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Efforts by several investigators to measure availability of water to plants
by vapor pressure (2, 12) and other methods (10, 14) have indicated that the
potential of water at the permanent wilting percentage is approximately
16 x 106 ergs per gram, whereas others (1, 11) have obtained results which
indicate somewhat lower values. A great many experiments (3, 4, 5, 6, 13)
have demonstrated that soil moisture seems to be equally available to plants
at all times, as measured by the response of plants, as the moisture content
is decreased from a high value to about the permanent wilting percenltage.
This conclusion seems to be general for all plants which have been studied.
Evidently plants do not respond markedly enough to show any chalnge in
availability of water until the soil moisture is reduced to about the permna-
nent wilting percentage. On the other hand, physical measurements show
that the einergy required to remove water from the soil, changes materially
as the soil-moisture content decreases. It was surprising therefore, when
ROGERS (9) found, while working with strawberry plants in pots, that the
plants wilted severely at a tension of 60 cm. of mercury (potential of 0.8 x
106 ergs per gram). Furthermore, his illustration shows plants wilted
slightly at 47 centimeters (0.6 x 106 ergs per gram). The maximum poten-
tial measurable by tensiometers is less than 1 x 106 ergs per gram. The work
reported herein was undertaken largely in an effort to explain this apparent
discrepancy.

Experiments with sunflowers and strawberries
Since much of the work at Davis had been done with sunflowers, the first

trial was made with these plants. The plants were grown in a mnetal con-
tainer holding approximately 15 kilograms of soil. A tensiometer conniected
to a mercury manometer was inserted near the center of the container. The
plants were allowed to dry the soil to the permanent wilting percentage
several times before the experiment was started.

Figure 1 shows the tension as a function of average moisture conitent of
the soil. The permanent wilting percentage and the moisture equivalent are
given. The potential at the maximum reading of the gauge (56 centimeters
of mercury) is approximately 0.8 x 106 ergs per gram. Figure 2 shows the
appearance of the sunflowers when the tension was near the maximum
value. Clearly the sunflowers were fully turgid; furthermore, they re-
mained so until the permanent wilting percentage was reached. The gauge
did not operate at the lower moisture contents. This disagrees with the results
published by ROGERS (9). He worked with strawberry plants, however, so
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it was decided to see if by somiie chanee these planits behlaved differenitly
thani suniflowers. Strawberries were accordingtly planted inldouble-wNalled
buriied clay jars (7), the iniside wall of which was porous. The arranige-
menit is shown in figutre 4. Samiiples of soil to determinie the miioisture coll-
tenit in the jar were takeni at various timiies with a cork borer, the holes beinig
refilled with soil at approximiiately the samiie moisture content. Thc top half
of the sample was kept separate from the bottomii half anid the average
ioisture content of the top half as well as the bottomii half of the jar are
plottedl as a funetioni of time in figure 3. The miioisture equivalenit anld the
permanent wiltinig percentage of the soil are showni. The plant coiitiiiued to
maintain its turgidity until the permiianient wiltilng percentage was reached.
Figure 4, A, was taken imiiiediately followinig ani irrigation so that all the
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FIG. 1. Tenisioni of the water expressed in cenitimeters of miiercurv as a fuinction of
moisture conitenit for Yolo silt loam oni wlicll the suniflowvers (292) wer-e growinlg.

soil was wet anid the gaugre readiiigr showed zero at the start of the experi-
ment. Figure 4, B, shows the gauig,e readingr 25 inehes of mercury (po-
tential of 0.8 x 106 ergs per graini) anid the condition of the plant at this
tensioni. There is no indicationl of wiltinlg at this miiaximum tension read
oni the gauge.

As showni in fig,ure 3, there was somie differeiiee in miioistuire contenit be-
tween the topl half of the jar aiid the bottomii half even thoug-h lead foil was
used to cover the surface of the soil to retard evaporation. AVhile there
were variationis in moisture coiitenits in differenit portions of the soil, that at
the center of the pot was not consistenitly- higher or lower than at the edge.
To test the distribution of tensioni within the jar a small porouis cup w-as
placed approximately in the center of the soil iiiass anid coinniected to a gauge
as shlowni in figure 5. The pot w-as theni irrigated anid the plants were
allowed to reduce the moisture uintil the tensioni of 25 inehes of merecury was
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reached. No corrections have beeln made for the difference in elevation of
the gauges above the center of the porous vessel containing the water, but
it is clear that the readinigs on the two gauges are approximately the same;
that is, the tenisioni at the outside wall is practically the same as in the center.
This was to be expected from our miieasurements on the horizontal distri-
bution of miioisture within the pot as reported above. Our results inldicate
that strawberries are no different from other plants studied in their ability
to use soil moisture from soil permeated by their roots. Our resuLlts, never-
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FIG. 2. Suniflowers (292) near the maximum obtainable tension of the water in tlhe
tensiometer. Thiey appear to be the same as the sunflowers (209) growing on soil above
field capacity.

theless, differ miarkedly from those of ROGERS (9). A possible explaiiationi
is that since ROGERS grew his plants in single-walled porous flower pots,
evaporation fromi the wall had dried the outer part of the soil m-ass to a

greater extenit than the center of the pot where the porous cup used to mea-
sure the tenisioni was located.

