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INTRODUCTION

Farlier root investigations conducted by the euthorl with the
Concord grave in the Niegara Peninsula of Ontario and with the McIntosh
apole in the Okanogan Valley of British Columbia have revealed many
facts for vhich an adequ;te explanation has not slweys been possible.

It has been observed, for instance, that there wes poor development of
greve roots, even in the surface horizon, wherever the soil wes heavy
end compact, while in other soils of lichter texture there wos a luxuri-
ant development of roots at a2ll deoths. Also in the case of apple trees
on a heavy silty clay loam soil, roots hzve been found in sbundsnce at
depths of 6 and 7 feet, while in neerby locations with somewhat differ-
ent soils, most of the roots penetrated only 2% to 3 feet.

It is mo'm that the sun»nly of moisture, nutrients, and oxygen, the
presence of toxic constituents, snd physical impnenetrebility, sre the
most common factors limiting root growth, but the relative imvortance of
each factor has not been definitely known in exnlaining root behaviour
in specific soils. .

Purpoce of the Investissztion

The nurpose of the investicsation wes to determine the reason for
the fsilure of roots to penetrate certein horizons of compact soil, and

some Montmorency cherry trees in the orchard of Michigan State College

growing in z soil characterized by a dense comdzct subsoil, orovided some

Unpublished meterial
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convenlient meterisl with which to work.

Realizing the impossibility of studying ell factors relating to this
phenomenon, it was decided to give particular attention to the influence
of soil porosity upon root behsviour. Such an approach to the problem
demanded the introduction of s study of soil aeration, since the influence
of soil vorosity on root development 1s exerted largely through its con-

trol of moisture and asir reletionshiops.



RFVIFY OF LITFRATURE

There are in the literature meny statements of & definite effect of
aeration in influencing root beheviour. Such conclusions heve been reached
from the effect of waterlogging end compection of the soil on root snd top
responses both in the field end greenhouse, from the results of aeration
studies, and from gas and other analyses.

It hes been remorted by Robbins (14), that tramning and packing of a
heevy orchard soil by cattle resulted in the killing of the fruit trees,
and it is reported that deficient seration wzs directly responsible for
the death of the trees. Likewise, Baver and Fernsworth (3) have found
that the failture of sugar beets on some of the hecvier soils of Chio in.
seasons of heavy reinfall is to be attributed te deficient aeration of the
soll, since the losses were most severe where the larger wvores hed been
lsregely destroyed throuch & gystem of continuous cultivation.

Symptoms of aser=tion deficiency have been even more pronounced in
wsterloceed soils than in those where such a condition has been nroduced
by comvection, doubtless becesuse zerztion becomes even more restricted.
Schuster end Stevhenson (17), heve showrn from studies made in the
Villamette Valley thot roots of nut trees do not penetrate to eny degree
into waterlorzed horizons beceuse of the small amount, or ebsence, of eir
spaece. There was an absence of roots in soil cores taken from such hori-
zons, and it is concluded that deficient aersation rather than the high
moisture level was the direct ceuse of root restriction. Bovynton end

Reuther (4) and Heinicke (12) renort similer observetions in New York.

1
Continuous cultivation reduces soil norosity largely throursh its destruc-

tion of oryenic metter.
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Dean (9) reports that aserrtion of wzterlocced horizons caused the
roots to develon in such soil, even thou:h the moisture content wns well
above the ootimum for nlent growth, and it was slso observed thst the densest
root growth occurred in the neighborhood of the serstinc coils. Tisdale end
Jenkins (21) believe thzat the rice plent mckes better growth 2nd is more
resistant to certain diseases when the soil is zlloved to dry out for 2.
to 3 weeks during the growing sesson, thus permitting the entrance of oxygen,
snd Coville (8) etates that even cranberries end blueberries, which endure
submergence for months when insctive, are harmed by wsterlogging of the
soil for only 3 to 4 days in summer.

Fhether deficient seration is induced by compaction and high moisture
content, or by waterloggins of the soil =slone, it is probable thsnt the
volune of alr sorce becomes the limiting factor to root prowth. Air censcity
is usually renrecented by the volume of non-csnillsry pore soace, i.e. the
voids or svaces not filled with water., It is noteworthy thot the volume
of non-capillere nore gnace is a direct function of moisture percentare
at hich levels of soil moisture, since the volume of large nores decreases
s the soil beccomes filled with water., Fventuelly 2t the vnoint of complete
satnration both 2ir ceoacity and air exchsnge are reduced to zero. Schuster
and Stenhenson (17) are of the opinion that soils with less than 5 or 6
ner cent air space are not fevorable to the penetrztion of fruit tree roots,
eand Baver and Fernsworth (%) believe thst non-cepillarr norositics of 7 to
10 »ner cent are necescarv to produce larse tonnages of suger beets on
heavy soils of Ohio.

Baver (2) reoorts thet soils with hi-h non-cavillervy vwore soece have

usuallv been found to fsvor a repid rate of grs exchenge, although Buehrer (€)
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hes shown that "not all of the void svaces between the vsrticles contribute
to the flovw of gasses throurh such ssszembleces, 2nd thet an annrecilable
provortion of them either terminate in stngnant estuaries or they ere SO
small that they offer a much greater resistance to the flow of air than the
larger pores." It is therefore probable thet a soil with a considerable
proportion of larger pores, but with little or no continuity between thenm
may be less favorsble to air exchange than a soil with a smaller propor-
tion of larger pores, but with minute channels, root and worm holes, cracks
and cleavage plenes to act as connecting channels between st least a part
of the nores. Schuster and Stephenson (17) believe thet such are the prin-
cipel meens of effecting interchenge of gases and dreinage of water, and
Buehrer (6) has found these channels of great siemificance in determining
the rate of flew of sir through soil,

There is some diszgreement concerning the exsct menner in which air
exchange occurs in soil, but regerdless of the nature of this phenomenon,
it is generally agreed thet continuous free pore spaces are normelly essential
in effecting this orocess. Although it is conceded thst diffusion occurs
in pores of smaller dlameter ecually as rapidly es in those of larper diemeter,
£till under optimum soil moisture conditions, it is the lerpge or non-
cevillsry pores only that are importsnt in air movements, for, in most seoils,
the small or capillery nores are filled with wster.

It is probeble, in the cose of meny soils of low non-capillery pore
spvece, that rate of exchenge mev be eaqually as importsnt, if not more imvor-
tant, than eir caoaclty or volume of lsrge pores in determining the suite-
bility of e soil for root growth, since it hes been demonstrested by Cannon (7)

thet slow artificiesl stresming of the soil ztmosvhere permits root development
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to oceur in soilg of relativelr low non-ceoillery nore svece and low

oxygen tension.
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ROOT STUDIFS IN THE ORCHARD

Method of Study

Three cherry trees were selected for root studies, two of which were
in a decidedly vnoor state of vigor, while the other represented more
nearly the average of the orchard.

A trench was dug along one side of the tree so that one helf of the
root system was exposed for root studies. No attempt was made to record
cuantitatively either the extent of spread of the roots or the degree of
branching in each profile, since there was en almost complete absence of

roots wherever comnact horizons occurred. A photographic record wss

therefore considered more satisfactory.

Results of Orchard Studies

Even from casual observation, it was apparent that certzin horizons
were definitely unfavorable for the growth of cherry roots, 2s is illus-

trated in Figs. 1 and 2. There wes almost a comnlete absence of roots

Fig. 1, Response of cherry roots to compact horizons.

