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THE SOLUBILITY OF APPLIED NUTRIENTS IN MUCK SOILS

AND THE COMPOSITION AND QUALITY OF CERTAIN MUCK CROPS

AS INFLUENCED BY SOIL REACTION CHANGES AND MOISTURE
CONDITIONS

INTRODUCTION

The muck soils of Michigan have long held a
national reputation for the production of various
crops. While most Michigan mucks when properly fert-
1lized produce satisfactorily, there are some that
possess a reaction unfavorable for the profitable ¢ :;
growing of certain crops. Of such mucks there are at
least two classes: (1) the "alkali" mucks, or those
having an alkaline reaction caused, generally, by the
concentration of ash produced from the burning of muck
materigls of high liﬁ; content, and (2) the "very strong-
ly acid" mucks, that are low in lime and have a very
high degree of acidity.

Within recent years considerable work has been
done by Harmer (12) (13) (14) (15) at this Experiment
Station in reclaiming such mucks by means of sulfur ap-
plications to the alkaline type and lime applications,
together with certain additional treatments, usually
copper sulfate, to the very strongly acid type. In
many caseés the results have been phenomenal (14} (15).

Sulfur applications on certain alkaline mucks have in-



HISTORICAL

A large number of studies have been made on soil
reactlion, avallability of plant nutrients, and thelr
relationships to plant composition in connection with
mineral solls. In so far as the writer is aware, how-
ever, very few investigations of this nature have been
reported in regard to muck soils.

Loehwing (24) states that the methods commonly
used for the determination of avallable plant food ma-
terials in soils are not adapted to mucks, due to the
difficulty in avoiding the adsorptive effects of the
organic collolds present in them. He found that soill
extracts initially acid to indicators may turn alka-
line on standing; and that colloid phenomena such as
these were accompanied by great variations in concen-
tration of plant nutrients, especially potassium and
calcium. This was in agreement with the observations
of Puchner (37). On analyzing crops of corn, oats,
wheat, and clover grown on four scid mucks responding
differently to potash and lime, Loehwing found that the
concentration of potassium or calcium increased in the
plant tissues when potassium chlorlide or calcium carbon~
ate, respectively, were used as fertilizers. He con-
cluded that these results indicated an increased avail-

ibility in spite of the tendency of the organic colloids
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to adsorb mineral bases. Application# of caleium to
the soil was found to decrease the potassium content of
the plant tissues in all cases. High crop yield was
associated with high organic nitrogen and high total
carbohydrate content of the plant, while low crop yield
correlated with high nitrate and calcium content.
Wilson, Staker, and Townsend (49) found the drain-
age waters from New York peats to be characteristically
alkaline while the reaction of the peats was character-
istically acid. Drainage waters were found to be acid
only when they were associated with extremely acid soils
underlain by non~calcareous materials. No correlation
wag found to exlist between the alkalinity of the water
and the acidity or calcium content of the soil thru
which it percolated. Altho not stated by the authors,
thelr data indicates that when the deposits were under-
lain by marl the more acid deposits gave the highest
concentration of calcium in the drainage water.
Fleischer (9) found that very heavy applications
of lime, even on very lime-deficlent peats, were not
only unnecessary but actually injurious to crops. Nu-
merous other investigators (1) (2) (13) (14) (47) have
warned against improper use of lime on muck soils. Al-
way and Nygard (2) conclude that on strongly acid peats

an actual determination of the per cent of lime is by



far the most reliable method so far proposed for de-
tecting lime deficiency. They point out the‘need of
more detailed studles on the relationship of H-ion
concentration to lime deficiency in the case of wvery
acld peats.

Loehwing (24) thinks that the injurious effects
he obtained by liming acid mucks must be explained by
the action of lime on soil nutrients, the net result
of which was unfavorable to crops. Tait and Knott (48)
also express the opinion that soill reaction has an ef-
fect upon the availability of materials in muck soils.
These wrlters have not shown, however, what relatlion-
ships actually exist between reaction and ﬁutrient s0l-
ubility in muck soils.

It is clearly recognized that results obtalned
from studies of mineral soils may be inapplicable to
mucks. For this reason, and also because of the fact
that several excellent reviews already exist, another
review of the large number of investigations that have
been conducted on the effects of lime and sulfur addi-
tions to mineral soils hardly seemed justifiable here.
Of these investigations, the following may be men-
tioned as among those most pertinent to the present
study: Greenhill (11), MacEntyre, et. al. (25) (26),
Jenny and Shade (19), Parker and Tidmore (31), Per-

kins, King, and Benne (32), Robinson and Bullis (38),
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Ames (3), Shedd (43), Itano and Matsura (18), Stephen-
son and Powers (46), Powers (36), Kelley and Thomas (21),
Kelley and Arany (20), Samuels (40), Fraps (10), McKib=~
bin (28) and Roux (39).

A review of the literature dealing with sulfur and
lime applications to mineral soils revealed that the fol-
lowing effects have been attributed to these treatments:

1. correction of unfavorable soll reaction.

2. (Correction of sulfur or calcium deficiency.

3. Changes in concentration of soluble caleium,
magnesium, potassium, phosphates, sulfates, carbonates,
nitrates, and other soll constituents.

4. Changes in plant composition.

5. Changes in various biological processes.

Many of these effects and numerous others are un-
doubtedly highly interrelated. Certain of the above
points have been noted and studied in the present muck

soil investigation.

Crop Quality

Quite frequently a difference in quality between
two samples can be seen at a glance; but comparison
by means of a scientific measurement that will accur-
ately represent the differences noted by the eﬁe is, in

many and probably most cases, 8 very difficult task. A
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survey of the literature on crop gquality reveals at
least two types of standards of measurement that may be
possible:

l. Use of some type of scorecard or mechanical
defice based on, or designed to measure, such char=-
acteristics as color, size, taste, cooking quality, etc.

2. Chemical analysis.

The recent work of Sayre et. al. (41), in which quality
of canning peas was measured by puncture and crushing
tests on the one hand, and calcium, starch, and proteiln
changes on the other, illustrates the use of both in-
dices of measurement.

Harmer and Weidemann(1l7) found that proper ferti-
lization of certain crops on muck land gave notable in-
creases in thelr sugar content. As a result of their
work they suggested the possibility of the use of sugar
analysis as a measure for quality of table beets, car-
rots, onions, turnips, and rutsbagas.

As pointed out in the introduction of this paper,
lime or sulfur treatment has given enormous improve-
ment of crop quality on certain mucks in Michigan. 1In
this study an attempt was made to compare some of the
crop samples of extreme differences in quality as to
their content of sugars and certain mineral elements
to discover, if possible, any correlations between

the crop content of these constituents, the soll treat-
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ments, and the yields and quality of the crops.

EXPERIMENTAL

Experiment 1

Effects of Certain Soil Amendments on Nutrient

Solubility in the Soil end on Plant Composition.

The object of this experiment was to study, on
the same so0il under field conditions and thruout a
growing season, the effects of lime and sulfur on soil
reaction, on the solubllity of applied mineral nutrient
materials, and on plant composition. It was hoped that
in each case a picture might be obtained of the environ-
ment under which the plants had grown with respect to
the solubility of the added fertilizer nutrients; and
that it might be determined whether of not differences
thus noted could be correlated with differences in the

plants themselves.

Plan and Methods

Description of Soil and Plots. Since sulfur and lime

were to be compared on the same soil it was necessary
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to use a muck not oo strongly acid or alkaline. The
college muck area was found to be satisfactory in this
respect.

In co~operation with Dr. P. M. Harmer, use was
made of a series of 12 plots, known as the "reaction
plots", being laid out on the college muck, recently
fitted for experimental work. This muck had been cleared
first about 75 years previously, at which time the growth
was chiefly tamarack. After clearing, it had been used
mainly as pasture land. In the last 20 years it had de-
veloped a scattering growth of poplar. This had been
cleared off in 1921. The soil had then been broken
about 1924, allowed to go back to sod, and used for
pasture until 1930. At this time it was tile drained,
broken to a depth of 12 inches, and fitted for the ex-~
perimental plots, the first crops being grown in 1931.

This muck is somewhat raw--in some parts quite
woody~~sand varies from 10 to 18 ft. in depth where the
plots for this study were located. It is a "high-lime"
muck (13) and responds markedly to potash and, to a less
extent, to phosphate fertilizer. Copper sulfate in
small amounts gives good response with many of the crops
grown.

All of the plots used in this experiment were ferti-

lized uniformly on May 10 wlth a broadcast application
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of 3-9-18 fertilizer at the rate of 800 lbs. per
acre. On May 20 to May 22 the plots were given the
supplemental treatments shown in table 1. Several
erops were seeded on this series of plots at appro-
priate times; from them onions, carrots, and turnips

were chosen for the analytical studies.

Soil Samples

Sampling. Composite soil samples were taken
from each plot at approximately two-week Intervals from
July 7 to Sept. 17. These samples were taken from the
surface soll at a 2-3 in. depth, the surface crust hav-
ing been removed. It was thought that this depth would
most nearly represent the enviromnment of the onion bulb
and of the darrot and turnip roots throughout the season.
The composite samples were made up of twelve oOr more
portions taken from the onion section at different places
along each side of the 20-ft. row from which the onion
samples were to be obtained.

The soil samples were taken to the laboratory, air-
dried, the larger woody pleces screened out, and stored
in sultable containers pending analysis. Air-drying
of the samples was found by the writer to result in no
appreciable differences in pH or water-scluble con-

stituents between tests made six months apart on a num=-



Table 1

Plot treatments - Beaction plots (1981).

Plot No. Treatment“)(lbs. per acre)
1 Sulfur 500
2 Sulfur 1000
3 None
4 Pulverized limestone 4400
5 Pulverized limestone 4400, sulfur 500
6 Pulverized limestone 8800
4 Pulverized limestone 8800, sulfur 500
8 Pulverized limestone 8800, sulfur 1000
9 None
10 Mnso, 50
11 cuso, 25%
12 None

“)All plots were fertilized uniformly with 800 lbs, per A. of
3~-9-18 fertilizer.

“the CusS0, and MnSO, treatments were placed in this series of
plots for purposes foreign to this study. Since, however, these
treatments have shown decided crop benefits on meny liichigan muck
solls, presumably due to correction of copper or manganese deficiencies,
samplings were taken from these plots along with the others to determine
if these treatments exerted any effects at all on the points under
investigation here.
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ber of the samples. This is in agreement with the find-
ings of Coles and Morison (7) that peat gave no change
in pH, upon drying, until all of the water was removed;
and also with those of Arnd and Hoffman (4) that dry-
ing at room temperature, or even at 1059¢., had no ap-

preciable influence on pH.

Analytical Methods.¥ Hydrogen-ion concentration

was determined on all soil samples electrometrically by
means of the quinhydrone electrode, the samples having
stood over night saturated with water.

One-to~ten soil-water extracts for making the sol-
ubility studies were made by the collodion sack method
of Pierre and Parker (33) (34). Ten c.c. of toluene
were added to each flask along with the 856 g. of muck
and 260 c.c. of water to prevent changes in nitrate con-
centration. After equilibrium was established (4 days),
the extracts were withdrawn from around the sacks and
stored pending analysis. With the muck under investi-
gation this method of obtaining the extracts was found
not to be subject to the difficulties cited by Loeh-
wing (24). This was demonstrated by the following test,
the results of which are given in table 2:

Four equal portions were taken from the same soil

- — - - - oy — ] - - - - - - L d - - -— -

¥ The enalytical methods, for both soll and plant, giv-

en for Experiment 1 were used in all the experiments pre-

sented in this paper.



Table 2

Effect of dialysis period on changes in pH and water-soluble calcium
content of 1-10 soil-water extracts.

(pH of soil 6.47)

Flask| Days . PH Calecium in 1-10 extract
After On ninth After On ninth
No. dielyzed| dialysis day dialysis day
PeDellle PeDellls
1l 1 6.77 6.77 501 509
la 1 6677 6477 489 481
2 4 647 6447 574 570
3 4 6447 574
3 9 647 570
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sample, which had a pH of 6.47. All four portions were
set up in collodion sacks at the same time. The soil in
flasks 1 and la was dialyzed 1 day, after which pH and
water=soluble calcium were determined on the dialyssate.
The extracts were removed from around the sacks and al-
lowed to stand in flasks for 8 days, after which the anal-
yses were repeated. The soll in flask 2 was allowed to
dlalyzec 4 days, pH and calcium were determined on the
extract, the extract removed as before, and the determi-
nations repeated on the ninth day. In flask 3 dialysis
was allowed to proceed the full 9 days, analyses of the
extract being made after 4 days(duplicating flask 2) and
on the ninth day. It can be seen from the table that
dialysis was not complete after one day, but that there
was no change in eight days following remova.f?ggg‘;gound
the collodion sack. Dialysis was complete on the fourth
day, and there was no appreciable change from then on to
the end of the 9=day test whether the extracts were in
contact with the collodion sack or not. The results se=
cured from the acid mucks used in Experiment 2 were more
in keeping with Loehwing's findings, thei:~ extracts be-
ing more alkaline than the mucks themselves and exhibit-
ing some varliability in plant food constituents, but not
enough to be of significance in comparing the large dif-
ferences resulting from the different soil treatments.

Potassium was determined by a modification of Kra-
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mer and Tisdall's (23) method using sodium cobaltini-
trite reagent. The modification consisted iIn making the
precipitation in 50% alcohol, washing with aleohol of
like strength, and decanting the supernatant liquid in
each case, following centrifuging, rather than siphon-
ing it from the precipitate. ?

Calcium was determined by precipitating it as the
oxalate and titrating the oxalate wlth standard KMnOgh
soluvlion; phosphates, by the blue colorimeiric method,
using the technique of Parker and Fudge (30); and ni-
trates, by the phenol di-sulfonic acid method. In those
casés in which organic matter in the extract interferred
with sccurate readings, thé procedure of Plice (35), em-
ploying the use of ammonla and superoxal, was used with
- good effect to clear the solutions. Sulfates and chlor-
ides were not determined quantitatively in the water ex-
tracts as obtained above but were estimeted on several of
the samples by the procedures recently published by Spur-
way (45).

All solubility date are expressed in parts per mil-

lion in the 1-=10 soil-water extracts.

Plant Samples

Sampling. Representetive onion samples were
taken from the row along the sides of which the soil

samples had been taken in each plot. These were re-



moved to the laboratory and each onion quartered. Fif-
ty-gram samples consisting of slices from one quarter
plece of each onion were at once placed in pint Mason
jars containing boiling alcohol. After boiling for some
time on the steam bath the jars were sealed and set a-
side for sugar analysis. Samples of the carrots and tur-
nips were handled in like manner.

From the remaining>plant pieces a sample was made
up of quarter pieces from each bulb or root, was welghed,
cut into smaller pieces, and allowed to dry somewhat in
the alr. The samples were then run thru a food chopper
and allowed to ailr-dry completely. This procedure gave
practically no loss of.saﬁ mineral constituents. The
samples were then dried at a uniform temperature of 50°¢.
in an oven, weighed, finely ground, and bottled pending
nitrogen and mineral analysis. All percentages were fig-

ured on the weights thus obtained as the dry weights.

