|

7/ “““\\\ A ECO" SEARCH

% // RESEARCH IN AGRICULTURAL & APPLIED ECONOMICS

The World’s Largest Open Access Agricultural & Applied Economics Digital Library

This document is discoverable and free to researchers across the
globe due to the work of AgEcon Search.

Help ensure our sustainability.

Give to AgEcon Search

AgEcon Search
http://ageconsearch.umn.edu
aesearch@umn.edu

Papers downloaded from AgEcon Search may be used for non-commercial purposes and personal study only.
No other use, including posting to another Internet site, is permitted without permission from the copyright
owner (not AgEcon Search), or as allowed under the provisions of Fair Use, U.S. Copyright Act, Title 17 U.S.C.


https://makingagift.umn.edu/give/yourgift.html?&cart=2313
https://makingagift.umn.edu/give/yourgift.html?&cart=2313
https://makingagift.umn.edu/give/yourgift.html?&cart=2313
http://ageconsearch.umn.edu/
mailto:aesearch@umn.edu




MICROCOPY RESOLUTION TEST CHART

R 4
.. L
-

”H | O t s 0z
I:_' |3.6 I]gﬁ
Al

ks
"“ .2

128 Jlis e

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAY OF STANDARDS-1961-A


http:111111.25

TecuwicaL BurLerts No. 640 May 1939

UNITED STATES DEPARTMENT OF AGRICULTURE
WASHINGTON, D. C.
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INTRODUCTION

In the south coastal basin of southern California, citrus orchards
require 1rrigation throughout the dry season from about May to
November. Winter rainfall is usually sufficient to motsten the entire
root zone of citrus trees so that for a period in early spring the trees
have o full reservoir of soil moisture. As this supply becomes depleted,
irrigation water is applied. The application may be such that the
entire Toot zone is again moistened to field capacity, but more often
water is applied to a limited portion of the root zone, in some cases 30
percent or less. The remaining soil then becomes quite dry.

Water for irrigation is usually delivered on a regular schedule
established from the experience of the district, but where the supply
system is flexible enough it may be obtained on demand. In many
orchards the intervel between irrigations is of such length that trees
may show evidence of water shorta%e before irrigation. Some growers
employ the services of commercial laboratories for taking soil samples

t Recsived for publicition February 7, 1835,

1 'This bulletin is 8 report of investizatlons carried on voder a cooperative agreetnent between the Burean
of Plant Indusery and the Burent of Arricultursl Ergineering, The work of the Bureau of Piant Induatry
was cartied on tinder the general direction of 3. B, Magness, principal pomoiogist, from 1932 to 1535, and after
tha spring of 1925 under that of Enowles A, Ryerson, prinelpal horticulturist. The work of the Aureau of
Agricujturel Engineering was done under the goneral direction of W. W. MeLaughlin, Chict, Division of
Irripation, and H. F. Blaney, irrigation engineer in eharpe in southern California.

* The nuthers acknowledye indehiedness to the managers of the varfens irrigation companies and to the
archard owners who have cooperated in thisstudy, Acknowledgment is also made of the nss[stance in collee-

tion of field data rendered by D, W. A, Bloodgoud, associste irfigation engineer, Harry G. Niekle, asglatant
irrigation eogineer, and H. W. Eistrer, of the Division of Irrigation, Bureau of Agricultural Engincering.
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to determine when to irrigate. When this method is used the general
procedure has been to recommend irrigation when the moisture content
of the soil at selected locations reached the calculated wilting point.
The value for the wilting point has been generally calculated from the
moisture equivalent by the 1.84 formula of Briggs and Shantz (5).}

A few growers are convinced that they get as good results from
applying water in one or two furrows per row at each irrization as
from making the applications in several furrows; others bolieve that
water should be applied over as much of the soil area as possible, using
basing on the flatter lands, Many growers claim that they get most
rapid growth of fruiy and highest yields with frequent applications and
large seasonal use of water; others are convinced that the soil shouid
be dried out between applications of water and that o more sparing
use of water yields the best returns. 1t also has been the experience
of some operators that trees are actually injured and yields reduced by
overirrigation. In this sense overirrigation is not meant to imply
waterlogging of the soil, but simply & failure to sllow the soil to dry
out between irrigations so that the soil-moisture content tends to
remain near field capacity. While these opinions are certainly widely
divergent, they ar~ hased upon the experience of growers who are
producing fruif under s wide diversity of conditions, and doubtless
most of these opinions are at least partly justified by the conditions
under which they were formed.

These investigations were conducted in order to establish basic
information for promoting better methods of applying water in prac-
tice and to provide for the most effective utilization of water by orchard
trees. The work reported in this bulletin deals primarily with the
response of lemon trees to decreasing soil moeisture under orchard
conditions. Both the effect of irrigating various proportions of the
soil in the root zone and that of varying ihe intervals between irriga-
tions have been investigated.