(Note how roots have avoided compact soil on
each side of trunk)
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Fig., 2. Results of unfavoresble subsoil for root growth.
(Note how 8ll roots nare on left side of trunk)

Fig. 3, Red cherry roots in favoreble soil.
(Note lerge trunk =2nd free distribution of
roots throughout profile)
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wherever compzct horizons apneared in the profile, while in those areas vhere
the soil wes loose and friable, there was considerasble development of roots,
both laterslly and vertically ss shown in Fig. 3.

Considerable root killing was evident in the surf=zce horizon vhere-
ever comvact subsoils were encountercd. Later studies of pore snace of the
surface sqil in svch locations showed only & smz2ll volume of non-capillary
pores owing in part to admixture of fine textured materials from the compact
subsoil and elso to cultivation. In loose, frisble surface soils, such as
those of Fig, 3, the emount of root killing was smell. Such trees es those
in Figs. 1 and 2 werc therefore denendent upon a root system restricted
largely to the subsoil. Fxemination of weather records for the fall of 1239
end early winter of 1940 showed a 1light snovfall in the fall with a minimum
terpersture of -11° F on Jenuery 11, and it 1s reasonsble to attribute the
root injurv to the occurrence of such extreme cold at 2 time when the soil
wag free from snow. It is emphasized thet this injury wcs of slight extent
wherever the soil wss friable and open, and althouch there ere meny factors
influencing nenetrstion of frost into soil, it is believed thet the absence
of eair enaces in the surface goil hes been responsible, et lesst in vert,

for the occurrence of root injury.
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GREFNFQOUSF STDIFS

Procedure

General Remarks

By studying tke growth of roots of some indicator plant in soils of
varying comnactness in the greenhouse, and supporting these observetions with
en investigation of root growth in geveral soil-send mixtures in which azera-
tion studies were mede, it was believed that & more complete determination of
the suitability of soils for root develooment could be obtained than by limit-
ing the studv to what could be observed in the orcherd.

Alfalfa was selected as the plant for greenhouse studies, nrimarily on
account of its falrly rapid growth under short day conditions. As was shown
later in the investigation, however, the outstanding advantage of this plant
for such a study 1s its hich oxyrgen reguirement, in which, according to
Gourley end Howlett (11), it may resemble meny of our tree fruits. Alfalfa
hes the further advantage that it is adaptable to rrowth under greenhouse con-

ditions.

Removel of Soil Cores

In order té provide soil conditions for the alfalfz »lants in the green-
house anproximating those in the cherry orcherd, it was necessary to remove
undisturbed cores of soll from the field. This was considered esnecially
important, since any disturbance of the natural field étructure mexes radical
chences in soil chzracteristics, esnecially in their structural oronerties.

In removinz the cores from the profile, it was found necessary to sur-

round each core comnletely with a trench, since a glirht strrin was often
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sufficient to split the core elong the mell-develoned clesveoge nlanes.
Cores were aooroximately cvlindrical in shave, snd were 8 to 10 inches in
height 2nd 6 to 8 inches in dismeter. Csans of aonroximntely S-gallon
cenacitr were preoesred with about 2 inches of coarse sand in the bottom for
drainzge, and the cores were transferred to them directly in the orcherd.
Sand was tamoed lishtly into the snace =round the cores, and about 1 inch
of sand was added to the surface to prevent desiccetion in the greenhouse
between irrization oeriods,

Cores were teken in duolicate from different narts of the nrofiles
to renresent both favorsble and unfecvorsble soils for rooting, ranging
from an A horizon to dense and comnect B snd C horizons. Two cores were
taken from a dense sticky silty clav in the vicinity of Test Lansingz in
order to have 2 soil of a distinctly different tyvpe for comnarison with

the cores from the orcherd.

Imnortence of Moisture Control

As was stated earlier, the volume of non-capillory pores denends on
the moisture content of the soil in the hirher ronce of soil moisture
values. In these comnact subsoils with a smell volume of large vpores, a
slizht excess of soil moisture ebove field canacity mey be sufficient to dis-
place 8ll the air from the few larger nores, snd conditions for root
growth rre definitely unfavorable escecially when the tree 1s mekines ranid
growth. Under these conditlons any roots which hsve nenetrnted such
horizons will be existing in sn enserobic environment. The absence of well-
develoned cleavace planeg, minute vores end other netursl chennels would
seem to be sufficient evidence that the sir cepacits of compact subsoils in

soring is quite small or nil, so thet even vithout considering the influence
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of nhvsical imoenetrsbilitvy, conditions for root growth hrve become
unfavoreble,

It wes not gttemnted to have alfelfa roots in the cans evoced to the
gseme conditions of moisture snd aeration &s were cherry roots in the or-
cherd, but rather tn hove uniforml:r hish =soil moisture conditions
throurhout the neriod of investigation. It was assumed that conditions
were similar to those which prevailed in these soils in soring. £&s was
shown later in tkis investigetion, all cores were meinteined et svoroxi-
metely field canacity, which probebly represents a critical moisture level
in soils such as those used in thisg etudy with a small volume of lnrge

nores,

Setting the Plents

One-year old alfalfa plents were dug from the orchard in Qctober
while the leaves near the ground were still green. Only those plants
which bad developed uniform well-branched root systems were used, the
tan root being oruned back to ebout 6 inchee, The goil was removed by wash-
ing, and five plants chosen at random were set iIn each can. The manner

of setting the plents is illustrated in Fig. 4. Conditions were such that

(oarse Send

So// Core

Fig. 4. Pocition of soil core and method of setting pleants.
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the roots could nenetrate the core if the soil was favorsble, hut in the
event that the soil environment was unfevorsble, the olasnts would wvroduce
their roots in the course sand, obteining their nutrient recuirements from
the nodules, and from the surface of the soil core. The plants were
elloved to erow for a veriod of 7 months, in which time it wes considered

that there was ample onnortunity for the roots to venetrste the cores.

Moisture Control

In controlline soil moisture, ecvantace wzs taken of the greet ten-
sion exerted by heevy solls on water; it was therefore possible for the
cores to extract moisture from the sand surrounding them, but the reverse
nrocess would not occur under the conditions of this study. The moisture
content of the cores seemed favorasble for plant growth st the time the
cores were tsken, but in all cases they absorbed water from the sand until
goproximately field canacity was reached, and since the veriods during
which free water apoeared in the sand were not more than %0 minutes in durs-
tion, it is not likely that the moisture level in the cores rose much above
field canacity. At every irrigation, sufficient water was added to cause
drainege through holes in the bottoms of the cans, and it was sttempted to
have the sand continually moist. Usually this wes nossible by applying

water every 2 or 3 days.

Artificisl Soil-sand Cores

Unoerated Cores

Owing to varistions in nutrient level, compesctness and other factors,
it was decided to constrict srtificisl cores using finely ground soil, taken
from comnact horizons, and coarse cuartz sand in different proportions by

welghts; by mixine these comnonents in the drr state 2nd then adding water and
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mixing until & nuddling consistency was reached, it wes honed thet = series
of cores conld be constriucted varving only in different amounts of pore
space of a non-cepillarr size, Mixtures containing the higher oroportions
of sand were exnected to heve the greater vercentage of larger pores.

Cores were moulded in an 8-inch pot, jerring each pot several times
to reduce the size of pores, snd consequently the volume of pore space.

It appeared later in the study that considersbly more car2 should have been
given to the matter of puddling since & small variation in degree of pudd-
ling was sufficient to offset the influence of the soil-sand ratio upon
pore snace relationships.

