
A Study of the Relations Between Plant Growth
AND Combined Nitrogen in Winona Lake.!

Thuhmax B. Rice.

Objective. The purpose of the investigation as it was first conceived was
to determine the effect of combined nitrogen content of the water upon the

luxuriance of plant growth. As the work progressed, however, a considerable

mass of data accumulated pertaining to the effect of the vegetation upon the

nitrogen content of the water, and so the scope of the work was broadened

to include this phase of the subject.

Preliminary Work. Work was begun in Juh', 1915, by making an accurate

map of the lake, and bj' making a close study of the entire littoral region

in order to determine the most fruitful points of attack. The entire shoreline

was sounded at close intervals to a depth of five meters, this being found to

be the limit of plant growth. The Lake was under constant observation

from Juh', 1915, to September, 1916. During this time observations of some
kind were taken nearly every day except while the lake was covered with ice.

Analyses. Analyses were begun in October and continued until August.

In all, 135 analyses were made. About half of the analyses were complete

for combined nitrogen, the others being for nitrates and nitrites only. Stand-

ard methods of water analysis were used (]Mason, '12 and Olsen, '08.)*

Samples were taken from clear unfiltered water just below the surface

unless otherwise stated. The bottle used to carry samples were thoroughly

cleaned and was sealed immediatelj^ after being filled. Analj^sis was begun
as soon as the laboratory was reached, on the average about thirty minutes

after the sample was taken.

A map of the lake with analysis stations is presented as Fig. 1.

Description of the Stations from which analyses were made.

A Weedy, numerous confervoid algae, muddy sediment bottom.

B Weeds scanty, but dense close by, sediment bottom. 4m deep.

C Clear water, near center of the lake, deepest place, 21m deep.

D Weedy, many algae, muddy sediment bottom.

E and G Very weedj^ water much contaminated, Im deep.

tContribution of the Zoology Department of Indiana University No. 156. The
problem was suggested by Dr. Will Scott under whose direction the work was
carried out.

*Mason, E.xainination of Water, 1912: Wiley and Sons.

Olsen, Quant. Chem. Anal. 1908, Van Xo.strand. An error of one decimal place in

the computation of nitrites as' given in the 1908 edition (corrected in 1915 edition; was
detected and computations were made accordingly.
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I Few weeds at nxoiitli l)Ut the creek was choked with weeds, the dis-

charge of the creek is small. No sewers empty into the creek.

K The main inlet of the lake. Water usually clear but much contami-

nated by discharge from septic tanks.

M Weedy, many algae and seed plants. Im deep.

N No weeds at mouth but the canal Avas choked with them. Flow very

scanty.

O Second largest inlet. Water clear but carrying some silt.

P Dense Potamogeton field. 3-4m deep.

Q Dense Potamogeton field. 2-3m deep.

T Extremely dense vegetation. Water Shallow.

S Peaty bottom. Described in detail below.

R Dense field of Potamogeton. 2-3 m deep.

U Weeds sparce. Sewers empty not far away.

V Weeds very dense, especially filamentous algae.

Part 1. The Effect of the Vegetation Upon the Nitrogen Content.

A In the Pelagic Region.

Description oj Anahj.nH Station. At the deepest place in the lake (21M) a

barrel was anchored, and from this place the samples were taken. The posi-

tion of this station is indicated by the letter C upon the map.

Discussion of the graphs.* The analyses taken in the late autumn showed

a low nitrogen content due to the fact that the plants growing in the lake

had assimilated a large amount of nitrogen during the summer previous.

The following March showed a rise of everything except the nitrite which was

practically absent. From March until May the four nitrogen compounds

—

nitrates, nitrites, free ammonia, and albuminoid estimated as ammonia

—

increased, reaching a maximum in late May.

(1) Nitrogen increased during winter and early spring due to the surplus

of affluents and decay over effluent and fixation by plants.

(2) Nitrogen fell during the time the plant growth was rapidly increasing

and profuse (after about June 10-15.)

(3) Storms mixed the lake by bringing into the body of the lake the more

concentrated water of the bays. Note data taken just after the lake was

rough; June 21, 29, July 13, 22.