The reactions in the trees throujrhout the range of readily available
soil 1noisturs and in the range of mnisture percentages at which wilting
of the trees occurred have been studied in certain detailed tests as &
basis for the larger field trials. This phase of the subject will be
reviewed first, particularly since ihe terminology used by various
writers in referring to the wilting of plants is confusing in some
respects.

WILTING POINTS OF SOILS

The concept of the wilting coefficient as a soil constant was intro-
duced by Briggs and Shantz in 1912 (5, p. 19, also p. 74). In defini-
tion of this term they state:

The wilting coeflicient of a soil iz then defined as the moisture eontent of the
soil (expressed ng a percentage of the dry weight) at the time when the Jeaves of
the plant growing in that soil first undergo a permancnt reduction in their moisture
content as the result of a deficiency in the soil-moisture supply. By a perinanent
reduction is meant a condition from which the leaves cannob recover in an approxi-
mately saturated atmosphere without the addition of water to the soil.  In most
plants wilting accompaniecs this reduction of the water content of the lenves and
js the erilerion used to determine the wilting coefficient of a soil for that plant.

As g result of their work Briggs and Shantz made certain funda-
mental generalizations as follows (5, pp. 76-7Th

+ Italic numbers in parentheses refer to Literatture Cited, p. 71,
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The resuits obtained show that species differ only slightly as regards the soil-
moisture conlent at which permanent wilting first takes place, * * *

These determinations * * # indicate that the wilting coefficient is not
materially infinenced by the dryness of the air, by moderate changes in the solar
intensity, or by differences in the amount of soil moisture available during the
pericd of growth,

That portion of the soil-moisture content which is available for plant growth
is represenfed by the differenee between the actusl water content and the wilting
goefficient. * * * From this cotnparigon a series of linear relationships has
been established, as expressed in the following equations, which thus provide &
txpea%:i of computing the wiliing coefficient when direct determinstions are not
easible.

Moisture equivalent.
1.84 {14-0.007}
* * * * * * *

The moisture-equivalent method, in which the measurements are made with
the aid of & centrifugal machine exerting a force 1,000 times that of gravity, is
the most accurate and satisfactory of the indirect methods.

Certain of these generalizations have been questioned by later
investigators (6, 12, 16). One point that is of importance in connec-
tion with these criticisms lies in the varied technigue that different
workers have employed in making the wilting-point determinations.
In their direct determinations on 20 soils, Briggs and Shentz found the
ratio of the moisture equivalent to the wilting point to range from
1.67 to 2.02, and the svernge was 1.84,

The term ‘‘wilting coefficient” wss used by Veihmeyer in 1927 in
reporting on irrigation studies in Santa Clara Valley prune orchards
(15). However, in 1928 Veihmeyer and Hendrickson (Z6) concluded
from their experiments that the indirect method of determining the
wilting point from the moisture equivalent was not satisfactory
because the departures from the 1.84 ratio were oo great to warrant
the use of this or any other ratio. They report ratios varying from
1.73 to 3.82, with an average of 2.46 for 14 soils. The ratio was less
than 1.84 for only one soil, elthough in later work they show a ratio
es Jow as 1.39. They did not advocete the use of any average ratio
and considered if essential that wilting-point determinations be made
experimentslly by growing plants in the soil under test. It should be
noted, however, that Briggs and Shaniz did not relate the wilting
point to the molsture equivalent by the factor 1.84 in their definition
of wilting point. They simply presented certain formulas in their
conclusions to provide means of computing the wilting point when
direct determinations are not feasible. For the actual residual soil-
molsture content at permanent wilting, Veilmeyer snd Hendrickson
proposed the term ‘“‘permanent wilting percentage’ {17} to substitute
for the term ““wilting coefficient.”

While the average ratios cited sbove may have only limited appli-
cation, nevertheless they afford s means for comparison of the
criterion of wilting used by Briges and Shentz with that emploved by
Veihmeyer and Hendrickson, It sppears that the higher average
ratio found b “eibmeyer and Hendrickson may be the resul$ of using
2 more gdvinced stage of wilt, which would result in lower soil-
Inoisture contents at the permanent wilting percentage than Briggs
and Shantz found in their direct determinations of the wilting point.
Vethmeyer and Hendrickson made the majority of their determina-
tions with well-establish.d sunflower plants. They report that the
force holding water in the soil at the permanent wilting percentage is
of the order of 16 to 20 atmospheres {18), while Shull (73) found thet

Wilting coefficient—
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the force holding water in the soil at the wilting point as defined by
Briggs and Shantz corresponded to about 4 atmospheres. The use
of & more advanced stage of wilt yields not only larger ratios but also
a greater range in ratios, such as Veihmeyer and Hendrickson report.

The conclusion of Vethmeyer and Hendrickson that wilting-point
determinations should be made experimentally by growing plants in
the soil under test 1s well supported. FHence, 1f it is cssential to make
wilting-poin$ determinations by growing plants in the soil under test,
the establishment of & ratio for the particular soil is secondary and
the ratio is limited in application. The implication from the word
“coefficient” is for a fixed ratio and in this sense the choice of the
term ‘“wilting coefficient” seems unfortunate.

