposition,
and atmospheric absorption). The slope of the graph represents the rate
of increase of bicarbonate, and, proportionally, the rate of carbon dioxide
production. This rate, calculated by means of ratics of molecular weipghts
of the compounds involved, was 1.9h p.p.m. carbon dioxide per day.

On August 2, 195k, the phytoplankton bloom of Microcystis aeruginosa

was observed. Since carbon diexide was extracted from the bicarbonates,
it can be concluded that for the eight-day period frem July 25 to Aupust
2, or for an unimewn shorter peried of time, the phytoplankton utilized
carbon dioxide at a rate more rapid than the rate of supply from the
laks's respiratory sctivities. Table 1 shows the "balance sheet? for
carbon dioxide for the eight~day peried of nlankton bloom. Section A is
the carbon dioxide available over the elight-day period, being equal to
the sum of that present at the beginning of the eight-day period plus

the carbon dioxide produetion for the eight days, or a total of 3L.9
p«p.m. carbon diexide. The carbon dioxide utilized by the phytoplankton
over the eight-day pericd, Section B, is equal to that available (Section
A) minus that remaining at the end of the period, or 22.5 p.p.m. carbon
dioxide. In Section C, the carbon dioxide avallable under conditions of
no lime application is calculated to be 20.3 p.p.m. carbon dioxide, using
the production rats computed above and the free carbon dioxide and
bicarbonate concentrations found before 1ime application, The portion of
that carbon dicxide utilized which was the result of lime application



Table 1l.=-Carbon dioxide utilized by phytoplankton after lime aspplication

compared to carbon diexide available without lime applieation,

Starvation Lake (as p.n.m. carbon dioxide).
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(i.e., the difference between the carbon dioxide utilized during the eight-
day period and that which would have been available without lime application)
is calculated in Section D. It is one measure of the effect of lime apolica-
tion upon phytoplankton production. It should be pointed out that it would
not be necessary to know the c¢arbon dioxide production rate in order to
calculate the figure in Section D, for it would cancel out in the final
subtraction.

In making the above calculations several assumptions wers necessarys
they were: (1) the carbon dioxide production observed for the 10-day periocd
of inoreasing bicarbonate concentration (July 15 to July 25) was not higher,
due to a more alkaline reaction and inereased decomposition, than for a
similar period of time without lime application; (2) there occurred no
loss of carbon dioxide to the atmosphere during the 10-day period nor
during the 8-day period of the plankton bloom ’which is probsbly a valid
agssuzption since normal carbonates were available during both periods for
combination with carbon dioxide)s; (3) the increased standing erop of
phytoplankton did not raise the rate of carbon dlaxide production because
of the algae's respiration, and (L) the period of plankton production and
intense carbon dioxide utilization was not less than eight days. If any
of the above asswmptions were invalid, the figure calculated in Section D
would either be greater or remain the same; the figure caleulated, then,
is 2 minimm value. Furthermore, it would not be expected that the

phytoplankton would extract the carbon dioxide from sll bicarbonate
present; in the eight~day period of plankton bloom, 65 percent of the
available carbon dioxide was utilized. If, in Section D of the tsble,

65 percent of the carbon dioxide available under conditions of no
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lime spplication were subtracted from the carben dioxide utilized, the
figure in Section D would be even larger (calculated under these con-
ditions to be 9. p.pem. carbon dioxide).

The possibility exists, horever, that in the absence of high bi-
carbonate conecentrations but in the presence of other optimum conditions
favorable to the occurrence of a plankton bloom, the rate of carben dioxide
suply from the lake sources (respiration, decomposition, and atmospherie
absorption) may be inscreased to such a rate that would supply the demands
of photosynthesis. This possibility would depend upon a physical-chsmical
demand produced by the removal of carbon dioxide by the algse frem exist-
ing chemical systems in equilibrium; but the presence of carbonates also
produces a8 demand upon carbeon dioxide and changes the normal carbon
dioxide relationships. The question, then, remainst Can intense
photosynthetic demand for carbon dloxide increase the carben dioxide
production from the lake's respiratory activities (respiration, decomposi-
tion, and atmospheric absorption) shove that rate supplied to react with
carbonate? The ability of some algae, at least, to extract carbon dioxide
from carbonates as well as bicarbonates (Ruttner, 1953, p. 63) would seem
to indicate so. Further research into this question is indicated.

It wss tentatively concluded that a causal relationship existed
between the level of biearbonate alkalinity and the phytoplankton produce—
tion during the elght-~day period of plankton blooms in other words,
bicarbonste alkalinity provided & reservoir of immediately available
carbon dioxide which was utilized under conditions of intense photosynthetie
activity (plankton bloom) after free csrbon dioxide had been exhausted and

the further oroduction of carbon dioxide by the leke was insufficient to
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provide for the phytoplanktont's photesynthesis wmder the high rate of
utilization existing at the time of bloom.

The hisher levels of phosphorus eoncentration in the central epilimmion
of Starvetion lLake (see Tigure 5) found soon aftar lime spplication may
have been responsible for stimilating the ¥icrocystis bloom. The reservoir
of carbon dioxide in the bicarbonates might then have bsen responsible for
permitting the bloom by furnishing carbon dioxide in exceas of that
produced by the lake. After the beginning of the bloem total phosphorus
concentrations decreased, vrobably because of the fall of the plankton
bodies out of the epilimmion after utilizing the phosphorus.

The effects of alkalinity upon phytonlankton nroduction may be sum=
marized in the following hypotheses which received support from the present
study. (1) In soft-water lakes the bicarbonate &1alinity (or "reservoirt
of irmediately available carbon dioxide) may limit the rate of carbon
dioxide utilization and thus the rate of nhytoplankton production, but
apparently does not limit the level te which the standingz eron of
phytoplankton may reach providing the rate of carbon dioxide nroduction by
the lake is squal to or greater than the rate of carbon dioxide utiligationm.
(2) Under optimum econditions of alkalinity the availability of nutrients
such as phosphorus is improved, and the availability of such nutrients
probably limits the level of standing erop.

It appears possible now to summarize the reasons for observed
differences in production in lakes with different conditions of alkalinity.
(1) Hard-water, or alkalitrophic, lakes appear to suffer poor productivity
because of the adverss effects of excess calciwm upon the availability of
nutrients (Barrett, 1953). (2) Medium~hard lakes with optimm conditions

of alkalinity provide large reservoirs of immediately available carbon



dioxide in the form of biearbonstes ami permit phytoplenktan "blooms .*
These lakes may alsoc provide optimm nutrient availsbility. (3) Soft-
water lakes, such as acid bog lakes, may nol permit as intense plankton
blooms hecause of the lack of high concentrstions of immedlately available
carbon dioxide in the bicarbonate form ax_zd also limit total production

becauge of poor avallability of nutrients.
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