Plants were set a3 in the csse of the undisturbed cores. Moisture
control wes obtained in the same wav as mentioned ebove, snd from data in
Table 2, it 1s evident that variations in soil moisture greater than 1 per
cent did qot occur between duplicate samples of the same mixture.

Cores of the folloving soil-ssnd mixtures were constructed in dunli-

cate:
1/2 soil - 1/2 sand
5712 » - 7/12
1/2 n  _2/3 n
1/4 n - %/4 n

Aerzted Cores

Fssentially the conditions of this series were similar to those men-
tioned above, excepting that all cores received deily geration. Only one
gsoil-sand mixture (5/12 - 7/12) was used in this series of cores, the con-
stituents being mixed and nuddled e&s in unserated cores. Aeretion was

provided in three of these cores hy running an air tube through the base
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of the cens (Fig. 5a) into a layer of sand, the soil-sand mixture being placed
in the can like a horizon of e soil orofile, with sand above and below it.
Alr was removed through the tube in the base of the can, thus causing a move-
ment of gas within the core (the volumes of air removed were 300, 600 and
900 ml. daily, with each core receiving a different trestment). The method

of creating a flow of air is illustrated and described below.

st T Cod rse Sand —

———Sai/—seqq/ [ore__
:% i ' Fine Grave/] —

Fig. 5. Method of aerating soil-sand mixtures

The other three cores of this series were moulded =2nd placed in the
cans in the same menner as in the unaerzted cores excevnting thzt an air
tube (Fig. 5b) was run through the base of the can into the center of the
soil core. The ends of the glass tubing were covered with a small sack of
fine gravel to orevent clorging of the mouth of the tute with soil and also

to provide a more uniform distribution of air throughout the cores.
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Bir was renoved st eonrovimatelr the same rete from 21l cores in the
zereted ceries, but the durstion end amount of deily reroval were varled.
Tnder each of the gerated soil cores, an enparatus was constructed
(fig. 8) to creste s uniform flow of =air, throucrh rednction of air
nresaure, over a considerzble neriod of time. Tt consisted ecrmentially
of 2 large bottle (the crester the diameter, the more wniform the flow of
2ir) connected br meeng of en sir tube to the soil core chove, and with
a sinhon ending in 2 canillary glass tin to rerulate the flow of water
from the bottle. It wes found thet a stop cock was recuired as well es
the canillery tiv in order to reduce the flow of water to the rzte of 2
to 3 drops a second. To adjust the apparatus to remove Z00 ml, of air
daily from a core, it w=2s only required to kave this volume of weter re-

.
moved from the bottle, the larger volumes being obteined by reising the

water level in the bottle. FHence both amount ond durstion of daily

aerstion trestments vere varied with rote of eserztion constent.

|,—,)
o)

-
o

Yethod of Studrying Foots in Soil Cores

Oving to wide differenceg in types of rooting in different soil tynes
investigated, end it wes frecuently observed that this phenomenon occurred
even in different perts of en individusl core, it was considered that
quantitative studies of root growth in the different cores would not give
sigmificant results,.even though 81l the roots from a core were removed
and meesured. By mekinc macroscopic observetions on such characters as
emount of branching of rootg, locetion of brancheg end nenetrztion, end
sunplementing these with binocular studies of certein minute detzils such
es the formation of root hairs, it wes believed thrt some conclusions could

be reached concerning the suitability of & given tvoe of s0il for root

develepment.
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Fesults of Study

Root Growth in Undisturbed Cores

Pezr Orchard (%2 - 40 inches)

Under field conditions, few roots were found penetrsting the cores from
this horizon since thev were tzken from a depression where water freocuently
remeined for considersble time in spring snd slso following torrential rsins
in summer. It is orobable, however, that the moisture content of this
horizon is lover than in that immedistely above, since there was no reason
to expect poor drainege conditions in a soil with the development of cleavage
planes and lerge vores thet this goil possessed, slthough the presence of
a compect horizon below might create such a condition. The soil was a psle
yellow-brown silty cley loam containing gravel of various sizes edmixed.

The oH was 7.4 to 7.6.

Cores broke readily elong cleavege planes, which were most pronounced
in this soil, the horizontal planes being much better developed than those
running vertically. Many vores of various sizes end shaves were detected,
some of them being as large as 0.4 cm. In diemeter. It wes of interest to
note the small denosits of organic metter in some of these vores, =nd since
many of these were isolated, it is hardly possible that they represent
residues of o0ld roots.

For the most part, roots followed planes of natural cleavage, ss shown
in Fig. 7, with root hzirs appearing clearly wherever root tins entered a
large pore, and it was also noted that there was little penetration into the
s0il bevond the cleavage vlenes, Constrictlions were noted near some of the
root tips where they penetrated the svaces between psrticles; these tins

usnelly enlereged seein when resistence to their progress decreased. This
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Fig. 7. Root growth in core from subsoil of pear orchard.

(Note luxuriant root growth on nlsne of cleavsge)
phenomenon is similar to that noted by Taubenhaus et al (19) in the case
of roots of the cotton plant which developed normally as long zs the soil
was moist, but beczme strangled later in the season in a subsoil horizon
of hard, dry clay which prevented enlargement in diameter.

Cherry Orchard (16-24 inches)

The horizon from which these cores were removed was almost impenetrable
to cherry roots under orcherd conditions. The soil was & pale yellow-brown
silt loam conteining some gravel admixed, varying from prismastic columnar
structure snd somewhzt friable consistency to cloddy structure and compact
granules, The pH was 7.2 to 7.5. Cleavage nlanes were well developed
verticelly as is illustrated in Fig. 8. WMinute pores could be observed with
the naked eye, and excepting where the consistency was somewhat frieble,

root development was lergely restricted to planes of cleavage, a few root
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channels and the minute pores.

Fig. 8. Root growth in compect core from cherry orchard.
(Note lateral brenching =nd nodulation on cleavage
plane contrasted with relatively unbranched condi-
tion in lower part of core)

Lateral roots developed freely along cleavage planes, and even a few
single nodvles were noted as shown in Fig., 8, The thread-like cheracter
of the lateral roots znd presence of nodules on roots in the cleavage plane

are illustrated in Fig. 9.
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Fig. 9. Dissected roots to illustrate (above) nodulation
and thread-like lateral branching on cleavage planes
and (below) large diameter and zbundant branching
of roots in outer lazyer of cores from A horizon.

A Horizon from Cherry Orcherd

This soil is a dark gray-brown sandy loam contzining considerable coarse
gsand, with 2 friable consistency and compact struéfure. No organic residues
or fibrous materials were detected in October when the core samples were
teken and this was not unexpected since the amount of orgsnic material added
to the soil annually through cover crops hes been nuite small; It is
believed that the compact structure or sbsence of large pores is to be 2ttri-
buted to the effect of continuous cultivation with only small returns of
organic materials, and there are meny reports in the literature of such

degradation of pore space (4), (5).
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It is entirely possible that following cultivation in spring, condi-
tions for rooting in this horizon are ruch more favorable in the orchesrd than
later in the season when the temvorery effects of cultivetion upon non-
canillery porosity have largely disanpeared.

Few root or worm chennels, or large pores were observed either with the
naked eye or with the sid of binoculars, and clesvapge planes were entirely
absent. The pH of this horizon was 6.8.