Analytical Methods. Nitrogen was determined on

the dried samples by the Kjeldahl-Gunning method. The
solution for mineral analysis was obtained by the offi-
cial method (29). In this solution phosphorus and cal-
cium were determined by the official methods and potas-
sium by the cobaltinitrite method. Sugars were deter-
mined on the preserved samples by means of the Shaffer

and Hartman (42) iodometric method, using the techni-



gue given by Cole (6).

Pregsentation of Results

The data from the separate soil analyses are given
In.tables13,456,7,4nd B and graphically in figures 1, 3,
5, and 7. The results are summarized in table 9 and
figures 2? 4, 6, and 8. Inasmuch as the MnSO4 and
CuS0y treatments did not exert any appreciable'influ—
ence upon soil reaction or nutrient solubillity, the re-
sults from plots 10 and 11 are omitted from the graphs

and discussions which follow.

Soil Reaction. Table 3 shows that acidity or

. alkalinity of the soil produced by sulfur or lime ad-
ditions, respectively, did not change appreciably from
the time of the first sampling to the end of the grow-
ing season. Altho the determinations showed consider-
able variation in soll reaction in a few instances, they
showed no consistent trend toward more acidity or alka-
linity. The variations did not correlate with the rain-
fall or temperature data for these periods, hence could
not be attributed to hydration, dehydration, or move-
ment processes. Apparently the variations noted were

largely experimental differences.



Table 3

Effects of sulfur, lime,MnSO4, and CuSO4 on soil reaction ~Reacts plots (1931)

PpH

Plot| Treatment™ J J J - Ave.
No.| (ibss per A.)] July 4 July 2) Aug. Auge. 14 Aug. 31| Sept. 17| pH
1 S500 5.0 543 5.1 5.8 b7 5.1 5.83
& 51000 4.6 4.8 4.6 4.9 5.2 4,9 4,83
3 None 5.7 5.6 Ded 5.5 5.6 5.9 5.63!
4 14400 6.6 7.8 6e5 6.6 Ge2 667 6.63
5 14400 8500 5.9 5.9 548 6.0 5.9 6.1 5.93
6 18800 69 7.0 6e9 6.9 7.0 69 6,93
4 18800 8500 646 .6.7 Ced 6.8 6e6 645 6.60
8 18800 51000 6.8 6.3 B.3 6.6 6.7 6.6 6.50
g None 6.0 6.1 6.0 6.4 63 6.5 6,22¢
10 MnSO4 50 6.0 6.0 5.9 6.2 663 6e2 6,10
11 CuSO4 25 5.7 6.0 5.8 6.0 6.0 6.2 5,95
12 None 640 6.1 5.8 6.0 6.0 642 6.,02"

*A1l plots uniformly fertilized with 800 lbs. per A. of 3-9-18 fert-
ilizer.

' Ave., pH of three check ploits $.96,
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In the last column of the table the average re-
sults for the six different samplings are given. The
sulfur lowered the pH about 0. for each 500 1lbs. ap-
plied, while the lime raised it about 0. per 2 tons

applied.

Water=soluble Phosphate. An examination of fig. 1

together with table & reveals some interesting relation-
ships concerning seasonal phosphate solubility. Fig. 1
shows that the samplings 1, 3, and 6 presented wlde dif-
ferences in soluble phosphate content of the soil from
the sulfured and limed plots, while in samplings 2, 4,
and 5 these differences more or less disappeared. These
results were found to correlate quite well with rainfall
distribution. Table 5 gives the officlal dally precipi-
tation and mean temperatures for East Lansing, as com-
piled by the U.S.D.A. Weather Bureau Statlion at East
Lansing, from June 23, two weeks before the first samples
were taken, to Sept. 17, the date of the last sampling.
It should be noted that the first sampling (July 77
was made two days after a heavy rain. The waterwsoluble
phosphate content of the soll from the sulfured plots
was found to be considerably higher, and that of the
soil from the limed plots lower, than that of the un-
treated soil; the differences ranged from 20 p.p.m. for

the 500 1lb. sulfur treatment, thru 10.5 p.p.m. for the



Table 4

Effects of the soil treatments on phosphate solubility - Reaction plots (1931)

Plot | Treatmentx (pepems 1n 110 sxtracts)

No. | (1bs. per A.) July 7| July 21) Auge. 4 | Aug. 17| Aug. 31| Sept. 17| Ave.

1 | 8500 20.0 é.? 13.8 7.8 1.3 13.8 | 10.57
2 | s1000 17.5 6.3 18.8 5.8 1.4 11,2 10,19
3 None 11.3 8.3 11.6 7.3 2.9 11.4 8.80°
4 | 14400 7.0 5.2 543 2.2 1.7 6.4 4.63
5 | 14400 $500 8.6 8.9 10.6 645 549 12,1 8.77
6 | 18800 2.9 4,7 2.4 3.1 0.8 3.1 2.83
7 18800 sS500 6e7 | 4.7 6.3 3.6 1.4 5.0 4,45
8 | 18800 S1000 4.4 6.6 845 4.3 0.8 4.6 4,52
9 | None 9.3 6.6 7.0 2.0 1.4 8.0 5.72°
10 | ¥MnSOp 50 742 7e3 8.7 2.7 1.0 9.1 5467
11 | CuSoy 25 9.3 6.6 8.0 | 3.7 1,3 8.1 6,17
12 | Hone 10.9 9.1 10,0 4,8 3.1 9,5 7900

*A11 plots fertilized uniformly with 800 lbs, per A, of 3-9-18 fertilizer,.

Opverage of three control plots 7.47.
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Table 5

Daily rainfall and mean temperature values for East Lansing between dates of
sampling, (1931)

June 23 to July 7 July 21 Aug, 4 Aug, 17 Aug, 30
July 6 (inec.) to to to to to
(Before firsﬁ July 20 Aug, 3 Aug, 16 Aug. 30 Sept. 16
sampling) '
Rein. Temp. Rain.| Temp. {| Rain, Temp.‘ Rain, {Temp. || Rain,|Temp. || Rain.|Temp.
(ins (ins) (ins) (ins) (ins) (ins)
021 69 .0 74 «0 75 «68 | 76 27 { 76 0 58
T 70 «0 67 «0 70 .0 80 04 | 77 «23 | 66
.0 78 .0 66 .0 68 «0 79 .0 73 T 66
o8 70 .01 | 66 .0 66 T 77 .0 66 .0 64
.0 76 o0 66 «0 70 .10 | 78 0 65 .25 | 63
.58 | 80 T 66 .0 76 T 75 .0 64 0 68
W16 78 .09 | 68 .0 78 T 70 .0 69 «0 65
0 82 T 71 .0 80 .0 60 T 74 .0 64
.0 84 .10} 80 T 8l .0 62 .0 64 056 | 72
0 80 .0 82 T 74 .0 64 0 64 37 | 78
0 73 02 84 05 | T2 o0 68 .0 65 T 78
.0 70 T 80 02| 70 0 71 .05 | 68 .0 80
591 T4 T 81 +54 | 80 T 74 T 62 13 | 79
0 69 06 | 74 .0 74 .0 58 .40 | 78
54 | 73
Ave, Temperature and
Total Rainfall for each .06 | 65
Sampling Period
i | 07 | 70
2,15 | 75.2 28 1 73,2 +61 ‘ 73,9 “ .78 l 71,8 «36 1 67,5 i1 2,10 | 69,8
Average Temperature and lotal Rainfall for 6 Days Preceding sempling
59| 75.0 .18 | 80.2 .61 | 75,2 T 66,5 .05 | 63.51] 1.20 | 74.2




average of the checks, to 2.9 p.p.m. for the heaviest
lime application. ©No heavy rain occured during the

two weeks preceding the second sampling and the soil
samples were much more uniform in soluble phosphate
content. The third sampling, like the first, followed
twb days after a heavy rain and the soil of the sulfured
and limed plots again showed increase and decrease, re-
spectively, in water-soluble phosphate. There was a
heavy rain after sampling on the same day the third samp-
ling was made, then a dry period of twelve days. The
fourth sampling, taken at the end of this dry period,
gave phosphate data similar to that of the second samp-
ling. This dry period was followed by a light rain and
thirteen more dry days, constituting quite & long per-
iod of comparative drought prior to the fifth sampling.
The soil of all of the plots except that of plot 5 was
very low in water-soluble phosphate, and the soil of
plot & was lower than it had been before. It 1s possi-
ble that some of the surface crust was accidentally in-
c¢luded in the samples from plot 5, making them higher
than the others. The last sampling was made after =
rainy season, as shown by table 5§, and the soluble
phosphate content was again found to be higher in the
sulfured soil and lower in the limed soil than in the
checks.

From these data the soluble phosphate content of
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the sulfured muck is seen to have fluctuated widely,
while that of the limed muck was much more constant.

A suggested explanation for this relationship 1s that
phosphate was rendered more soluble by the acidity in-
duced by the oxldation of the sulfur. Because of this
increased solubility, more of the phosphate was carried
upward as the soil moisture moved to the surface and
evaporated, the phosphate being deposited in the imme-
diate soil surface. Following a period of drought,
samples taken below the surface would be, as a result,
relatively low in soluble phosphate, while after a
rainy period soluble phosphate would be high, due to
its being carried down from the surface into the soll
again. On the other hand, the lime, by ralsing the pH
of the soil, fixed the phosphate in a less soluble form,
as CaS(PO4)2; hence, it would nelither rise to the sur-
face or descend so rapidly as that in the sulfured soil
and would be, therefore, more constant in amount. The
soil of plot 6, which received the heavy application of
lime without sulfur, was very constant in water-soluble
phosphate content. This explanation was substantiated
by qualitative tests made on the surface crust in which
phosphate was found to be more concentrasted in the crust
of the sulfufed plots than in that of the 1limed plots
during a dry period.

Phosphate is usually not thought of as exhibiting
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much movement in soils; however, the fact that phos-
phates were found to be low in amount at the 2-3 in.
depth at one time, and high at the same depth at a lat-
er date, shows that there must have been considerable
movement of phosphates. It would not seem logical to
attribute such fluctuation to the action of the grow-
ing plant in removing soluble phosphate from the soil
solution, inasmuch as the variations were by far the
greatest in the samples from the plots receiving sul-
fur alone, whereas plants were growing on all of the
plots more or less equally well; also, the water-sol-
uble phosphate content 4id not become progressively less
at each succeeding sampling thruout the growth period.

It is easily seen from fig. 2 that in this soil,
considering the data for the entire 12 weeks, phos-~
phate was made more soluble by sulfur and less solu-
ble by lime treatment. There was also very close cor-
relation between soil pH and water~soluble phosphate
content, phosphate solubility increasing as the soil
acidity increased.

From fig. 1 and the data in table 5 it appears
that there was no correlation between the water-soluble
phosphate content of the muck and the daily mean temper-
atures durlng the growing season.

This series of tests shows strikingly the fallacy of

drawing conclusions and basing field recommendastions, or
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attempting to make correlations between water-soluble
phosphate and crop yields, on the basis of determinations
made on a single sample of surface soil. This is especi-
ally true if the treatments under comparison result in
soll reaction changes. Under such conditions it is ap-
parent that several such tests should be made at differ-
ent times, and possibly at different depths, if conclu-
sions are 10 be drawn correctly. It should be empha-
sized that in this study all samples were removed from an
empirical depth of 2«3 ins., taken as most nearly repre-
senting the environment of the bulbs and roots studied.
The comparisons probably would vary in degree if made on
samples taken at different-depths, due 10 the upward and
downward movements of the soluble salts. Sampling at
several depths was beyond the scope of this investigation.
This same depth of 2-3 ins. was used in the taking of all

samples reported on in this paper.

Water~soluble Calcium. The results of the water-

soluble calcium determinations are given graphically in
figs. 3 and 4. Comparing fig. 3 with fig. 1,1t can be
seen that the quantities of water-soluble caleium in the
samples from the various plots were much more constant
thruout the growlng season, with respect to one another,
than were the quantities of water-soluble phosphate.

The explanation for the fact that the third sampling



Table 6

Effects of the soil treatments on calcium solubility - Reaction plots (1931)

Plot Treatment* Water-soluble Ca
(pepem. in 1-10 extract)

No. |(Ibs. per Ae) |51y 7|suly 21)aug. 4|aug. 17|aug. 31[sept. 17| ave.
1 | s600 29; 179 389 | 205 143 148 226,7
2 | 81000 413 | 308 598 | 280 254 376 371.5
3 None 93 101 179 103 106 64 107.6°
4 | 14400 151 | 119 224 | 150 114 88 141.0
5 | 14400 S500 198 | 208 415 | 225 253 169 244,7
6 | 18800 138 | 139 276 | 168 152 08 161.8
7 | 18800 S500 241 | 241 489 | 232 224 237 27743
8 | 18800 S1000 | 380 | 369 642 292 258 405 391.0
9 | None 95 | 106 213 | 106 141 73 122,3°
10 | MnSQ, 50 107 | 120 168 98 110 66 111.5

11 | CuSog 25 99 | 111 179 88 93 58 104.6

12 None 114 85 159 106 120 61 107,5°

*A11 plots fertilized uniformly with 800 lbs. per A. of
3=-9-18 fertilizer,

Opverage of three control plots 112,5.
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from all plots was much higher in water-soluble calcium
than any of the other samplings can not be found in the
rainfall or temperature records.

Probably the most striking difference between the
caleium and phosphate results is that caicium solubil-
ity was increased by application of either lime or sul-
fur to the solil, whereas phosphate solubility was in-
creased by sulfur and decreeased by lime. Altho either
lime or sulfur increased the soluble calcium content of
the soll, the sulfur was much the more effective. The
relationship can best be shown in fig. 4, which gives
the averages of the results for the six samplings. The
untreated soil showed the lowest soluble calcium content,
the light lime treatment gave a slight increase, and the
heavy lime application an additional slight increase.
The light sulfur application gave a sharper increase in
the amount of soluble calcium than did the lime treat-
ments. Lime in addition to sulfur increased the soluble
calcium content of the soll slightly with each further
lime addition. The heavy sulfur treatment gave a sharp-
er increase in calcium solubllity than did any of the
above treatments, while the heavy lime-~heavy sulfur
treatment gave the highest value of all.

From the foregoing, it is apparént that the amount

of soluble calcium present in the soil was dependent up-

on the total supply present and the gmount of sulfate ion



~22-

avallable to bring it into solution. Furthermore, it is
evident that the soil reaction bore no relationship what-
ever to the water-soluble calcium content of the soil.
The heavily sulfured soil had an average pH of 4.83, the
lowest of any plot, and the soil of the heavily sulfured
and limed plot an average pH of 6.50, one of the highest
values; yet these’two were the highest of all in solu-
ble calcium content. Similarly, the plot treated with
500 1lbs. of sulfur and 4400 1lbs. of lime had the same
average pH as the average of the three control plots,
yet its soluble calcium content was more than double
that of the controls.

