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DEEP TILLAGE AND ROOT GROWTH

A STUDY OF TOBACCO GROWING IN SANDY LOAM SOIL

H. C. DE ROO

Most cultural practices are directed to the roots of our plants. Yet,
because roots are rarely seen and difficult to extricate from the soil, our
knowledge of the rooting habits of plants is limited.

A plant obtains water and nutrients through the roots which anchor
it in the soil. Therefore, one assumes that greater root room and broader
roots will tap a greater reservoir and provide a larger and more reliable
supply of nutrients and water, which in turn will result in consistently
higher yields. Although each species has an inherited root pattern (58),
this pattern is changed by soil compaction (14), and we turn to deep
tillage for the enlargement of the root room. But, because roots and
hardpans are buried out of sight we rarely know whether the compacted
soil was improved, whether the improvement persisted, or whether the
roots responded to the tillage.

This Bulletin presents direct observations of cigar tobacco roots grow-
ing in the intensively cultivated sandy soils of Connecticut. We observed
the usual distribution of these roots, the enlargement of the root room
by deep tillage, the maintenance of the enlargement, and the benefits
to the plants.

ROOT DEVELOPMENT AND SOIL LOOSENESS

Each plant species has a more or less characteristic root system. It may
be sparse, or fibrous and dense; it may be shallow or deep (58). These
rooting habits, however, are quite flexible and can be modified consider-
ably by the soil environment, especially by a barrier of compact soil (14,
34, 56). Therefore, if we want to see the maximum spread attainable by
the roots of a species and how it may be restricted, we should examine
the roots under optimum as well as under the usual soil conditions of a
commercial field.

The optimum soil is assumed to be porous, friable, and fertile, so that
roots are not restricted in their free growth and development. The soil
usually encountered in a commercial field is compact because soil and
crop management operations with heavy machinery tend to compress
soils (22, 35). This problem is widely recognized, and as a result, re-
search in soil compaction, its prevention and amelioration, is proceeding
in many parts of the world (2, 43).

Root-restricting hardpans induced by tillage and traffic are most com-
mon in coarse to medium textured soils (33, 43). The direct cause of
root restriction in compact soils is often hard to identify because com-
paction affects air and water movement in the soil when it creates a
physical barrier. In coarse to medium textured soils, however, mechanigal
resistance appears to be of primary importance. This resistance is in-
creased because of reduction in the larger pores and an increased
mechanical strength of the soil mass or a rigidity of the pore structure
(24, 41, 59).
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The research on tobacco root growth was reviewed in 1940 (21). In
America only one study of the development and distribution of tobacco
roots was reported (11). Abroad, particularly in Germany and the Bal-
kans, much more work had been done.

In a study of tobacco plants grown in North Carolina fields there was
no evident correlation between root distribution and either pH or mois-
ture equivalent, but the distribution seemed to be limited by factors
associated with soil texture (21). These observations did indicate, how-
ever, that shallow root systems were, at least partially, the result of
shallow cultivation. For normal development of roots, a loosened soil
was necessary.

Root growth and activity have recently been traced through the use
of radioactive phosphorus (26). Evidently the growth of the roots and a
marked increase in nutrient uptake precede the rapid growth of the plant
shoot. Further, in the friable, fertile deep phase Norfolk sandy loam,
flue-cured tobacco is evidently a deep-rooted plant.

In Connecticut, where for many years three types of cigar tobacco
have been grown, practically no research had been done on the root
systems. Most work on tobacco roots was incidental to the study of
injuries caused by two of the major field and soil-borne diseases: brown
and black root rot (1). However, a survey of the well-drained and well-
aerated tobacco soils in the Connecticut Valley showed us that the
effective rooting depth of tobacco is generally shallow (Figure 1).

Figure 1. Roots of a shade type of tobacco. The shallowness and distribution of
the roots within and below the plow layer (Ap) are typical for the rooting of tobacco
in the Connecticut Valley.

Materials and Methods

We sought to create optimum soil conditions for root extension by
loosening the soil carefully and deeply, by doubling the layer of the
surface soil or topsoil, by adding fertilizer to the subsoil, and by re-
stricting compaction by traffic and machinery through the use of manual
labor. Thus in 1954 a small-plot experiment was designed, with the
treatments and soil profile modifications established by hand. After the
precise, manual establishment of the test conditions, the deep looseness of

Deep Tillage and Root Growth 5

the various profiles was preserved as well as possible by setting the to-
bacco transplants by hand and cultivating them with a hoe. All operations
were performed at the times customary in the Connecticut Valley (1).

Soil. The soil was typical tobacco soil, a Merrimac sandy loam at the
Tobacco Laboratory of The Connecticut Agricultural Experiment Station
in Windsor. An extensive description of this soil, the predominant soil type
on the experimental farm, can be found in our introduction to these
studies (14).

The soil was plowed 8 to 9 inches deep and disk-harrowed twice. To
facilitate the study and cleaning of the tobacco root samples, no cover
crop had been grown. Beneath the recent plow zone of 8 to 9 inches
depth lay the compact, platy, older plow zone, which had not recently
been plowed. The thickness of this layer of sub-surface soil varied from
about 1 to 6 inches in this field. The upper subsoil comprised the main
body of the compaction pan. The depth of the subsoil, B-horizon, aver-
aged 24 inches. The mechanical composition of the soil in the pan and
in the layers above the pan was essentially the same; with depth, the
layers below the pan became coarser textured and looser. The topsoil,
as well as the subsoil layers, had a pH of about 5.5, which is favorable
for tobacco. The nutrient status of the subsoil varied from very low to
medium for phosphoric acid and low to medium for potash.

Treatments. The plots measured 40 by 90 inches and gave room for
one row of 5 tobacco plants. The treatments (Table 1), replicated 4
times, were applied after the topsoil, 0 to about 10 or 15 inches, was
removed by spade and laid aside (Figure 2).

Table 1. Outline of treatments—nature of profile, depth of loosening, and fertilization
in the hand-tilled plots

Soil profile Approximate depth beneath ridged tobacco row of

tre:pn(zent Top soil Shattering Fertilization®
Inches Inches Inches

1 (control) 12 8 (plowed) 0to B
IS 12 24 0toB
ISF 12 24 0 to € and
12 to 16
1IS 24 24 0to6
1ISF 24 24 0 to 6 and
12 to 16
0S 0 %‘i o 06 to g
F 0 o 6 an
% 12 to 16

1 (-6 inches: standard surface fertilization.
12-16 inches: deep fertilization, duplication of surface fertilization.

Deep shattering —S— was performed with a fork by loosening the
compaction pan and lower subsoil over a depth of about 12 inches; this
was done with a minimum of soil inversion, thus leaving the subsoil
layers in their natural order.

Deep placement of fertilizer —F— was accomplished by broadecasting
fertilizer upon the surface of the exposed and loosened subsoil and mix-
ing it with a fork to a depth of 4 inches. Thereafter, on the plots IS and
ISF the original topsoil was replaced. On the O plots no topsoil was
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Figure 2. Small field-plot on Merrimac sandy loam with topsoil or Ap horizon

removed. The plow pan in the upper subsoil is here roughly shattered so that the
block-like clods may demonstrate the compactness of this layer.

replaced, but it was exchanged for the subsoil of the II plots which
required a double layer of topsoil. The deep fertilizer on the plots IISF
was placed upon the topsoil that replaced the subsoil and also was
worked in about 4 inches. The II plots were completed by replacing
their topsoil.

The deeply placed fertilizer was applied at the same rate as the
surface application, 3,500 pounds of 6-3-8 per acre, plus phosphate,
potash, and landplaster, added according to Morgan soil tests (51).
This complete fertilization of the layer 12 to 16 inches below the hilled
tobacco row was designed to reveal the impact upon the development
and distribution of the tobacco roots of a buried layer of soil highly
enriched with nutrients. Thus the plots with deep fertilizer, ISF, IISF,
and OSF, received at least twice the amount of fertilizer applied to the
other plots, I, IS, IIS, and OS. The 6-3-6 grade of mixed fertilizer was
made up of materials commonly used for Connecticut tobacco; castor
pomace plus cottonhull ash formed the main sources of nitrogen and
potash. The surface fertilization was also applied by hand and mixed
with a fork to a depth of 4 to 6 inches.

Havana Seed tobacco (Var. K1) seedlings, 4 to 6 inches tall, were
transplanted in the first week of June.

Measurements. After a predominantly dry, rather cool season (Table
6) the plants of each plot were harvested in the middle of August and
cured in the customary way. The leaf samples of the three center plants

.
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of each plot were graded for quality, counted and weighed. Later the
leaves were analyzed for dry matter, total nitrogen, protein nitrogen,
nicotine, nitrate nitrogen, ammonia nitrogen, and iron.

The soil profiles were sampled to determine the residues of the
fertilizations.

The response of the roots of the tobacco plants was determined by
the pinboard method (14). This method gives a graphic and detailed
picture of the pattern of root development which can be related to the
details of the soil environment in the plots. An undisturbed monolith of
soil with a cross sectional area of 6 by 40 inches was taken to a depth
of 20 to 24 inches, depending upon the depth of root penetration. At
the same time soil profile descriptions were made and undisturbed soil
samples of measured volume were taken with a modified Lutz core
sampler (53). Many profiles were sampled to provide a background for
our understanding of the behavior of these roots. In this report we shall
present the root system of the plant in the center of a plot from each
treatment. These root studies and samplings were made immediately
after the stalks of the tobacco were harvested.

After the root profiles were photographed, quantitative observations
were made of the roots within horizons. The roots were sampled by
horizons in the control plot I and by layers of approximately the same
depth in the deeply loosened S plots. Depths were measured from the
top of the ridged tobacco row. The horizon designation, approximate
depth in inches and nature of the soil were:

Apl 0 to 6 topsoil-hilled and cultivated.

Ap2 6 to 10 topsoil-lower part of recent plow zone, not
cultivated.

Ap3 10 to 12 topsoil—compacted portion of plow zone, not
recently plowed.

B21 12 to 18 upper subsoil-with main body of plow pan.

B22 18 to 24 lower subsoil—less compact than B21.

Ehe roots in the thin Ap3 horizon were combined with those in the Ap2
orizon.

The weight of roots in each horizon does not provide an easy basis
for comparison of the treatments. These weights vary with the depth
of the profile horizons and with the size of the plant, as well as with
the root penetration which is our interest. Therefore, we defined a num-
ber that would more quickly reveal the root distribution and penetra-
tion into deeper horizons. First, the roots in the cultivated zone, 0 to 6
inches or Apl horizon, were excluded because a few thick woody roots
would completely overbalance the weight of the younger, absorbing
portion of the root system. Then the number was defined as the propor-
tion of the root system below the Apl horizon which is present in each
inch of profile. This number, the relative root weight, was calculated by
dividing the root weight in a horizon by the depth of the horizon and
by the total weight of the roots beneath the 6-inch Apl horizon:

Rel. Root Wit Weight of roots in horizon X 100
kg vor " (Weight of roots in Ap2, Ap3, B2) X Depth of horizon

Clearly a higher relative root weight in the lower horizon is an indica-
tion of deeper root penetration.
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Response of Roots to Soil Looseness and Fertility

The root profiles in the small plots showed, first of all, a scarcity of
roots beneath the depth of plowing on the control plots I. The root
profile shown in Figure 3A demonstrates a definite inhibition of root
growth by the plowsole hardpan, Figure 3B and C. On the other hand,
the root profiles from the other plots, which were all deeply shattered
—S—, showed profuse rooting beneath the plowed horizon, Ap, or its
equivalent soil profile depth. The root profiles from the plots IS, OSF,
and IISF, pictured in Figures 4A, 4B, 5, and 6A, show this quite clearly.
The other S profiles not pictured here all showed the same pattern of
dense and deep rooting to the bottom of the monolith. The loosened
soil can be clearly seen in Figures 6B and C.