The question of stage of wilt to bs used as & criterion is a recurrent
one (8, 14, 16,19). Briges and Shantz considered their wilting point
to represent the lower limit of the water available for growth and not,
as is semetimes mistakenly stated, the percentage of soil moisture
unavailable to plants. This was clearly stated by Briggs and Shantz
(5), and has been shown also by Alway (7), Batchelor and Reed (2),
Veihmeyer (7£), and numerous other mmvestigators, Veihmever and
Hendrickson in their definition (77} of permanent wilting percentage
gtate that it is & narrow range in soil-moisture contents in which wilt-
ing takes place. Henee their determinations must be made at the
end of that range through which the plant wilts.

Taylor, Blaney, and T\/IcLaughlin (14) found that, during periods
of several months without rain, perennial native vegefation would
recdhice the moisture eontent of the soil 1o & value which they termed
the ultimate wilting point. Moisture contents in the zones of greatest
root concentration eame to equilibrium at the ultimate wilting point,
and well-established sunflower plants in small metal pots reduced the
moisture content to the same value when allowed to reach complete
wilt. The ultimate wilting point was found to be a useful base in
calculating the total moisture available to well-established native
plants. in tests with sunflower plants the range in soil moisture
from that at which the basal pair of leaves wilted to the condition of
complete wilt of the apical leaves was termed the wilting range.

Breazeale (4) has discussed some of the sources of error in wilting-
point determinations, and & comparison of the results of independent
determinations by different workers is given by Work and Lewis (9).
Wilting-point deferminations were made on samples of soil from the
same plot of Medford soil by the Medford branch of the Oregon
Agricultural Experiment Station and by the Division of Irrigation
of the Bureeu of Agnicultural Engineering, United States Department
of Agriculture, at Pomona, Calif. In their cornments on this com-
parison, Work and Lewis state (19, p. 361): ‘“The west-half percent-
ages (determined at Medford) appear to be relatively too low and the
east-half percentages (determined at Pomona) appear relatively too
high.” The determinations made at Medford averaged 17.2 percent,
and those made at Pomong averaged 17.7 percent. While the
numerical difference between these two values is not large, all deter-
minations made at Pomona were for a complete degree of wilt of well-
established sunflower plants described as the ultimate wilting point
(14). Work and Lewis, on the other hand, refer to their determina-
tions as permanent wilting percentages.
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An exsmple of the wilting renge for a clay soil of this type is given
in figure 1. It is apparent from this chart that progressive stages of
wilting for plants on this soil may teke place over a range of 4 percent
in actual soil-moisture contents, which is mearly 25 percent of the
total range of available moisture. If we made use of Briggs and
Skentz’s definition of wilting ccefficient, then the wilting coefficient
would be 20.2 percent. This was the percentage at which the basal
leaves wilted and marks the upper end of the wilting range. The
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FieURE 1.—Ratss of axirection of sail molsture by sunflower pinnts from Mever clay adobe soll In sepled
containers [rom the mpisture eqquivaleant down to the point of complete wiiting of nll leaves on the plants.

permeanent wilting percentage, as determined by Veihmeyer and
Hendrickson, would lie somewhere within the wilting range, and
finally the ultimate wilting point would be found at the end of the
wilting range with & vealue of 16.2 percent in the case of sample No.
1156.

In the present work use has been made of the wilting range as
determined. with sunflower planis in the laboratory, to compare with
the findings under orchard conditions, and it is believed that such
conception is essential in interpreting the results of trials with orchard
trees. [UUnder field conditions, soil-moisture contents will be found
throughout the entire range from field cepacity down to values
appreaching the ultimate wilting point. When the irrigation interval
is extended sufficiently, soil-moisture contents will approsch the
ultimete wilting point. When the soil in most of the root zone is
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kept relatively moist, water deficit in the plant will not be great, and
minimum molsture contents in unirrigated parts of the soil will be
higher than the ultimate wilting point, but still may be within the
wilting range.

RANGE OF SOIL MOISTURE READILY AVAILABLE TO THE PLANT

Yhile Briggs and Shantz considered that their wilting point practi-
cally marked the lower limit of soil moisture available for growtl,
they muade no statement as to its relative availability at different soil-
moisture contents above the wilting point. In 1927 Veihmeyer (14,
. 277) published information showing that in his experiments—

The resuits obtained from the controlled studies made with prune trees in tanks

indicate that not only the use of water but the trees themselves were not affected
by variations in amount of soil mmeisture above the wilting cosfficient.

Veihmeyer and Hendrickson introduced the term ‘“permanent
wilting percentage’ 1n 1929 and added the expression “readily avail-
able” moisture to designate the soil moisture above the permanent
wilting percentage. As a result of further irrigation experiments
with peaches, Hendrickson and Veihmeyer (9, p. 65) coneluded:

The daia presented in this paper show that the permanent wilting percentage
is a criticel soil-tnoisture content, and leads to the conclusion that trees either
have reaclily-gvailable moisture or have not,

On the other hand, Lewis, Work, and Aldrich (10, p. 27) published
data showing that in the experiments at Medford, Oreg., whenever
the soll moisture in the upper 3-foot average fell much below 70
percent of the available capacity the rate of growth of fruit was
reduced. These conclusions represent the most divergent views.
Other investigators (3, 11) also have reported on the range of readily
available soil moisture under orchard conditions. This problem is of
vital importance in determining the most effective irrigation practice,
and rauch effort has been directed toward its solution.