In the outer lesyer of the cores, conditions were apnerently favorable
for root develonment, as showtm by the dissected root in Fig. 9, but the
number of roots penetrating the interior of the cores wes comparstively few.
Those roots which followed old root channels were characterized br their
thresd-like form and free brsnching hebit, while those vhich venetreted the
cores vere whiter in color, larger in dismeter znd snersely branched,
esvecially in the interior of the core.

It should not be inferred from thece obcervetinns thet roots would not
develoo in such horizons in the field. It is nrobsble that the moisture
content under field conditiong is somewhat lower than under the conditions
of this investigation, so that rooting might occur in the orchard, while
under such exverimentel conditions as these, there would be little or no
development., Further, it should be mentioned thet under orchard conditions
the cherry roots had no zlternative horizon from which they might obtoin
moistnre and nutrients more easily, while in the case of zlfalfs roots in
cans in the greenhouse, 2 loose and open rooting medium wes provided by the
surrounding send. Apopsrently the z21felfa roots were zble to obtzin ell their

remirements from the sand snd from the outside of the cores.



Fig. 10. Root growth in weathered core of heevy silty clay.
(Note minute pores throurhout exposed surface and
rooting on planes of cleavage)

Fig. 11. Root growth in unweathered core of heavy silty clay.
(Note absence of minute nores and of roots on most
of exmosed surface)
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Hesvy Silty Clay (24 - 32 inches) and (%2 - 49 inches)

Observations cre reported on both a weathered end en unveoilbered core,
since the response of roots is cuite different in each. The core illustrsted
in Fip. 10 wss taken at a depth of spnroximetely 24 -Z2 inches, represent-
ing e core of weesthered soil, ss indicated by the reddish-brown oxidetion
color, the considerable cevelopment of hortizontel clesvege planes, the
platy structure, and the presence of minute pores. The lower herizon
(72 - 40 inches) evidenced little weethering, shoving little develovment of
clesvege planes, znd in most of the core, nct even the smallest of vores
viere visible &s is shown in Fig., 11. It is significent thst in both the
unweettered snd weathered cores, there was no indication of impenetreble
nroverties such as existed in the orchsrd subsoils studied. The nH wes ebout
e.0.

The differences in root distribution of the slfslfe between the two
cores is shown in Figs. 10 end 11. In the weathered core, there were meny
roots ramifying throush the core, and esnecizlly along cleavage plenes. No
nodules were noted elong the clesvage plcneg, but, &3 in the cs<e of the
other cores, thev soneered in profusion just benesth the =surfece of the cores.
In most of the unwesthered core, there was a comolete absence of roots, &and
only where a slieht degree of weathering avveared was there eny develooment
of roots. The white color of the roots in these cores wes chesracteristic,

vhich is an indication thet toric conditions did not exist.

Nutrient Studies of Soil Cores
In order to assist in the interoretation of root distributicn of the
2lfslfa nlents in the different coil cores, some stvdies were made of the

nutrient level of the different coils under investigation. Fesults sre

nrecented in Teble 1,
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Table 1. Nutrient Studies of Soil Cores™

P50¢g C=0

Soil _ nom. pom, Corhoncte ~H
A Horizon 0.8 60 No tect 6.8
Heavy Silty Clay 0.5 220 Very hich 8.0
Pear Orchszrd (24-2Z2%) 0.5 125 No test 7.2

n " (32-40m) 0.5 100 No test 7.4
Cherry Orchsrd (16-°4m) 1.0 100 No test 7.4

" n (2a-z2m) 1.0 100 Fish 7.8
Artificisl Cores 0.5 100 No test 7.4

*
211 teste for zvsilchle nutrients mede by fimnley Rovnid Meathod

In internreting the rersilts of such etudies, it is necessery to decide
whether or not there is an ademmete suovly of available nntrients, and
2lso vhether eny nutrient element or toxic conctituent srcnesrs in excecss.
It wss considered thet the test for nhorvhorus wss esoecially importsant,
in thet soluble arsenic ghows up in the test for phosphorus, znd instances
of zrsenic toxicity have been renorted in the surface horirzon of orchard
soils. As far ss the test for arseric is concerned, it is of little signifi-
cance whether e low test for nhosnhorus is to be attributed to either
arsenic or phosphorus, or both, since in sny cese the arsenic content would
be too low to be of eny sicnificence. It was considered thet ersenic
toxicity was most 1likelr to occur in cores from the A horizon of the cherry
orcrard, but the low test for phosohorus of 0.% ppm. immedisztely dismisses
this nossibility. It is not likely thezt nhosphorus deficiency has been

responsible for ebsence of rooting in env of the cores, =since there vzs
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no indication of this in the ertificiel aerated cores in vhich a test of
0.5 pom wes obtained.

The dete for calcium are presented because of the high recuirement of
slfelfa for this element (19). It is sirnificant that sufficient evsileble
calcium epneered to be nresent in all soils, end even when the pH value
rose to 8.0 in the heavy gilty e¢lev, there wes an sabundent supnls of cal-
cium to meet the recuirement of the plents,

High tests for iron were obtained in the most comnact of the subsoils,
end it is probable that these horizons have been cemented by depositions

of iron end eluminum colloids.

Root Growth in Artificiel Soil-send Cores

Tnaereted Cores

Perhzns the most significant result of the entire investigation was
the almost complete absence of root nenetration in all unsereted cores,
regerdless of the proportion of soil to send. There was a2 considerzble
develoorment of roots in the O - 1/2 inch leyer on the outside of some of
the cores, with mesny lzrge comnound nodules just beneath the surfece where
seration conditions end nutrient sunnly were apozrently oculte favorable.
In only one core (1/2 soil - 1/2 sand) wes there any penetration beyond
1 to 2 inches. It 1s at once apparent from a study of Fig. 12 that only
a few roots hove penetreted invards more thsn 1 inch, end no roots have
reached the center of the core during the 6-month peried of growth.

Penetrntioﬁ of roots apnenared to be more extensive in those cores in
vhich the pores were larger, the presence of the larger vores indicating
less puddling then where onlv smaller sizes were onresent. It is notshle

that no relstionshin wes to he found between provorticn of soil to sand



Fig. 12. Cross section of unaersted soil-sand core
(Note very shallow penetration of roots on
211 sides of corel)

: Alfalfa roots were vermitted to grow in the sand on all sides of the

cores so that penetration might occur enywhere on the surfsce.
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Fig. 13. Cross section of serated soil-sand core
(Note nodule in cosrse gravel in center)

and extent of rooting, but there wes evidence to show that the effect of
puddling wes so pronounced thet eny influence of the constituents of
these artificisl cores wes macked. It is essumed that eseration conditions
were more favorable in those cores in which lzrge pores were found.

In order to checik the efficiency of the method of irricating the
soil cores, duplicate moisture determinations were made of the unaersted

cores at the time of root exemination, s was mentioned earlier. The
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results of this study, together with the moisture ecuivalents of the same

mixtures are oresented in Table 2. Tith the excention of the 1/3-2/3

Table 2. Per cent moigture in artificial unaerated cores
at conclusion of experiment

Per cent moisture

Mixture of

of Per cent moisture moisture ecuivalent
soil-sand (br wt.) (aoorox.)
1/4~ 3/4 10.¢9, 11.2 12.1
1/3 -2/3 11.3, 12.4 12.8
5/12-7/12 12.7, 13.7 12.3
1/2 - 1/2 12.9, 12.2 12.5

Moisture enuivalent determined at pF 2.6

core, there was a tendency for high moisture values to be associsted with
higher moisture eouivalent, but further dete concerning this core (Fig. 21)
have shovn it to be somewhat abnormel., It is therefore believed thet
moigture conditicns were mzintained uniformly in 211 cores of this series,

with aporoximstely 1 per cent veriation between dunlicate cores.