From the root weight data in Table 2, the same observations can be
made. In the control plot I a relative root weight of only 1.1 was found
in the so-called 12- to 18-inch zone, much less than the 3.6 to 5.0 found
in the corresponding zones of the deeply-loosened S plots. In fact, the
relative root weights in the 12- to 24-inch zones of the loosened S plots
were greater than the weights in the shallower 12- to 18-inch zone of
the check plot L

Table 2. The distribution of roots from mature plants in the hand-tilled plots

Approximate depth in inches b th hilled tobacco row

Seil p(rioﬁle 0-6 §-121 12-18* 18-24

tre:?mmt Grams?* Grams Relative Grams Relative  Grams Relative
1 (control) 42.5 2.79 15.1 0.28 1.1 0 0
IS 33.0 3.14 9.7 1.63 5.0 .65 2.0
ISF 54.0 4.90 10.8 1.80 4.0 90 2.0
118 45.4 5.21 11.1 1.69 3.6 93 2.0
IISF 40.8 5.30 9.4 2.75 4.9 1.39 25
(o} 27.3 3.29 10.8 1.24 4.1 55 1.8
OSF 43.0 4.41 10.8 1.71 4.2 67 1.7

! On 1 (control 6-10 inches: 2.40 g.; plowsole pan at 10 inches depth.
10-12 inches: 0.39 g.; old plow zone or Ap3 horizon.

2 On 1 (control 12-20 inches: 0.28 g.; no roots below 20 inches depth.

¥ Oven-dry weights,

The cause of the inhibited root growth in plot I with the usual soil
condition can be seen in the physical properties of the soil (Table 3).
The compaction of the soil is expressed as bulk density, the weight in
grams of a cubic centimeter of undisturbed dry soil. The porosity is
expressed as the percentage of the soil volume occupied by the soil pores.
These soil pores are divided into capillary and non-capillary pores, the
large pores from which water is drained by 60 cm. of tension. The hard-
ness of the soil is expressed in'resistance to penetration or penetrability,
the number of strokes required to drive the sampler into the soil.

The topsoil in the check plots I, sampled at a depth of 7 to 9 inches,
showed the highest density, 1.40, of all plots at that depth (Table 3).
However, this Ap2 horizon of plots I had not been worked after the
field was plowed and disk-harrowed. Therefore, within plow depth as well
as below the physical conditions of the soil profiles in the control plots
1 were similar to those commonly found in comparable soils, when used
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Figure 3. A. Root system from plot I: normal soil (control). B. Soil profile from

which root monolith was taken, showing compactness and root development in the

different horizons which are described on page 7. C. Spade test demonstrates soil

tilth in the various horizons: Apl, erumb g Ap2, cloddy or subangular blocky;
Ap3 and B2, large angular {ocks of the plow pan.
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Table 3. Soil physical properties in the hand-tilled plots at harvest time

Porosity

Soil
moisture?

Resistance to
penetration,
strokes?®

Non
Capillary capillary

Bulk
density

hill*

Core sample
depth beneath

and
treatment

Soil profile

Per cent

Per cent

Per cent

g.fc.c.

Inches
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for commercial tobacco growing.

The compaction pan in plot I, lying 10 to 17 inches beneath the hill,
was sampled at a depth of 11 to 13 inches. The soil in this layer had a
high bulk density, 1.63, and a great resistance to penetration, 23 strokes
at a moisture content of 12 per cent, i.e. about 75 per cent of its field
capacity. This compact soil had a low non-capillary porosity, 8.4 per
cent. The reduction in porosity took place almost completely at the ex-
pense of these larger soil pores, the most important ones for the free
growth and development of roots (359).

In sharp contrast to this dense compact layer of the check plot I,
complete shattering of the pan in the plots IS, ISF, OS, and OSF pro-
duced B2 horizons of much lower bulk densities, 1.31 to 1.46, and higher
non-capillary porosity, 16 to 22 per cent. In this loosened soil only 2 to
7 strokes were required to drive the core sampler into the soil.

Soil aeration was only slightly affected by the deep loosening. The rate
of oxygen diffusion was estimated in the different plots by means of the
Raney diffusion chamber (42). The higher the diffusion rates, the better
the aeration. The measurements were taken at depths of 12 and 20
inches; in the normal profiles of plots I these sampling depths were lo-
cated within and below the compaction pan (Table 3). The rates of
oxygen diffusion in the check plots I were high in spite of the compacted
plowpan or great depth of sampling, approaching values measured in
sand (10), and indicating a minor effect, if any, of the pan on soil
aeration under the dry conditions of this experiment. Nevertheless, the
deep loosening in the S plots increased these diffusion rates somewhat
and this to such an extent that the diffusion apparatus was incapable
of measuring the difference between the diffusion rate through these
loosened porous S plots and that through free air.

The loosening with a fork of the compacted B2l horizons was not
always complete. A small part of the hardpan was often left unshattered,
as was demonstrated by the root profiles (Figure 4B). The removal by
spade of the B2 horizons in the II plots and their replacement by topsoil
resulted in a complete loosening of the soil at the 12- to 24-inch depth
(Figure 6B, C).

The porosity in the topsoil buried at 12 to 24 inches in the II plots
was 50 to 52 per cent, which was higher than found at this depth in
the subsoil of the other plots. The organic matter in the all-topsoil profiles
probably helped maintain the high porosity in the II plots to the end of
the growing season. In agreement with this, we found that the subsoil
layers placed at the usual topsoil depth in the OS plots had become
more dense by the end of the season than the topsoil at the same depths
in the other' S plots: about 1.36 at 7 to 9 inches in the OS plots
compared to about 1.28 in the others. In all S plots these layers had been
completely shattered when they were removed or exchanged from plot
to plot, but the soil most lacking in organic matter was the one that had
become most compact by the end of the season.

Fertility of the soil, either in the form of native nutrients and humus
or added fertilizer, had little effect upon the root distribution. The rela-
tive root weights of Table 2 show no remarkable changes in the lower
portions of the root systems due to fertility. For example, the deep place-
ment of the humus and fertility inherent in topsoil in plot IIS was not
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Figure 4. A. Root system from plot IS: normal profile, deeply loosened. B. Uneven
root distribution caused by incomplete shattering of the plow pan; note the two
“screwed” primary roots striking on this undisturbed lump of soil.

more effective in shifting the roots to lower depths than deep shattering
alone in the subsoil of p%ot IS, The relative root weights of 11.1-3.6-2.0 in
the all-topsoil profile 1IS were surprisingly close to those of 9.7-5.0-2.0 in
the topsoil and subsoil profile IS. Only in the low native fertility of the gll-
subsoil O plots, a tendency was noticeable toward slightly lower relative
root weights; we observed 1.7 and 1.8 in the 18- to 24-inch zone.
Deep placement of fertilizer also failed to affect markedly the I&?_t
distribution or penetration. As demonstrated by Figure 5, even in the
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relatively infertile all-subsoil profiles, OSF, the two highly fertilized
layers at depths of 0 to 4 and 12 to 16 inches did not produce notably
greater root development or more profuse branching; nor did they retard
deeper rooting. In most soil profiles the soil tests showed considerable
residues of the deep fertilization: medium to high levels for nitrates,
phosphoric acid, and potash.

This lack of response is surprising because it is well known that plants
grown in soils with alternate layers enriched with nutrients have roots
that branch much more profusely in these layers and also produce less

roots below such layers (23, 58). Our tobacco plants, of course, were

Figure 5. Root system from plot OSF: all-subsoil profile, deeply loosened and
fertilized, consisting of a duplication of the surface fertilization at a depth of
12 to 16 inches.

full-grown and mature when sampled for these root pictures and weights.
Thus, it was possible that 1) the root systems, when younger, were
more clearly influenced by the fertility pattern in the small plots, and
that 2) these well fertilized plants, as they grew older, filled the loose
and unfertilized soil layers with roots. We had an opportunity to in-
vestigate this possibility on an additional set of plots ISF, which were
planned at the outset of the experiment for the purpose of reot examina-
tions and samplings at intermediate stages of growth of the plants. These
studies of the younger root systems, however, also did not show any
higher concentration of roots in the layers with the high levels of nu-
trients (Figure 7).

- Another explanation for the lack of root response to the placement of
fertilizer could have been the -occurence of excessive rains during the
experiment, which would have washed the fertilizer salts from the en-
riched layers down into the unfertilized soil layers. This factor, however,
was negligible: the rainfall duringrthe greater part of the growing season
was far below normal and the first leaching rain occured only 8 days
before the plants were harvested.

Although fertility, either in the form of topsoil or fertilizer, had no
discernable influence upon the root distribution or relative root weights
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Figure 8. A. Root system from plot IISF: all-topsoil profile, loose and deeply fertil-

ized, consisting of a duplication of the surface fertilization at a de th of 12 to 16

inches. B. Trench dug across plot 1ISF showing all-topsoil profile, from which root

monolith was taken. C. Spade test shows that so% has good tﬁth and breaks up easily
into rounded, porous crumbs.

e e R
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in the deeply loosened S plots, it remarkably increased the root yields
or absolute root weights in the 6- to 24-inch profile zones. The change
in total root growth below 6 inches, expressed in oven-dry weight, was
pronounced, Table 2: the higher the fertility level, produced by topsoil
or by fertilization, the larger the amount of roots in the 6- to 24-inch
zone (Figure 6A).

Clearly, the lowest root yield below 6 inches was found in the un-
loosened check plot 1. First of all, the plowpan inhibited the development
of deeper roots, and furthermore the soil within the zone of 6 inches to
plowpan depth, the Ap2 horizon, was less loose in the I plots than in
the comparable zone in the S plots.

In conclusion then, the root studies in the hand-tilled plots showed
that deep rooting of tobacco was primarily effected by deep loosening,
that is by breaking the resistance to root penetration by a compaction
pan at the plow depth. Shallow roots were not an inherent characteristic
of tobacco. The weight of roots in the soil monolith below the 6-inch
depth of cultivation was, of course, markedly increased by the fertility
status of the soil profile. But neither the penetration nor distribution of
the roots was greatly influenced by fertility, either in the form of topsoil
or of added fertilizers.

Now, let us see what effect, if any, the expanded and increased root
growth in the different soil layers of the small plots had on the yield,
commercial quality, and composition of the leaves.

Figure 7. Young root system (7 weeks after transslanting) taken from plot ISF:
normal profile, deeply loosened plus deep fertilization.

ROOT DEVELOPMENT
AND THE YIELD AND COMPOSITION OF LEAVES

Effect of Deeper Root Distribution on Leaf Yield and Quality

The mean yields of air-cured leaves of the tobacco plants grown on
the hand-tilled plots are summarized in Table 4. They tend to increase
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Table 4. The root weights and the yields, quality, and composition of air-cured leaves of plants grown in the hand-tilled plots

Connecticut Experiment Station

Root weight

6-24 inches depth

Soil profile

Leaf composition

Leaf yield!
Percentage

and

treatment

Nicotine Iron

NO3-N

Quality*

Weight

Percentage

Oven dry

Per cent Per cent

FPer cent

Per cent

Per cent

S

1.39
1.56
1.32
1.73
1.63
1.24
1.38

502
492

578

100
108
124
113
125
112
122

276
297

100
177
248
255
308
165
221

3.07
5.42
7.60
7.83
9.44
5.08

I (control)

IS

.086
.081

52
1.03

343
312

ISF

1S

g

.83
1.22

562
542
508
.530

057

&

344

309

IISF
0s

116
112
014

.76
1.12

336

6.79

OSF

.26

.15

40

LS.D. (.05)

Bulletin 644

* The larger the figure (grade index), the better the quality,

1 Leaves S'lripﬂed from the three center plants of each plot.
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with deep shattering —S— and with fertility, either produced by an
additional topsoil layer —II— or by deep fertilization —F—. These effects
of the treatments and soil profile modifications on leaf yields were es-
sentially similar to those on the absolute root weights in the 6- to 24-inch
zone of the soil monoliths, as discussed in our last chapter.