The explanation for the increased solubility of cal-
cium due to sulfur treatment of the scil doubtless lies i
in the fact of the much greater solubility of CasS0, over
that of CaCOz. 1In every case where sulfur was added the
dialyzed calcium was found to be associated with the sul-
fate ion; where sulfur was not added it was found to be
associated with the carbonate ion. Furthermore, the dry
residues of the extracts from the plots which had re-
ceived sulfur, both wlth and without lime, falled to ef-
fervesce when HC1l was added to them, while thpse from the
plots which received lime effervesced readily. This ex-
planation is in line with Samuels' (40) hypothesis that
sulfur, oxidizing to sulfate in contaét wilth CaCO3z, forms

CasS04, the organisms concerned utilizing more or less of
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the COg,thus formed, as a source of carbon.

It thus seems safe to conclude that, contrary to
the action of phosphate whose solubility depended upnn
goil reaction, calcium solubility, in this muck at least,
depended not on soil reaction but upon the amount of cal-
cium present in the soil and the amount of strong nega-
tive radical (SO04") available. This conclusion is sub-
stantiated by other data presented in this paper.

Doughty (8) has shown that only water-soluble cal-
cium is able to precipitate phosphate in the presence
of peat, the calcium in the complex having no effect
even upon saturation. He further states that the pres-
ence of organic matter, however, prevents some of the
water-soluble calcium from uniting with phosphate. This
was substantiated in the present study, considerable
quantities of calcium and phosphate having been found in

the same solution.

Water-soluble Potassium. Comparing fig. 5 with

figs. 1 and 3, it will be noted that the water-soluble
potassium content of the soil showed more fluctustion
and less marked differences attributable to the sulfur
or lime treatment than did the phosphate or calcium. The
third sampling was, as with calcium, much higher thruout
in soluble potassium content than were the other samp-

lings. 1In oiher respects the general trend of potassium



Teble 7

Effocts of the soil treatments on potassium solubility - Reaction plots (1931)

Plot| Treatment* Water-soluble X
_ (Pepems_in 1-10 extracts)
No. | (1bs. per A.) | july 7 |suly 21|aug. & |aug. 17|aug. 31[Sept. 17 | ave.
1| s500 60.8| 31.0 | 81.5| 40.1 | 23.7 38.9 46,00
2 | s1000 57.4| 25.4 | 85.5| 26.7 | 20.7 47,2 43,82
3 | wNone 39.9| 26.2 60,81 22.8 | 14.7 29.8 32.37°
4 | 14400 38,0 25.8 | 58.9| 24.6 | 24.0 27,8 33.18
5 | 14400 5500 38,0| 44,8 | 72.9| 33.0 | 33.6 28,8 41,85
6 | 18800 26.2| 29.4 | 46.5| 28.3 | 19.0 28,1 29,42
7 | 18800 S500 85.7| 34.9 | s57.0] 30.4 | 22.0 28.8 34,80
8 | 18800 $1000 36.8| 36,7 | 84.3] 32,7 | 20.4 32,1 | 40.50
9| wone 30.5| 22.2| 66,5/ 16,7 | 22.4 21,2 28,25°
10 | unsSoy 50 33.5| 30.2 | 52.8| 21.5| 16.0 32,7 31.12
11 | Cuso, 25 30.4| 21.2| 45,1] 15,1 ] 12.7 21,7 24.37
12 | wone 35.4| 22,61 58,61 18.61 22.9 23,5 30,279

*A11 plots fertilized uniformly with 800 1bs, per A, of 3-9-18 fertilizer.

%average of three control plots 30.30.
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solubility was similar to that of the phosphate, samp-
lings 1, 3, and 6 being proportionately higher in solu-
ble potassium on the more acld plots than were the other
samplings. The general effect of the treatments can best
be seen from the averages for the six samplings. These
are shown in fig. 6. The tendency was toward increase

in solubility of potassium as a result of the sulfur
additions to the soil. The limestone applications, on
the other hand, produced little or no effect on the potas~-
sium solubility when no sulfur was applied; but, when
applied with sulfur, decreased potassium solubility be-

low that secured with sulfur alone.

Nitrates. Wilson and Townsend (50), sampling the
upper 4 ins. of muck soils thruout the season, found no
consistent relationshlp between nitrate-nitrogen and hy-
drogen-ion concentration. They found, however, that dur-
ing hotjdry weather the muck soils became more acid in
reaction and higher in nitrates at the surface.

Figures 7 and 8 present graphically the results of
the nitrate determinations made in this study. TFigure 7
shows that the nitrate content of the soil was extremely
variable with respect to time of sampling. It was high-
est in the Aug. 4 and Aug. 17 samplings, desplte the
growing crop. This was especially noticeable in the

samples from the plots receiving the heavy lime and
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Effects of the soil treatments on nitrate supply - Reaction plots (1931)

Plot Treatmont* Aveileble NOz=N
(pepem, in 1-10 oxtracts)
No. | (lbs. per A.)
July 7{July 21}Aug. 4|Aug. 17]Aug. 31|Sept. 17| Ave.
1 | s500 11.0 | 19.1 | 24.8 | 26.3 | 16,9 2.4 | 16,75
2 | s1000 11,0 | 15,2 | 16,9 | 19.4 | 10,5 2.6 | 12,58
3 | Wome 9.9 | 12.5 | 20.¢ | 18.8 4.4 4,5 |13.25°
4 | 14400 10.3 | 12.5 | 30.6 | 19.4 4,0 5.3 | 13.68
5 | 14400 $500 7.0 | 16.7 | 23,1 | 20.0 | 11.4 3.4 | 13.60
6 | 18800 5.8 5.9 | 36,3 | 24.4 3.9 3.0 |13.22
7 | 18800 $500 7.8 | 19.7 | 39.4 | 26,3 | 14.0 3.6 | 18,47
8 | 18800 51000 9.8 | 15.0 | 21.3 | 23.8 | 12.0 4.2 14,35
9 | None 7.5 9.5 | 25,0 | 10.0 6.4 3.3 | 10,28°
10 | ¥nSOq 50 6.0 8.0 | 20,3 | 13.1 4.1 3.0 9,08
11 | CusQy 25 9.0 2.3 | 25,0 | 4.5 3.0 1.5 7.55
12 None 10,0 4,5 116,9 117,5 14,5 2.0 10.90°

*All plots fertilized uniformly with 800 1bs, per &, of
3-9-18 fertilizer.

oAverage of three control plots 11,47,
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and the heavy lime=light sulfur applications. Nitrates
were low in the first sampling (July 7), increased in
the second, third, and fourth (Aug. 17) samplings, de-
creased in the fifth (Aug. 31), and were very low in the
soll of all plots at the time of the last sampling (Sept.
17). There was no correlation apparent between these re-
sults and the temperature or rainfall distribution as
given in table 5. Figure 8 shows that the plots which re-
ceived the light sulfur and the light sulfur~heavy lime
applications were highest in soil nitrate content, based
on the averages for the six samplings. It also indicates
that sulfur application stimulated nitrification in most
linstances when accompanied by lime, while the heavy sul-
fur application alone did not. Lime treatment alone did

not greatly stimulate nitrification in this muck.

Comparison of Water-soluble Nutrients. The fore-

going results show that the lime and sulfur treatments ex-
erted certain definite effects upon the solubility of nu-
trients in the soil. These results are summarized in
table 9 for comparison. They show that In all cases
calcium was by far the nutrient element present in largest
amount, followed by potassium, nitrate, and phosphate,
respectively. Sulfur addition increased thé solubility

of calciuwm, potassium, and phosphate in the soil, while
lime gave an increase in calcium solubility, a decided
decrease in phosphate solubility, and a tendency toward

decreased potassium. The nitrate content of the soil



Table ©

Sumary of the effeets of the.soil treatments on pH and water-soluble
nutrients -React: plots (1931).

Plot Treatment* Ave, of six determinations made at
two-week intervals
No. (lbs. per A.)
DH POy NOg N ca K
PeDolle DoD.lls DePells | Dep.m,
1 8500 D423 10.57 16475 22647 46,00
2 $1000 4,83 | 10,153 12,58 371.5 | 43.82
3 None 5463 8.80 13.25 . 107.6 32437
4 14400 8463 4,63 13.68 141.0 33.18
5 L4400 8500 5.93 8477 15.60 244,7 41,85
6 18800 6493 2.83 13.22 161.8 29.42
7 18800 S500.: 6460 4,45 18,47 8773 34,80
8 18800 S1000 6450 4452 14,35 391.0 40.80
9 None 622 -5.72 10.28 122.3 28425
10 MhSO4 50 6410 S.67 9.08 111l.5 3l.12
11 Cu804 a5 5.95 6el? 7.55 104.6 244,37
12 None 6,02 7490 10,90 107.5 30,37

* 211 plots fertilized uniformly with 800 lbs. per A. of
5-9-18 fertilizer.
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was quite variable toward the lime and sulfur treat-

ments.

Crop Yields and Composition. Due to many dis-

turbing factors such as poor stand, extremely dry weath-
er, and an unusual number of insect pests, the crop
yields from the reaction plots in 1931 were not at all
comparable and are therefore omitted.

In table 10 the results from the moisture, nitro-
gen, phosphorus, calcium, and potéssium analyses of the
onlons are presented. It is at once apparent that, with
the exception of a possible slight increase in potassium
due to liming, there were no consistent differences in
plant composition due to differences in soil treatment.
Comparing the table with the foregoing solubility graphs,
it is also evident that no consistent relationship ex-
isted between the solubility of any of the soil nutrient
elements studied and thelr percentage in the onion bulbs.
The carrots and turnips gave similar results, hence the
data for them are not given.

The results of the sugsr analyses of the onions,
carrots, and turnlips are presented in table 11. Altho
the sugar content is shown to0 have varied considerably,
there is no general Indication of correlation between
treatment of the soill and the sugar content of any of
the three crops studied. Neither is there any definite

difference of ratio between reducing and non-reducing



Table 10

Nitrogen and mineral content of onions from the soil reaction plots (1931).

Plot Treatment* Per cent Per cent in dry matter
No. (lbs. per A.) | Moisture N P Ca K
1 S500 20.6 R.38 0,182 0.42 1.29
2 51000 X 21,0 2,46 0.235 0.44 1.49
3 None 21,0 2.55 0.270 0.59 1.30
4 14400 91.0 2.59 0.257 0,53 1,50
5 14400 S500 21,5 2.71 0.266 0.45 1.82
4] 18800 91,5 2.68 0.281 0.54 1,58
7 18800 8500 90.7 2.74 0,276 0,45 1.58
8 18800 $1000 91.4 2,54 0,265 0443 1.50
9 None 20,9 2,43 0,257 0.46 1,35
10 | MnSO, 50 91.4 2,57 0.256 0,46 l.44
11 Cus0, 25 9l.4 2447 0.263 0.41 1,33
12 None 90.6 8.00 0,234 0,38 1,38

* All plots fertilized uniformly with 800 lbs, per A, of 3-9~18
fertilizer.



Table

11

0 .
Suger content of onions, carrots, and turnips from the soil reaction plots (1931).

Plot | Treatment* Onions Carrots Turnips
% 2| % % % % % % %
No. | (1bs: per A.) | Redus | flon=| Total | mecu-| fioa=| Totel | Redu-| Nom=| Total
SingS | fedy | SUgArs| dings, reds| Sugars| dingcj Feds | Sugers
1 S500 2,58 | 1.89] 4,47 | 2,96 | 1.920| 4,86 - - -
2 S1000 284 | 1.27| 4,11 | 2,68 | 2,239 4.97 | 2,71 | 0.0 2071
3 None 2.76 1s54| 4.30 | 2,95 1,94} 4,89 2.51 | 0.0 2,51
4 14400 2,563 |1.8l] 4.34 | 2,74 | 1.28] 4,02 | 2,50 | 0.0 2,50
5 L4400 8500 2.39 | 1leBa} 4,23 | 2,64 | 2,33 | 4,97 | 2,74 0.0 2,74
6 18800 2,20 |1.81| 3.76 | 2,40 2.66 5.,06 | 2.87 0.0 2.87
7 18800 S500 2.48 1,95 4,43 2,56 | 2.43 4,99 2.48 0.0 2448
8 18800 S1000 2443 1:.86| 4.29 2415 | 8.39 | 4.54 | 2,47 0.0 2.47
9 None 2692 (2,20 ] 4,77 2,68 | 2,059 | 5,287 | 2,53 | 0.0 2453
10 MnSO4 50 2.52 |1e96 | 4448 | 2,65 | 8,36 | 5,01 | 2,39 0.0 2,39
11 Cu804 25 2.58 2,07 4,60 |3.01 | 2,04 ] 5,05 2435 0.0 2,35
12 None 2.78 12,09 4,87 |2,83 2,21 | 5,04 (2.52 0.0 2.52

* 211 plots fertilized

®Sugars calculated as

uniformly with 800

per cent dextrose.

1lbs. per A. of 3-9-18 fertilizer.
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sugars.

It should be borne in mind, in considering the crop
data presented in this experiment, that the reaction of
the soil on which the crops were grown is very satis-
factory for plant growth (the muck below the plowed lay-
er is slightly to medium acid), hence neither lime nor
sulfur is neededAfor.the production of good crops; and
that this experiment was planned primarily for the soil
studies presented. The crops which were analyzed, while
presenting some characteristic differences such as in
degree of maturitiy, color, etc., did not possess such ex-
treme differences in quality as would be obteined in
crops grown on mucks badly in need of either lime or sul-
fur. Por this reason outstanding differences in crop
éomposition probably should not have been expected. This
experiment was, therefore, supplemented with the follow-
ing analyticel studies of crops taken from typical alk-

aline and typical strongly aclid muck areas.

Supplemental Data

Results from a Burned-over Muck Ares.

Onions. Representative onion samples were taken
for analysis from four onion plots located on a burned-

over muck area that gave excellent response to sulfur
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treatment. (This muck had been burned-over about 40
years previously. It was broken in 1927 and gave a

crop fallure in 1928. The plots were established in
1929, and the onion samples were taken for analysis from
the 1930 crop). Each of these samples was graded into
four slzes, the number of onlons in each size counted,
and the percentage of each size in each sample computed.
Table 12 presents the plot treatments together with the
data obtained. The results show that the sulfur-ferti-
lizer treatment was by far the best for increasing onion
size, elther sulfur alone or fertilizer alone giving but
slight increase.

The onions of each size from each plot were anal-
yzed for moisture, nitrogen, phosphorus, calcium, and po-
tassium content. The results of these analyses are set
forth in table 13. Prom these results 1t is apparent
that the N, P, Ca, or K content did not vary with onion
size in any of the samples. The moisture content, how-
ever, seemed to show a slight decrease with decrease in
onion size in practically all cases. This might be ex-
pected, since the smaller the onlon the greater the pro-
portionate amount of drier outside surface. Sulfur ap-
plications to the soil gave a decided decresse in P, N,
Ca, and K content in the onions. Fertilizer applica-
tions in addition to the sulfur seemed 10 increase,

slightly, the phosphorus content above that of the onions



Table 12

‘Relationship of onion size %o sulfur and fertilizer applications
on an alkaline muck,

Treatment Percentage of sample (by number)
(1bs, per

acre)
130 g. or over| 85-130 g« 40-85 g.| Below 40 g.

None 0 3,433 38,09 58,57
Sulfur 1000 2.21 9.93 56,98 30.88
4-&16 1200 2.34 6.25 45.05 46.35
Sulfur 1000 |

4-8-16 1200 21.35 26,97 39,89 11.80




Table 13

Relationships of onion size and composition to sulfur and fem$ilizer
applicatbons on an alkaline muck soil.