A further study was miade of the use of the tensiometer with strawberries
under field coniditions. The porous cup was connected to a tenision gauge
and placed wvith its center about 18 inches below the surface of the soil in a
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FIG. 3. Soil-moisture in the top half and bottom half of the double-walled pot shown
in figure 4 containing Madera silt loam.
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FIG. 4. Strawberry plant in a double-walled porous pot: (A) at thle beginning of the
experiment when the soil was wet; (B) the same plant wheni the tension of the water in the
tenisiometer had been incereased to 25 inches of mnercury. At this tension, there was no
evidencee of wilting.
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strawberry bed. Moisture saimiples were taken at 6-inch intervals to a depth
of 2 feet. It is commonly thought that strawberries are extremely shallow-
rooted plants anid, therefore, it was assumed that 2 feet would be ample
depth at wbiiei to sample. Figure 6 shows four eurves, one for each 6-inchl
depth, giving the moisture eontent as a funetioni of time. The permianienit
wilting percentage and moisture equivalenit are also given.

_ r t~~~~~

FIG. 5. The readings of two gauges, one of whichincmesures the tenision of the water
betweeni the two walls of the porous pot; the othier is attachied to a porous cup placed in thce
center of the soil miass. This arrangement wNas employed to determiniie whiethier there was

an apprecialble differ-ence in the tenisioni betweeni the ceniter and the outside of the soil mass.
The readings werec so close thlat nio differences could be obIserved.

In fionure 7 are shiowni photog-raphs of the strawberries at the thiree dif-
ferent times indicated in figure 6 by the three vertical lines. The picture
marked A wNAas taken. immiiediately followingu ani irrigyationi. The photogYraph
miarked B shows the strawberries whieni thiey had dried the soil sufficienitly
so that the g-auge, wlichl h-ad beeni inistalled follow\Ning irrig-ation, hiad reachied
approximately 25 inchies of miercuiry (poteintial of 0.8 x 10" ergrs per g-rain),
no correction l)eing- miade for the water columnii froii- the ceniter of the cuip
to the center of the graioce As the planits conitinuied to uise water, air grad-
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ually leaked in so that the reading dropped to zero by the time the picture
marked C was taken; at this time some of the plants were just beginning to
showr some wiltin(r although the maximum readiuig on the tensiometer had
beeni reached 27 days previously. In fact, the planits continued to remain
turgrid after all the readily available water had been used out of the top 2
feet of soil. This was surprisino in view of the fact that it is usually as-
stumed that strawberries are shallow-rooted plants.

In an attempt to find out what the approximate root zonie of the straw-
berry planit was, the bed was irrigated again and samples were taken at
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FIG. 6. Moisture coatent as a function of time for each 6-inch layer to a depth of
2 feet in the straw-berry field showni in figure 7 on Yolo fine sandy loam. The three ver-
tieal linles slhowv the times at wlich the photogr-aphs, figure 7, were taken.

1-foot intervals to a depth of 4 feet. The curves in figure 8 show the
imioisture coniteiit as a fuincetioni of time for each foot section dowin to 4 feet.
Apparently, some water was extracted below 3 feet. The conditions of the
plants at v-arious timiies are show-n in figure 9. The pieture marked A was
takeni immniediately followiing ani irrigationi. The picture marked B was
takeii whein practically all the available water was used from the top 2-
foot section, whereas the picture marked C was taken at the enid of the ex-
periment. As can be seen, the planits show little need of water even at the
end of the experiment. Anl appreciable amounLt of water was used from the
4tlh foot.
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Replicability of tensiometer readings

Further studies on the use of tensiometers under field conditions were

made on a Sudan grass plot. The tensiometers used here were constructed
under the direction of Dr. L. A. RICHARDS (8), and, through his kindlness,
loaned to us for the experiment. Tensiometers were placed in the center of

FIG. 7. (A) Strawberry plants immediately following ai irrigation; (B) whlen the
tenisioni of the water in the porous cup attached to the gauge had reached approximately
25 inelles of meircury; (C) when practically all of the readily available water had been used
from the top 2 feet of soil. The tensiometer reading was approximately at its mnaximum
value at the timiie B was taken. Air had leaked in anid the gauge had dropped to zero by
the timiie C was taken.

the first-, second-, third-, and fifth-foot depths. Variationis of moisture
colntent and tension with time for each depth are shown in figure 10, the
tension being, plotted to a logarithmic scale. The moisture equivalent and
permanent wilting percentage are given for each depth.