Indeed comparing the leaf yields to the root yields, Table 4, we see a
proportionality between them, although the eéects of deep shattering
and fertility on leaf yields are less pronounced than those on root weights.
This relationship was further analyzed and we found a highly significant,
linear association, r—0.87°°, between root and leaf yields (Figure 8).
Although it is realized that the root weight data represent only the
response of one plant to each of the treatments and soil profile modifica-
tions, our many root observations in these plots and the degree of cor-
relation suggest a true interrelationship: Ele higher the root weights
in the 6- to 24-inch profile zone in the plots, the higher the leaf yields.

The tobacco plants on the control plots I, with root impedance at the
10-inch plow depth and only 3 g. of roots in the 6- to 24-inch zone,
produceg only 276 g. of cured leaves. The plots IS and OS, with their
deeply loosened soil and fully 5 g. of roots in the 6- to 24-inch zone,
produced 297 and 309 g. of leaves. Since the all-subsoil profiles OS were
more productive than the control plots, one must conclude that the in-
creased productivity was due to a better utilization of moisture available
in the subsoil during this predominantly dry season, 1954 (Table 6).

However, an increase in leaf yield significant at the 5 per cent level
was obtained only in the plots that received treatment F: a duplication
of the surface fertilization placed at a depth of 12 to 16 inches. Whether
the amount or placement of this fertilization was the critical matter
cannot be stated because the experiment was not designed to test this
question. Rather the treatment F was designed to reveal any qualitative
change in root distribution following the placement of a large quantity
of fertilizer at the bottom of the topsoil layer or Ap horizon: as we have
already seen, it did not. It did, however, increase root growth at all
depths and this was reflected in a significant increase in leaf production.

Growing the tobacco in pure subsoil or in a double layer of topsoil
made no significant difference in leaf yields. The profile modification O
was applied to test whether a full exposure of the subsoil to the roots
would be detrimental; deep tillage not only would cause the roots to
penetrate the subsoil, but it might bring subsoil to the surface. Clearly,
if the plant was not harmed by growing in the pure subsoil of profile O,
it would not be harmed by growing in the subsoil of a normal profile
which had been shattered by deep tillage. The profile modification II was
applied to test whether great advantage would follow the creation of
an “ideal” profile wholly composed of humus-laden topsoil. We noted

that treatment II did increase the root weight greatly although it did

not change their distribution. In Table 4 we see no significant differences
among OS, IS, and 1IS, on the one hand, or among OSF, ISF, and IISF,
on the other. This indicates that the amount of subsoil or topsoil had
little effect. Thus the effects of more or less fertility in the form of more
or less topsoil were much smaller than the effect of extra fertilizer, as
applied by treatment F.

The commercial quality of the cured leaves was not affected in a
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consistent manner by the treatments and soil profile modifications. The
grading results are also shown in Table 4. This failure to detect any
response in leaf quality may be due to the fact that small quantities of
tobacco, such as the leaf samples of this experiment, are hard to sort
into commercial grades. In normal sorting operations it is found as a
rule that the quality of the leaves is proportional to the yields: the higher
the yields, the better the quality. The data in Table 4 show this trend
to some degree.

Next we turned to the chemical composition of the leaves, which is an
index of nutrition and has an important bearing on the quality and
market value of tobacco.
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Figures 8, 9, & 10. The relation between the characteristics of the air-cured leaves

of three tobacco F]ants and the dry weight of roots below 6 inches, middle plant.

Figure 8. Yield of leaves and root weight. Figure 9. Nitrate nitrogen concentration
in leaves and root weight. Figure 10. Nicotine yield in leaves and root weight.

Effect of Deeper Root Distribution Upon Nitrogen
and Nicotine in the Leaves

The leaves were analyzed to determine the quantities of nitrogen
absorbed by the plants grown on the different plots. Nitrogen is of great
influence on several elements of quality in the cured leaf (20).

Of the various forms of nitrogen found in cured leaves, the protein
fraction and ammonia concentrations were not affected by the treat-
ments and soil profile modifications; the total nitrogen concentration of
the leaves also failed to show any significant response. Ammonia and
protein in tobacco, however, are known to be influenced markedly in
curing and fermentation, and a close relationship was not expected
between the concentrations in the cured leaves and the soil environment
in which the plant grew.

Nitrate nitrogen (6) was most clearly affected (Table 4). The pres-
ence of nitrate nitrogen in the growing crop and the cured leaf depends
primarily on the conditions of nutrition, and the nitrate analyses show
this expected trend.

Deep shattering of the subsoil in the plots IS, however, decreased the
nitrate nitrogen concentration of the leaves significantly. It also decreased
the amount of nitrate nitrogen yielded in leaves. What caused this de-
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pressive effect is not clear, as leaching of fertilizer salts was practically
absent during the season. Possibly the microorganisms decomposing
organic materials appropriated some of the available nitrogen. The great
looseness of the topsoil in these hand-tilled plots might have favored a
breakdown of its organic matter, in particular of any undecomposed
organic materials released by the complete shattering of the compacted
subsurface soil of the Ap3 horizon. This hypothesis also could explain
why the nitrate nitrogen concentration of the leaves on the plots OS,
deeply loosened but without any topsoil present, was so much higher
than that on the plots IS. Thus, deep shattering alone might sometimes
put a temporary extra demand on the nitrogen supply, making it desir-
able to compensate with additional nitrogen fertilizer.

The extra topsoil-fertility placed at a depth of 12 to 24 inches in the
plots IIS increased the nitrate nitrogen concentration of the cured leaves
to a level that was just statistically significant.

The big increases in nitrate nitrogen concentrations in the leaves, how-
ever, were shown by the plants grown on the F plots, which received
the double amount of fertilization and luxuriously consumed part of
the additional nitrogen available. Leaves grown on the plots IISF with
maximum fertility clearly showed the highest nitrate nitrogen concentra-
tion; with an excess the tobacco plant is capable of storing considerable
quantities of nitrate nitrogen. And since treatment F increased both
nitrate nitrogen concentrations and leaf yield, extra fertilization —F—
obviously increased the amount of nitrate nitrogen taken up by the plant.

Nitrogen promotes root growth (23), and although we did not observe
a greater concentration or more profuse branching of roots in the highly
fertilized layers of the S plots, the weight of the deeper roots, 6 to 24
inches deep, were higher with increasing fertilization and soil fertility.
Thus as one could expect, the concentration of nitrogen in the leaves,
indicative of the available nitrogen level of the soil in the various plots,
was closely correlated (r—.76°) with the root yields in the 6- to 24-inch
zone of these plots (Figure 9). And of course, since we found a highly
significant, positive association between root and leaf yields, the amounts
of nitrate nitrogen accumulated in the plants were surely closely cor-
related with the root weights.

Nicotine is a nitrogenous compound, which is the most characteristic
chemical constituent of tobacco. Although it is most abundant in the
leaves, it is predominantly synthesized in the roots (20).

Understandably, as soon as we found the remarkable effect of deep
shattering and fertility on the root development, we were anxious to
know what effect, if any, this greatly increased root growth would have
on the nicotine content of the leaves. Thus the nicotine analyses, shown
in Table 4, were made (12). The nicotine contents of the leaves were
the highest on the plots IIS and IISF, although only the increase on
the plots IIS was significant. The root weights in the 6- to 24-inch
profile zones of these plots were also the highest: 2.5 to 3 times as high
as the amount of roots in the comparable zone of the control plot I. And
yet, a further statistical analysis showed that although there was a
correlation of the nicotine concentrations of the leaves with those root
weights, the coefficient (r—.49) was not significant. A second look at
this relationship of roots and nicotine, however, brought out a highly



20 Connecticut Experiment Station Bulletin 644

“significant correlation (r—.88°°) between root weights on the different
plots and the amount or yield of nicotine, i.e. the nicotine concentration
in the leaves times the leaf production.

Thus in conclusion, the effect of the treatments and soil profile modi-
fications on the nicotine concentration of the leaves was not important
and as a result apparently did not affect the commercial quality of the
leaves. The production or yield of nicotine by the plants, however, was
clearly affected by soil looseness and fertility, and highly significantly
correlated with the root vyields.

Effect of Deeper Root Distribution and Exposure to Subsoil
Upon the Uptake of a Marker of the Subsoil, Iron

After observing the greatly expanded root growth into the subsoil
layers in the deeply loosened plots, we wondered what effect this would
have on the mineral nutrition of the plant and ultimately on the quality
of the tobacco leaves. If the different soil horizons had different micro-
nutrient concentrations, the micronutrient concentration of the leaves,
grown on plants in the deep-shattered and modified soil profiles, would
conceivably be changed by the altered root distribution.

Under certain conditions, deeply rooted plants exhaust the soil moisture
to the depth of the roots. A possible effect of such deep rooting, of
course, is absorbtion and utilization of subsoil nutrients. For example,
late in the season, flue-cured tobacco grown in a deep sandy loam ab-
sorbed appreciable quantities of P32 from soil as deep as 14 to 18 inches,
while the relative importance of the top 6 inches of soil continually
dwindled (26).

Now, phosphorus and other macronutrients, although used in relatively
large amounts by the plants, would not reveal the contribution of the sub-
soil to the nutrition of the plant; any supply of native macronutrients by
the subsoil undoubtedly would have been obscured by the relatively high
amounts of these elements supplied by the annual, heavy fertilization of
the topsoil. The micronutrient contents of the soil, on the other hand,
tend to be influenced by the parent materials from which the soils are
formed. And so, the subsoil, being younger and less depleted by constant
cropping than the topsoil, might supply higher concentration of some
of these elements than the older, more weathered topsoil layer. Micro-
nutrients, however, are only needed in small amounts and deficiencies
of these nutrients have never been reported to occur in the tobacco
soils of Connecticut. Therefore, the feasibility of correcting micro-
nutrient deficiencies by subsoiling was not our immediate practical con-
cern, although it is important to know if this might be feasible elsewhere.
Our primary concern was the possibility that after shattering the subsoil
and exposing it to the permeating roots, the supply of some of these
elements would be excessive for normal crop growth. After all, the range
of concentration of micronutrients in which plants will grow satisfactorily
is narrow, and all are harmful when supplied in large quantities.

The conditions for the study of these phenomena were present in
our experiment. First of all, a suitable indicator or marker was present,
namely the micronutrient iron. In the upper subsoil or B22 horizon of
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the Merrimac soil, the so-called free iron oxide concentration is about
one-eighth to one-fifth higher than in the topsoil and is also higher than
in the underlying horizons (49, 54). Secondly, chemical analyses of
leaf*samples in connection with clinical work at the Tobacco Laboratory
showed that tobacco can accumulate iron concentrations in the leaves
which are many times as high as normally found. When soils are high
in free iron or become strongly acid (37), the available iron increases,
the tobacco absorbs more than is essential for normal growth, and the
iron content rises, lowering the quality of the cured leaves. (32).