Onion Per cent Percentage in dry matter
Treatment size
(lbs. per A.) gms. Moisture N P Ca K
85-130 90,00 2.16 0,23 0.47 1,69
None 40=85 89,72 2.12 | 0.24 0.43 1.78
Below 40 89.13 2428 | 0.26 0.43 1.79
Ave. 89,62 2.17 | 0.24 0.44 1.75
Over 130 89.82 1,83 | 0,17 | 0,35 1.27
85+130 89,38 l.74 | 0,17 0,37 1,21
S 1000
40-85 88.64 1087 — - hndand
Below 40 88,47 1,80 | 0,17 0,37 1,03
Ave, 8¢.08 1,81} 0.17 0,36 1.17
Over 130 89,30 . 1l.61] 0,19 0.31 1,45
S 1000 85-130 89,39 1.77 1 0.20 0.87 l.65
[ 4 [ ] [ . 8 L)
4-8-16 1200 40~-85 88,82 1,6510,20 0.2 1,57
Below 40 88,27 1,79 | 0.17 - 1,82
Ave, 88,96 1.71 ] 0.19 0.29 1.62
Qver 130 89,37 1,86 0.22 0.29 1,54
85=130 89,91 2.1l | 0.24 0.31 1,78
40=85 88,80 2,021 0,23 0,33 1.72
4-8=16 1200
Below 40 89.00 2,211 0,25 0,31 1,92
Ave. 89,37 2,054 0,24 | 0,31 1l.74
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whose soil received sulfur alone, but it was still low-
er than that of the onlons grown on the check plots.
When no sulfur was applied, fertilizer did not decrease
the N, P, or K content of the onions, but did give a de-
crease in calcium content. Altho the percentages of all
of these elements were reduced in the onions by sulfur
and fertilizer applicatlions to the soil, the actual a-
mounts removed in the crop were greatly increased by
these treatments. Table 14 gives the pounds per acre of
N, P, Ca, and K actually removed from each plot by the
crop.

Sugar determinations were made on representative
onion samples from these four plots. The results are
tabulated in table 15. There seems to have been an in-
crease 1n total sugar content as a result of fertiliza-
tion but no significant increase asttributable to sulfur
application. On the unsulfured soil fertilizer seemed
to produce a slight increase 1ln content of.reducing sug-
ars in the onions, while on the sulfured soil fertilizer:
increased the content of non-reducing sugars. This may
probably have been due to a difference in maturity of
the onions.

From the foregoing results it would seem that on
this muck combined applications of sulfur and fertili-
zer to the soil gave onlions of slightly higher sugar

content and of lower nitrogen and mineral percentages.



Table 14-

Amounts of N, P, Ca, and X removed from the soil by

onions as affected by sulfur and fértilizer treatments.
(Aekacive Mucc)

Treatment Pounds per acre removed by crop
(lbse per A,) N p Ca X
None 6,01 o 79 1.17 4,87
S 1000 36,435 343 Te27 23463
4-8-16 1200 20,40 2,32 3,13 18,18
31000
4-8~16 1200 102.91 11,76 17.64 99,97




Table 15

Effects of sulfur and fertilizer treatments on the sugar content
of onions grown on alkaline muck,

Treatment Per cent sugar
(determined as dextrose)
(1lbs. per A.)
Reducing Non-redueing Total
None 2.46 2.64 5,10
sulfur 1000 2.64 248 5.12
Sulfur 1000
4-8-16 1200 2.66 2,93 5.59
4-8-16 1200 2.81 2,65 5.46
Ave., sulfur 2.65 2,70 5.38
Ave. no sulfur 2463 2464 5.28
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Other Crops. Samples of carrots, parsnips, and

potatoes were taken from the same alkaline muck from
plots fertilized uniformly but receiving differential
sulfur treatments. Minersl analyses were made, as with
the onlions. The results are given in table 1l6. The
small differences in composition obtained were not sig-
nificant, except possibly in the case of nitrogen. Sul-
fur additions to the soil seem to have decreased the ni-
trogen content of all three crops. Again, as was the
case with the onions, sulfur applications to the soil
increased the actual amount of N, P, Ca, and K removed
by the crops. Table 17 presents the calculated amounts
of these elements removed per acre by the potatoes, car-

rots, and parsnips.

Results from a Strongly Acid Muck Area.

Table 18 presents some results, obtained by Harmer,
showing the effects of soil applications of lime on the
yield of carrots and onlons. The differences in quality
between some of the samples were very marked. Samples
of the carrots and onions from these plots were taken
for sugar analysis. The results are set forth in ta-
ble 19. There was a gradual increase in sugar content
of the carrots with each lime addition to the soil,
whereas the onions showed no appreciable difference inA
sugar content between samples from the plots treated
with 160001bs. and 24000 lbs. per acre of lime, respect-

ively.



Table 18

Effect of sulfur on the nitrogen and mineral composition
of carrots, parships, and potatoes grown on alkaline muck soil.

Sulfur Per cent Percentage in dry matter
Treatment*
(lbs. per A.)| Moisture N P Ca K
Carrots:
No S 80499 1.54 0.21 0.42 2448
S 1000 88439 1.35 0.21 0«40 2.45
.8 2000 89,51 1.16 0.22 0.42 2.37
Parsnips:
No S 80,38 l.22 0.24 0.28 2430
. 8 10Q0 78,12 1.10 0.23 0.27 2,12
S 2000 78.61 l.12 0.27 0.27 2.25
Potatoes:
No S 78.89 2,18 0.24 0.09 3.14
S 1000 78,06 1,94 0.26 0.10 3.03
S 2000 78.61 1.97 0.29 0.10 3.14

* All plots fertilized uniformly with an 0-8-24 mixture
in amount adapted to each particular crop.



Table 17

Amounts of N, P, Ca, and K removed by certain crops

as affected by sulfur applications on an alkaline muck soil,

Sulfur Pounds per acre removed by crop
Treatment *
(1bs. per ‘A'o) N P Ca K
Carrots:
No S 78,00 10.64 | 21.27 125,61
S 1000 100,31 15,60 | 29,72 182.04
S 2000 78.61 14,91 | 28.46 160,60
Parsnips:
No S 88,413 17.34 20,23 166,15
S 1000 110,71 23,15 | 27,17 213,37
3 2000 108,43 26,14 | 26.14 217.82
Potatoes:
No S 36672 4,04 1.52 52.90
S 1000 . 51.83 6,95 2467 80,94
S 2000 51,20 7.54 2,60 81.61

* All plots fertilized uniformly with an 0-8-24
mixture in amount adapted to each particular crop.



Table 18

Effect of lime applications on yield of carrots and onions
on a very acid muck soil,

(After Harmer)

Plot Treatment™ Yie1d per acre
Ho. (1bs. per &) | garrots Onions
o | @) | ot
1 |  Ho lime 0.0 0.0 --
2 Lime 8000 .l.l 0.3 b3.8
3 Lime 16000 2.7 20.4 45,8
4 Lime 24000 4,5 9.4 54,6

* All plots fertilized uniformly with 1000 1lbs. per
acre of 4-8-24 fertilizer.



Table 19

Effect of lime applications on the sugar content of onions and carrots
from a very acid muck soil.

m *
Plot Treatment Suger Content?
No, | (1bs. per 4,) Onions Carrots
non- non~
Reducing | reducing | total | Heducing | reducing jotal
Vil Y 7o 7o Vi 7
1 NOlime - - - - - - - . - e - -
2 Lime 8000 - - - - - - 1,68 0.46 (2,14
4 Lime 24000 2637 2.56 4,93 2,04 0.63 |2467
*

All plots fertilized uniformly with complete fertilizer.

Calculated as per cent dextrose.



These results show that differences in sugar con-
tent were not great enough to be used as a measure of

differences in quality in these crops.
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Experiment 2

Effects of Lime and Sulfur Additions to Acid

and Alkaline Mucks, Respectively.

In the preceding experiment.eertain effects on
the pH and solubility of applled nutrients were noted
in connection with lime and sulfur additions to a
slightly acid, high-lime muck. The question naturally
arises: would lime and sulfur give these same effects,
respectively, on "alkall" mucks and "very strongly
acld" mucks? The purpose of this experiment was to
obtain information on this question. In addition,
the effect of a later application of nitrate follow-
ing sulfur treatment was compared with the addition’

of sulfur alone on the alkaline soils.

Plen and Procedure

Bulk samples of six soils were collected from
various localities in southern Michigan. Soils M,
7, and H were all "very strongly acid" soils from
which satisfactory yields of muck crops could not be
obtained without the application of lime in consider-
able guantity. Soil R was from a burned-over muck

area on which most crops were known to respond well



23w

to sulfur treatment. This sample came from the same
field on which the studies reported in pages 27-30 were
made. Soil G was an alkaline mineral soil very high in
organic matter and which had come from a burned-over
muck area. So0il O was a well-decomposed muck nearly neu-
tral in reaction.

These soils were dried and finely screened. Equal
quantities of each soil were placed in 2-~gellon glazed
pots in the greenhouse. On June 1 (1933) the acid mucks
were given a uniform treatment of 1200 lbs. per acre of
a 3~92-18 fertilizer mixture, and a solution treatment of
CuSO4 equivalent to a 100-1b. per acre application. 1In
addition, the three pots of each acid muck received the
lime treatment indicated in table 20. On June 15 the
other mucks were given the same blanket fertilizer and
CuS04 treatment the aclid mucks had received and the sul-
fur applications indicated in table 20. ZFach treat-
ment was mixed thoroly with all of the muck in each jar.
On Aug. 3, the No. 4 pots of the alkaline soils re-
ceived a 300-1b. per acre solution application of NaNOj
as a top dressing.

All pots of each muck were brought to a uniform
moisture content with distilled water, and were kept

thus undisturbed until July 18 to allow equilibrium to be
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reached. On this date, soil samples were taken at the
255 in. depth for enalysis, and the pots were seeded to
Giant Thickleaf spinach. A suitable and uniform soil
moisture content was maintained in the pots of each
muck. Shortly after germination, the spinach was thin-
ned to a uniform stand of 7 plants per jar. The crop

was harvested Aug. 21.

Presentation of Results

The results of the experiment are presented in

teble 20.

Soil Reaction and Crop Growth. The acid mucks

showed considerable difference in buffering ability

toward the lime treatments. For example, the 12-ton

lime application raised the pH of soil M from 3.59 to

6.20, while a like application raised that of soil T

from 3.84 to only 5.51.
Each of the three acid soils gave an increase in

yield with each increase in amount of lime applied.(Plate I)
The sulfur treatments did not bring about as large

a change in soil reaction as was expected, especlally

in the alkaline muck R, which had previously given a

much greater change in the field. It is possible that



Table 20

Effects of lime and sulfur treatments on soil pH and nutrient solubility,
and on yield of spinach on acid and alkaline soils.

Pot Treatment* Water~soluble nutrients Yield per
pH -
No. | (1bs. per 4,) Ca | K/Ca |[X |PO, | MOz Plant
pem | ratio |ppm |ppm | ppm gms
Ml None 3459 24 2.6 63 | 7.8 11 0.00
M2 L 12000 5424 33 2.5 84 | 5,3 22 3.06
13 L 24000 6.20 | 44 1.0 |42 |2.3 44 4,87
T1 one 3.84 36 1.5 54 | 6.6 7 0.00
T2 1 12000 4,78 32 1.4 |46 | 3.4 17 2.94
T3 | L 24000 5451 40 1.2 49 | 2.4 26 9.27
H1 None 3.95 33 2.0 67 [34.0 4 0.00
H2 L 12000 5,60 45 1.4 62 [18.0 15 3.75
H3 L 24000 6.39 75 1.1 84 [13.0 17 5,96
Rl None 7.79 | 128 0.50 | 64 | 1.5 12 6.23
R2 S 1000 7.54 | 172 0.30 | 52 | 1.5 10 5,69
R3 S 2000 7.42 | 210 0.25.| 63 | 1.6 9 6.17
R4 S 2000 plus
WaNOz 300 t [7.34 | 269 0.7 | 45 | 1.6 9 7487
Gl None T7.77 ] 44 0,21 | 9.2 1.5 8.0 3.44
G2 8 1000 7.30 70 0.14 | 9.9| 1.5 5.5 3,04
a3 S 2000 6.98 | 78 0.12 | 9,2} 1.5 4,5 2,00
G4 S 2000 plus
NaNOz 300 t 17,08 | 72 0,12 | 9.2 1.9 3.5 5.10
ol one 6450 70 0.69 | 48 | 2.4 18 14,20
02 S 1000 6413 89 0.51 | 45 | 3.0 15 14,57
03 8 2000 5,70 | 181 0.35 | 64 | 3,0 16 11.29
o4 S 2000 plus
NaNOz 300 ¥ 5,75 | 145 0,37 | 54 |3.5 14 11.54

* A1l pots received a uniform application of 1200 1lbs. per A. of
3-9~18 fertilizer mixture and a solution treatment of CusSO, equiv-
alent to a 100-1b, per A. application.

t
Analyses shown were made prior to NaNO3 application.,



PLATE I

.Response of spinach, to liming on three strongly acid
mucks. Number 1, no lime; 2, 12000 pounds per acre;
3, 24000 pounds per acre. All pots were uniformly
fertilized.with a 3-9-18 fertilizer mixture,

and a
solution treatment of CUSO4 equivalent to a 100-
pound per acre application.
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sufficient time was not allowed for oxidation of the
sulfur, or else some of the experimental conditions were
such that oxidation was retarded.

The effect of the sulfur treatment on spinach yield
was not significant. Some other limiting factor seemed
to be involved. The plants in the G and R series gave
strong indication of nitrate starvation. Further, the
nitrate analyses made on these soils before seeding
the spinach'showed the nitrate supply to be low, and
thus pointed toward lack of sufficlent nitrate as the
difficulty. An dpplicaticin vl nitrate on Aug. 3 to
pot 4 of soils R, G, and O proved beneficial to the spin-

ach in soils R and G, especially the latter.

Water-soluble Nutrients. Water-soluble calcium

content in the soil, as in BExperiment 1, was found to
have increased in practically every case with each
addition of lime or sulfur.

Potassium solubility in the soil was again found
to be quite variable in actual amount with respect to
lime or sulfur treatment. The K/Ca ratio: showed, how-
ever, a very consistent relationship to soil treatment.
This ratio decreased with addition of either lime or
sulfur. In other words, treatment which increased cal-

cium solubility increased the amount of dialyzable cal-
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clum in proportion to the amount of dialyzable potas-
sium, even tho it may have raised or lowered the actual
amount of potassium dialyzed. This relationship was
found to hold almost perfectly in all of the experiments
reported in this paper in which water movement was not

a factor.

In each of the three acid soilé the soluble
phosphate content correlated well with soil reaction.
Ccomparing the three, however, it is apparent that the
actual amounts of phosphate in solution at comparable
pH values varlied considerably. For example, the ex-
tract of soll T, pH 3.84, contained 6.6 p.p.m. PO,
while that of soil H, pH 3.95, contained 34 p.p.m. PO4.
Lime application to the soil lowered the soluble phos-
phate content in every case.