Aereted Cores

In contrast to the ahsence of rooting reported in all uncereted cores,
it was noted in =11 those recelving zerstion treatment, that there vas s
luxurisnt develooment of roots as is shown in Fie., 12, Since the only
difference between this series and the unserrted series wes the use of

ertificial aeration, it seems reasonsble to conclude that the differences

in rooting were associsted with that factor. As far ss it was possible
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to determine, the puddling was similsr to that in the unaerated cores. At
no time during the course of the investigstion was the sgand surrounding
the cores allowed to become dry, for, although water was aspolied less heavily
then in the unaereted series, it was put on more frequently; hence it is
not likely that the moisture content of cores in this series differed
significently from those in the \unaersted series.

After making detziled observations of the extent and habit of rooting
under the different aerstion treatments, it was apoarent that the lowest
treatment (200 ml. daily) was equally as effective in stimulzting the
development of roots as were the higher degrees of zeration. Some concep-

tion of the ramification of fine roots cen be obtained from Fig. 14,

Fig. 14. PRamification of roots as & result of aeration
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As compered with roots from wunserszted cores, these were larger in diameter,
more freely branched, and vossibly whiter in color. There was an ebundance
of root hairs near the root tips wvherever the roots entered one of the
larger nores, vhich according to the investigations of Snow (18), is an
indication of satisfactorv aeration conditions.

Since no detecteble differences were noted in root response to the
different degrees of eerstion, and since the ssmnling of roots for dry weirht
or length determinations seemed to present many possibilities for error,
it was decided to resort to chemical meeasurements of the effect of eeration.
Providing the lowest rete of aeration was insufficient to meet the needs
of the nlants, it seemed ressonsble to exnect that nitrificetion would be
greatest under the higher aseration treatments. The deta presented in

Table Z would seem to show that the higher degrees of serztion had caused

Tsble 3. Fffect of Aerstion upon Nitrificetion

Aeretion from center

of core Nitratest
(M1. ner deav) ppm.
200 6-12
600 10-15
900 10-20

Aeration from below

300 6-10
600 10-15
900 15-20
Check (Unaersted) 5-10

1 Nitrogen determinestions made by Simnlex Ranid Method



(32)

significently large differences in nitrificeticn to warrent conclusions
concerning the effect of different rates of serstion. Althoush dunlicate
determinctions were made, it is considered that the range of resdings for
each treztment is too greet to indicate more then a tendency for nitrifice-
tion to be related po<itively to degree of seration. It cen be steted,
however, thet higher degree of eerstion hes tended to stimulete microbiocloei-
cel activity more than the lower treatments, and 1t seems ressonsble that
there should be a similesr reletionshin between serstion end root growth.

Moisture determinations wvere not mede as in the unsersted series,
end it can only be assumed from the results with unaereted cores, thet
there waa no greater fluctuation than is shown in the molsture vszlues in
Teble 2. It was reslized, however, thet a luxuriasnt develovment of roots
in tkis series must hove recuired a considersble volume of water, and it is
not known whether or not the passage of water througn the soil wes suffi-
ciently ravid to maintain moisture conditione relativelv constant. This
is an imovortent considerztion in view of the fact that lover soll moisture
velues within the cores would make conditions for rootine more favorable.
At the time the experiment was in progress, 1t was considered thet the
meintenence of a continuously hiegh moisture content in the surrounding sand

would be sufficient precaution in moisture control.
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DISCUSSICN OF ROOT STUDIFS

As fsr es root deveclooment in undisturbed soil cores is concerned,
it spreered that penetretion of roots wes fevored by well-develoned
cleavare vlanes, root and worm boles, minute channels, and other natursl
vassares through the soil. It is valuable, in this connection, to comnere
the behaviour of alfalfa roots in soil with thet noted by Thornton (35)
with nodule bacteria in zrar culture. Tt is reported thet the most
efficient nodules (those most active in nitrification) developed at the
surfece of the cvlture or st some vnoint vhere shrinkege or cracking of the
egar permitted free eccess of eir, Plants with nodules embedded in apar
grew very poorly end geined no nitrogen, but the same nlants were ennar-
ently stimulated to new growth when cracks'occurred in the 2gar, thus
exposing the nodules to air. It is considered thet similarly favorsble
aerction occurred in undisturbed soil e2long clesvage plenes and other
natural passareg, while conditions within the soil clods, or in the noorly
develovned cleavarce planes, were not suited to the grorth of nodules.

In the more compact subsoils investigated, it is probsble that defi-
clent seration has not been the only factor limiting reot grovth, since
the pnarled and tortuous nature of roots found in such soil indicsted thet
it was difficvlt for the roots to penetrate it. It should be mentioned,
however, that white roots were found, even within the soil clods, in e11 but
the most compect of the soils studied in the greenhouse (Cherry orchard
24-22 inches), but there wes little venetration heyond 2 inches from a
cleavace nlane. It would be interesting end informstive to anply seretion

to some of the undisturbed soil from these compect horizons and elso from
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tight A horizons in future studies. It is noted that Heinicke and Boynton
(12) by aerating the subsoil of a Dunkirk silty clay loam in New York
obtazined significant resnonses in tree grovth, leaf area, shoot growth
and in gain in cross section of trunk. It is not stated whether or not
root development was Improved bv this trestment, but it can be inferred
from the hicher oxygen concentrations thst there was an effect upon roots
also.

Then it is recalled that most of the non-cepillary pore spaces of com-
nact horizons found in nature aorear to have been filled with colloidal
metsrial from the unper horizons, it is conceivable that aeration condi-
tions mey become definitely unfavorable for root development, esrecislly
unéer high soil moistare, since e slicht excess of water above field cavac-
ity is sufficient to displace the air from the limited volume of pores that
remain,

The influence of geration in ctimulating root develooment in
srtificisl soil-sand cores is unanestion=ble. As was stated ecrlier,
alfalfa plants have high oxveen reculrements, in which they are believed
to resemble certain of our tree fruits, and the orofuse ramification of
roots indicates a favorable resovonse to such conditions. Ths fact thot
artificizl aeration was necescary in order to ohtain vieorous root develop-
ment in these mixtures is strong evidence of the fundamental importance of
aeration in permittine root penetration in the undisturbed soil cores
gtudied. It is further in7icetion of the peneral necessitsr for eir exchenre

in the develooment of roots of other plants of similaer oxyeen recuirements,



Fig. 15. Apparatus for measuring volume of pores evacuated
at different tensions.
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Fig. 16. Sketch of evnsratus for measuring volume of pores
evacuated et different tencions.

PORNSITY DETFRITHATINNS

Procedure

The npnaratus used for porosity determinstions is similar to thet
described bv Bradfield and Jamison (5), differine essentiallr in the
method nf controllinc tension in the nosition of the burette. The
aonaratus desigmed for this studf is reoresented in Figs. 15 and 186.
Essentially 1t consists of a porous olzte fused in the bottom of »
gtraisht-walled plass funnel, the lover frce of the nlate beinz in contect

with 2 free weter surface. The connection between the moi=ture in the
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soil and this free water surface is continuous throuch the porous nlate.
Wazter removed from soil pnlaced on the »nlate 1s alloved to collect in =
burette where it cen be conveniently messured., The nertisl vacuum is pro-
duced b7 a water pumn connected through a vacuumn tenk to & sensitive mano-
meter. In msking water extrsctions at low tensions, it was found necessary

to use water as the manometer fluid in order to adjust the tension =sccurately.
It was found desirable to have the water msnometer on the one side of the
stend and a mercury menometer on the other.