*In all of the graphs showing a time element the horizontal spaces represent days

unless the graph is interrupted. The date and the number of the analysis are shown

just below the base line. The amounts of the diflferent compounds are represented

by the vertical spaces. These values are uniform throughout. In the cases of nitrate,

total ammonia and total nitrogen .1 part of nitrogen per million or .1 milligram of

nitrogen per liter is taken as the unit. In case of nitrite, however, .01 parts of nitrogen

per milhon is taken as the unit. This was done in order to throw the nitrite graph

within comparable distance to the other graphs. This change in scale must be kept in

mind.
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(4) Note the practical absence of nitrate at the end of winter, and also

note the general shape of the nitrite curve.

(5) Nitrate gradually rose, and then rapidly fell after the plants began
to increase.

The reason for the increase during the winter is of course the fact that the

factors tending to increase the content; i. e. the nitrogen content of the in ets.

the release of nitrogen to simpler forms by decay, and the nitrogen compounds
washed from the air by rain and snow, over-balanced the factors tending

to reduce the content, such as loss from the outlet and nitrogen assimilation

by plants. The very low nitrite content at the end of winter indicates that

the disposal of this form over-balanced its production, at a time when pro

duction was slow due to the fact that the cold weather inhibited bacterial

action. When the warm weather of spring came, the bacterial action was
resumed and the nitrites were again produced faster than they were used.

About the first of Jime, the phanerogams began to increase rapidly and
by the end of July had reached the maximum. This growth although limited

to the littoral region clearly affected the pelagic region as is shown by the

fact that the results obtained from the open lake were comparable to those

obtained where plants grew, except of course the less striking results were
found in the open lake, since it acted as a reservoir. It was noticed partic-

ularly that the nitrate decreased and came to practically equilibrium at a

low level at the time that plant growth was at its maximum.
The Efleet of Stralificalion. Vertical series were run from Station C, the

deepest place in the lake. It was found that the lower part of the lake con-

tained more n trogen than the upper. This general fact was noted by Birge

and Juday, 1911* in investigations on Lakes Garvin and Mendota, but in

other respects my results differed from theirs, due perhaps to differences in

the lakes.

The graph showing the nitrogen content at different levels (Fig. 4) does

not represent a single series, but is the average of two or three analyses for

each depth.

This graph offers a partial explanation of the rise of nitrogen content

during the winter, since the water mixes from top to bottom during that time

due to the holothermous condition, and the water of the bottom being more
concentrated causes the surface content to rise. This is insufficient, however,

to account for all of the increase since the winter and spring content at the

surface is much higher than that at the bottom later in the season at least.

Before the spring statifica tion began, the content must have been practically

uniform from top to bottom, and the fall to the conditions found when the

vertical series was run was probably due to the settling of the albuminoid,

and the utilization of nitrates by plants, at least these two were the com-

*Birge and Juday, Wisconsin Geological and Natural History Survey, 1911.
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pounds which showed the greater part of the decrease. It was also true

that the content of the surface of the pehigic region continued to rise in the

spring after the stratification had liegun (See Figs. 2 and 3). So it would
seem that winter mixing is not the only, and perhaps not the main factor in

causing the increased nitrogen concentration. A considerable part of the

albuminoid increase in Avinter and spring is doubtless due to the sediment

of the bottom being stirred up, the lake being much rougher in spring than

in summer.
Interesting questions outside the scope of this paper are suggested by the

relation of the various compounds to the thermocline (Fig 4). It may be said
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A region of this nature was that along the shore of the island made by the

canal. This region was close to the town and received a considerable amount
of sewage, but supported only a moderate plant growth. The region gave
upon analysis a content quite close to that of the open lake, as can be seen

by comparison of stations C and U in Figs. 1, 5. Station U had a sparse growth
of various Potamogetons. Its location is shown on the map.
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Pig. .5—Map af Stations in Soutli Bay.

Five stations in South Bay were intermediate between this condition and
the next, and it was found that the contents of the five stations were nearly

identical at any given date, although the stations were very diverse as to

plant growth.

The map (Fig. 5) shows the relations of the stations which are also de-

scribed in the list giving the characteristics of the stations. The general

region is indicated on the map of the lake (Fig. 1) by the letter S.