The sulfur additions showed no noticeable effect
upon phosphate solubility in the more alkaline soils.
It is very probable that not enough acidity was produc-
ed in these ®oils, especially in soil R, by the sulfur
added to reach the point of appreciable increase in
solubility of phosphate. $So0il R has shown increase in
phosphate solubility in the field (16 ). Even so, it
would seem that mucks vary considerably in their abil-

ity to fix phosphate at any particular-pH value. =



The nitrate content in the soil correlated well
with the lime additions on the acid mucks. Without
exceptlon, each addition of lime gave increased nitrate.
With  the alkaline soils sulfur treatment showed a ten-
dency toward decreasing the nitrates. As previously
pointed out, the nitrates seened to be a limiting

factor in the .growth of spinach on soils R and G.
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Experiment 3.

Comparative Effects of Different Acidity-pro-

ducing Materials on an Alkaline Muck.

In the preceding experiments sulfur was the only
source of acidity employed. It seemed desirable to
know whether or not other acidity-producing materials
applied i%f%ﬁgk solls would prove beneficial to crop
growth, and to compare thelr effects with those of sul-
fur upon nutrient solubility and plant response. This
experiment was designed to secure such information, and
also to find out, by cbmparing the effects of equiva-
lents of sulfur and HoSO4, how much of the sulfur added

becomes effectlive in changing the soil reaction within

a comparatively short time.

Plan snd Procedure

Fourteen clay pots, of l=-gallon capacity, were
coated inside with paraffin and filled with equal weighed
portions of alkaline muck. On Jan. 18 (1932) the soil of
all pots was given a uniform application of 1200 1lbs. per
acre of a 3-9-18 fertilizer mixture and a solution treat-
ment of CuSO4 equivalent to a 50-1b. per acre application.
In addition, the treatments designed to increase soil

acidity were applied. These are glven in table 21. 1In
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the cases of the HoSO4, HC1l, HNOZ and (COOH)2'2320
treatments, those marked "1" and "2" were chemically
equivalent to the 2000 and 4000-1b. sulfur treatments,
respectively. The "1" and "2" Alg(SO4)5 treatments
were, respectively, 700 and 1400 1bs. per acre. Du-
plicates were run in the case of the checks only, it
being felt that two rates of application of each mater-
1al would be as good a check on its effect as duplica-
tion yet furnish additional data as well.

The pots were kept watered with distilled water,
in the greenhouse, for three months to allow chemical
reaction to proceed and equilibrium to be reached. Soil
samples were taken Aprll 10, and the pdots seeded to spin-
sch April 12. The spinach was harvested from all but
four pots May 24 and soil samples were taken from the
pots harvested. The remaining four pots were harvest-
ed June 1 and soll samples were taken from them on that
date. The soil samples were analyzed for pH and water-

soluble nutrients, as in the previous experiments.

Presentation of Results

The complete results of the experiment are presented

in table 21.
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501l Reaction. Comparing, in table 21, the

results of the pH determinations on the samples from
the S, HoS04, and check pots, it appears that 70% of
the light sulfur application and 80% of the heavy ap-
plication were effective in producing acidity within
a period of three months. There was very little dif-
ference in the efficiency of the three étrong acids in
lowering the pH, the HC1l apparently being slightly
more effective than the others. The (COOH ) 5 * 2HO
seemed to produce a slight alkalinity while the
A12604)5 was evidently not added in sufficient quanti-
ty to exert any effect upon the soil reéction.

After the crop of spinach had been harvested
the acidity of the soil receivingjgineral acid treat-
ment was found to have decreased somewhat from that
pfesent prior to seeding; 1in the soil treated with

(COOH)5*2Ho0 it had increased slightly, while no change

wes manifested in the others.

Water=scluble -Calcium. The water-scluble cal-

cium content of the soil was markedly increased by all
of the mineral acid treatmenggfi The HC1l additions ex-
erted the greatest effect, followed in order by the HNOgz,
HoS04, and sulfur trestments. The results are pre-

sented graphically in fig. 9.
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Qualitative tests showed the calcium in the ex-
tract to be assoclated with the acid radical added; for
example, in the soll extracts from pots 15 and 15 the
calcium was found to be in the form of CaClg, a much
more soluble form than compounds of calcium with the nat-
urally occuring acid radicals in the check soil.

The oxslic acld treatments did not have any appre-
clable effect on the soil content of water-soluble cal=-
cium. It would seem that a heavy application of exalic
acid would reduce calcium solubility by precipitating the
soluble calecium as the oxalate. The greatest amount of
oxalic acid applied, 15,500 1lbs. per A., is sufficient
to precipitate slightly more than 5000 1lbs. of calcium.
Since calcium solublility was not reduced, it is evident
that the oxalic acid applied was either destroyed by
biological activity and did not precipltate the calcium
or, if it did, the resulting salt was broken down soon
afterward.

Following the spinach crop, the water-soluble cal-
cium content was found to be considerably reduced in the
.soil treated with HC1l or HNOz, especially with the heav-
ier treatments, while in that of the other pots it had
suffered but little change. Thus the solubility effect
resulting from the S or HpSO4 additions appeared to be
more permanent than that from the HCl or HNOz treat-

ments. With all of these acid materials, however, the
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water-soluble calcium in the soil was still much higher
than in the untreated soil or in that receiving the

(COOH),*2HpO or Alpf04)z treatments.

Water-soluble Potassium. Figure 10 shows the

amounts of water-scluble potassium in the extract from
the so0il of each pot, both preceding and following the
spinach crop. The lncreases in potassium solubility
due to mineral acid treatment of the soil, while pos-
itive, were but slight in comparison with those in cal-
cium solubility, as shown in the preceding figure.

The striking thing shown by fig. 10 is that the
soil of every pot, regardless of treatment, showed a
large decrease in soluble potassium following the spin-
ach crop. Since the soil of some of the pots gave practi-
cally no spinach crop and since that of pot 18, which pro=-
duéed the largest yield, was also highest in soluble po-
tassium following the crop, it is apparent that the de-
crease in soluble potassium was due largely to its be~
coming fixed by the soll rather than its being removed
by the plants. It 1is thu§§een that altho the mineral
acid treatments tended toward increasing the water-sol-
ubility of the potassium added to the soil, they did not
prevent its gradual fixation by the soil. This fixation
of potassium by an alkaline muck was not observed in the

field studies with the slightly acid, high-lime muck in

Experiment 1.
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Water-soluble Phosphate. None of the treatments

gave any changes in water-soluble phosphate content in
this muck (table 21). It will be noted, however, that

the lowest soil pH obtained by virtue of any of the treat-
ments was 6.22, which is still quite high for notable in-
crease in phosphate solubility to occur. This soil has
shown increase in soluble phosphate in thec?féfgufagirujuu
Even so, it apparently has more retentative abllity for
phosphate than the more acid soils studied in Experi-

ments 1 and 2, at similar pH values.

Nitrates. The soil nitrate content was not con-
sistently affected by any of the treatments except HNOg
(tabvle 21). Nitrate supply was probably a limiting fac-
tor in the growth of the spinach in most of the pots.
The HNOz pots were the only ones whose soil showed more
than a trace of nitrate following the crop,and in these

large amounts remained.

Crop Growth. Table 21 shows that there was no

correlation between total yield of spinach and water-
solubility of any of the soil nutrients studied except
nitrates. There were, however, marked differences in
the growth of the crop due to the different soil treat-
ments.

The untreated soil and the sulfur and sulfuric acid-
treated soil were the first in which the spinach germi-

nated. In them, the plants made a very vigorous gearly

AR



wd 4

growth. The spinach Wiese soil received the oxalic acid
and aluminum sulfate also germinated fairly well but grew
much more slowly, being poor and stuntéd, and never at-
taining any appreciable size thruout the experiment.

In the soil treated with HNOz or HZ1l, the seeds
were extremely slow in germinating--so slow, in fact, that
it was thought they had died. When the spinach in these
pots finally came thru the soil, the plants in the S and
HoS0g-treated soils were almost ready to harvest; how-
ever, when these seeds did germinate the plants grew ex-~
ceedingly rapidly, had a much darker green color, and
were of superior guality to sll the others.

As previously stated, all the plants with the ex- .
ception of those 1la pots 15, 16, 17, and 18 were har-
vested May 24. At that time the plants in pots 11, 12,
13, and 14 were beginning to form seed stalks, while
those in pots 15, 16, 17, and 18 were growlng very rap-
idly, and it was apparent that harvesting them at that
time would not give a true representation of their pos-
sible yield. They were not harvested until June 1,
eight days later than the others; hence, the yields are
not strictly comparable to the yields of the other pots.
These plants were of excellent quality altho those in
pot 16 were quite variable in size, there being threc
large plants and four very small ones, resulting in a

rather low yield per plant.
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The foregoing results show that the particular ma-
terial used in changing the reaction of an alkaline muck
soil to a lower pH has considerable influence on the sol-
ubllity of soil nutrients and on the type of spinach
growth obtained. Of the various acidity-producing mater-
lals studied, sulfur is the only one of practical impor-
tance. As polnted out, insufficient nitrate for the crop

evidently prevented the increases expected from sulfur

application.
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Experiment 4

Nutrient Solubility and Spinach Growth in Mix-

tures of Acid and Alkaline Mucks.

In the foregoing experiments some form of chem-
ical was used to bring about more acid or more alka-
line conditions within the soils studied. These add-
itions were shown to have resulted in various changes
in nutrient solubllities, some of considerasble magni-
tude. It seemed desirable to know what effects the
natural soil acids or alkalis would have upon the sol-
ubility of fertilizer nutrients. By mixing strongly
acid muck and alkaline muck in different proportions
a gradation in reaction between two extremes would be
obtained. In such mixtures the soil would, of course,
be different in each case; but the acidity or alka-
linity present would be of natural occurence and in
proportionate amount. If these mixtures were ferti-
lized uniformly a study of the solubility of the add-
ed nutrients would show, to some extent at least, the
influences of the soll materials themselves, undis-
turbed by the addition of a reasction-changing chemi-
cal as sulfur or lime. The present experiment deals

with this situation.



Plan and Procedure.

Bulk samples of a very strongly acid muck
(pH 3.43) and an alkaline muck (pH 7.26) were se-
cured. Fach sample was finely screered and thoroly
mixed. On Jan. 8 (1932) a series of 9 2-gallon pots
of these solls was prepared: one of each alone and
seven of the two intimately mixed in as many definite
proportions by volume. On Jan. 11 the pots were giv-
en a uniform treatment of 2000 lbs. per acre of a
5-9-18 fertilizer mixture, the same being mixed thoro-
ly with the upper 4 inches of the soil. Distilled
water was ti»em added to the pots containing acid
muck only and alkaline muck only until the apparent
optimum water content for each had been reached.
From their weights the amount of water to be added to
the other pots was calculated according to their
proportionate content of each muck. All of the pots
were then brought to proper weight with distilled
water and kept there thruout the experiment. More
than a month was allowed for equilibrium to take
place, samples for analysis_peing’removed Feb. 17.
The pots were tdwer seeded to spinach Feb. 19. The
spinach was harvested and soil samples taken again

April 9. The pots were then refertilized with
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1000 1bs. per acre of 3-9-18 fertilizer mixture on
April 14 and allowed to stand until May 10, at which
time soll samples were taken as before and spinach
seeded a second time. The second crop of spinach
was harvested and soil samples taken on June 16.
Determinations of pH, water-soluble potassium, cal-
cium, phosphsate, and of nitrates were made on the
four sets of soll samples according to the methods

previously described.

Presentation of Results

The complete results of the experiment are pre-

sented in table 22.

Soll Resaction. The pH determinations show

that practically a perfect correlation existed between
soll reaction and the smounts of each muck present.
Moreover, these reactions remained fairly constant
thruout the experimeng during which time two crops of
spinach were harvested. These relationships are best

seen from fig. 11l.

Solubility of Nutrients. Figure 12 presents,

graphically, the solubility results from the first
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sampling of the soils -- that made before the seeding
of the first spinach crop -- together with the yield
per plant of the first crop.

The calcium curve shows that the water-soluble
calecium content of the soil decreased, generally,
with increasing acidity, the acid muck being very
much lower in soluble calcium than the alkaline muck
or any of the mixtures. This result is in sharp con-
trast to that obtained when acidity was introduced
into alkaline muck by means of sulfur or other chem-
ical treatment. This result lends support to the ars-
gument previously advanced that calcium solubility is
not dependent upon pH but rather upon the amount of
calcium present and the acid radical with which it is
essociated.

The calcium determinations for the other three
samplings ( table 22) show, in general, the same re-
sults as those of the first sampling, remembering,
of course, that the water=-soluble calcium content of
the soil may have been decreased through the removal
of calcium by the growing crop.

The phosphate curve (fig. 12) shows that phos-
phate solubility increased in the soil as pH decreas-

ed. This is in line with the findings of the preced-
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Ing experiments, except in the cases of the alkaline
soils whose reactions were not brought low enough by
the treatments to reach the point at which apprecia-
ble change in soluble phosphate would oceur. The
phosphate~-solubility curve in this case 1is especially
worthy of note. Its relationship to pH is very def-
inite and consistent, the first measurable increase
in soluble phosphate being at pH 6.23 and becoming
greater at an increasingly raﬁid rate as acidity in-'
creases. Its similarity to an ordinary titration
curve suggests a definite chemical reaction as its
basis. Austin ( 5) obtained such curves by titration
of GaH4(P0g)2 with CaCo, and Ca0, altho he found ap-
preciable increase in phosphorus to take place at a
higher pH than that shown here. Spurway (44) noted,
however, that in dilute solubions concentration of the
liquid phase was a factor in determining at what
reaction precipitation would tske place. Doughty ( 8)
has shown that precipitation and physical adsorption
potn function in the removal of phosphate from a
phosphate solution by a peat soil. Since the aif-
ferent mixtures of necessity varﬁdproportionately in
adsorption material, it is possible that the curve

represents a resultant of these two factors. Pre-
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ceding experiments showed, however, that increased phos-
phate solubllity occured with addition of acid material
on the same muck, in which case the adsorption material
was uniform. This would lead to the belief that phos-
phate fixation and liberation was largely chemical.

This relationship between pH and phosphate solu-
bility in the soil holds very consistently thruout the
experiment (table 22), being unaffected by the growing
of two spinach crops or the application of additional
fertilizer. This, again, indicates that the action is
chemical and that the form which the phosphate takes is
dependent, primarily, on the acidity present. On the
other hand, it was shown in Experiment 2 that altho
phosphate solubllity was decreased in acid mucks in
every case by lime addition, the actual amounts in solu-
tion at a particular pH value varied with each individ-
ual soil. This indicates that both adsorption and chem-
ical fixation influence phosphate solubility.

The solubility of potgssium in the soil, as noted
in previous experiments, showed considerable variation.
No consistent trend was in evidence with the exception
of a,noteworthyincrease in solubility in the more acid
mixtures, the two most acld pots being considerably high-
er than the others. (Comparing the results of the four
determinations of water-soluble potassium in the soil of
pot 1 (which grew no crop), fixation of potassium is

again shown to have taken place.