As 8 basis for studies under field conditions, certain experiments
with potted plants were made to determine plant reactions to varia-
tions in soil-moisture content and to establish certain indices for com-
parisons between the different plots. The reactions of & potted
lemon tree to ugradualreduction in soil moisture are shown in figure 2.

Lemon trees were grown 2 years in sandy loam scil in metal pots,
At the end of this period the soil in the pots was thorougliy per-
meated by roots and each tree had set one or more fruits, Two
trees were set up in a room in which the femperature was kept at about
78° F. and the relative humidity at sbout 48 percent. They were
exposed to artificial light 14 hours a day, The pots were sealed with
metal covers to prevent water loss except by transpiration. Trans-
piration was determined by loss of weight of pot and tres. Measure-
ments of fruits and weighings of pots were made at the beginning of
the light period each day. The responses of both trees over a period
of several months were very similar.

From December 22 to 24 there was a slight increase in volume of
the fruit, but from December 24 to 27 the volume was decreasing.
The slope of the curve representing weicht of pot and tree shows that
there was no decrease in transpiration rate from December 24 to 27.
On December 27 the moisture content of the seil was raised above
field capecity by irrigation, and the f{ruit swelled rapidly from De-
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cember 27 to 28. From December 28 to Janusry 7 the fruit con-
tinued to gain in volume, but the rate decressed sharply after Jan-
uary 4. During this period the transpiration rate was uneffected by
the decreasing soil-molsture content.
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From January 7 to 16 the volume of the fruit decreased. During
the latter part of this period, from January 10 to 16, thern was &
significant decrease in the rate of transpiration. The departure of
the weight-loss curve from an approximately straight line is shown by
the shaded area on the graph.

The first visible sign of wilting was the curling of immature leaves
on succulent, elongating shoots. In several of the tests with potted
trees the curling of young leaves and cessation of shoot elongation
occurred 3 days after the fruit began to decrease in volume., By
January 16 the young leaves were showing severe distortion in shape
and nine old Jeavas had been abscissed. Although frapspiration had
been materially reduced by January 16, it was continuing at an appre-
ciable rate—a facht that indicates that the soil-moisture content was
within the wilting range but not yet at the ultimate wilting point.
Under the particular conditions of this series of tests with potted
lemon trees, fruits were shrinking for 3 days before the first stage of
wilting of the leaves and the first decrease in transpiration rate
occurred.

Following the irngsabion on Januery 16, the fruit swelled much
more than 15 had on December 27. This shows that the water deficit
of the tree was greater on January 18 than on December 27. One of
the most striking and significant results of this series of fests is the
fact that the rate of volume change of fruit was affected over a wide
range of soil-moisture contents, whereas the transpiration rate of these
potted plants was practically unaffected by decreasing soil moisture
until the plants began to wilt. In other words, & gradually decreasing
rate of volume gain or actual shrinkage of the frutt is evidence that &
gradual increase in the moisture deficit of the tree occurred as thre
soil-rnoisture content was reduced. For a while the rate of trans-
piration was maintained undiminished by the rising suction pressure
in the plant. Hoswever, by January 9 it appears that the soil-moisture
content had become so low as to limit the rate of transpiration, and
after this date the transpiration rate gradurily decreased. The
exact percentages of soll moisture were not determined in this test,
since during the wilting process the loss of water from the plant fissue
could not be determined. However, the soil used has & fieid capacity
of 12 percent, and fruit measurements gave evidence of a rising water
deficit at s soll-moisture content somewhat below 9 percent, while the
rate of transpiration was not decreased until the moisture content of
the soil was below 6 percent. In other tests on this same soil, when
the Iower leaves of sunflowers first wilted and failed to recover over-
night, the moisture content of the soil was found to be 4.9 percent.

A chart of the extraction of moisture from this soil by a sunflower
plant is shown in figure 3. Values for the wilting range and uitimate
wilting point are shown, and alsc, from the test with the potted
lemon tree, the range of moisture contents in which evidence of rising
water deficit was indicated from fruit measurements. Other points
are shown as follows: In fests in which tomato plants -vere grown
with the roots divided in partitioned containers, 5.7 percent we~ the
average minimum percentage of moisture found in the unirrigated -ne-
seventh of the root zone when the remaining portion was kept near
field capacity. In a similar test with a sunflower plant, 4.6 percent
was the average minimum percentage of moisture found in the un-
irrigated one-half of the root zone when the remaining one-half was
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kept near field capacity. In a grass-covered field where the soil
used in the above tests was obtained, 3.1 percent was the average
moisture content of the soil at a depth of 2 feet in October, 251 days
after the last effcctive rain. The minimum moisture contents ob-
tained in these experiments are thus shown to be related to the degree
of water defieit permitted to develop in the planis and to extend from
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FiGURE 3. —Comparison af molsture extraction {rom Henford sandy loawm by plants ynder verious degress
of water defieit,

above the wilting range, as determincd with sunflower plants, down
to the ultimate wilting point.