The growth of roots in pure subsoil profiles increased the concentra-
tion of this micronutrient in the leaves as shown in the spectrographic
analyses, (Table 4). Shattering —S— alone, however, did not increase
the iron in the leaves; it took the all-subsoil profiles of plots OS and OSF
to work this change. These all-subsoil plots, however, did not increase
the iron concentration in the leaves enough to deteriorate quality. There-
fore, it is not surprising that a mere shattering of the subsoil failed to
change quality (Table 4).

Apparently the amount of available iron in a single layer of subsoil, as
in the plots IS and ISF, was not high enough to produce such an excess
in the total iron supply as to induce the plant to absorb iron above its
needs; after all, the free iron oxide content of the Merrimac subsoil is
only about one-eighth to one-fifth greater than that of the topsoil. The
acceptance of this hypothesis demands that the roots in the 0- to 12-inch
layer be of overwhelming influence in nutrition, at least in the absorption
of iron. The upper half (0 to 12 inches) of the root systems in the plots
0OS and OSF was exposed to subsoil, while in the plots IS and ISF only
the lower half (12 to 24 inches) of the root system was exposed to
subsoil. The relative root weights in both sets of plots were about the
same in the different profile zones (Table 2). Unfortunately for this
hypothesis, we know that the roots in the 12- to 16-inch zones were
sufficiently active to benefit significantly from increased fertilization
—F— in this zone. Further, the roots of flue-cured tobacco were shown
to be effective in this deep zone (26).

Another hypothesis to explain why only the plants grown in the all-
subsoil profiles OS and OSF increased their iron uptake significantly,
would state: “Increasing the iron supply in the early development of
the plant determines the iron concentration in the leaves.” In other
words, the iron-rich subsoil at the top of the all-subsoil plots is the
controlling factor: the roots in the plots OS and OSF were exposed to
iron-rich subsoil from the very moment of transplanting, while in the I
plots the early root growth after transplanting took place in 12 inches
of topsoil; in the II plots, of course, nearly the full root development
occurred in the topsoil, which was 24 inches deep. This hypothesis

‘implies that the concentration of iron, one of the most immobile elements

in plants, should be relatively great in the lower leaves which grew early
upon the all-subsoil plots. This was not the case: 1) on all plots the
lower and older leaves had higher iron concentrations than the ugper
and younger leaves, 2) this decrease in iron content on the all-su soil
plots was the same as that on the rest of the plots, namely a little over
a third. Thus, the hypothesis that the early uptake of iron is the deter-
mining factor in the iron metabolism of the plant is untenable.
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Alternatively we could consider the known (36, 55) competitive effect
of calcium and magnesium upon the absorption of iron by the plant. By
removing the topsoil and replacing it with subsoil on the OS and OSF
plots we not only increased the iron supply in these plots, but at the same
time the supply of such elements as magnesium and calcium was reduced.
The data for Merrimac soils, obtained from a forested profile (8) and two
cultivated soils in Massachusetts (49), show that the topsoil layers con-
tain about 2.5 times as much calcium plus magnesium as the B-horizon.
Thus, the exchange of the topsoil for subsoil on the OS and OSF plots
clearly changed the antagonistic situation in these profiles, in spite of
the fact that the subsoil was amended for the tobacco according to soil
tests. The amendment of the subsoil at the surface consisted of the ap-
plication of landplaster, 300 pounds per acre, and superphosphate, 500
pounds per acre. However, the analyses of the leaves did not show any
differences in concentrations of calcium and magnesium related to the
treatments or soil profile modifications, and we cannot accept this hypo-
thesis.

Finally we could consider the possible changes in the subsoil layers
when they were placed at the surface and exposed to the air. However,
this also will not explain the increased iron uptake by the plants on the
all-subsoil profiles. As a matter of fact, it is easier to postulate that at
least some of the active iron in the surfaced subsoil of the plots OS and
OSF was rendered unavailable for the plants. First of all, the better
aeration at the surface undoubtedly depressed the supply of iron avail-
able to the plants. Secondly, the soil tests at the end of the growing
season pointed in the same direction: 1) they did not indicate a greater
availability of iron in the surfaced subsoil of the O plots than in the
normal surface soil of the other plots, 2) the only marked difference was
that, despite extra superphosphate, the phosphoric acid level of the O
plots was lower than in the I and II plots, the readings varying from
very low to medium in the O plots as against medium high to high in the
others. This suggests that the iron-rich subsoil converted phosphorus
to an unavailable form, while making at least some of the active iron
at the surface of the O plots unavailable for the plants.

In short then, the iron concentration in the leaves and the quality of
the leaves was not affected by shattering the subsoil —S—: exposing the
roots in the 19- to 24-inch zone of the plots IS (Figure 4A) and ISF
to subsoil, with its somewhat higher concentration of so-called free
iron oxide, did not increase the iron content of the leaves. Only exposing
the roots to all-subsoil profiles—treatments and soil profile modifications
0S and OSF—increased the iron concentration in the leaves significantly.
The distribution of iron was not affected by the treatments or soil pro-
files, the lower leaves always containing about one-third more iron than
the upper leaves.

Possible Achievements of a Deeper Root Distribution

The costs of shattering hardpans by subsoiling or deep plowing are
high. Therefore it may be wise to recapitulate the achievements which
were attained under the conditions of maximum soil looseness and hi
fertility in the small plots, tilled and managed by hand. The results
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should be indicative of the benefits that farmers could expect from deep
tillage under the similar conditions of a moderately coarse-textured soil
in a dry season.

Deep shattering —S— greatly expanded the effective rooting zone and
considerably increased the root weights in the 6- to 24-inch zone. How-
ever, shattering alone produced a leaf yield on plot IS only an insignificant
8 per cent above the control 1.

Adding deep fertilization —F— to deep shattering —S— not only in-
creased root weights further, it also produced a leaf yield on plot ISF
that was a significant 24 per cent above the check I. Therefore, in our
field experiments we expect small benefit from deep tillage save where
deep fertilization is added. '

All subsoil —O— did not decrease root weight and leaf yields: plots OS
and OSF produced a leaf yield about equal to the yields from the normal
profiles IS and ISF or the all-topsoil profiles IIS and IISF. Therefore,
when deep tillage brings subsoil to the surface and dilutes the topsoil
with subsoil, we do not expect that it will affect leaf production.

None of the treatments or profile modifications had any large and
consistent effect on the commercial quality of the tobacco.

Of the various forms of nitrogenous compounds found in the cured
leaves, only the nitrate nitrogen contentrations were clearly affected by
the treatments and soil profile modifications, generally reflecting the
nutritional conditions in the different plots. Under all soil profile condi-
tions, deep shattering plus additional fertilization —SF— caused signifi-
cant increases in nitrate nitrogen concentrations in the leaves, while only
in a normal profile did deep shattering alone —S— decrease nitrates
below those from usual tillage 1. Nicotine concentration of the leaves was
insignificantly affected; the production or yield of nicotine in the leaves,
however, was clearly affected by soil looseness and fertility and was
significantly correlated with the root yields. Nicotine is synthesized
predominently in the roots.

The observations made on the iron uptake indicated that an over-
supply of micronutrients native to the subsoil will not affect the chemical
composition or quality of the leaves, unless the soil profile is drastically
changed. The iron concentrations of the leaves increased significantly
only when the plants were grown in all-subsoil profiles OS and OSF, and
even then the commercial quality of the cured leaves was not affected.

Thus, in our field scale experiments with deep tillage we expect no ill
effects and small benefits except where deep placement of fertilizer
is added.

DEEP TILLAGE WITH MACHINERY
UNDER PRACTICAL CONDITIONS

Deep tillage is any tillage below the normal plow layer. Practically it
can be accomplished in several ways with different degrees of inversion of
soil horizons: 1) by subsoiling, which loosens the soil by lifting or dis-
placement without inversion; 2) by chiseling, which stirs without ap-
preciable inversion; 3) by deep plowing, which completely shatters
the soil through an inversion and mixing (3).

Of old, deep tillage, in particular subsoiling, has appealed to farmers
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who would shatter pans to allow deeper root penetration and percolation
of moisture. However, the practice of deep or subsoil tillage is still
a controversial subject, with exact observations often showing few and
impractical benefits.

The achievements attained in our hand-tilled plots of the previous
chapter, however, encouraged us to such an extent that we wanted to
apply these findings to field scale and machinery. Before reporting on
this work, let us first review briefly what results are generally obtained
with deep tillage.

The literature on deep tillage, its effects on crop performance, soil
characteristics, and soil and water conservation is voluminous. Several
reviews appeared between 1950 and 1956 (34, 35, 38, 43, 60). Much
of this renewed interest in the loosening of subsoil was aroused by
increasing soil compaction. With the mechanization of agriculture, and
accompanying heavy traffic on the land during intensified tillage, culti-
vation, and spraying, the amelioration of compacted layers in uced in
once-loose soils is being studied more and more (2, 4, 43).

Most improved plant growth following deep tillage is reported on
the medium to moderately coarse-textured soils, which compact most
firmly under intensive row-crop farming (33, 43). A shattering of induced
pans increased yields of cotton and sugar cane in years with below
average or poorly distributed rainfall (44, 46). However, if profitable
at all, best responses in root growth and yields of corn, cotton, and
alfalfa were generally obtained from a combination of deep tillage and
deep fertilization and not from deep tillage alone (23, 31, 40, 45). On
soils with strongly acid subsoils, applying lime in addition to deep
fertilization improved root penetration and crop growth (17, 45). Deep
placement of fertilizer often resulted in higher yields than applying
the same amount of fertilizer to the normal plow layer, although the
differences were not always significant and depended upon the chemical
composition of the soil profile and upon the rainfall distribution (45).

In the Connecticut Valley, most intensively cultivated soils are moder-
ately coarse to medium textured soils and are classified as Brown
Podzolic; most belong to the Merrimac, Agawam, Enfield, and Hartford
soil series (48). The tobacco soils range from loamy sand to silt loam,
are naturally weakly structured and readily compressed when they are
intensively filled and cultivated. The depth of root penetration of tobacco
predominantly coincides with the depth of plowing and in most cases
the bulk of the root system is restricted to the zone of secondary tillage
(14). A characteristic tobacco root profile is shown in Figure 1

The benefits of deep tillage are usually found to be transitory and
may be limited to a single season (45). However, expectations are that
benefits from deep tillage will accumulate over the years: roots each
year contribute to the organic matter and improved structure in the
subsoil (17, 31). As an example, work has begun on stablizing subsoil
channels by placing crop residues in them (50). In the Connecticut
Valley the many operations of its intensive agriculture will almost
certainly quickly destroy any improved tilth.

Tobacco is known to be particularly susceptible to poor tilth. How-
ever, experimental results on deep tillage for tobacco are imited. The in-
vestigations in North Carolina (26) clearly suggested that it would be

Deep Tillage and Root Growth 25

desirable to search for methods of subsoil preparation and deep place-
ment of fertilizer which would efficiently exploit the capacity of the
tobacco root system to absorb nutrients from deep soil layers. This work
apparently led to deep modification and fertilization of sandy textured
soils with a large disk plow (18). In India, flue-cured Virginia tobacco
responded profitably to deep plowing, 9 inches deep, particularly when
supplemented with fertilizer “placed at such a depth in the main root
zone, 6 to 9 inches deep, where there was adequate moisture and where
the roots fed during the active period of plant growth” (7).