~59-

The nitrate content was highest in the soil of pot 7
at the beginning of the experiment. This jar also gave
the highest yield in the first crop. The yield curve and
nitrate. curve show good correlation beyond the point at
which extreme aclidity influenced the yield. The yield
curve parallels the calcium curve also, but soluble cal~
cium was present in all pots thruout the experiment, as
shown by the data in table 22, while nitrates were absent
in the soil cof all pots except pot 1 at the time the
spinach was harvested. Apparently, as iIn Experiment 3,
deficiency of nitrate was one of the limiting factors,
if not the most important one, except in the extremely
acid pots. This is emphasized in the results for the
second crop. Even after an application of 1000 lbs. per
acre of 3-9-18 fertilizer previous L0 the seeding of the
second crop, the soils of pots 4, 5, and 6 showed no ni-
trates at the time the spinach was removed, and pot 7
showed only a trace. The yields of the second crop
checked consistently thrucut with the nitrate supply,
except in the first three, highly acid, soils; and pot 9
gave the highest yield, whereas pot 7 had given the high-
est in the first crop. Thus it seems that again, as in
previous experiments, the available nitrate supply (na-
tural and applied in the fertilizer) was insufficient
for the crop being produced, so that it, rather than

he supply of avallable phosphate, potash, and calcium

became the limiting factor in the growth of the crop.



=53~

Experiment g

It has long been recognized that crop failures are
common on mucks that are too wet or that are overdrain-
ed. (1) (27) (12) (13). In Experiment 1 of this study,
the apparent influence of such water relationships sas
rainfall, evaporation, and the resulting soil water
movements on the solubility of phosphate and probably
of other nutrient materials in the soil was noted. Ap-
parently but little work with muck solls under exper-
imental conditions has been done on the effect of con-
trolled moisture supply on plant growth and composition,
and none on its effect on the solubility of plant‘;eoﬁ/
nutrients in the soil.

Alway (1) reports that heaviest yields were obtain-
ed from mucks having the water table at a depth of 20 to
40 ins. He recommends 40 ins. as generally the best for
small grains and cultivated crops, and 20 to 30 ins. for
hay crops. MeCool and Harmer (27) recommend a water lev-
el of about 3 ft. during the summer months for most gen-
eral farm crops and root crops, altho it may be some-
what higher in the early part of the season. For hay
and pasture they recommend a 2-ft. level in most cases.
They also point out the importance of maintaining a
fairly uniform water level. Harmer (13) makes similar

recommendations for onions but states, in addition, that
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better ylelds may be secured with the water tesble at a
depth of only 2 ft. if the muck is so well tiled or
ditched that heavy rains produce little or no fluetua-
tion in water level. More recently, he (15) recommends
improving the drainage, if needed, as the first step in
the reclamation of "alkali" mucks. On the othér hand,
he advises maintaining the water level on very acid
mucks as hlgh as is consistent with the root-habits of
the crop being grown. Knott (22) states that the water
table for onions may be at the 18-in. level early in the
season, but later a depth of 2 to 3 ft. 1s more desir-
able.

In connection with the studies on the effects, on
soil and crop, of sulfur and lime additions to muck soil,
it was felt that water level might be found to exert
some influence on the results obtained. This experi-
ment was undertaken, therefore, to obtain information
on the following questions:

(1) What effects, if any, does the height of the
water table have upon the solubility of fertilizer nu-
trients in the soil, with and without sulfur and lime
addition?

(2) What influence does height of water table ex-
ert on plant response to sulfur or lime appllications to
the soil?

(3) Are differences in crop quality resulting

from differences in water level in the soil, with and
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without soil treatments of sulfur and lime, reflected

in the mineral or sugar content of the crop?

(First Year)
Plan and Experimental Procedure

For this sudy a group of 36 lysimeter cans of 42"
depth and 24" diameter were employed. Thislset of cans,
previously prepared for another study, were constructed
of heavy galvanized sheet iron, painted on the inside
with duco paint and set into the ground so that the tops
were about 4 ins. above the lénd surface. Figure 13 il-
lustrates the set-up of the cans and the device by which
the water level was regulated. Water poured into the fun-
nel rises in the soil until the top of the overflow pipe
is reached, it being adjusted to within 6, 18, or 36 ins.
of the so0ll surface in the vérious cans. These three
water levels were taken 1n this sudy to represent, as
nearly as possible, what under field conditions would
be poor, fair, and good drainage, respectively, for most
of the crops grown. Raln water caught from a bullding
roof was used for watering the soil. The cans were ex-
posed to natural rainfall also.v

All of the cans were filled to within 18 ins. of
the top with subsoil muck from the area on which the
college muck plots are located, then filled to the top

with surface muck from the same source. This 18 ins. of
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surface soil was screened thru a l-in. screen to re-
move all large woody pieces and was mixed thoroly in
four batches, a weighed amount being put into each can
from each bateh. The last 6-in. layer put into each can
was given a uniform treatment of 1200 lbs. per acre of
3=9-18 fertilizer containing the equivalent of a 60-1b.
per acre application of CuSO4. On the same date,
April 29 (1932), the soil of certain of the cans was
given lime and sulfur treatmenis, alone and in combina-
tion (table 23). All soil treatments aﬁd water levels
were in duplicate except in the case of some of the 6-in.
water level cans. These were meant to be duplicates but
it was found impossible to maintain all of the 6-in.
levels, due to leaks in some of the pipe connections;
hence, the levels shown (table 23) as 7, 9, or 12 ins.
were approximated. In those cases in which duplication
of water level was not secured the results obtalned are
given for each can; in the others, the results given
are averages of the duplicates. Also, due to the var-
igbility of the high water levels, only the results ob-
tained at the 18" and 36" levels are included in the
general averages.

Onions were seeded May 1, all water levels being 18"
below the surface at that time in order to give all of
the seeds a uniform germination in each can. The water

table in each can was brought to proper level after the
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onions had reached a height of approximately 2 ins. Soil
samples were taken for anelysis from the 2-3 in. depth
and the onions thinned to fifty per can, June 16. Seven
celery plants were transplanted, on July 1, to the center
portion of each can. They were re-set several times in
the soll of low water level, due to its extreme dryness.
The onions were harvested Aug. 31 and allowed to cure
until Sept. 2, at which time they were weighed, counted,
and sampled for analysis.

After removal of the onions, an application of 300
lbs. of NaNOz per acre was added in solution to one'.of
each set of duplicate cans in order to make certain that
the lack of sufficient nitrate to produce a good yield
of celery would not be a limiting factor in the crop's
response to the sulfur and lime applications. A yel=-
lowing of the plants at the highér soil water levels,
especially the 6" level, had indicated that such might

be the case. The celery was harvested Oct. 8.

Presentation of Resultis

The complete results of the soil analyses are pre-

gsented in table 23.

So0ll Reactiom. Based on the one sampling made

June 16, it appears that water level had no significant



Table 23

Influence of water-level height on the effects of sulfur and lime on
80il pH and nutrient solubility - College muck (1932)

Treatment * Water- In 1-10 soil-water extract
leVel June 16
H
(1bs. per A,) Hoight P
(ins) PO4. Ca K NOz3~N
- PePemMe PeDeme PeDeme. PeDelms
L 5000 6 5.96 13.4 93 56 8.0
1. 5000 12° 5,92 14,2 103 43 14,0
1. 5000 18 5,84 16,1 128 52 12,2
1, 5000 36 6.01 15,0 77 33 11.0
Ave. 18"~ 38" levels 5,93 15.6 103 43 11.6
1 10000 12° 6445 9.4 127 55 8.8
1 10000 18 6.64 9.4 105 51 843
L 10000 36 6.62 9.9 80 35 3.9
Ave. 18"-38" 1levels 6.63 9.7 93 43 6.1
S 500 6 5,04 26,2 132 40 4,3
S 500 9’ 5,06 25,0 142 61 3.8
S. 500 18 5,06 23,1 147 47 2.9
S 500 36 5,10 20.6 115 33 2.8
Ave, 18"=36"  levels 5,08 21,9 131 40 2,9
S 1000 7° 4,90 25,3 198 58 9.8
S 1000 18 4,88 26,3 207 62 645
S 1000 36 4,93 23,8 181 40 6.5
Ave.18"-36" levels 4,91 25,1 154 51 6.5
L 10000, S 1000 6 6.14 10,0 207 50 3.1
L 1000Q S 1000 18 6415 10,0 242 60 6.5
L 10000, S 1000 36 6,09 10.4 192 37 4,0
Ave. 18"-36" 1lavels 6.12 10,2 217 49 5,3
None 7° 5,26 25,0 106 37 7.0
None 18 5,40 23,0 87 39 7.3
None 36 5,50 20,0 70 31 4,7
Ave., 18"=36" 1lovels 5,45 21.5 79 35 6.0
AVE. ALL 18"IEVELS 5.67 17.98 152,7 51.8 7.28
AVE. ALL 36"[EVELS 5,71 16.61 119.2 34,8 5.48

* All cans fertilized uniformly with 1200 lbs, per A, of 3-9-18
fertilizer containing 601bs., per A. of CuSQ4.

© g in. level not maintained; values given are approximate.
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effect on the changes in soil pH obtained by sulfur or
lime addition. There is indication that in the untreated
soll acidity decreased very slightly with decreasing
water level, but the differences are so small that they

may not be of significance.

Water-soluble Phosphate. Figure 14 shows that

soll water level exerted no consistent influence on the
effects of lime and sulfur additions on phosphate sol-
ﬁbility in the s0il samples taken. In general, the soil
of 36" water level was somewhat lower in soluble phos~-
phate content at the 2-3 in. soll depth than that hav-
‘ing a higher water level. The soll itreated with the
heavy lime application, both with and without sulfur, did
not show this relationship.

It would seem that the degree of moisture satura-
tion in the soil is the most logical explanation for the
results obtained. For example, where the water level wsas
near the surface the soll was very wet, and the zone of salt
accumulation resulting from evaporation was shallow=~-~
probably not over an inch or two in depth; hence, samples
taken at a 2-3 in. depth might be in or out of this'zone.
On the other hand, the soil of 18" water level was much
less saturated with moisture, with the result that the
zone of salt accumulation aceruing from evaporation was

thicker, and the samples taken were probably in this
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zone. BSimilarly, the soil of 36" water level had a
much thicker zone of accumulation than the others, so
that the salt accumulation was not so localized near
the surface; hence, samples taken from the 2-3 in. soil
depth were .lowest in socluble phosphate in the soil of
lowest water level. When the heavy lime applications
were added, however, the phosphate was rendered much
less soluble, resulting in little movement of phosphate
and, consequently, no differences in soluble phosphate
at the 2~3 in. soil depth under varying moisture condi-
tions. This exﬁlanation regarding the effects of water
level on phbsphate solubility is, of course, speculative
since the sampling was mede at one depth only. It is
substantiated, however, by its applicability to both the
calcium and potassium resulis which follow.

The fertilizer application evidentiy furnished enough
phosphate at the 2=3 in. depth to maintaln fairly well
the concentration of water-soluble phosphate in the soil
permitted by its reaction in each case, even after dif-
ferent amounts of phosphate had been moved in the soil,
due to different rates of evaporation. Qualitative tests
of the surface crusts of the sulfured soil showed the phos-
phate content: io-be considerably highest in that of the
soil with the highest water level.

An examination of fig. 14 reveals that a very close
correlation existed between pH and water-soluble bhos-

phate in the soll. This is in line with the results of



the previous experiments.

Water~soluble Calcium. Figure 15 shows that,

with only two exceptions, the 18" water level resulted
in greater solubility of calcium at the 2-3 in. soil
depth'than did the higher levels. The exceptions were
the untreated soil and that receiving the heaviest

lime application. 1In the latter case the high water
level was 12 ins. below the surface instead of 6 or 7
as in the other high water-level cans. The soil of the
low water-level cans was uniformly lowest in water-
soluble calecium at the 2=3 in. soll depth. Again, these
results seem best explained on the baslis of the rela-
tionship of depth of sampling to the thickness of the
zone of accumulation resuliing from the degree of
moisture saturation in the soil and its attendent rate
of evaporation.

The effects of the lime and sulfur additions on
soluble calcium content 1In the soil are in agreement
with those noted in the fleld plot studies in Experi-
ment 1. Also, as before, there was no correlation be-

tween soil reaction and water-scluble calcium content.

Water=-soluble Potassium. The results of the wa-

ter-soluble potassium determinations are presented
graphically in fig. 16. Again, the soil with the 36"
water level was uniformly lowest in water-soluble po-

tassium regardless of lime or sulfur treatment. 1In
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the soil receiving lime only, water-soluble potassium
was slightly higher in the 6 and 12 in. water-level
cans, while in that reéeiving sulfur alone or in com-
bination with lime it was slightly highest 1n the 18"
water-level cans. Sulfur increased the water-soluble
potassium in the soil, as in Experimentl; 1lime also
increased it, whereas under fleld conditions (Exper-
iment 1) it had given no increase. There was no cor-
relation between soil acidity and water-soluble potas-
sium content.

Nitrates. The results of the nitrate determi~
nations are presented graphically in fig. 17. It will
be noted that the soil of low water level was generally
lowest in nitrate. In most cases the soll samples from
the 18" water-level cans were higher in nitrates than
those from the high-level cans, the only exceptions be-
ing those from the cans whose soil received sulfur alone.
The increase in nitrate content of the soil following
light sulfur application observed in Experiment 1 under
field conditions was not noted in thissmudy,.the soil
receiving 500 lbs. per acre of sulfur being 1owest of
'all in nitrates. Since the heavier application of sulfur
did not decrease soil nitrate supply, it is apparent that
the nitrate results from the one sampling in this study

are too variable to permit of drawing conclusions from
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them with respect to the influence of sulfur or lime ap-

plication.

Yield, Growth, and Composition of Onions. The onion

yield and analytical results are presented in table 24.
Since different numbers of onions occured in the cans, due
to some loss thru wireworm and cutworm injury, both total
vield and yield per plant are given.