These tests for equilibrium points with divided root systems are
representative of conditions in 1rrigated orchards where various parts
of the root zone may be irrigated. The minimum moisture contents
to which the unirrigated parts of the root zone are reduced depend
on the water deficit developed in the tree. This In turn depends on
the water available in the irrigated portion of the root zone. Hence,
no exact values can be set for the minimum meoisture content at which
moisture is considered available for growth of plants in the field.

It is apparent from these experitnents that lemon fruits are sensitive
indicetors of water deficit and that {ruit measurements may indicate
impending water shortage in advance of actual wilting. However, the

98957°—30——2
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degree of water deficit is shown only relatively from fruit measurs-
ments, and it should not, be inferred that exact predictions of the time
of wilting may be made in advance from an inspection of fruit-growth
records.

In the orchard, root distribution is usually so variable that the proe-
ess of wilting is not as abrupt as it is when plants are grown in small
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FIGTRE 4. —Variation in moisture content of the soil around lernon tree $-16 as moisture content ls reduced
following lrrigation, and growth of lemons on tree 516 in eomparison with gguwlh oo tree +-19, which hed
froquent irrigetion. All moisture contents are for tree 516, For ench dste of sampling the moisture
content of the top 6 inches is the row of dots to the left, that of the second & inches next, then thet af tha
second [opt, and Apally that of the third foot on the right.

containers in which there is uniform root distribution. Orchard con-
ditions are more comparable to the above test with divided root
systems. As increasing proportions of the root zone are reduced In
moisture content, & gradual rise in water deficit may be noted in the
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tree. This is illustrated in figure 4. Two tress were used in this
test, and both were kept well irrigated during the summer. On
September 2 and 3, tree 5-16 was given a final thorough irrigation
and none thereafter during the test period. Tree 4-19 was irrigated
frequently during the test so that the soil was kept near field capacity.
The average size of fruits on each tree is shown in ficure 4. Lemons
on the control tree 4-19 show the normal trend of seasonal growth.
On tree 5-16 the decreased rate of volume gain by fruit after Septem-
ber 30 is evidence that a gradual increase in water deficit occurred
18 the water supply decreased. The shaded area on the curve indi-
cates the extent of the decrease in rate of fruit-volume gain.

Determinations of over 1,500 soil-moisture contents made on samples
from the first, second, and third foot of soii and at different locations
around this tree are shown in figure 4. In this case the soil samples
were taken starting at the ground surface because of the presence of a
cover crop. In a%l other eases reported in this bulletin the loose,
cultivated layer of soil, usually about 4 inches thick, was scraped
away and sempling was started from a point below the soil mulch.
Variations in moisture contents, such as shown, occur in many orchard
situations and make an important difference between soil-moisture
conditions in the field and in smali contsiners. The wiliing process
is less ebruptin the field, and water deficit rises gradually as successive
parts of the root zone become depleted of readily available moisture.

The problem then arises as to which part of the root zone serves as
the best index of needs of the tree for water. A more or less arbitrary
selection must be made, and as an example the moisture content of
the second foot of the soll might be chosen. Hewever, the moisture
content of the second foot zone varied as much as 5 percent from
point to point on each date of sampling. It may be noted that
between September 30 and October 15, while the fruit was showing &
rising water deficit, the preponderance of soil-moisture contents
shifted from above the line representing the first wilt with sunflowers
down into the wilting range. Some moisture contents were found in
the wilting range as early as September 20 where the cover crop was
most dense.

Instead of using the entire group of samples, which were obtained
st rather high cost, & selection might be made of a certain depth et a
specific location for use as an index of need for irrigaticn. Records
from two such locations are given In figure 4. A solid line connects
the points for location H, where a high rate of extraction was found,
and & broken line connects the points &t location N, where there was
2 low rate. Moisture contents were in the wilting range at location
B on September 22 and at location N on October 16.

Note the somewhat abrupt ehange in slope for the extraction curve
from location H as the moisture content entere: the wilting range on
September 22. This was at & time when there was still plenty of
readily available moisture in other parts of the soil. By October 16,
when i’::»ca.tion N entered the wilting range, the general level of moisture
contents was low, and high water deficits had developed in tree and
cover crop, so that the s%ope of the extraction curve for location N
does not change abruptly until the ultimate wilting point is ap-
proached. After October 18 the moisture content at location H also
proceeds to lower levels after having remained in the upper half of
the wilting range for neerly 30 days. It s apparent from this that
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readily available water will be exhsusted from zones of high root
concentration first, and the end point depends on the magnitude of the
suction pressure developed in the plant. Sefting some certain value
for the lower limit of moisture available for growth seems imprac-
ticable, for elthough & high water deficit had developed during the

-first half of October the fruit continued to grow. The term “wilting
range’’ is more descriptive of conditions, and transient stages of
equilibrium may exist at various points within the range.