The most important part of the epparstus is the porous nlate or mem-
brane in the base of the funnel. In this study, a Jena sintered glesss
nlate sunnlied by the Coors Comneny wes used. According to snecifications,
this nlcte consists of a thin laoyer of sintered glass of 5 porosity over a
laver of 2% porosity, the »ore diameters of the entire plete renging from
1.7 to 1.5 ar eter is held in these small pores with such ereet force that
it is suponsedly possible to exert tensions of 62 em. of mercurr (810 cm.
of water) vithout air nassing throngh the plate. It was not nossible,
however, even with »rolonged bolling in ve2ter to use tensions =bove %6 cm.
of mercury without leaksge of sir. Since a tension of 30 cm. was suffi-
cient for the nurnoses of this studr, the olaste »nroved to be entirelw
satisfzctorv, =2nd it red the edventege of permittince renid percoletion of
water. Tensiometer cuns were not found to be practical for this study on
account of the extremely slow movement of water.

In cendncting studies of vore spece of ssnd or oulverized soil, a
given volume, sbout 220 cc., is nlaced in the funnel 2nd a tension of 20 to

1 .
3) cm 1is exerted in order to remove the eir from the internal nore soaces.

1 cn. refers to heigsht of mercurry column.
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After extracting at this tension for 5 minutes, boiled distilled water
from the reserve water supoly is slowly drewn througrh the norous nlate by
opening the three-wzy stoo cock, and sto» eock A, and clozing B and C. The
tension is continued in order to insure comnlete wetting of the soil enA
filling of all air speces with water. When the water has comvletely
covered the soil, the flow of weter is closed off, snd after standins under
tension for a few minutes, it is assumed thet all of the nores heve been
filled with water.

When a determinstion of pore snaces evacuated under the force of
gravitr is to be made, drainage of water is checked by closing stop cock B
st the moment the free water disappesrs from the surface of the soil, and
a reading of the burette is made. A second reeding is mede when no more
water dreins from the soil under gravity, and it is considered that this
volume represents the gravitatlonal or free water. This extrsction is
orobebly of little significance when pulverized soil is relnz studied
because the n=tural structure has been largely dersnced and the volume of
free water would be of no significance. W¥ith undisturbed soil cores,
horever, such a determinetion is of considersble significance beceuse it
is & meesure of the volume of the larger nores, #nd it is these which are
of most significance in eeration. It 1is vrobable thst root and worm chen-
nels, netural fissures and cracks, and the major portion of the larger
vores are at least nartly drained in this extraction, snd thet they are
almost comnletely drained under s tension of 1 em. 1In the case of corun-
dum and 40-20 mesh sand, it 1s notevorthry thst the volume of pores dreined
at zero tension amounted to only O.2 and 0.6 ml. respectively, as shown in
Fig, 18, while in snme of the undisturbed cores, it amounted to r3 much

as 2 ml. The volume of the pores evacuated under the force of gravity has
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been recorded in the moigture-tension greohs 2s a solid horizontal line
just above the base line. In this study, the force of gravity has been
represented granhically es zero tension, so that in making comnsrisons
between these data and what have been obtelned by other investieators, it
is necessary to mzke a small correction since the tensions herein renorted
are about 0.2 cm. grester then the acturl force of grevity. Bradfield

and Jamison (5), for instance, place the gradusted pinette on the same
level as the uvper surface of the soill; with such apperatus, it is neces-
sary to exert a slight tension to remove the water which in this study

was removed under gravity.

After extrection under gravity has been completed, successive tensions
are exerted, eand the volume of water evacuated at each increased tension
is recorded. The width of the tension classes (0-0.4 cm., 0.5-0.9 cm.,
1.0-1.4 cm., or 1.0-1.9 cm.) must be decided by the n=sture of the soil as
is discussed below. Mois ture-tension curves can be constructed more
accurately when narrow tension classes are used, and tris is especially
important in plotting the hortizontal portion of the curve, as illustrated
in Fig. 18, It is unnecessary, of cnurse, to mezke more than 2 determina-
tions in order to nlot a strsight line, so that some conception of where
the lines are likely to change direction is veluesble. In the case of the
495-20 mesh sand, for instance, it was necessarv to meke extrzctions a2t
tensions of 0.5, 0.8, 0.9, 1.0, 1.4, 1.8, 2.5 and 20,0 cm. in order to
construct the curve accurestely, while with some of the samnles of finer
texture, it was sufficient to mzke extractions at tensions of 1.0, 2.0, 3.0,

4.0, 5.0, 10,0, 20.0 and 30,0 cm.



(40)

In oreliminzsry trials with the zonaratus, some difficulty wes experi-
enced in determining whether or not extraction at a given tension wzs com-
nlete. The cenillary tip at the ton of the burette affords a rs»id end
simnle test, for by exerting e slight nressure on the connecting rubber
tube, and then releasing the pressure, a esmall bubble of air apnears in the
capillarv gless tip. If ecullibrium has not been reasched, this bubble 1is
goon forced out into the burette, and extraction must be allowed to con-
tinue further. The danger of incomplete extraction of water is esneclsally
great when heavy soills sre being studied, since the rate of water move-
ment is very slow owing to the minute chennels through rhicﬁ the water must
move,

Some imoortant modifications of the above orocedure must be introduced
when undisturbed soils are under consideration, for it would be hardly
possible to prepare a core which exactly fits_the funnel. Baver (4)
describes a core samnler vhich permits tre insertion of & brasss cvlinder
within itself; after teking the core, the crlinder containinz the soil
column is clamped onto the porous plate. Such methods of core sampling
can onlvy be used, however, when the soll is free from grevel, roots =nd
other such coesrse materisl. In the soils under investication, smell stones
occurred frecuently, so that it was necessary to shape the cores with a
knife; such a procedure elso elimineted the danger of comnacting the cores
during sampling, = precasution which is especially importent in this studr,
since it 1s the larger pores that sre most affected bv such compaction.

In preliminary trials, undisturbed cores were used without covering
of any kind. It was found, however, even vhen water was introduced ~uite
slowly into the funnel, thet slaking and erosion occurred on the surface

of the cores, and an accurate meczsure of the volume of pores drained at eech
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tension was imonssible., There was also the dissdvantare thet it was never
possible to calculate the exact volume or weicht of the core after material
was lost from the surface.

It was found that, by covering the base and sides of the core with =
gingle lsyer of cheesecloth with as little overlapning as possigle, the
error caused by slaking and erosion could be eliminzted. Since a consider-
able amount of water is reteined by the cheesecloth after saturation of
the core with water, it is necessary to meke a correction for the volume
of water removed from the cheesecloth at each tension. This was done by
covering waxed soll cores with the same piece of cheesecloth and making
triolicate determinstions of the weter drained from the cheesecloth. By
this orocedure, it was found thet an eccurate correction could be mede for
woter removed from the cheesecloth at tensions above zero, but there were
variations of 0.1 %o 0.3 ml. on drzining under grevity. It is assumed
that this variation is the error inherent in the method of measuring gravi-
tational vater snd thzt no greater error is introduced when the undisturbed
soils core is used. Further, it is not likely that the error involved in
the use of the cheesecloth is as great as the error of sampling, since a
single root or worm channel in the core could e=sily cause a veriation of
gseveral times this amount.