The table shows that soll water level exerted a very
important influence on the growth of the onions. Maximum
yield was obtained in all cases, regardless of sulfur or
lime treatment, in the soil having a water table 18" below
the surface. The onions on the limed soil seemed to be
more susceptible to injury from excessive moisture con-
ditions than were those on the untreated or sulfured
soil (Plate II). The 6" water level caused the muck to
be very much too wet for the crop, but in certain of the
cans wherein it was impossible to maintain a 6" water
level it was found that a slight lowering from this height
resulted in a marked increase in yield above that of the
8" level. Fair yields were obtained with 9-12" levels.
The soil having a water level 36" below the surface was
much too dry for onions, those in the sulfured soll being
espeacially injured by the low water level. This experi-

ment confirms the concluslons reached by field investi-

gators (1) (27) (12) (13)



Table 24

Influence of height of water table on the effects of sulfur and lime soil
treatments on yield and composition of onions - College muck (1932)

N and Mineral Content of

. sel
Treatment™® | water Onion Yield Onions (dry basis)
PH
(1bs. per A.)| Level ' Total P?r N Ca K P
gms, {Onion

ins, | EmS., % % 7o %
15000 6 5.96 311,51 11.54 1,90 0.26 | 2,01 | 0.31
15000 120 5,92 1189.5 | 34,99 1.52 0.29 | 1l.71 1 0,39
16000 18 5,84 2317.3 | 60,08 1.94 0.30 | 1.26 | 0427
15000 36 6.01 1401.0 | 43.78 2.60 0.33 | 1.63 | 0,28

Ave., 18"-36" levels 5,93 1859.2 { 561,93 2.27 0,32 | 1.45 | 0.28

110000 12° 6445 1741.3 | 46.94 1,60 0.33 | 1,58 | 0.28
110000 18 6.64 2119.5| 51.79 2.31 0.38 | 1.39 | 0.28
110000 36 6,62 1266.3 ) 35,12 2.76 0.32 1 1,71 | 0.28

Ave. 18"-36" levels 6.63 1742.9 | 43,46 2,54 0.34 | 1,556 | 0.28

S500 6 5.04 767.5) 19,68 1,29 0.28 | 1.62 | 0,33

$500 90 5,05 1449,0| 46.71 1,60 0,31 | 1.75 | 0.31
S600 18 5,06 1544,0| 44,10 2,18 0,81 ] 1.60 | 0.35
38600 36 5,10 855,31 29,69 2.81 0,32 | 1.89 | 0,40

Ave. 18"-36" levels 5,08 1199.7| 36.90 | 2.50 | 0.32 | 1.75 | 0.38

31000 7° 4,90 1131.51 31.58 1.44 0,30 { 1,74 | 0,33
S1000 18 4,88 1472,3 | 37.45 2,30 031 | 1.70 | 0,37
31000 38 4,93 764,31 24,94 2.84 0,32 | 2,07 | 0.46

Ave. 18"-36" levels | 4,91 | 1118.3] 31,20 | 2,57 | 0,32 | 1,89 | 0,42

110000 S10C0 6 6e14 783,01 24.48 1.55 0,30 | 2.21 | 0.43
110000 S1000 18 64,15 1724,0{ 58,81 2.08 033 | 1443 | 0,28
110000 51000 36 6.09 1187.3] 40.28 2467 0,33 | 1.67 | 0,26

Ave,. 18"-36" levels 6.12 1460.,7 | 49.556 2,38 033 | 1,55 | 0,27

NONE 7° | 5.26 728,65 19.17 | 1.60 | 0.25 | 1.87 | 0.35
NONE 18 5,40 | 1928.0] 59,94 | 2,19 | 0.31 | 1,60 | 0.34
NONE 36 5,60 | 1340.31 33.88 | 3,57 | 0.32 | 1.72 | 0.37

Ave. 18"-38" levels 5,45 1634,2 | 46,91 2,38 0.32 | 1.66 ! 0.36

AVE. ALL 18: IEVELS 5,67 1852,5{ 52,03 2,17 0.32 | 1.50 | 0.32
AVE. ALL 36 LEVELS 5,71 115244 | 34.62 2.71 0.32 | 1.67 | 0.34

* A1l cans fertilized uniformly with 12C0 lbs. per A. of 3-8-18 fertiliser
containing 60 lbs., per A. of CuSO4; S is sulfur, L is pulverized
limestone.

© 8 in., level could not be maintained; values given are approximate.
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PLATE IT.

Effects of lime and sulfur soil applications on onion growth
at different tssoil water 1levels. All received uniform ferti-
lization. College muck (1932)



that excessive as well as poor drainage is likely to de-
crease yeilds.

On the soll of 18" water level the onions gave good
growth over a considerable range of acidity, the best
three ylelds being at pH 5.84, pH 6.64, and pH 5.40 re-
spectively.

The onions showed distinct differences in appear-
ance due to the different soil water levels. Those grown
on the soil having a high water table were small, had a
very dark brown color, a sickly appearance, and large
lateral;running roots. Their growth was arrested at an
early stage, altho most of them managed to survive until
harvested. The soil of 18" water level yielded the qual-
ity onions thruout. They were of good size, on the whole,
and of excellent yellow-brown color. The onions from
the 36" water-level cans were smaller than those from the
18" water-level cans and of a lighter color.

Nitrogen content of the onion bulbs correlated ex-
cellently with water level in the soil, the bulbs from
the 26" water-level cans being quite uniformly higher in
nitrogen than those from the 18" water-level cans, which
were, in turn, higher than those from the cans of high
water level. Since onion color also correlated with soil
water level it is possible that differences in onion
color were due to differences in nitrogen content.of the

bulbs. This is in agreement with the results of the an-
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alyses of the onions from the alkaline muck in Exper-
iment 1 (table 155 wherein the onions from the soil re-
celving sulfur and fertilizer treatment were lower in
nitrogen than were the poorer colored bulbs from the
untreated muck.

The results from the potassium determinations show
that potassium content of the bulbs correlated very
closely with total yield, decreasing in every case, save
one, with increase in yield. This was true regardless
of lime or sulfur trestment. The calcium content of the
bulbg was fairly constant thruout, while phosphorus con-
tent showed a tendency to increase with increase in
water table depth when sulfur alone was applied to the
s0il, but to decrease when lime was applied alone or in
combination with sulfur. Sugar determinations were made

on the onions but as the method employed was subsequently

found to be in error the results are not presented.

Celery Yield and Growth. The celery yields are

presented in table 25. It is at once apparent, from the
large increases in yield due to the application of ni-
trate about six weeks before harvesting, that the absence
of sufficient nitrate may have prevented proper response
of the celery to the sulfur and lime soll treatments.
some important differences in celery growth due to

differences in soil water level were noted. When the



Table 25

Influence of height of.water table on the effects of sulfur and
lime on yield of celery - College Muck (1932)

Celery Yield

%an ?eact;?n = HEO Increase per
Oe : '
reatment Level Total Per Plant oot from.
(in) (ems) (ems) add?tion
1 L 5000 6 204.1 34,02
5 L 5000 © 18% 38546 64,27 88,92 t
6 L 5000 18 567 ,0 94,50
2 L 5000 © 18 90742 151,20 60,00
3 L 5000 36 317.5 79 .38
7 L 5000 © 36 612.4 122,48 54030
13 110000 1o¥ 385 .6 64,87
17 110000 © 12% 567.1 94.52 47.07
18 110000 18 589,47 98,28
14 110000 ° 18 861.8 143,63 46,14
18 110000 36 36249 80,48
19 110000 ° 36 363.0 90,75 50,05
12 S500 6 68,0 11.33
31 S500 © g* 294,.8 49,13 333.62 T
11 S500 18 567 ,0 94,50
30 S500 © 18 862.0 143,67 52,03
29 S500 36 544,3 90,72
10 5500 ° 36 1247 .4 207 .90 129,17
25 $1000 7% 136 .2 22,70
34 $1000 © * 453,6 75 460 233,04
36 51000 18 453.8 75,63
26 51000 ° 18 975.2 162,53 114,90
27 81000 36 839,.2 139,87
33 S1000° 36 1043,2 208,66 49,18
28 110000 S1000 6 68,1 11.35
24 110000 S1000° 6 136.1 22,68 99.82
32 110000 S1000 18 70341 140.62
22 110000 S1000° 18 1111.3 185.62 32,00
20 110000 S1000 36 56842 94,70
21 110000 S1000° 36 929.9 154,98 63465
23 None 7 272.2 L5395 Y4
8 None 18* 997.9 166 .37 266,70t
4 None 18 725 .8 120.97 -
35 None 18 998,0 166433 37.9Q
o] None 26 725 .8 181.45
16 None 36 521.6 86,93 —108.73

ot . )
X 211 cans fertilized uniformly with 1200 per An3-9-18 fertilizer containing

60985, of CuSOg per acdre. ’
ed to celery August 29, 1932.

© 3004 per A. of NaNO, add :
* 6 in. level could not be maintained. :
due in part to differences in water level heighto.

S is sulfur,

L is pulverized limestone.

Values given are approximate.
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plants were flrst set out those at the highest water
levels made the best growth followed in order by those
at the 18" and 36" levels. Gradually this relationship
changed, the plants in the 6" water-level cans begin-
ning to yellow and those in the 18" c¢ans rapidly over-
taking and surpassing them in growth. Toward the latter
part of the summer the plants in the 18" water-level cans
in turn ceased rapid growth and began to yellow, while
the very dark green, tho smaller, plants in the low wat-
er-level cans began to gain on them. At this stage the
NaNOz treatment was made to the soll in one set of the
cans, as previously noted.

The yields with respect to water level and soll
treatment were somewhat variable, being highest, gener-
slly, in the cans with an 18" water level except in those
t0 which sulfur was applied. 1In general, the application
of sulfur to muck s0il in these studles resulted in de-
creased nitrification. Since nitrification in a muck
soil ié confined to the amount of muck above the water
level ( ) it is probable that the celery with the 36"
soll water level actually had a greater total amount of
available nitrate than did that with the higher water
levels. This is further indicated by the onion analyses
(table 24) and by the celery color differences already
mentioned. With a satisfactory supply of nitrogen to

balesnce the increased supply of phosphorus, potassium and



calcium resulting from the sulfur applications, the
plants were able t0o make a more gradual growth, with the
late application of nitrate serving as a final impetus
in late growth. Without the application of nitrate the
plants, during their late growth in cool weather, were
apparently unable to utilize the excess of mineral nu-
trients made available by the sulfur applications. With-
out the mitrate application the effect of the light sul-
fur application was to decrease the celery yields to 78
and 75 per cent of those secured without sulfur for the
18" and 36" water levels, respectively. The heavy sul-
fur applications produced 63 and 116 per cent yields for
the 18" and 36" water levels, respectively, as compared
with the same water levels without sulfur. The nitrate
analyses from samples taken June 16 at a depth of 2-3 ins.
probably were no measure of the total available nitrate,
especially in the c¢ans of 36" . water level, with their
dry surface layers. It is unfortunate that additional
nltrate determinations were not made in later growth and
at different depths.

Depressing effects on the yield of celery were ev-
ident with both the lighter and heavier lime applica-
tions. Comparing the averages from the cans having the
same lime application and the same water level, it is ev-
jdent that the greater depressions resulting from the

lime occured in the cans with the 36" water level. With
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the 5000 and 10000-1b. per acre lime applications, the
yields with the 18" water level averaged 85 and 84 per
cent, respectively, of the yields from the cans having
the same water level but no lime, while with the 36"
water level they averaged 74 and 58 per cent. The yields
from the muck receiving sulfur in addition to the lime
were increased over those redeiving the lime alone by
averages of 125 and 206 per cent for the 18" and 36"

water levels, respectively.

(Second Year)

A survey of the results of the first year's work
with different soll water levels showed it desirable to
continue the experiment for another year for the follow-
ing reasons: (1) the 6" water level was not accurately
maintained in all cases, (2) the sugar determinations of
the onions were not satisfactory, and (3) sufficient
lime was not applied to the soil to give as wide differ-
ences in soil reaction in the various cans as was de-
sired. It also seemed desirable to include other crops

in the study.

Plan and Procedure.

The upper 6 ins. of soll were removed from each
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can, fertilized with 1200 lbs. per acre of 3-9-18 fert-
1lizer containing the equivalent of a 60-1b. per acre
application of CuSO4, and returned to the can. In ad-
dition, all cans previously receiving lime were given
another lime treatment identical with the one given the
previous season. The pipes to the cans in which it had
been fpund impossible to maintain the 6" water level were
put 1n order, so that this difficulty was eliminated.

The duplicate cans were divided into two series, as they
had been upon addition of nitrate to the celery the sea-
son before, tdble beets and celery being grown in the set
of cans which had received the extra nitrate and onions,
carrots, and parsnips being grown in the other set.

The lime applications were made May 22 (1933). The
cans to be seeded to onions, carrots, and parsnips were
fertilized on the same date. Onions and parsnips were
seeded May 28. The soll of the celery-beet cans wes fert-
ilized June 20. Carrots were seeded June 21; beets,
June 23; and the celery set, June 30. The water tables
were adjusted July 10. Each crop was thinned to a uni-
form number of plants per can, but due t0 various causes
the numbers were not uniform at time of harvesting. An
application of 300 1lbs. per acre of NaNOz in solubion
was added to the celery following removal of the beets.
The harvesting dates of the various crops were: Dbeets,

Aug. 3; onions, Oct. 7; carrots and parsnips, Oct. 1ll;
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and celery, Oct. 20. Samples of the beets, onions, and

carrots were preserved in alecohol for sugar analysis.

Presentation of Results

The best beet yields (table 26) were obtained in
the cans whose soil received the heavy lime-heavy sulfur
treatment end had 18" and 6" water levels (pH 6.58 and
pH 6.70, respéctively). The beets from these cahs like-
wise gave the most narrow ratio between the weights of
their tops and roots. Very good yields were 8lso Ob~
tained on the untreated soil and on that receiving the
10000~1b. lime application, ranging in pH from 5.90 to
6.76. The neaviest lime treatment, 20000 1lbs., seemed
too much, especially with the high water level, when not
accompanied by sulfur. With the heavy sulfur appliem -
tion added ﬁo the hesavy lime, the depressive effects of
the latter were entirely overcome. Both light and heavy
sulfur applications alone gave a decided decrease in
yields regardless of water level. From these results
it would seem that this variety of beet (Detroit Dark
Red) can stand relatively wet conditvions in the soil if
other factors are favorsable.

The celery secemed to be affected more, in most cases,
by the high water table than were the beets. As before,

despite a nitrate application, the celery in the high



Table 26

Influence of height of water table on the effects of sulfur and lime soil
treatments on yield of beets and celery - College muck (1933)

Treatment* | Water Beets Celery

Total Per Ratio Total Per

(1bs. per =) Ievil Roots | Root Tops/ Weight | Plant

‘ Lns. gms . gms. | Roots gms, gms,
110000 6 20143 | 15.49 | 2,78 606 6733
L10000 18 236.7 | 23.67 | 2,79 1010 112.22
110000 36 254.9 | 19.58 | 2.56 820 82,00
Ave, 224,3 | 19,58 | 2,71 812 87.18
120000 6 37.6 3614 | 7.75 367 36,70
120000 18 192.6 | 19.26 | 2.84 1255 114.09
120000 36 220,83 | 20,03 } 2,99 879 109,88
Ave. 150.2 | 14,10 | 4,53 834 86,89
3500 6 5,87 4,6 0.46 | 6.17 268 26.80
5500 18 5,46 | 94,3 7.86 | 4,73 945 94,50
3500 36 5,61 86,3 9.59 | 4.52 1000 125,00
Ave, 5.66 61.7 5,97 | B.14 738 82.10
51000 6 5.34 47,1 3.14 | 5.76 249 24,90
31000 18 5,10 114,5 9.54 | 3,73 803 89,22
S1000 36 5,44 7842 4,89 | 5.33 577 96.17
Ave. 5,29 79.9 5,86 | 4,94 543 70,10
120000 S1000 6 6.70 340.,0 | 28.33 | 2,18 792 72.00
120000 S1000 18 6,58 375.7 , 34,15 | 2.14 1346 103.54
120000 §1000 36 8,57 168.,5 | 15,32 | 3.52 1130 125,55
Ave, 6.62 294,7 | 25,93 | 2.61 1089 100,36
NONE 6 5490 207.7 | 17.31 | 2.91 309 30.90
NONE 18 5.94 246.,2 | 16.41 | 3.30 612 61.20
NONE 36 5,70 210.,9 | 16,22 | 3.46 809 269,67
AVE, ALL 6 IN. LEVELS | 6.25 139.,7 | 11,31 ; 4.59 432 42,93
AVE, ALL 18" LEVELS| 6,08 210.0 | 18.48 | 3.26 995 95.80
AVE. ALL 36" LEVELSI| 6,13 166.,5 | 14,27 | 3.73 869 134,71

* A11 cans fertilized uniformly with 12C0 1lbs. per A. of 3-9-18 fert-
ilizer containing 60 1lbs. per A. of CuSO4; S is sulfur, L is purver-
ized limestone.
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water-level cans showed considerable yellowing, it be-
coming worse as the season advanced; thus no very sat-
isfactory yields were obtained at the higher water lev=~
els. As in the previous season, the celery yields were
somewhat inconsistent with respect to sulfur and lime
treatment of the soil. 1In general, the less acid soil
gave the best celery.