The soil at the 12 other locations sampled reached the wilting range
at different times between the dates for locations H and N, and it Is
apparent from this that the selection of a representative location is
largely o matter of personal judgment. Consideration should be

tven to such items as depth of sample, root density within the sample,
ocation with respect to trees and furrows, plow sole, and density of
weeds or cover crop. The moisture content of & sample will show the
relative need for irrigation of the soil at a specific location, but the
chances are somewhat against its being a true index for the tree as a
ivhole in cases similar to that used in this illustration. Its rating as
an index for the tree requires either a careful correlation of the mois-
ture-content record with some measure of water deficit within the
tree, or proof that the moisture-content record is itself a primary
index of the water supply of the tree.

From theoretical considerations the moisture contents of single
samples from portions of the root zone with high concentration of
rootiets mighé serve as measures of the relative water deficit within
the tree. However, conditions would kave to be favorable for exact
work. All of the readily availsble moisture might be extracted from
zones of greatest feeder-root concentration, while the tree might still
get ample water from other roots. There would be a further extrac-
tion of moisture from all portions of the root zone when the water
deficit increased within the tree. The moisture contents of zones with
high feeder-root concentrations would then drop farther down in the
wilting range, and this additional decrease would be evidence of the
increased water deficit within the tree. Data bearing on this point
will be submitted later in connection with field plot experiments.

The fllustration just given for an orchard tree shows huw a gradual
rise in water deficit develops within the tree as time from irrigation
increases. It is important to know how long a water deficit may be
permitted to develop before additional water is applied. The field
problem then becomes one of determining what degree of water deficit
causes measurable reductions in photosynthesis, rate of growth, yield,
or other effects, such as abscission of leaves or young fruit. The
concurrent soil-moisture problem is that of determining the general
level of the seil-moisture reservoir corresponding to different degrees
of water deficit In the tree and of determining rates of withdrawal
of moisture as well as minimum values reached 1n varicus portions of
the root zone.

EXPERIMENTAL METHODS
MEASUREMENTS OF TREE RESPONSE
It was expetted that soil type and root distribution might have

considerable influence on the response of trees to various soil-moisture
conditions. It seemed advisable, therefore, to conduct several short-
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time experiments on different soil types rather than an elaborate
long-time experiment under one set of conditions. .

When short-time experiments of 1 year, or even several years, are
conducted on mature trees, the problem of obtaining a reliable meas-
ure of the effect of the treatment on tree response is a difficult one. 1%
was realized that without maintaining uniform treatment on all trees
and obtaining records of yield per tree for several years before treat-
ments were given it would be difficult if not impossible to determine
whether differences in the yields of different plois were due to the
treatments applied or to other causes. It was apparent that in
experiments of the sort conducted in this investigation measurement
of yields could not be depended upon to show the effects of the differ-
ent soil-moisture conditions over periods as short as one irrigation
interval, and it was doubted that vield records for a complete season
would be significant, since yield records prior to freatment were not
obtained.

As 8 measute of the effects of trestments, growth rates of fruits
have been used for these experiments, and the average growth per
fruit was determined for each plot. Representative samples of 100
to 200 {ruits per plot were tagged when the fruits were about 10 to 20 ce
in volume. Aft intervals of several days throughout the season the
circumference of each fruit was measured with a steel tape. The
volume was then obtained from a conversion table which had been
made up from an empirical curve based on determinations of the
circumference and volume of a large number of lemons covering the
entire range of sizes measured in the field.

The relsbility of this method of comparing the effect of soil-mois-
ture conditions on growth is dependent to some extent upon uni-
formity in number of leaves per fruit on the trees in the plots to be
compared. However, above 30 leaves per fruit the influence of num-
ber of leaves on growth rate is slight. 1n experiments in which entire
trees, three to each treatment, were thinned to definite leaf-fruit ratios
of 10, 20, 30, 60, and 100 leaves per fruit, the differences in growth
rate of fruits above 30 leaves per fruit were barely significant. The
leaf-fruit ratio of lemon trees is rarely lower than 25 during the irri-
gation season, so that slight differences in leaf-fruit ratio on different
plots would probably have little effect on growth rate. Furthermore,
lemon trees, because of their tendency to flower and set fruits rather
quickly in response to an increase in number of leaves per fruit, tend
to maintain greater uniformity in leaf-fruit ratio than most fruit
trees.

In an experiment carried out in an attempt to shift the period of
heavy fruit setting from spring to late summer or fall, all spring-set
fruit and all flowers were Temoved on July 15 from alternate treesin a
block of 50 trees under uniform ecultural and irmgation treatments.
The other 25 trees were left untreated as controls. The removal of
all fruit except & very light crop that had set the previous fall resulted
in a marked stimulation of flowering and set of fruit on the treated
trees during August, September, and October. Fruit counts made at
monthly intervals showed that by the last of October the number of
fruits per tree was nearly the same on the treated and control trees,
though most of the fruits on the thinned trees were quite young.
Measurements made from August to December on comparable lots of
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fruit on the thinned end control trees showed thet there was little
difference in growth rate of fruit.