Exact observations on deep tillage of tobacco land in Connecticut
are lacking and the only report (5) we are aware of, discusses the sub-
soiling with dynamite of so-called plowsole hardpans in moderately well
to poorly drained soils, which resulted in improved drainage where suit-
able water-outlets were available.

Thus, several factors encouraged our work on deep tillage and fertiliza-
tion: 1) the promising effects upon root and shoot growth observed in
our hand-tilled plots, 2) the favorable results often obtained with other
crops in comparable soils, and 3) the lack of information on the response
of tobacco to such practices.

Materials and Methods

Soil. The field-scale experiment was located close to the small, hand-
tilled experiment. The soil was the same, uniform Merrimac sandy loam
with a plowsole pan at a depth of 8 to 9 inches. Of old, this field, like
the rest of the farm, had been used for intensive tobacco growing. Under
the intensive fertilization of continuous tobacco growing, the fertility
of the plowlayer was high, and even the upper subsoil was relatively
fertile as indicated by a medium level of available phosphorus according
to the Morgan test. Both top and subsoil had a favorable pH for tobacco:
5.6 to 6.3.

Just before transplanting tobacco each spring, 3,600 pounds per acre
of the standard 6-3-8 tobacco fertilizer was broadcast. It was supple-
mented with calcium hydroxide and sulfate as indicated by the Morgan
test and our knowledge of the nutrient requirements of tobacco.

Pests. The field proved to be infested with soil-borne pests. The main
trouble was a basal stem rot, believed to be caused by various fungi
and bacteria; but brown root rot, caused by parasitic meadow nematodes,
was also present. In an attempt to control these pests, the soil had to be
tilled. In the spring of 1955 the soil was plowed and then fumigated with
a nematocide by means of an applicator whose narrow cultivator-like
teeth were spaced 12 inches apart and extended to a depth of 6 to 8
inches (1). The fumigation was repeated in the fall of 1955. Thus the

" entire field was plowed in both the spring and fall of 1955, regardless

of the experimental treatment.

Cover crop. In the fall of 1955 the usual oat cover crop was replaced
by a mixture of oats and rye. Therefore in the spring of 1936 all plots
were again plowed to bury the overwintered rye cover.

Plot arranﬁfrment. Thirty-three plots extending 25 x 90 feet were
arranged in three replicates of eleven. The rows were at intervals of 3
feet and each plot permitted six rows and a barrier of 5 feet.
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Table 5. Tillage and fertilization procedures in the machine-tilled plots

Treatment

Ps spring(s) : plow (P) 8 inches.

PCs " : plow 8 inches plus chisel (C) 7 inches below furrow

ottom.

PCFs g : plow 8 inches plus chisel 7 inches plus deep placement
of additional fertilizer (F) at about 11 and 15 inches.

PCt fall : plow 8 inches plus chisel 7 inches.

PCFf " : plow 8 inches plus chisel 7 inches plus deep placement
of additional fertilizer at about 11 amiJ 15 inches.

SfPs N : 51lxbscil (S) 18 inches at 18 to 24 inch intervals; spring:
plow.

SFfPs " : subsoil 18 inches at 18 to 24 inch intervals plus deep
placement of additional fertilizer at about IE and 18
inches; spring: plow.

PTs spring : subbase plow (T) 8 plus 4 inches.

PTBs Y : broadcast (B) half surface fertilizer, then disk harrow,
finally subbase plow 8 plus 4 inches.

PBs " : broadcast half surface fertilizer, then disk harrow, finally
plow 8 inches.

Df fall : deep plow 15 to 16 inches.

Treatments. The customary primary tillage for tobacco in the Con-
necticut Valley is spring plowing to a depth of 8 inches. This is the
control treatment Ps as shown in Table 5.

In treatment PC, the furrow bottom was chiseled with an experimental
machine to a depth of about 15 inches below the surface of the field.
This was accomplished with a heavy duty, chisel-point subsoiler carried
by a straight, rigid shank behind the wheel in a position designed to
preserve the loosened condition of the compaction pan. The machine
has been described elsewhere (13) and is shown in Figure 11C. Treat-
ment PC was accomplished in both spring and fall as indicated by the
subscripts “s” and “f” in Table 5; this permitted a comparison of spring
and fall treatment.

At intervals of 18 to 24 inches across the field subsoiling —S— was
carried to a depth of 18 inches below the land surface by means of a
chisel-point subsoiler carried by a straight, rigid shank (Figure 11A and
B). As shown by the subscript “f” in Table 5, subsoiling was only done
in the fall, a time when we hoped that soil dryness would cause maximum
shattering of the pan. The following spring the soil was plowed in the
customary way, making the completed treatment SfPs.

Subbase plowing PT, the deep tillage of the furrow bottom, loosened
the soil to a depth of about 12 inches without carrying an appreciable
amount of subsoil to the surface. The lower bases of the subbase or
T.N.T. plow were set to chisel a 4-inch deep groove in the bottom of
the furrows turned by the regular bases (Figure 11D). This treatment
was accomplished only in the spring, PTs, because sandy soils drain
readily and are seldom too wet in the spring for this deep tillage (13).

Deep plowing D to 16 inches provided a nearly complete destruction
of ltheDc%ompaction pan to that depth. It was accomplished in the fall
only, Df.

The deep placement of fertilizer, treatment F, was begun in the spring
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arge-scale experiment: A. Subsoiler,

: inches. B. Subsoiler with attach-
depth of about 18 inches Shbeoler it SRS

bottom —PC—, with and without
r’i"ong I;i::;w _PT-, used with and

without plowing down fertilizer —B—.

Figure 11. Deep tillage equipment used in |
shattering —S— the plow pan to a es. B
ment and fertilizer hopper for the deep placement of fertilizers
machine for plowing f\’m chiseling from the fu

deep placement of ﬁrti]izvr. D. Subbase or

ssium nitrate and triple
en, 188 pounds of phos-
In 1957 and treatment

of 1955. At first we applied a mixture of pota
superphosphate that ad(iied }8 pt()u}tzcls of 1;:t22§e
horic acid and 61 pounds of potash to each acre. m
}E’CFS, we substitutgd a mixture of a standard 6-3-6 tnbu;;co f;réglze;
and triple superphosphate that added 84 pounds per acre o ?r'acll e
above nutrients. These fertilizers were placed at a depth t:)’1 Pl
inches by means of chutes attached to the back of th_e. subsoiler g

Plowing down one-half the broadcast surface fertlhzfs:r, tre-flt':menwas,
placed it deeper than is customary in the Valley. This fertllllzer i
plowed down by the regular moldboard plow, treatment PBs, as i
as by the subbase plow, treatment PTBs, permitting a comparison
_B— in normally compact and deeply loosened soil.
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Secondary tillage and transplanting. Each fall or spring after the deep
tillage or plowing, the whole field was prepared in the usual way for
tobacco. In the fall the soil was disked at least once, and oats were
disked in once by a harrow that was set straight. In the spring the soil
was smoothed by disking, fertilizer was broadcast and then incorporated
by an overlapping or crossways disking. At planting time the surface
had sometimes become compact, and it was loosened by a spring-tooth
harrow just ahead of the transplanter.

In early June each year, Havana Seed tobacco seedlings, Variety Kl,
were set mechanically at intervals of 18 inches in rows that were 36
inches apart. Thereafter the fields were managed in the customary
way (1).

Weather. The rainfall and average temperature during the experi-
mental period is summarized in Table 6. Moisture was often scanty and
the plots were irrigated as is customary in the tobacco husbandry of
the Valley.

In May of 1955 the soil became dry and was difficult to till. Because
July and early August were hot and dry, the plots were irrigated on
July 16, 24, and August 2. Then, just 5 days before harvest, a torrential
rain fell.

July, 1956, was extraordinarily cool. Rain was deficient in August, and
the plots were irrigated 7 to 9 days before harvest.

The 1957 season was extraordinarily dry, with rainfall deficient in
every month. The month of June was hot. Therefore, the plots were
irrigated during transplanting and on July 8, 19, and 26.

Measurements. After the customary harvest and curing of the tobacco
(1), the yield and the commercial quality of the cured %eaf were deter-
mined. Because the growth of the shoot is less directly related to the
treatments than is the behavior of the roots, root monoliths of the har-
vested plants were taken with the pinboard (14) for a more direct
evaluation of the tillage and fertilizer placement. These monoliths were
always located across the rows, i.e. perpendicular to the direction in
which the treatments were applied. Undisturbed core samples were
taken from the same profile pits.

Table 6. Deviations from normal rainfall and temperature during the tobacco tillage
and growing seasons.

April May June Tuly Aug. Sept. Oct. l“:lx"‘::(l‘a:l lﬂI
1954 —-0.09 +41.72 —154 —148 4 232 4241 -—-171 4+ 1.83 inches
+2.3 —1.7 +1.0 -1.1 — 3.0 —24 437 — 1.2 degrees F.
1955 +1.06 —-145 —023 -219 41441 <4070 +4877 +21.07 inches
+2.0 <433 —-1.5 440 4 32 —-1.5 0.0 + 9.5 degrees F.
1956 —0.70 =190 —0.08 0 — 3.06 4129 -—161 — 6.08 inches
—4.9 —4.2 +0.9 —3.1 — 1.1 —5.3 —-2.3 —20,0 degrees F.
1957 +0.72 -—-150 —-260 —080 — 245 —2.04 —060 — 9.27 inches
123 402 40 —10 —32 401 -23 -+ 01 degrees F.
1905-58" 3.70 3.56 3.47 3.67 4.01 3.43 3.00
47.8 58.7 67.6 73.0 70.7 63.6 53.5

! Mean rainfall and perat Hartford, Conn,
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Effect of Deep Tillage and DE(?p Fertilization
on Yield and Quality

The results are given in Table 7. Despite fumigatior::, pgtch_es of
uneven growth werg evident in the field. This l{:aused v;ar:zal.)lllty in the
results, especially in 1957 when a 15 per cent increase in y{ﬁld was re-
quired to demonstrate significance at the 5 per cent level. .I\e\fert_helesls,
several inferences can be drawn from the yields and quality indices in
Table 7. ; : .7

Over the three years, yields were consistently increased by springtime
deep chiseling from the furrow bottom with deep placen}ent of ferylllzer,
PCFs, and springtime subbase plowing and deeper incorporation of
one-half the broadcast fertilizer, PTBs. In 1955 the grm\{th of the crop
was poor, but PCFs caused a significant increase in yield and PTBs
caused a smaller increase. In 1956 these same two treatments produced
the largest yields, and that year both increases were significant. In 1957
variability was great, as already mentioned, glue_ to }he necessity of re-
placing some transplants and to the patchy distribution of rot disorders.
Further, frequent irrigation likely minimized the benefits of deeper
rooting. Nevertheless, treatments PCFs and PTBs were again the most

roductive. i
5 The other subbase plowing in the spring, PTs, lacked the deeper in-
corporation of one-half the broadcast fertilizer. But it, too, pvlerformed
well, producing a significant increase in yield in 1956 and small increases
in the other years. it
mFinally, fally subsoiling with deep placement of fertilizer followed by
spring plowing, SFfPs, produced a significant increase in 1956; it was
the only falltime deep tillage to produce such an increase in any one yeglr.