In conducting a pore space determinetion of en undisturbed soil core,
all changes in tension must take nlace gredually in order to orevent
derangement, of the netnrsl structure. Vhen air is removed suddenly from
the core, there is danger of frescturing the walls of the pores oving to the
sudden release of alr from isolated pores. Likeswise, weter muct be zdmitted
slowly in order to prevent similar elterations in structure, esvecially
in soils of unstable aggregates. Both the neriod of extraction of sir

preceding saturation with water, snd the veriod of wetting must be extended
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somewhat loneer in the case of undisturbed cores then when pulverized
soil is vsed, =nd especielly vhen compact subsoil is beinc studied.

In order to measure the volume of the v»ores evacusted under the force
of gravitv, it is necegsary to remove the water from sround the core as
auickly es possible so thet any free water in the large vores or cracks
in the soil does not drain into the funnel before measurement of weter in
the burette has begun. By connecting a rubber hose and drainage bottle
to the tension line (illustrated in Fig, 15), it wes possible to remove
almost all the free water from around the core in less than 5 seconds.
Determination of the volume of vores extracted at each increased tension
was made &s in the case of the pulverized soil.

After extrection of water was comolete, 2ll cores were weighed and
a determination of volume was made by dioning the cores in melted pzra-
wex at 700 C. end then measuring the amount of weter ther disnlzced on
immersion in water. The parawax was heated until soft, and it was possi-
ble to remove it without removing soil from tne core. A determinction
of drv weight was then made by heating in the oven for 24 hours at 97° C.

and all moisture percentages were based uoon this oven dry weight.

Fxnreacion of Tension

The relation of moisture content to tension cen be vlotted grephi-
celly without converting the tension velues in centimetres of mercury or
water to logarithms, but the space recuired for such a renresentsztion makes
this method impracticesble when s wide rsnge of tensions is considered.

By using the logarithm of the capillery potential, pF, it is possible to
represent moisture-tension curves on one graoh which covers a wide range
of tensions. The term oF was introduced by Schofield (16) to exvress

the logarithm of the height in centimetres of the column of water that is
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necessary to produce the desired suction or tension. For examnle, a
force which sunports a column of weter 1000 cm., high is seid to have a oF
of 3 since the logarithm of 1000 to the base 10 is 3, Similerly s columm
of water 10 c¢cm. high must be supvorted by e force whose pF is 1, since the
locarithm of 10 is 1. Forces messured by mercury columms can be converted
to eauivalent water columns by multiplying the height in centimetres of
mercury by 13.54, The relationship of the height of mercurv and water
columns to pF is illustrated by the graph in Fig. 17.

The grestest tension at which water was extracted in this study was
pF 2.8, which, according to Russell end Richards (15), is only slightly
below the pF of the moisture eocuivalent.

According to Bradfield snd Jamison (5), the diameter of pores evacu-
ated at a given tension can be calculated from the formula d = ,%0/h,
where h represents the tension in centimetres of wzater. For examole,
at a tension of 60 cm. of weter, it is considered thet all pores are
dreined which have effective dlameters lerger than 50,. From the curves
of Fig. 18, it is seen that pores in corundum are largely ebout 60, in

diemeter, while those of the 40-20 sand sre largely in the 270, class.

Sienificance of “Moisture-tension Curves‘

Curves for corundum end sand have been presented for the purvose of
illustrating tre sienificsnce of certain chrrecteristics of moisture-
tension curves. The short horizontel lines, to which reference hes elready
been mede, indicate that the volume of pores drained under the force of
gravity is relsatively small., The neerly vertical lines show that there

are few pores in the corundum esbove 60y 2nd szbove 270, in the send, end a
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large number of the pores fall within relstivelv narrow cless limits.
For the purnoses of this study, the vortion of the curve above the flex
point (the more or less horizontal portion of the curve et the point where
it begins to swing unrerds) is not of much significance since it has
already been well est=blished (4) thet it ie only the non-canillery pores
(those evacuvated from zero tension to the pF of the flex voint) that are
instrumental in soil aeration. On the other hand, when soil moisture move-
ment is considered, these small pores msy have considereble significance.

Ae for o3 this studr is concerned, the volume of the pores drained
under the force of gravity, and from zero tension to pF 1.0 and perhaps
the height of the flex point, are considered to have spvecial significance
in indicating or mezsuring the seration canacitr of soils. It is evident
that the length of the horizontal line, together with the slope of the curve
from zero tension to oF 1.0 is elso a measure of the volume of pores which
contribute towards serztion. PBRever (1) has found thot the tension of the
flex point, 2nd the volume of water removed from zero tension to the pF
of the flex ooint, heve considermble influence uvon the rate of permes-
bility of water. The lower the pF of the flex point, end the larger the
volume of nores drsined et low tensions, the greater was the permesbility,
and since szeration end revnid nermeability of water ere conditioned by the
same or similar fectors, 1t is cuite vossible thnt these characteristics of
moistire-tension cnrves sre also indicetive of the zeration to be expected
in a soil in which free drsinece is nermitted. In this studvy, snecial
emphasis has been placed unon the volume of vores drained from zero tension
to pF 1.0 since nores dreined at tensions sbove thisg noint are too small to
influence aeration to any considereble extent, even when moistire condi-

tions =re optimum.



(47)

Oving to the length of time recnired to meke vore snace measurements
by this metrod, it wos imnossihle to mzlke more than one det:rninestion with
most of the soil cores. The cheracteristics of the entire moisture-tencion
curve sre interesting, but it seems probsble thst the careful determinction
of thet vortion of the curve from zero tension to oF 1.0 by decreesing the
interval between determinations, and reoresenting this ~ortion in detail
on the greoh, would give a better representrtion of the aeration charscter-

istics of 8 soil; measurements at hicher tensions could then be omitted.

Porositr Stndies of ndizturbed Cores

The moisture-tension curve of the core from the A horizon (Fic. 13),
is similar to that of the 1/3-2/% soil-send mixture. The small volume of
vores dreined under the force of gravity, the ne=rlv vertical nsture of the

urve from zero tension to the »oF of the flex point, end the hirh »F of the
flex noint, ere all fectors which would indicate that the structure of this
goil is unfavorable for root develomment. As was mentioned earlier, en
inspection of this core revealed very few root or worm cherncls, the absence
of fissures and cracks, snd verv few vores, either lsrge or smell, and these
observations were confirmed by the nore snace measurements,

Moicture-tension curves of undisturbed cores from three soils ere
nresented in Fig., 21. In the cese of the cores from the 1f-24 inch hori-
zon of the crerry orcherd, and the 22-40 inch horizon of the nesr orcherd,
there wes a considerable drainare of vores under the force of gravity, and
from zero tension to pF 1.0. Further, the nF of the fley point was very
low in both soils (sbout 0.9), ell of which zre believed to be favorsble to

aeration and root penetration.
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The reavry silty cley soil has certnin cherecteristics, notehlr the
tendency to swell on wettine, which muke this method of messuring pore
space of questioneble value for such soils. Soil nore sgozce is a dvmamic
property, owing to a2 large extent to changes in moisture content. Vhen
such highly colloidal soils become saturated with water, either under
natural or laboratory conditions, not only do the larger cleav&ge planes
and pores become filled with wecter, but there is £lso a decrease in the
volume of these spaces. Hence, on meesuring the volume of vrores drained
st 2 given tension, it is found that the results ere considerzbly lover
thor expected from observations made on the soil in the drv stste or st
the time of sempling in the field. It is the zuther's opinion, end like-
vwise that of Baver (4), thst s measurement of the volume of pores in s
soil in the swollen concition more closely represents the conditions in the
scll, especielly in spring when moisture is high in the aveilable range,
end when most of the root growth occurs.