Apparently, foods were largely utilized in the production of flowers
and in setting a heavy erop of young fruit, rather than in increased
growth of the older fruit,

In the experiment previously mentioned, in which trees were main-
tained at 8 definite leaf-fruit ratic, it was necessary to remove flowers
and preset fruit periodically to maintain the higher leaf-fruit ratios,
while the trees with low ratios set almost no fruit but pushed new
shoots, 50 that leaves had to be removed to maintain the desired ratio.

Because of this tendency of the lemon to adjust rather quickly the
leaf-fruit Tatio to about 25 to 35 leaves per fruit, one of the most
troublesome variables in fruit-growth studies is minimized to & con-
siderable extent. However, it was found early in the course of the
experiments that readjustment of leaf-fruit ratio does not take place
for along time on heavily pruned trees, and that trees from nonuniform
buds mey show considerable variability in leaf-fruit ratio.

In growth measurements of lemon fruit, diurnal variations in
volume must be taken into acecount. Each day there is a regular cycle
of change in volume of & fruit. From sunrise to midday the volume
may normelly decrease 5 percent as a result of transpiration by the
tree exceeding absorption. During late afternoon and night, if there
is ample soil moisture, the fruits regain almost full turgor.

There is also a cycle of change in water content that extends over
each irrigation interval. For some days after the adjustment follow-
ing an irrigation the fruits regain approximately fugll turgor during
cach night, but as time after irrigation increases and the amount of
water in the soil decreases, the water deficit of the tree at sunrise
gradually increases. The rate of change in volume from day to day,
determined by measurements of fruits made early in the morning
before transpiration has become appreciable, provides a relative day-
to-day measure of the changes in turgor of the fruit. The results of
the following experiment malke clear the relation of volume change to
moisture content of fruit, specific gravity of fruit, and average dry
welght per fruit, and show how the volume changes of fruit indicate
the moisture conditions in the free.

Eureks lemon trees, growing on stony, sandy-loam soil where the
irrigation intervel was sufficiently extended for relatively high water
deficits to develop before each irrigation, were used in this experiment.
Figure 5 shows graphically an analysis of the relationship of changes
in the moisture content of fruit, specific gravity, fresh weight per fruit,
and dry weight per fruit through one irrigation interval.

The average volume per fruit was determined from measurements
made on 10 tagged fruits or each tree at each sampling date. Deter-
minations of fresh weight, dry weight, and specific gravity were made
from samples of fruit ecarefully selected on each sampling date to
match the tagged fruit. From the average specific gravi ty, the aver-
age volume, and the percentage of dry weight it was possible to cal-
culate approximately the fresh weight and dry weight of the tagged
fruit that remained on the trees throughout the test. Mensurements
of fruit and samplings were made at sbout sunrise on each date.
Measurements were made and samples of fruit were taken just before
the irrigation water was applied on July 8 and 27.
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The curves of everage volume per fruit for trees 4 and 6 rose abraptly
following irrigation on July 8, but from July 11 until July 24 the rate
of volume gain decreased, and from July 24 to July 27 the fruit on

™ (3

-~ @ o X 0

MOISTURE
PERGENT
P
fe - N ]

SPECIFIC
GRAVITY
2

£
o
\

Irrigotion Irrigaticn
e N~
44
42
a0 Tree €
Tree 4 volume
38

4 weight

FRUIT VOLUME (CC) OR FRESH WEIGHT {GRAMS)

1
34 2
<L
=
az 808
/ i
3¢ 752
i T
28—z ===t 0%
sl a
28 65T
hd
6.0F
P
x
550

8 T 6 s Y 27 }
JULY AUG.

FIaURE 5—Changes it percentege of moisture on a fresh-weight basls (A}, sverage specific grarity (B),
sv?mge \';]Eun_l? snd (resh welght (L, 4], sud sversge dry weight per fruit (O, &) lp relation to chapges lu
volume of fruits.

tree 4 decreased in volume and the fruit on tree 6 gained very little.
The curves for fresh weight per fruit are seen to parallel closely those
for average volume per fruit. The curves for dry weight per fruit do
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not show changes corresponding to the changes in fruif, volume.
It is obvious that the experimental error may be rather high for the
determinations of dry weight per fruit, but it is practieally certain
that there is neither a sudden large change in dry weight per fruit
during the periods just following irrigation nor & gradual decresse in
dry-weight gain for some fime prior to the Irrigation on July 27.

In short, 1t appears that the marked ehanges In the rate of apparent
fruit growth shown in the volume curve from July 8 to August 1 can
be attributed largely to changes in percentage of moisture and that
the fairly regular increase in dry weight per fruit may have been un-
affected by the changes in the percentage of meisture in the fruit.