Table 27 gives the yields of onions, carrots, and
parsnips. The relative ylelds of onions in the various
cans agreed fairly well with those of the previous sesa-
son, altho that from the sulfured soil was somewhat
higher in proportion to the others. This might be ex-
pected inasmuch as the season was not so dry as before,
and one of the effects of sulfur is to hasten maturity;
also, the so0il pH in these cans had increased somewhat
during the growing of ;he previous crop. The onions
seemed to be less affected by the lime or sulfur treat-
ment then were the beets. The low yields of cnions se-
cured with the 6" water level on the 1imed soil substan-
tiates Harmer's contention ( ) that a poorly drained
muck with an alkaline reaction is almost certain to pro-
duce an onion crop failure. The carrots and parsnips
were algo very severely injured by the 6" water table,
especially on the heavily limed soil. The main tap
roots of the plants which did manage to survive the ex-

cess moisture were covered with a large number of very



Table 27

Influence of height of water table on the effects of sulfur and lime on

yields of onions, carrots, and parsnips - College muck (1933).

Onions Carrots Parsnips
Treatment* Water
pH Total | Per Total | Per Total Per
(1bs. per A.) Tevel gma. (Onion gms. |[Carrot gms, jParsnip
ins. gms, gms , gm3 .

110000 6 6.46 109.8] 4.58 79.2 | 15,84 33.4 6,68
110000 18 6.72 | 1647.4| 49,92 || 263,65 | 43,92 312.,5 62,50
110000 36 6,60 | 1221.,0| 29,78 || 426,2 | 42.62 || 365.0 24,33

Ave, 6459 992.7| 28,09 || 256,3 34,13 || 236,9 31,17
120000 6 8,97 ] 121.5f 4,50 1.5 0.50 0.0 0.00
120000 18 697 | 1703.,5] 38,72 |} 690.,5 | 86,31 || 349,.8 69,96
120000 36 6,92} 1413.5] 32,87 230.5 | 19.21 || 447.5 49,72

Ave, 6695 ] 1079,5] 25,36 | 307,5 | 35,34 || 265.8 39.89
8500 6 5,87! T788.6{ 18,78 32.1 4,59 6243 10,38
3500 18 5.46 1 1976,0| 53,41 || 467.1 | 58,39 {| 213.1 26.64
5500 36 5,381 1231.7]| 32,41 || 330.4 | 30,04 || 379.6 47.45

Ave, 5,57 | 1332,1] 34,87 276.5 | 31.01 || 218.3 28.16
51000 6 5,28 168,7) 8.44 || 224.8 | 22.48 16,2 4,05
31000 18 5,07 | 1460.2] 40,56 247.1 | 30.89 || 223,.2 44,64
51000 36 5,14 1649.0| 36,64 253.1 | 23,01 || 322,0 40,25

Ave. 5,16 | 1092.6| 28,55 241.,7 | 25.46 || 187.1 29,65
120000 S1000 6 6,57 728,0| 25,10 38,4 6,40 1.5 0.75
120000 S1000 18 6,67 971.5] 28,57 || 780.8 | 86,76 || 403.5 80,70
120000 S1000 36 6467 971.2) 22,59 568,68 | 47,39 || 444.5 29.63

Ave, B.684| 890,2] 25,42 || 462.,6 | 46,85 || 283.2 37.03
NONE 6 5,831 1444,2] 36,11 28.4 14,20 46.8 5,82
NONE 18 5,991t 1888,5| 38,54 | 275.9 | 55,18 || 228.7 28.59
NONE 36 5,74 | 1420.7]| 33.83 | 439,0 | 43.90 || 234.,3 33.47

Ave. 5,851 1584,5| 28,27 |} 247.8 | 37,76 169,9 22,63
AVE ALL 8" LEVELS 6.16 560.1| 16.25 87.4 10,87 2667 4,61
AVE ALL 18"IEBVELS 8.,15] 1807.9] 41.62 || 454,2 | 60.24 || 288.5 52,17
AVE ALL 36"LEVELS 6,08 | 1317.9] 31.35 || 374.6 | 34.22 || 365.5 37,48

* All cans fertilized uniformly with 1200 1lbs, per #, of 3-9-18 fertilizer
containing 60 1lbs. per A. of CuSO4.

S is sulfur; L is pulverized limestone.
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fine roots and, in addition, the tap roots of the par-
snips were much branched. The best yields of carrots
were obtained in the soil having an 18" water level and
receiving the heavy lime-heavy sulfur treatment (pH 6.67).
The parsnips gave the best yields in the soils having a
36" water level, but under these conditions the tap roots

were very much elongated.

sugar Content of Beets, Onions, and Carrots.

The results of the sugar analyses of the beets,
onions, and carrots are presented in table 28. Compar-
ison of the sugar content of the beets with the soil
treatments and beet yields reveals that the best beets
ran somewhat higher in sugar content. With the onions
the differences were more marked. Sugar content was
found to correlate very closely with onion size and was,
therefore, highest in the onions from the 18" water-level
cans thruout. Correlation between sugar content and on-
ion size was not obtained in the supplementary studles of
Experiment 1, in which increased size of onion was ob=-
tained by means of sulfur applications on alkaline muck
or lime applications on acid muck. In this experiment,
there seemed to be a definite decrease in both reducing
and non-reducing sugars resulting from lime application
with the 6" water level. The sulfur treatments appear
to have slightly decreased the content of reducing sugars

in the onions, while the heavy sulfur treatment increased



Table 28

Influence of height of water table on the effects of sulfur and lime on sugar
content of beets, onions, and carrots - College muck (1933)

o
Troatment” | water Sugar Content

(1bs, per A.) 1evel Beets Onions Carrots
R?duc- non-| Total || Reduc-| non~| Total [Reduc-| non- | Total
ins. | ing red, ing | red. ing red,
% % % 7 % % % % %
1, 10000 6 |.0.04| 4.46 4,50 || 3.15 | 3,031 6.18 || 3,05 | 2.81 | 5.86
1, 10000 18 0.05| 4,31 4,36 | 3.62 |5,11] 8.73 |{ 4.15 | 3.72 | 7.87
. 10000 36 0.04 | 3,89 3.93 || 3.42 13.,79] 7.21 ' 2.59 | 3.35| 5.94
Ave, 0,04 | 4.22 4,26l 3.40 | 3,98} 7.37 || 3.26 | 3.29 | 6.56
1 20000 6 0.04 | 3.00 3,04 3.21|2,05] 5.26 - - -
1 20000 18 0.04 | 3.44 3.48|| 3.50 |4.57| 8.07 || 3.72 | 2.42 | 6.14
1. 20000 36 0.04 | 3,94 3,981l 3.72 |3.23] 6.95 || 3.72 | 2.26 | 5.98
Ave, 0,04 | 3.46 3,49 3.48 |3.28]| 6.76 || 3.72 | 2.34 | 6,08
S 500 6 S — || 3,99 |5.52] 7.51 | 5.15 | 2.55] 7.70
S 500 . 18 0.00 | 3,52 3.52|| 3.62 |4.48]| 8.10 2.9¢ | 3.11| 6.05
S 500 36 0,04 | 3.96 4,00l 3.48 |3.68] 7.16 || 3.62 | 2.45| 6.07
Ave, 0,02 | 3,74 3,76 || 3.70 | 3.89] 7.59 || 3.98 | 2.70| 6.61
S 1000 6 0,04 | 4.26 4,301] 3.52 |4.28] 7.80 | 2.88 | 2.72 | 5.60
S 1000 18 0,00 | 4,14 4,14 || 3.57 | 4.50] 8.07 || 4.79 | 2.47| 7.26
S 1000 36 &2 - - 3¢36 {4.69| 8,05 || 3.53 | 2.83 | 6.36
Ave. 0.02 | 4.20 4,22 || 3448 | 4,491 T.97 || 3.73 | 2467 | 6441
L 20000
S 1000 6 0,00 | 4.91 4,91 3.40 |4.02] 7.42 || 4.09 | 3.32 | 7.41
120000
S 1000 18 0,00 4,07 4.071] 3.57 {4.53] 8,10 || 3.51 | 3.92 | 7.43
1, 20000
s 1000 36 0,00 | 4.18 4,181 3.86 {4,068 7.92 || 3.68 | 2.48 | 6.16
Ave, 0,00 | 4.39 4,39 || 3.61 |4.20] 7.81 || 3.76 | 3.24 | 7.00
NONE 6 0.05 | 4,02 4,07 1| 4,06 |3.90} 7.96 || 4.68 | 2.36 | 7.04
NONE 18 0,04 | 4.60 4,64 {1 3,74 |4.,21] 7.95 || 3.64 | 2.324 ! 5.98
NONE 36 0,04 | 4,38 4,381 3.8¢ |3.,78] 7.62 || 3.25 | 2.89 | 6.14
Ave. 0904: 4.55 4:.36 5.88 3.96 7084 3086 2'55 6.39

- AVE. ALL 6 IN LEVELY 0.03 | 4.13 4,16 ] 3,550 {3447 T.02 || 3497 | 2,75 | 6,72
" AVE. ALL 18 " LEVELS 0,02 | 4.0l 4,03 || 3,60 }4,57] 8.17 |} 3,79 | 3.00 | 6,79
AVE., ALL 36 " LEVELY 0,03 | 4.07 4,10 |1 3,61 13.871 7.48 il 3.40 | 2,711 6,11

*A11 cans fertilized uniformly with 1200 1lbs. per A. of 3-9-18 fertilizer con-
taining 60 lbs. per A. of CuSO4.
OCalculated as per cent dextrose.
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the non-reducing sugars.

While a considerable variation in sugar content
was found in the carrots, no consistent differences ap-
peared. A possible explanation for the irregularitiy of
the carrot results lies in the fact that two varieties,
the Danver's Half-long and the Oxheart, were used in
each can for purposes of comparison with reference to
root branching at the 6" water level. In several'of the
cans, especially those whose soil had a high water level,
good growth of both varieties was not secured, so that it
was impossible to sample from one variety exclusively
thruout the series; hence, differences in sugar content
might be attributable, in part, to varietal differences,
thereby rendering the results unsuitable for the com-
perisons intended.

From.ﬁhe foregoing results it appears that sugar con-
tent is not a satisfactory criterion for measurement of
quality in the crops studied, in so far as quality may
have been ralsed or lowered as & result of changes in

the soil reaction or moisture supply.



SUMMARY AND CONCLUSIONS

This investigation consisted of field, greehhouse,
and lysimeter studies dealing with the relationships ex~
isting between soil reaction and solubility of plant nu-
trient materials in muck soils, and the chemical compo-
sition and quallity of some typical muck crops grown on
these soils. The method of attack was as follows:

1. Sulfur and lime additions were made to a slight-
ly acid, high~lime muck in the field. Their effects on
s0il reaction and on the water-solubility of fertilizer
nutrients were studied by means of dialysis of samples
taken at two~week intervals from the 2-3 in. soil depth,
thruout the growing season. Their effects on the miner-
al and sugar content of the crops grown were also in-
Vestigated. Similar crop studies were made on certain
muck crops grown on typical alkaline and very strongly
acid muck soils treated with sulfur and lime, respec-
tively.

| 2. Q@reenhouse investigations were conducted in
which the changes in soil pH, nutrient solubility, and
in plant growth resulting from applications of sulfur,
HC1l, HNOs, HoSO4, (COOH)o " 2Hg0, Alg(SO4)z, and lime to
certain alkaline or strongly acid soils were compared,
as well as those resulting from mixing alkaline and

very strongly acid muck in different proportions.



5. The influence of moisture supply, as measured
by depth of water level, on the effects of sulfur and
lime additions to the soil on soil pH, nutrient solu-
billity, and crop composition was investigated.

The following conclusions seem warranted by the
foregolng experiments:

(1) The addition of sulfur to fertilized muck soils
results in an increase in soil acidity, a large increase
in soluble calcium content, a slight increase in potas-
sium soiubility, a frequent decrease in nitrification
and, if added in sufficient queantity to produce a fairly
acid reaction, a large increase in phosphate solubility.

(2) The addition of lime in sufficient amounts to
fertilized muck soils results in a decrease in soil
acidity, a decrease in phosphate solubility, an increase
in soluble calcium content, and, if the muck is strongly
acid, ani increase in nitrification.

(3) The degree of solubility of the various nu-
trients at the 2-3 in. soil depth 1s also influenced by
water relationships such as precipitation and height of
water table. Soil reaction appears not to be apprecia-
bly affected by moisture supply.

(4) Phosphate soiubility in muck soils is greatly
influenced by soil reaction, being much higher under
acid conditions, especially below a pH of 6.0-6.2. On

the other hand, calcium solublility is entirely indepen-
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dent of soil reaction, being governed instead by the
amount of calcium present anérgbid radical with which
it is associated.

(5) HC1 and HNOgz exert, in the soll, effects sim-
ilar to those of sulfur or HoS04 on soll reaction and on
the solubility of calcium, potassium, and phosphate.
Their effect on spinach growth is much different, how-
ever, germination being a great deal slower and later
growth more rapid.

(6) Acidity resulting from addition of strongly
acid muck to alkaline muck does not result in a large in-
crease in calecium solubility, as happens when chemical
treatment is used to produce acidity. Phosphate solu-
bility, however, increases consistently with each addi-
tion of strongly acid muck.

(7) Oxalie acid and aluminum sulfate were found
to0 be unsatisfactory materials for altering the reaction
conditions of the muck soils studied.

(8) No correlation was apparent between the sol-
uble potassium, calcium, or phosphate content in the soil
snd its percentage in any of the crops analyzed.

(9) Sulfur and lime applications to the soil af-
fect the growth, mineral composition, and sugar content
of certain muck cropé in various degree, depending, at
least in part, upon the individual soil, the water level,

and the crop in question.



(10) 1In general, with onions, beets, and carrots,
better quality may be accompanied by higher sugar con-
tent, especlally with onions; however, the differences
are not of sufficient magnitude that they can be util-
ized as a basls for measurement of differences in crop
quality.

(11) There seems t0 be no one effect to which the
benefits of sulfur or lime treatment on certain Michi-
gan mucks can be attributed. The soil reaction changes
resulting from these treatments are accompanied by
many other changes in the soil. Restoration of proper
soil equilibrium is apparently the most logical ex-

planation.
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