At no time during the season did the Sudan grass showv any indication
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of need for water. When irrigation was applied, it was done not because
the grass showed need for water, but in an effort to start the field from a wet
eondition again so that a check on the replicability of the tensiometer could
be made. It should be mentioned that enough water was applied to this
field to wet the soil to the water table 10 feet below the ground surface, and
hence the soil below the top foot remained well above the moisture equivalent
for a long period after the second irrigation. To test the replicability of
the tensiometer readings for different "cycles,"1 the curves of figure 11 were
derived from data taken from the curves of figure 10. They show the
tensioin as a function of moisture for each of the foot sections studied.
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FIG. 8. The soil-moisture contenlt of the top 4 feet of soil in the strawberry field
shown in figure 9. This is the same field shown in figure 7.

The mloisture equivalents for each foot are show^n onl the graph. It is, of
coulrse, impossible to use the data for such a curve at tensions higher than
wNhere the tensiometer operates, and hence the moisture content does not
decrease to as lowr a value as it does in the curves of figure 10. The tension
increases vTery rapidly as the moisture content decreases in the neighbor-
hlood of the moisture equivalent. This makes it extremely difficult to fix
with any degree of exactness the value of the tension at the moisture
equivalent. However, as can be seenl from the curves of figure 11, a tension
of 300 centimeters of water (0.29 x 106 ergs per gram) is approximately-
the value when these soils are at the moisture equivalent. This is in sub-
stanltial agreement with RICHARDS (7). It, is conlsiderably lowver than most

1 By a cycle we mean the sequence of mloisture chanlges wshich the soil passes through
tiom onle irrigationl to anlother.
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of the values estimated by SCHOFIELD (10) wsho concludedl fromn available
data, that the pF was between 2.5 and 3.0 (0.31 x 106 to 0.98 x 106 ergs per
graml) at the moisture equivalent.
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FIG. 10. The tenisioin of the water in the tensiometers expressed in celntineters of
water and the moisture conitenit in a Suidani grass plot as a fuinction of time for the first,
seconid, tllird and fiftlh-foot deptlhs.

A confusion between numerical and dimensional equality in certain
soil-moisture measurements

In this conniection, it is worth while calling attention to an error which
is frequentlv miiade. Since the moisture equivalent is approximately equal
to the field capacity (which is usually considered to be the moisture held in
the soil aoainst the pull of gravity) of milost finie-textured soils but not
always sanids, and since in the e.g.s. system the pull of gravity on unit nlass
is nutilmerically equal to the pressure of 1 atmosphere, it has been reasoned by
some that the potential at the moisture equivalent is equal to a tension of 1
atmosphere, or a pF of 3, or 1.0 x 106 ergs per gram. This is faultv reason-

in(g. The fact that in the c.g.s. system the pull of gravitv on unlit mass is
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approximately numnerically equal to a pressure of 1 atmosphere is purely
coincidental. The pull of gravity on unit mass has the dimensions of force
per unit mass, whereas pressure has the dimensions of force per unit area;
and potential has the dimensions of energy per unit milass. That pF of 3, or
1.0 x 106 ergs per gram is the value at the moisture equivalent has been
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P'IG. 11. Thle tensionl of the wvater in the tensiometers expressed as cenltimleters of
water as a funcetion of moisture content for the first, second, third, and fifth-foot depths
in the Sudan grass plot, the moisture content of which is s]hownl in figure 10. The tension
at the moisture equivalent is indicated.

given added credence because it coincided with the upper range of values
for pF at the moisture equivalent as estimated by SCHOFIELJD. There is
also another reason why a pF of 3 has been associated with the moisture
equivalent. By assuming that a potential of zero exists at the outer sulrface
of a soil sample one centimeter thick in a cenltrifuge being subjected to a
centrifugal field of 1000 times gravity, it follows that the potential at the
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inside surface is 1.0 x 106 ergs per gram or a pF of 3. The average pF for
the sample is much less than this.

Summary

Pot and field experiments using suniflowers, strawberries, and Sudan
grass indicate that tensiometers are capable of indicating the tensions for
moisture contents in the upper one-third to one-half of the range between
the moisture equivalent and the permanent wilting pereentage.

Strawberry plants in pots remained turgid when the roots were in soil
at moistuLre contents much lower than those which would produce a maxi-
mum tension of about 700 centimeters of water. Similarly, the moisture
content in the top 3 feet of soil in the strawberry field reached a percentage
lower than that which would show a tension of about 700 centimeters of
water and yet the plants remained turgid.

All of the soil in the pots and in the top 3 feet of the strawberry field
plots was reduced to the permanent wilting percentage before there was any
evidence of wiltincr. At this moisture content there would be an equivalent
tension of about 16,000 centimeters of water as estimated by available data
on the potential of the water at the permanent wilting percentage.

Tensiometers in the Sudan grass plots showed close replicability for
different "cyeles." Tensions obtained were about the same even though
the soils tested varied in texture as measured by the moisture equivalent.

For the soils tested, the potential at the moisture equivalent, while
difficult to evaluate exactly, is in the neighborhood of 0.3 x 106 ergs per
gram.

Attention is called to an error in reasoning occurring in the literature
in regard to evaluating the pF and the potential of soil moisture at the
moisture equivalent.
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