There was a distinct and fairly constant relation between the stations

as shown by the analyses but no opportunity was afforded for an accumulation

of any form of nitrogen due to the fact that the ciirrents kept the region mixed.

See figure 14 for graphs for these stations.
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C. Littoral Regions Where Phanerogams Grew so Dense that the
Circulation of the Wind Driven Currents was Inhibited

or Wholly Prevented.

(a) Regions of Dense Groivth.

Stations A, B, R, P and Q answered to this description and from them the

follo^ving data were taken. They are readily located on the map (Fig. 1).

Nitrate Behavior. In these stations nitrate fell very rapidly during the

last of June and the first few days of July. All stations agreed in this respect,

as is shown by Fig. 7, which also shows the five graphs from the South Bay
stations. After July 5, the nitrate content seemed to have come to a state of

equilibrium and was produced and used at about the same rate. The ex-

planation of the nitrate curve is rather simple. The bacteria increased very

rapidly during the warm days of spring and produced a great surplus of

nitrate before the plants got fairly started. Then the plants being supplied

with abundance of plant food and bright sunshine grew apace and succeeded

in cutting down the surplus of nitrate and early in July established nitrate

equilibrium at a rather low level.

Nitrite Behavior. The nitrite content fell gradually until about July 5,

remained low until July 19 after which it gradually rose until the last analyses

were made (Aug. 3). The explanation of the first part of the nitrite curve is

no doubt similar to that for the nitrate of the same time. Then during the

folloAving period of low content, photosynthesis was extremely active due to

the bright sun and warm weather.

This resulted in a supersaturation of free oxygen in the water, as was

evidenced by the fact that bubbles of oxygen were seen over the surface of

the plants. The then existing conditions would facilitate the passage of

nitrites into nitrates as will be further discussed under the conditions existing

in regions of extremely dense plant growth.

Following this period the reproductive processes predominated over the

vegetative and hence the amount of free oxygen produced by photosynthesis

was reduced and the amount used for respiration was increased with the end

result that the amount of free oxygen in the water considerably lessened.

At this time the nitrites began to increase due to the fact that less was being

converted into nitrate. This result was noted in all of the stations considered

in this division, and was also noted in the five stations in South Bay and in

the lake body itself indicating that the process was general rather than local.

Confirmatory evidence of the above explanation is found in the fact that

during the latter part of July and the whole of August, the vegetation was

much paler than earlier in the season, and the plants were mainly engaged in

producing flowers and fruit, rather than vegetative growth. Katabolic

processes using free oxygen probably predominated over anabolic processes

producing free oxygen.
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(b) Regions of Extremely Dense Vegetation.

In the two regions of- this description the vegetation was so extremely

dense that a boat could be pushed through onlj^ \^^th great difficulty. Great

stagnation existed in lioth places. The water in station T at the place where

the samples were taken was .3M deep. The station was well protected as

its location on the map will show. The water in the other station of this

description, the canal, was about IM deep.

The plant growth consisted mainly of various pondweeds, Potamogelons;

waterpest, Elodea canadensis; duckweed, Spriodela polyrfvka; eel grass,

Vallisneria spiralis; Naiasflexilis;&[a,uientous and confervoid algae, and phyto-

plankcton. The algae predominated in the canal while the phanerogams

constituted the main bulk of the plants in station T.

Nitrate Behavior. In each ease the stations showed a rapid fall in nitrate

and then remained low, in fact extremely low, tliroughout the remainder of

the season. The reason for the fall in content is apparent in the light of the

great drain that such a dense vegetation would make upon the nitrate in

solution. In this connection, it should be remembered that the water could

circulate very little due to the resistance offered by the mat of plants. The

water in this station was also quite shallow, as before stated, and hence could

hold no great store.

Nitrite Behavior. The behavior of the nitrite in these stations is peculiar

but very significant. As has been stated before, the nitrite was very low at

the end of winter as the ice was going off. It then gradually rose until April

20 at which time it began to show a rapid rise, due no doubt to the fact that

while at that time the higher plants has been unable to get a start, the bacteria

on the other hand had flourished inordinately. Toward the latter part of

June the phanerogams began to flourish and much free oxygen was produced

as a by-product of photosynthesis. The effect of this was to oxidize the nitrite,

and hence the precipitous fall of nitrite from June 24 to July 12.