The quality of the tobacco, as revealed by the grade indices in Table
7, was improved by the two treatments that had consistently mcriaas_
y’ields; these are PCFs and PTBs. This follows the psual correlation
between yield and quality, However, none of the improvements In

uality was significant. ,

) Thtg;, the de%p tillage in the spring, PCFs, PTBs, and occasionally P’g:t
gave the most favorable effects during the 3-year trial. The ttvyﬁl mthe
successful deep tillage operations, PCFs and PTBs, were 'eslierfl i o)\’v 5
chiseling of the compaction pan from the bottom of eag uf“rti!jza-
combination with normal plowing —P— and some form of deep fe

tion —F— or —B—. : 2 )

The experimental machine placed fertilizer —F— in a vertlcalb;l;;gg;
which extended from slightly below the m}ddle of the ‘fur‘r?\;’ g
to a depth of about 15 inches (13). It consisted of ?.ddltmns ﬂf =D
in 1955 and 1956 a small amount was used which mcﬁease. z e i}i,icant
significantly, while in 1957 a heavy application produced an Insign

ield increase, ]

No additional fertilizer was used in —B—, the plowing down of ht?g
the regular fertilizer. The exact distribution of this fertilizer ?ijse:n o
tilled 12 inches is difficult to determine. Within the plow: layt:ll; g
tion depends on the degree of inversion of the furrow slice: d_e glt', el
the inversion, the larger the portion of fertilizer which is IStl:h:n 5
deeply; below the ow layer distribution depends upon the ex g
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of top and subsoil caused by the subbase plow. In 1956 this practice B
combined with deep tillage resulted in the highest yield obtained from
any treatment during the three years.

The success of plowing down fertilizer in combination with springtime
chiseling from the furrow bottom, PTBs, suggests that the critical matter
in the springtime deep fertilization with the experimental machine, PCFs,
is the placement and not the simple addition of more fertilizer. Appar-
ently, it was profitable to place some fertilizer in or near the deep-tilled
zone below the normal plow layer, whether this was part of or in addi-
tion to the usual fertilizer. But here again, this experiment was not
designed to answer detailed questions about the proper placement and
supply of fertilization.

Without deep fertilization both PCs and PTs were less favorable.
Spring plowing plus chiseling to a depth of 15 inches, PCs, was ineffec-
tive over the 3-year period, while subbase plowing to a depth of 12 inches,
PTs, produced consistently small yield increases, just significant in 1956.

Without deep tillage plowing down half the surface fertilization, PBs,
produced yield increases in only two years and these were insignificant.
These results are in agreement with the small yield increases which
were obtained in another experiment where one-half the fertilizer was
placed on the plowsole and the other half was harrowed into the upper
soil in the usual way (52). Clearly maximum benefit demands combined
deep tillage and fertilization.

Now, let us look at deep tillage in the fall. This was less beneficial
than springtime deep tillage (Table 7).

Without deep placement of additional fertilizer the responses of the
tobacco to chiseling from the furrow bottom, PCf, and to subsoiling
StPs, were consistently insignificant over the 3-year period.

With deep fertilization, tested only in 1956 and 1957, subsoiling in
the fall, SFfPs, produced a yield increase in 1956 that was just significant.
Deep fertilization in combination with chiseling from the furrow bottom,
PCFf, affected an insignificant yield increase in 1956. In 1957, PCFf de-
creased the yield because the soil was not plowed in the spring, the
year and soil were dry, the plantbed was imperfect, and the stands
were poor in one replicate. On the other hand, the plots tilled with SFfPs
were plowed in the spring after fall subsoiling. In 1956, of course, all
plots were plowed in the spring to bury the rye cover crop.

Falltime deep plowing Df, also tested for only two years, began well
in 1956 with a yield increase that was almost significant; in 1957, how-
ever, the effect was disappointing.

The failure of deep plowing in 1957 is easy to understand. As men-
tioned above, the lack of spring plowing in 1957 caused poor stands and
poor yields.

~ Now let us discuss why the benefit of deep plowing in 1956 was less
than we hoped. The chief factor in our failure to secure a significant
yield increase undoubtedly was insufficient fertilization or amendment
of the turned-up subsoil in these plots. Tobacco is fast-growing and any
depression of growth, even in the early stages, will be felt at harvest time.
Our small plot experiment proved that when an all-subsoil profile is
heavily fertilized, it could out-produce. a normal soil with standard
treatment. In our machine-tilled plots the deep-plowed soil did not

e
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receive any additional nutrients because the soil tests, as described above,
had indicated a reasonable fertility and favorable pH in the subsoil.
Evidently these few samples of subsoil taken before plowing were
misleading.

Also, increasing the depth of plowing from 8 to 16 inches, in one step,
might have lessened the benefit of deep plowing in 1956. In this way
much light-colored subsoil was carried to the surface at once, increasing
the transpiration of the young tobacco plants (57), and drought became
more frequent. One might also expect that the turning up of subsoil,
poor in organic matter, would decrease the moisture-holding capacity
of the surface layer; this can be disregarded, however, because the
capacity available to plants of this soil depends not upon organic matter
but upon silt and capillary porosity (28) which are not poorer in the
plow pan than in the usual plow layer.

These possible causes of disappointment in deep plowing could be
cancelled by proper fertilization and by increasing the depth of plowin
in several steps, e.g. 2 to 3 inches at a time. This method, then, coul
be further improved by plowing to an intermediate depth of 12 to 15
inches, the depth to which the two most profitable treatments, PTBs and
PCFs, stirred the soil.

Finally, as already mentioned, it was evident that deep tillage in the
fall was less effective than deep tillage in the spring (Table 7). For
example, our most successful spring treatment PCFs was ineffective
when applied in the fall, treatment PCFf. Several causes of ineffective-
ness of the deep tillage in the fall can be listed: 1) leaching during the
winter and early spring in this sandy loam (15) certainly wasted much
of the deep fertilization applied in the fall; and maximum benefit de-
mands combined deep tillage and fertilization; 2) recompaction of this
weakly structured sandy loam under resettling and rain overwinter
nullified some of the tilth or looseness established by the deep tillage
in the fall (14); 3) lack of spring plowing may require intensified
harrowing for plant bed preparation under adverse conditions, aggrava-
ting the formation of a disk pan, which may block root penetration (14,
and following chapter).

Green manuring with winter cover crops will counteract these causes
of ineffectiveness of deep tillage in the fall: 1) it conserves plant nutrients
against winter leaching (15), 2) it improves and preserves tilth estab-
lished in the fall by intercepting rainfall, by root growth in the shattered
subsurface layers, and by the cushion effect of its plowed under top
growth, that helps to minimize the recompaction under secondary tillage
in the spring and following cultivation operations and traffic (14, and
following chapter). Deep tillage in the spring, of course, also benefits
from plowed-under winter-cover crops as far as they conserve nutrients,
penetrate the compaction pan and subsoil with their roots, improve the
tilth, and help prevent the development of compaction zones within the

low layer. These beneficial effects probably are found in the generally
avorable results with deep tillage Esr the 1956 tobacco crop, the only
year an overwintered rye cover crop was plowed under: three spring
deep-tillage treatments (PCFs, PTs, and PTBs) and one falltime deep-
tillage treatment (SFfPs) produced :jgiﬁcant yield increases (Table 713.

In conclusion then, improved gro of tobacco through deep tillage
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evidently depends upon springtime operations of medium depth and the
incorporation of fertilizer into the deep-tilled soil. Over the 3-year
period the most effective treatments, PCFs, and PTBs, increased yields
about 11 per cent above those obtained in the normally tilled control
plots; the highest yield increase by any treatment during the years
1955-1957 was the 15 per cent by PTBs in 1956. These yield increases
are modest compared with the 24 per cent yield increase that was
obtained with deep loosening plus deep fertilization on the plots tilled
and managed by hand. Of course, between these two experiments several
factors may have contributed to this big difference in effect of deep
shattering plus fertilization. The difference due to season must be small
because 1954, the season of the small plots and large increase, was
moderately dry, relatively cool, and not too different from the 1956
season. The difference due to fertilizer was not large because, although
the deep fertilization was much higher in the small plots a great increase
in deep fertilization had no effect in the machine-tilled plots. Thus, it
appears we have to search for a factor which will more fully explain
this great difference in results between the two tests. Now, if our
working hypothesis stated in the general introduction is valid and there
is a true relationship between growth above and below the ground,
as was strongly indicated by the results of the hand-tilled plots, then
we should not limit the comparison of the results of both experiments
to the above-ground parts of the plants. A look below the surface of
the soil, studying the direct response of plants to tillage, may offer a
clearer explanation for the relatively poor benefits seen in the machine-
tilled plots.

Root Development as Affected by Machine Tillage

The patterns of roots grown in soil that was subjected to the same
treatment varied from plot to plot and year to year. A complete survey of
all treatments was not made in a single year. Therefore, we cannot
correlate yields with roots as before. Nevertheless, important qualitative
differences can be seen, revealing the consequences of the tillage methods.

We shall see that these roots in this sandy loam are restricted by bulk
densities of soil of 1.52 to 1.54, not by fertility. Also, deep tillage seldom
results in uniform loosening and rooting, the soil recompacts easily, and
two zones of root activity are produced: maximum growth within the
zone of secondary tillage and deeper roots in the loosened regions
of subsoil.

The looseness created by tillage in the hand-tilled plots determined
whether roots would penetrate the soil. As we studied the root profiles
from the various types of machine tillage, the same relation between
soil density and root penetration was evident as the determinant of
success and failure of the method. Nutritional fertility, either in the
form of topsoil or added fertilizer, seemed of secontf;ry importance.
This was demonstrated by tabulating the 80 observations of bulk density
and root growth that were taken in the tillage experiment.

The tabulation, Table 9, clearly shows that roots are rare at densities
above 1.52. This is clearly demonstrated despite the differences between
years and fertilizer practices and despite di%culties encountered in dry
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1957 in the collection of undisturbed cores. Therefore, as we begin our
examination of individual profiles, we can expect that the distribution of
roots will depend upon whether the soil was loosened below 1.52 and
whether this looseness was preserved throughout the season.

The usual root system found in a commercial field resembles that from
the control plot, treatment Ps, Figure 12 and Table 8.

Table 8. The root distribution of mature plants in the machine-tilled plots

Approximate depth in inches beneath hilled tobaceo row

Photograph, 6-12 12-18 18-24
Figure Treatment Ap2 — hor, Ap3 + B2 - hor. B2 — hor.
Grams Relative Grams Relative Grams Relatice

12 Pst 1.24 21.1 23 6 L .
13A PCs 5.62 9.8 2.73 4.7 1.24 2.2
15 PCFs 8.43 9.7 4.39 5.1 1.60 1.9
16 PCFf 6.13 12.9 1.58 3.3 .24 i
17 PBs 3.60° 24.1 A3 Be Ll BT %
18A Df 4.27 9.2 2.19 4.7 1.31 2.8
18B Dft 80 15.0 A5 5.6 .08 1.0

* In Ps: Apl is 0 to 8 inches; root weight 6 to 8 inches, 2,00 g

* All roots deeper than Ap2 horizon,

3 In PBs: Ap2 is 6 to 10 inches; root weight 6 to 10 inches, 3.60 £
* In Df, B: Apl is 0-8 inches; root weight 6 to 8 inches, 3.30 g.

Loosening by machine is rarely uniform and the roots are rarely
distributed uniformly. Hence, we did not observe the same profuse and
uniformly distributed rooting over the whole tilled depth that was
attained with the maximum soil looseness in our small plot experiment
(Figures 4A, 5 and 6A). The most uniform root penetration over the
depth of normal plus deep tillage that was found in sampling the
machine-tilled plots is shown in Figure 13. The soil had been deeply
tilled without deep placement of fertilizer according to treatment PCs
and consequently it did not increase leaf yield because no deep fertiliza-
tion was applied.