The small volume of pores drained under gravity and the vertical
nzture of the curve from 7ero tension to the oF of the flex point, ere
indicetions that this is =& soil of poor internsl dreinege, yet the con-
siderable degrece of rootine observed (Fig. 1%) would seem to show that

his is not the case.

It is notewortlyy thst in this soil, e considercble tiﬁe ves recuired
for ecuilibrium to be rezched at each tencion, In meking the extrection
et pF 1.4, for instence, it vas necessery to continue the tension for 2}
hours in order to obtain complete draninnce of nores. The smell size of the
pores reterds the rate of movement of water through the soil, so thet it
was found imnrecticeble et tensions ebove pF 1.4 to ettemnt to obtain

complete extrection #t env given teneion.



Poroeitry Stndies of Artificisl Soil-send Cores

An insoection of the curves presented in Fig. 20 shows that there vas
considersble variation in the oore snece relrtionshins in the srtificiel
soil-sand cores, and, as vwas mentioned eerlier, it would sonesr tret the
degree of nuddline hee hed more influence upon the amount of moisture held
et 211 tensions, and mmon the nF of the flex voints, then have the relestive
pronortions of soil to send. The 1/2-1/2 ond §5/12-7/12 mixtures, *=ve
lover moisture velnes glmocst throgkout the renge of tensions, than have the
1/3-2/2 end 1/4-%/4 mixtures, and the pF of the flex noints show similar
discrenencies, It is believed that the decree of nuddling hss contributed
lorcely to these vsrirtions, althourh it is nossible thst feilure to per-
mit comolete szturation of the cores with water before epnlvins tensions
hes also had sn effect,

No porocity studies were conducted of merated cores,



D
. T T T T T c 1- i 1
! i ; ; . | i ! | - ! e 5
. [ S SR P U SR I I N U _ B SN N {
” 1 , i _ | ] i !
' ! j ' i i .
: i ! i
o ~ . .
3

on

(Z
T

72k

(5)

..1_‘. .....
O L I O O P e T EC et TN LR Lt SO LA N O S R L v v L o RIEEERE
IR Tl
! ' R RN ]
L ! - N RN TR i
B CSUPNY :
. I R g
| PR
B I BN
. R od
i EM +__
o AN FRUSE E B+
[ B B o ] S £
. . . 4!n -
U UUNN NS S — “des . SN - =
! m _ | ! _ _ b w .
R | B B | :
R “ LS O O T S IO O O T I X
: B X A i IR, ] Bl HW.MM. : ,Hmrw& L % ST g
S0 0 e A e 7| wpsley 74







(57)

DISCISSION OF POPNSITY DETrFHAINATIONS

Large differences were found in the tots1l smnount znd size distribu-

tion of vores in the soils studied, 2s is shown in Tcble 4.

Teble 4. Percentage of pores dreined from zero tension to »oF 1.0

Vol. of oores drained Per cent of vorec
from drained from
Soil _zero to pF 1.0 zero_to oF 1,2
Undisturbed
A-horizon 1.9 6.8
Cherry orchsrd
(16-24m) 3.2 12.1
Pear orchard
(32-40") 5.8 1€.4
Heavy s8ilty cley
(z2-40M) 3.3 7.0
Artificial
1/4 - %/4 5.2 15.0
1/2- 2/3 4,2 9.2
5/12- 7/12 4,1 10,2
1/2 - 1/2 2.0 10,0

The smell volume of the nores (6.8 per cent) drained from zero ten-
sion to oF 1.0 in the core from the A borizon, =2nd the large volume of
pores (16.4 per cent) of the seme size from the Z2-40 inch horizon of the
vear orchard sre noteworthy with respect to root response. VYhen only
undisturbed soils ere considered, it is believed thet differences between -
velumes of the larger nores were ascociated with differences in tyne end

emount of rooting in the different cores., Althourh the smell number of
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cores studied doec not warrant the ststem-nt of definite conclusions, atill
the differences betwveen degree of rooting in the different trnes of soil

end those illustrated in Teble 4 concernings the volume of the lerger nores
wonld seem te be sufficient evidence for the existence of this essocia-
tion. Further, the absence of rooting in the unweathered core of heavy
silty clay, #nd the very sparse develorment in the A horizon from the

cherry orchard were associcted with emall volume of pore s»eces of sll sizes
(as determined from observetion), while in the weathered core of silty

cley and in other cores in which minute pores and planes of cleavage

could be detected, there seemed to be favorsble conditions for rooting.

In the cese of the cores from the A horizon, it is vossible that the
absence of connecting channels betveen the nores may be of even sreater
sienificance in determining root resvonse than the smell volume of lerce
nores, since in this horizon only very few root end worm chennels were
observed, and there was a complete shsence of cleesvege plenes. Owling to
the fect thet rooting in meny of the other undisturbed cores was largely
restricted to the natural channels in the soil, it is postuleted that the
nresence of such connecting channels, by virtue of thelir effect unen
water end air movements, may be of extremely greet imvortance in deter-
mining the suitebility of & soll for root growth.

In the lisht of this hypothesis, it is of interest to gtudy the re-
letionshiv between volume of pores drained from zero tension to nF 1.0
in the different ertificizl unzerested soil-send mixtures snd the sbeence
of rooting in them. In the casse of the 1/4-%/4 mixture, there has been

a drainsge of 1F per cent of the nores wvhich vould seem to indicate that
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aerstion conditions were satisfactorv for sbundent root growth, vet this

did not occcur. Owing to the fact thet the nores in the ertificiel soil-sand
cores were lergely isoleted from one snother, it seems reazsonatle to

supnose that the absence of connecting channels between isolated pores

has been resnonsible for reletively stegnent pockets of sir. In ell
orobebilitv active microbiologicel develooment soon denleted oxyzen supdly
of these nockets, and since there was no connectlion established with the

atmosnhere, the conditions for root development were decidedly unfavorable.
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Root observations of some Montmorency cherry trees growing in dense
comoact subcoil indicated that certain soil horizons were definitely un-
fevoreble for root development. Freezing injury in Januery, 194C, wes
most severe where the surface soil was tight snd somewhat compect, s
condition which enverently sllowed deen penetrstion of frost.

Rooting of elfalfa in undisturbed soil cores teken from these and other
profiles showed considereble veriation. Wherever cleavege nlenes or
other natural passages were well-developed, conditlons for rooting seemed
to he fsvorable, as was indiceted by the development of nodules end ebun-
dant letersl brenching in such locations. Very sperse rooting was ob-
served in the cores from the A horizon, and this is to be attributed to
the smsll volume of non-cspillary pores, #nd to the absence of connecting
nessapges between pores.

Aeration was necessary, under greenhouse conditions, to encble alfelfe
roots to penetrate artificiel soil-send cores, apnerently on sccount of
the hich oxygen recuirement of this plant, and the absence of connecting
pacsages between isclated pores of the soil, Artificial cores hed higher
volumes of non-casvillary pores than certain of the undisturbed soil cores,
vet no rooting occurred without artificiel serstion, apbnerently due to
the lack of air exchence within these cores.

In many compact subsoile, leck of aseraticn in soring may be of greater
significence in determining root behaviour of certain tree fruits than

physical impenetrebility.
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