The conditions in these regions remained more uniform than in regions

of less plant growth, due I think, to the fact that large amounts of algae and

phytoplanctou were found in these regions and this tended to keep the vegeta-

tive processes in the ascendency, which was not the case in the regions of less

density. The temperature of the water was high, due to the fact that there

was little interchange with other regions, and to the fact that the water

was shallow (100° F was frequently reached and temperatures as high as

106° F were observed). The presence of so much free oxygen, a high tem-

perature, a high bacterial count, and a nitrate content which remains low,

due to the constant drain upon it, results in the oxidation of the nitrites

almost as soon as they are formed.

Tivo Points of Interest outside the scope of this paper to be noted at this

point are:
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First, in regions of very dense or even of fairly dense vegetation where
great contamination exists, a ehemieal determination of nitrates or nitrites

as an indicator of pollution in making a sanitary water analysis is absolutely
worthless in itself.

'^r-n—ryz
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Second, we have a possible explanation of the fact that a diurnal varia-

tion of the free oxygen dissolved in the water of densely vegetated regions has

not been found to be as great or as constant as was predicted on theoretical

grounds. It would seem that during active photosynthesis the water would
contain much more free oxygen than in the early morning after several hours

of respiration by plants and animals in the water. But in case the free oxygen
combined to a considerable extent ^\nth the nitrites to produce nitrates as

seems indicated by the results obtained in these observations, such a large

variation would be prevented.

Concerning the Ammonia Content. Not much account was taken of the

ammonia content, either as free ammonia or as albuminoid since no great

effect of the profuse plant growth could be noted upon it. Perhaps very

active photosynthesis would indirectly hasten its o.xidation to simpler forms

due to the free oxj'gen produced. It seems clear from the results obtained

that the ammonia acts merely as a reservoir from which nitrites and later

nitrates are derived. It should also be rememl^ered that aside from the am-
monia in solution there is always the large amount in the ooze at the bottom.
This would serve as a storehouse for the production of all of the compounds
under discussion, and would be extremely difficult of estimation. There is

no doubt that the bacterial action which results in higher oxidized forms
would be more active in the ooze than in the water. It was noticed that the

ammonia analyses showed great variation, and judging from the fact that

large amounts were found after a rough period and smaller amounts after a

calm, there seems to be no doubt that the variation is due to the water being

more or less stirred up at one time than another. It was impossible from the

number of analjse^ taken to arrive at any definite conclusions concerning

the ammonia, and since it acts merely as a storehouse, at all times well supplied

it seems quite unessential that further attention should be given to it in this

part of the paper.

Part II. The Effect of the Nitrogen Content Upon Plant Growth.

Attention is called to the map of Winona Lake (Fig. 10) in which the

regions of plant growth are stippled in proportion to the degree of density.

Special care was taken to get the correct pro})ortions but in spite of this the

shading must l^e regarded as onh' approximate. Several conditions contrib-

uted to the difficulty of representing on paper the amount of vegetation.

The following complicating factors may be mentioned; seasonal variations;

the impossibility of making accurate quantitative measurements of plant

growth per unit area; the great diversity of the growth as to species; the

variations in level at which the plants were found; and finally the difficulty

in judging the degree of shading required to represent a given condition.

It is at once apparent from a study of the map that the regions of densest

plant growth are contiguous to the town of Winona Lake which is situate

upon and drains into the north two-thirds of the east shore of the lake.