The root system in Figure 13A is relatively uniform and dense within
the plow layer, particularly in the Ap2 and Ap3 horizons. The bulk

Figure 12. Root system of plant grown under normal conditions on plot Ps, Most
rogtus are restric to the plant hill by a disk pan; below this level roots followed
and concentrated around buried trash or residues of preceding tobacco crops.

e S —
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density of the soil ranged from a mean of 1.27 in the Apl horizon to 1.40
in the Ap2 horizon. However, in the chiseled subsoil or B2 horizon, the
root distribution generally coincides laterally with the chisel paths. The
areas most recently chiseled are visible in the soil profile, Figure 13B,
and are marked by pairs of white dots at the bottom of the root system,
Figure 13A. The bulk densities of the root-inhabited chisel channels
averaged 1.37, while in the rootless dikes or beams between these
loosened trenches the density averaged 1.54. Although somewhat non-
uniform laterally, the vertical distribution of the roots as indicated by

Figure 13. A. Root system that shows a relatively uniform distribution of roots over
the whole depth of lillage. B. The profile from which above root monolith was
taken; duF across a row of harvested tobacco on a plot, that for three years had been
deeply til ed: ﬁﬂml 2 plowing plus chisel.inf; from tﬁe furrow bottom, PCs. The latest
runs by the 1 are marked by light-colored subsoil mixed into the plow layer or

Ap horizon.
e TN,
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the relative root weights, Table 8, compares favorably with those of the
hand-tilled plots, Table 2.

The lateral distribution of the roots in the subsoil, of course, depended
upon the tillage method. Completely shattering and mixing the plow
pan with the normal plow layer by deep plowing produced a root en-
vironment which, at least in its lower part, was similar to that in the
small plots where the pan was fully loosened. The uniform lateral dis-
tributions of roots with deep plowing dand hand tillage are seen in Figures
4A and 18A. Chiseling and subsoiling, on the other hand, shattered the
pan at intervals of 14 to 22 inches (Figure 14). After three seasons,
one would expect that the whole soil mass would be cracked, resulting
in an even lateral root distribution, but this was seldom the case. The
reason for this uneven looseness could have been the following: each
year deep tillage started from the same point or side of the plot; on
these narrow plots this put the chisel paths in about the same place
each time, preventing a complete shattering of the compaction pan.
Another reason, as we shall see, could have been the easy recompaction
of these sandy soils. At any rate, this uneven lateral distribution of roots
in the subsoil is not our main concern. As a matter of fact, in a deep-
tilled Merrimac sandy loam with its low retention capacity, some com-
pactness of soil as is found in these dikes of subsoil between the loosened
areas should increase its available moisture-holding capacity (30).

Recompaction was the chief obstacle to our accomplishment through
tillage of an even vertical distribution of roots. Secondary tillage or
“cultivation” and tractor traffic readily recompact the soil loosened or

T

—

1

1,

Figure 14. A trench dug across a plot subsoiled the previous fall, Sf, showing the
beams or dikes of unloosened soil between the shattered areas or grooves the
plow pan and subsoil.

_————T————f

Deep Tillage and Root Growth 37

{iuﬂfed up by tillage. This important problem was emphasized in our pre-
iminary r

Th; ﬁtufil;forotf (tﬁa- tobacco root systems grown in thq present plpts
again demonstrated that disking was partlcularly effective in k)rm.l.ng
a compacted zone, the disk pan, within a plow layer. Root cxt(imsmn.
into this pan was hampered, and this restriction often prevgnted deeper
root develupment_ Another weaker zone of recompaction was sometlme.s'
found at plow depth; it was caused by the pressure exerted by the plow
and traffic on the furrow bottom when the soil was plowed after deep
tillage. A third region of renewed compgctio_n was more local. 'It w]as
formed by the inter-row traffic and -_:'ultlvatmns and started \:w(tlh the
transplanting operation. This compaction, of course, affected predomin-
antly the horizontal root development in the plow layer.

soil ti 5: spri i lus chiseling
Fi 15. Root system taken from soil tilled by PCFs: spring plowing p
e yand deep fertilization from the furrow bottom.

Stratification of the root systems by recompaction could be genera%y
observed, its intensity depending upon the tillage procedure and the
moisture content of the soil during tillage. An average amount of re-
compaction within the plow layer is shown in Figure 15, treatment. }ziCFs
or spring plowing and chiseling from the furrow bottom plus ‘iﬁp
fertilization. The rooting in the Apl horizon is mam’ly restricted to Ie
plant hill, few roots growing into the compacted inter-row areas.d E
the Ap2 horizon, whole areas have few roots, particularly :r} %he_ isk
pan underlying the Apl horizon. In the deep-_tllled Ap3 and B2 101:12?n§
are found the normal concentration of roots in and around the chisele
areas. Deep fertilization greatly increased the root growth in these areas,
as a comparison of Figure 15 and Figure 13A illustrates and Table 8
indicates. This effect is in agreement with the conclusion of Fhe small
plot experiment: the higher the fertility of the subsoil, the higher the
weight of the roots below 6 inches. Whether the deep fertilization had
any effect on the lateral distribution of the roots in the subsoil is difficult
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to tell; the bulk density of the dike of soil between the two chisel paths
was 1.55, which, as we have seen, usually blocks penetration of tobacco
roots in this soil. This root system was taken from a plot deep-tilled
according to our most effective spring-time treatment PCFs. Let us
now see how recompaction affected a root system grown in a plot
treated in the same way, but in the fall.

Figure 16 pictures a root profile taken from such a plot in 1957. The
soil was chiseled with deep placement of fertilizer from the furrow
bottom during fall plowing, and spring tillage was restricted to disk
and springtooth harrowing. At the transition between the Apl and Ap2
horizons, this profile shows a very abrupt break which was caused b{ the
disk pan. Even the very fibrous roots of the chickweed plants (Stellaria
media) that are noticeable along the surface, did not break through the
disk pan. In 1957, when special difficulties were experienced in establish-
ing a plantbed, this disk and traffic pan was undoubtedly aggravated

F iﬁure 16. Root system taken from soil tilled by PCF¥: falltime plowing plus chiseling

and deep fertilization. Plot preparation in the spring was restricted to disk and spring-

tooth harrowing. Very abrupt break gt kabout 6 inches marks upper boundary of
isk pan.

by the intensified harrowing. Of course, natural forces, such as rainfall
and the weight of the svil itself, resettled the plow layer during the
winter. In the lower part of the Ap2 horizon and beneath, looseness
was better preserved and root distribution was similar to that shown in
Figure 13A and 15.

An attempt was made to measure the density of the restricted disk
pan. Core samples were taken at a depth of 8 inches beneath the plant
hill, i.e. about 2 inches below the transition between the Apl and Ap2
horizons with its sharp break in root penetration. At that depth the bulk
density varied from 142 to 1.44, which densities normally are not
detrimental to tobacco root growth in the soil (Table 9). Apparently
the soil layer most severely affected by disking was thin, not much
more than 2 inches. Nevertheless, it was adequate to stop abundant
root penetration.

Another disadvantage of fall treatment is the rapidity of leaching of
deeply-placed fertilizer in this sandy soil. A comparison of the root
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weights, Table 8, for treatments PCFs and PCFf shows that falltime
treatment i ive. . w41

The evidirfszs oiﬁggg; erecompaction indiqates tha; its prevention is
essential to the success of deep tillage. C_)bvmusly, eliminating unneces-
sary secondary tillage and tra%c is crucial. Further we found that the
burial of a winter cover crop was useful in preserving the tilth of the
usual plow layer. In the spring of 1956 a rye cover was plowed under.
Figure 17 shows a uniformly profuse rooting to plow depth, PBs. The
rye cover plowed under apparently cushioned the compacting action

Apl
Ap2
Ap3 TS

B2l

Figure 17. Root system taken from soil where a rye cover crop plus half the surface
fertilization was plowed under: PBs, in 1956.

of the following operations and prevented the formation of a disk pan
and the compaction in the inter-row areas within the usual plow layer.
In and just above the Ap3 horizon on the left side of the root profile,
a mat of old rye roots is clearly visible. This uniform rooting following
the burial of a cover crop can be compared to Figure 12 where no
cover crop was buried. The beneficial effect of cover cropping on a plot
plowed deeply in the fall before seeding the rye cover crop, Df, is shown
in Figure 18A. The rye overwintered and permeated the loosened soil
with a fibrous mass of roots, here and there still visible in t.he Apf
horizon; spring plowing incorporated the topgrowth of the rye into the
Aps layer. This root pattern of the tobacco can be compared to that
shown in Figure 18B where no cover crop was grown and plowed under

Table 9. Observations of the density of root growth in
relation to soil compaction

Bulk Density of roots
density Many Some Few or none

< 1.40 30 2

1.41 - 1.44 3 4 3
1.45 - 1.48 2 6 3
1.49 - 1.52 4 7 1
1.53 - 1.56 1L 3 5
1.57 - 1.60 4
= 161 11
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in the spring; spring tillage was restricted to disk and spring-tooth
harrowing.

Clearly the growth and residue of roots and shoots from the winter
cover helped maintain tilth, resulting in a more uniformly profuse deep
rooting of the tobacco. Apparently this beneficial effect extended itself
to the shoots, because in 1956, several deep tillage treatments produced
significant yield increases (Table 7).

Recompaction decreased the looseness created by deep tillage, but
seldom nullified it completely. The root investigations on the deep-tilled
plots always showed that at least a few roots were able to reach and
spread out into the shattered, open-structured zones in the subsoil. In
contrast to this, on control plots that were not deeply tilled, such an
extension into the subsoil was not observed, Figure 12. The bulk density
of the compaction pan at plow depth was uniformly about 1.60 and
higher to a depth of about 17 inches. Only few roots, following worm
burrows or channels of old roots, penetrated into the plow pan, as is
also shown in Figures 1, 3A, and 17.

Figure 18. A. Root system grown in plot deep-plowed in the fall, about 16 inches
deep, followed by normal pfgfvin in the spring, 8 to 9 inches deep, to mc?)rpo‘i-a‘t?e
the rye cover crop: Df, in 1956. B. Root system taken from soil tﬂﬂsd by Df: d

plowing in the fall, 15 to 16 inches deep. No cover crop was grown and bu.rii?:
plantbed preparation in the spring was restricted to disk and spring-tooth harrowing.

o . |
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In conclusion, root behavior has clearly shown that bulk densities
above 1.52 restrict root distribution, while nutrients affect root amount.
Their behavior also showed that deep tillage seldom caused uniform
loosening and rooting, Because the soil was easily recompacted, two
zones of root concentration were produced: one within the zone of
secondary tillage and one within sugsoil regions loosened by subsoiling,
chiseling, and deep plowing.

With this picture of root development we can understand the in-
effectiveness of deep tillage combined with the standard practice of
concentrating all fertilizer in the shallow surface or Apl horizon where
the moisture is limited and variable. And we understand why the
placement of some fertilizer in or near the deeper rooting zone, which
has a more reliable water supply, consistently increased leaf yields.
Finally, it is understandable wﬁy these increases were modest as com-
pared to those in the hand-tilled plots, where the feeding area of the
roots in deeply tilled soil was unrestricted by recompaction in the top
soil.

TURNING UP CLEAN SOIL BY DEEP PLOWING

Deep plowing not only shatters the plow pan, it may also invert the
soil layers. A deep furrow slice, well turned over, rotates the soil, bring-
ing clean, uninfested soil to the surface, while the old plow layers, carry-
ing trash, weed seeds, and any soil-borne pests, is buried beyond the
reach of most roots. The soil is rotated, vertically. We tested this
sanitation through deep plowing by attempting to control brown root
rot, a major disease of Connecticut tobacco caused by nematodes (1).