A STUDY OF RELATIONS BETWEEN PLANT GROWTH. 347

A statement of the drainage conditions of this town will be instructive

at this place. Practically everj^ house in the town has connection to the sewer
system. These pipes pass to a large number of septic tanks which in turn
discharge into the lake within the limits of the line on the map. A very large

tank discharges into Pocanhontas Creek and its intermittent discharge is

OA\,\e"t

xY 1 n o n c5

U.wxA* o^ Sew*o^e

Fig. 10—Map showing distribution of Plant Grrowth.

responsible for the great variation in the analyses of the samples taken from
the station near the mouth of the creek. (Fig. 11) Relatively few tanks

discharge along the shore of the island made by the canal. During the summer
the town of Winona Lake has a large population, and the sewage is very
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considerable in amount. The regions near the town showed a higher nitrogen

content as a look at the data will show. The ease with w'hich the albuminoid
w^as broken up by the permanganate-alkali solution used in the analyses

strongly indicated that the greater part of the albuminoid w^as of animal rather

than vegeta])le origin. The broad conclusion can hardly be escaped; the

large amount of available plant food resulting from proximitj' to the town
is largely responsible for the very abundant plant grow^th; i. e. the determin-

ing factor is the chemical composition, particularly the nitrogen content of

the water. Specific statements are not so apparent.

Fig. 11.— I'orahomas Creek, the main inlet of the LJfke. (Sec Table 8.)

(1) Note the extreme fluctuation during March. This was due to the intermittent
discharge of a largo septir tank up the eour.so of the creek, and also to the alternate
freezes and thaws, thus influencing the drainage of .surface water from a number of farm
lots and pig sties above.

(2) Total nitrogen was high.

Note first that in all stations whether of dense or very den.se plant growth
the nitrate was the only one of the four compounds under consideration that
w^as consistenth' affected. In every graph the nitrate line fell coincident with
abundant plant grow^th. This w^as to be expected since the nitrate is the form
in w^hich the nitrogen is assimilated by the plant. Other forms were merely
feeders of nitrogen to the nitrate form.
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But note the extremely small amount of nitrate required to support a

rapidly growing and later very dense vegetation as shown by the followng

analyses

:
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great increase was made after June 26 when the nitrate was .20* parts per mil-

lion. At both of these times, however, the nitrite was very high and no doubt
nitrate was being formed very rapidly by conversion of nitrites into nitrates.

In fact the data indicate such a process most definitely. In one case I found
(Station T; July 12, Fig. 8) a rapid increase of plants while both nitrates

and nitrites were low (Nitrate .025* and Nitrite .006 parts per million.) If

this last case could be considered representative it would mean that pre-

formed nitrate or nitrite content is not a determining factor in plant growth,

but one analysis, cheeked though it was, is too slender a basis for so broad
a statement. It does, however, serve to emphasize the probability that the

nitrogen supply in so far as it is a determinant acts not as a preformed, static

condition, but as a dynamic process whereby the complex molecules of al-

buminoid are converted to constantly sim])ler and higher oxidized forms
availa]>le for plant assimilation.

It might be thouglit that plants al)sorb consideral)le nitrate from the

sediment of the bottom. Several considerations make this improliable:

(1) Althougli no analyses of the sediment were made, it is unlikely it

contained a very large amount of nitrate. The analyses taken of samples

very near the bottom show even a lower concentration at that place. Then
too, diffusion would tend to remove the soluble form from the sediment.

(2) The lower part of the stem of plants like Potamogetons and Elodea,

which were most abundant has very little physiological function, but serves

merely as a holdfast.

(3) It is difficult to understand how a plant stem of small diameter

would be able to transport a highly soluble and readily dialyzed substance

through a space filled with water in which a low tension of the same substance

exists, Anthout losing it to the surrounding medium.
(4) In these same regions of densest growth floating ])lants were especially

abundant (Algae and Spirodela predominating). These plants of course had
no direct connection with the bottom.

After consideration of the above facts it seems very unlikely that the

content of the sediment has any appreciable effect upon the plant growth
except as ft affects the composition of the water al)Out the plants.

Summary: The following facts are indicated liy the data:

(1) The groAvth of plants greatly reduces the amounts of nitrates and
nitrites in regions where currents are inhil)ited, and to a less extent in all

regions of the lake. This reduction became marked in this lake al»out the

first of July.

(2) The contents of all the compounds under consideration rose during

the winter with the exception of the nitrite which fell almost to zero.