The exposure of less fertile subsoil will not nullify any benefits of the
inversion if the subsoil is adequately fertilized, as were the all-subsoil
plots OS and OSF in the hand-tilled plots.

Brown root rot was present in the soil of the machine-tilled plots
described in the preceding chapter. However, the infestation was too
erratic and the degree of soil inversion was too incomplete to permit
an adequate test of vertical rotation. Hence we turned to another, more
thoroughly infested field of the Laboratory farm.

Materials, the Disease, and Methods

Soil. This field was predominantly Merrimac sandy loam and one
block or replicate of plots was Sudbury sandy loam, the moderately
well drained soil of the Merrimac catena, Again, the recent plow layer
of about 8 inches was underlain by a definite plow pan, consisting of a
subsurface or Ap3 horizon of 0 to 8 inches thickness and a subsoil or
B2 horizon,

The disease. For many years this field had annually produced tobacco,
and examination of the tobacco roots had disclosed intensive damage
from the brown-root-rot nematodes (Pratylenchus sp.). Actual counts
of parasitic nematodes in the soil showed that they were generally
present in this field at a destructive level; it was the most thoroughly
infested field on the farm, the best for our experiment.

L
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Infested root systems consisted mostly of bushy tufts of short, brown,
dead, fibrous roots at the base of the stalk occasionally with a few
normal roots near the surface of the soil (1). Naturally, such a reduced
root system cannot supply the necessary water and nutrients for the
shoots, and the above-ground symptoms of the disease are early wilting,
slow growth, stunting, and chlorosis caused by nutritional deficiency
(Figure 19). As described in the previous experiment, good control
of the disease can be obtained by soil fumigation.

Treatments. Whole plot treatments were normal plowings, Ps, 7 to 8
inches deep and deep plowing, Df or Ds, 14 to 16 inches deep with a
moldboard plow provided with an extended wing. With a minimum of
mixing, deep plowing replaced the normal plow layer of about 7 to 8
inches with a layer of inverted, fresh, and uninfested soil of about the
same depth. The whole plots were eight rows or 24 feet wide and 67
feet long; they were replicated four times. For 1956, these plots were
plowed and deep plowed in the fall of 1955; then spring preparation
was restricted to disk and spring-tooth harrowing. In 1957 the plowing
and deep plowing were carried out on the same plots in the spring,
the usual time for plowing.

After tillage, half of each whole plot, ie. four rows or 12 feet, was
treated uniformly with a nematocide, providing a standard for com-
parison. In the fall of 1955, we fumigated with 15 gallons per acre of
ethylene dibromide W-40; in the spring of 1957, with 4.5 gallons per
acre of ethylene dibromide W-85.

) | v

Figure 19, Brown root rot or nematode infestation in normally plowed plot. P
nonfumigated. Above-ground symptoms are clearly noﬂceable); L:m:\;n. ps%&nteii
growth and wilting.

R
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Duri a cover crop of oats was grown; during the
sec:ondn a]ﬂiéagh?ge:?? mixture of oats and rye. The overwintered rye
cover was plowed under when the plots were tilled in the spring of 1957.

Fertilizer and lime were applied to whole plots gccordmg to Morgan
soil tests, adjusting the fertility of the plots as uniformly favorable for
tobacco as possible, Secondary tillage, planting, cultivation, and harvest-
ing were done with conventional field implements. Once again, the test

crop was Havana Seed tobacco, var. K1

Effect of Soil Inversion and Fumigation on Yield

The effects of deep plowing and of fumigation as well as their ir!ter-
action on yield were all highly significant. The results are summarized
in Table 10. L

Fumigation of the normally plowed soil increased yield in both years.
This is evidence of the high nematode population in these plots, of the
damage which was being caused by the nematodes, and also of the
effectiveness of the fumigation. Fumigation of the deep-plowed plots
increased yields little. . .

Deep plowing or burying the highly infested soil was also effective
in increasing yields: in 1957 deep plowing increased yields as much as
did fumigation of the normal plow layer; in 1956, 68 per cent as much.
There was no additional increase in yield, compared with fumigated
soil normally plowed, when deep-plowed soil was also fumigated. Evi-
dently deep plowing and fumigation gave essentially equal control of
nematodes. -

Because deep plowing did not significantly increase the yield from
fumigated soil, we conclude that deep loosening itself was ineffective.
This agrees with our observations in the previous experiment where
plowing to 16 inches also failed to increase yields significantly.

More importantly this experiment in vertical rotation dld' indicate that
deep plowing can help control soil-borne pests by turning up fresh,
uninfested soil. The second deep plowing in the spring of 1957 was just as
effective as fumigation, indicating that this practice could pm\{lde a
vertical rotation of the plow layer in addition to the deep loosening of
the profile.

Table 10. Yield of Havana Seed tobacco in pounds per acre as affected by deep
plowing and fumigation

Deep plowing, Df or Ds

Normal plowing, Ps =

Year Non-fumigated Fumigated Non-f ted Fumi

1956 1670 1960 1870 ;2:3

1957 1580 1770 1770
_.‘
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CONCLUSIONS AND SUMMARY

This Bulletin deals primarily with the improvement of rooting depth.
The coarse to medium textured soils of the Connecticut Valley are in-
tensively used for the production of row crops. In these weakly-structured
soils normal tillage induces hardpans just below the recent plow layer,
and these plow pans inhibit root penetration. Our studies were made
in the Merrimac sandy loams typical of the well-drained and well-aerated
tobacco soils in the Valley. A survey of these soils had shown that most
crops were shallow-rooted, especially tobacco, whose roots were generally
so shallow that it seemed to be an inherent characteristic (Figure 1).

Small field-plots were used to learn which root habits were inherent
and which were controlled by environment, thus gathering basic informa-
tion on deep tillage. These plots were established and managed by
hand (Figure 2), guaranteeing precise loosening and precise placement
of fertilizer and topsoil and assuring maximum soil looseness through-
out the season.

The principal conclusions were:

1. Tobacco can be deeply rooted: breaking the plow pan permitted
deep profuse rooting (Figures 3 and 4). Deep rooting was evident in
all deeply loosened soil, whether topsoil or subsoil. Neither the penetra-
tion nor the distribution of the roots was greatly influenced by fertility,
either in the form of topsoil or of added fertilizers (Figures 5, 6, and 7).
However, the weight of roots below the 6-inch depth of cultivation, as
distinct from their distribution, was markedly increased by the fertility
from a deep placement of additional fertilizer or from a doubling of
the depth of topsoil (Figure 6 and Table 2).

2. Expanded and increased root growth produced heavier shoots:
the higher the root weights in the 6- to 24-inch zone, the higher the
leaf yields (Figure 8). Adding fertility in the form of topsoil was less
effective than adding fertilizer, deeply placed (Table 4).

3. None of the treatments or profile modifications had any large and

consistent effect on the commercial quality of the cured tobacco leaves
(Table 4).

4. The nutritional fertility of the soil was reflected in the nitrate
nitrogen concentration of the leaves, which was closely correlated with
the amount of roots (Figure 9). In the leaves, the quantity of nicotine,
which is synthesized predominantly in the roots, was clearly affected
by soil looseness and fertility and significantly correlated with the root
yields (Figure 10). The concentration of nicotine was unaffected.

5. A micronutrient native to the subsoil was not oversupplied nor was
the chemical composition or quali:jy of the leaves affected through deep
tillage unless the soil profile was drastically changed. The iron concen-
trations of leaves increased significantly only when the plants were
grown in pure subsoil profiles, and even then the commercial quality
of the cured leaves was not affected.

Thus, for our field-scale experiments in mechanized deep tillage, we
expected no ill effects and small benefits except where deep placement
of fertilizer was added. We had found that shattering of the plow pan

P N——
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ool insignificant 8 per cent increase in yield above the
Eielduci:t:gmonrll)é na;:'na ﬁﬂslgiﬁc:d soil? adding deep fertilization to deep
shattering, however, produced a leaf yield that was 24 per cent above
the control. Further, when deep tillage brought subsoil to the surface
and diluted the topsoil with subsoil, it did not affect leaf production.

On the machine-tilled plots the following practices were explored
for three years: 1) subsoiling with and without deep placerpent of
additional “fertilizer, 2) chiseling from the furrow bottom with and
without deep placement of additional fertilizer or chiseling from the
furrow bottom with half the surface fertilizer plowed down, 3) deep
plowing (Table 5 and Figure 11).

The following conclusions and practical considerations are based on
the more important findings:

1. Springtime deep tillage combined with deep fertilization increased
the leaf yields consistently, although not always significantly. Most
successful was spring plowing plus chiseling from the furrow bottom
with deep placement of additional fertilizer. Also beneficial was subbase
plowing and deeper incorporation of half the broadcasted surface fertil-
izer. Both treatments improved the quality of the tobacco, but not
significantly (Table 7).

2. Falltime deep tillage was less beneficial, particularly when spring-
time plowing was omitted. Without spring plowing, dry soil made
intensified harrowing necessary for the preparation of a proper plantbed.
Besides, in most years, fertilizer placed in the fall will be leached by
winter and early spring rains.

3. Effect of deep tillage and plowing is transitory because recompac-
tion of this sandy loam soil is easy. Rain and resettling overwinter re-
compact the soil, but the most severe recompaction is dge to secondary
tillage, which forms a disk pan within the plow layer (Figures 3, 12, 15,
16). Green manuring with winter cover helped to minimize th_ls recom-
paction and might improve the tilth of the soil (compare Figures 17
and 12; Figures 18A and 18B).

4. Roots are restricted by bulk densities of the soil above about 1.52
(Table 9), while fertilizer affects amount of roots (compare Figure 15
and 13A).

5 ' ¥ iformly profuse
5. Deep tillage with machinery seldom produced the uni y :
rooting througﬁout the tilled soil which we had obse;::ved ffotho“qn'g
deep tillage by hand (Figures 4A and 6A). Bec}?mfl’afél it e.tio.ﬂ
just below the depth of secondary tillage limited t e ei-fn ng %}n:; wit ;n
the topsoil and was probably responsible for the Ssmam essri?)d (ﬁ ield
increases from machine tillage, which, over the 3-year period, not
exceed 11 per cent. 1o 16 fal
: ing to at depth, for example 10 Inches, turns u

ml?chDsiel?sol;’)]lozgfllcriigcle&adni‘regfeat };dditions of fertiteRs PhOSphate, ang
ime.,

7. Deep plowi t fresh, Uni“f'?Sted soil and this “vertical
rotation™ I‘;Rg (::\o?,l;?rgolcli;?()\:ﬂouog rot as effectively as fumigation (Figure
19 and Table 10).
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8. Because intermediately deep tillage, 12 to 15 inches, was beneficial,
because recompaction destroys the established tilth, and because costs
of deep tillage increase with depth, tillage to intermediate depths seems
most sensible. Plowing at different depths each year can slow down
the formation of a plow pan. Limiting all secondary tillage and cultivation
to a minimum causes less soil compaction, requires less labor and costs
less; it is a prerequisite for any successful attempt to deepen the effective
rooting depth.

Through logic, one is easily convinced that a uniform root penetration
with large concentrations of roots at lower depths will mean less irriga-
tion and less loss of nutrients by leaching and hence optimum, uninter-
rupted growth. Our observations established the magnitude of the bene-
fits, revealed the problems that accompany deep tillage and explain some
of the failures.

!.\’.}
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