(3) Nitrate and nitrite rose very rapidly in the months of April and
JMay and first few days in June. This was no doubt due to the bacteria

getting started before the plants and so building up a surplus of these

forms.
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(4) In regions of extremely dense vegetation the nitrate and nitrite

were reduced to an extremely low figure after the latter part of July.

(5) The nitrate supply for the growing plants need not be preformed,

provided there is a supply of the more complex compounds upon which
bacteria may work and so produce the simpler forms required for plant as-

similation.

(6) The albuminoid and ammonia content of the water serves as a

storehouse from which the simpler forms are made by oxidation processes.

The sediment of the bottom serves in the same way. Stirring of the water

produces great variations in the content of the albuminoid and ammonia.

(7) Plants may flourish in water containing an extremely small amount
of nitrate and nitrite, provided the conditions for producting these forms

are present.

(8) Sewage discharge into the lake was favorable to plant growth.

It is likely that the availability of the nitrogen in this discharge was the main
determining factor.

Appendix.

The following pages contain a number of graphs which are of interest

only to those who are especially interested in the subject. The data from

which all of the graphs in the paper were made are included in this portion.

For the sake of brevity various arl>itrary symbols were used in making
the graphs and in recording the data. The following key will render them
intelligible.

Condition of the Sky

—

c—clear.

d—dark, cloudy.

Condition of the surface of the Lake

—

m—calm, smooth, mirror.

t—ripples.

r—rough.

Temperature conditions

—

h—hot.

w—warm.
n—moderate.

X—cool.

z—cold.

Amount of Vegetation

—

vv—extremely dense.

V—dense.

a—abundant.

s—sparce.

o—none.
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When the above symbols are enclosed in parenthesis () they indicate

that the conditions represented existed just previous to the time of taking the

sample. In case a number is enclosed in the parenthesis it means that the

represented conditions have existed for that many days.

Illustration of the use of the symbols

:

Cmh(10)vv means clear, calm, hot, at the time and for the ten days

just preceding, very dense vegetation.

Ctn(dxr)o means clear, ripples, moderate temperature, at the time sample

was taken and that the period preceding was dark, cool, and the lake rough;

no vegetation found in that particular station.

The following arbitrary signs are used in recording the data also.

* after an analysis means it was checked for accuracy.

??? means that an analysis was doubtful and hence rejected.

means that no attempt was made to determine the amount of the

particular comjjound in question.

The nitrite for Station F is very similar to that for Station T (Fig. 8.)

Also as in P"'ig. 13, the region of greatest plant growth M^as the region of

lowest nitrate content.

Vegetation was rapidly increasing during the time covered.

(1) Note the great difference in nitrite at different dates in the ease of

Station T.

(2) In each case tlie r(>gion of greatest ])lant growili is the region of lowest

nitrate content.

(3) Nitrate estimate in analysis 109 is ])rol)abIy an error, l)eing too high.

Analysis 109 was one of the very few of the last one hundred analyses which

was unchecked for accuracy.

(4) The amount of vegetation increases rapidly from June 28 to July 26.

(5) In the following three graphs the horizontal spaces have no time

significance. The grouping is entirely arbitrary and merely a matter of con-

venience.

(1) Note that altho tlie grapli for nitrite is nearly straight, in every

case save that for July 5 it describes a very much flattened out letter M.
This seems more than accident, and considering the slight differences is

surprising. Note too that an error of .01.") parts per million would l)e all that

was necessary' to spoil tlie figure even in that case (July 5).

(2) Note that the nitrites gradually ascend in relation to the nitrates.

(3) The points indicated in (1) and (2) indicate that a ilelinite relation

exists between the stations and that these relations remained quite constant

even while the group relations changed as time i)rogressed.
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TABLE 1.—(See Figs. 2 and 3.)

Samples taken from the lake body at the deepest place.

Data represented in Figures 2 and 3.

No.
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Table 2. (See Fig. 4.)

Data from which Vertical Series Graphs were made.

No.
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TABLE 3.

Samples taken from South Bay.

Data represented in Figures 14 and 15.

No.
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TABLE 4.—(See Figures 6, 7 8 and 13.)

Samples taken in South Biology Bay.

No.
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TABLE 6.—(See Fig. 16.)

Samples taken in Entrance Bay.