The curves for percentage of moisture in the fruit show & continucus
rise, though at diminishing rates, until July 19. From July 19 until
the trees were irrigated on July 27 the percentage of moisture decreased.
From July 27 to August 1 it increased sharply in res%)onse to the irri-
gation. Although, as has been shown by Caldwell (7), there Is a
seasonal increase int the percentage of moisture of citrus fruits aceom-
panied by chemical changes, end although it wonld actually be possible
for both the turgor deficit and the percentage of moisture of fruits to
incrense at the same time, the relative changes in the percentage of
moisture of fruit are very closely related to the changes in volume.

The curves showing the changes in the specific gravity of these fruits
are almost exactly the reverse of the percentage-of-moisture curves.
However, the changes in specific gravity cannot be due entirely tfo
changes in the ratio of water and solids. Calculations based on the
assumption that the solids have a specifie gravity of 1.5 suggest that
roughly 40 percent of the change in specific gravity is due to change
in intereellular space in the fruit,

The ecurves for percentage of moisture, specific gravity, average
volume per fruit, and average fresh weight per fruit show that mois-
ture content, turgor of cells, and volume and mass of the fruit are
undergoing continuous change from oue irrigation date to the next.
This is typieal of fruit on trees that are subjected to considerable water
shortage before each irrigation.

Tt is clear from these experiments that the changes iu the volume of
fruit over short periods of time provide an excellent index of the rela-
tive moisture deficit of the tree, but that true growth may not be
measured accurately for periods shorter than an irrigation interval.
The gain in volume from one period of full turgor to the next or for an
entire season should provide a reliable measure of the {rue growth
rate of fruit. Rates of change in fruit volume over pericds of time
shorter than one complete irrieation interval are termed apparent
erowth rates, since the influence of water content of fruit may obscure
the true growth over shorter intervals.

SOH-MOISTURE DETERMINATIONS

One of the first tasks in the soil-moisture work was to study the
variability in root distribution and its effect on rates of extraction of
soil moisture. Trenching showed great variation in density of roots,
and it was desired to leatn something of the corresponding variation
in extraction of moisture. For this purpose, unit areas equivalent to
one tree space were used and 10 points for sampling located within
this unit ares, as indicated in fizure 6. Rates of extraction of soil
moisture were determined separately for each foot in depth at each of
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the 10 locations. On these plots and on all those following in this
bulletin, the loose mulch or t.Ee top 4 inches of soil was removed and
sampling started from below the sotl muleh, so that the top foot of soil
represents the first foot of the root zone of the trees.

Rates of extraction of soil moisture were determined graphically
from plotted records of soil-moisture contents as Hlustrated in figure 7,
The slope of the mear line through the plotted points of moisture per-
centages was used as & measure of the average rate of extraction of

.l
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Fi6TRE §.—5oil-campling plan, season of 15832, Nos. i to 10 indicate sample locations in relation to trees,
indicated by letters ¢ to d. Circles indicste spread of branch Perpendicular lines indicate Irrigation
ditehes. :

moisture. This might also be calculated from 1he difference
moisture contents on successive dates of sempling. However, when
it is eonsidered that eech new sample is &t least 6 inches distant from
previous samples, & mean line is preferred as representative of the
average extraction of moisture from the soil mass immediately sur-
rounding the point of reference.

Within the wide range in moisture contents from field capacity
down to the wilting range there was no apparent restriction to the rate
of withdrawal of moisture around sempling locations with relatively
high root concentrations. Rates of extraction were as great when the

$8957°— 30—
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moisture content of the soil approached the wilting range as when the
s0il was nesr field capacity. A straight-line relationship from field
capacity down to the wilting range Illlﬂ‘ht be taken as evidence that
the soil moisture is just as 1ea(h_y available near the wil ting rangs as
when &t field capacity. On the other hand, as the moisture content
of the soil decreases there may be a gradual rise in water deficit and a
corresponding rise in suction pressure within the plant. The incresse
in the suction pressure of plant tissue may be just sufficient to over-
come the increasing resistance fo sbsorption of moisture from the soil
as the soil-moisture content decreases from field cupacity to the
wilting range.

Where tlere were unirrigated strips of soil along the tree lines, the
samples were used to doternune.the lower limits of readily available
moisture, Vaolues obtained in this manner were checked against
ln.bomtory daterminations of wilting with sunflower plants. The
manner in which field wilting points were determined will be under-
stood from the fo'lowing illustration. By referring to figure 4 it may
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be seen from the extruction curve for location H that there is a more
or less abrupt ehange in the rate of loss of moisture at 11 percent in
moisture content. This point_ represents the field wilting point.
Records like this are often obtained in zones of high root concentra-
tion, especially along dry tree lines when the major part of the root
zong is irrigated and has ample wafer. The break in the curve for
location H corresponds fairly well with the upper end of the wilting
range as determined with sunflower plants. In those ecases in which
]arﬂe numbers of samiples had been tuken, so that the curves were well
defined, the field wilting points were ‘determined graphically., A
strmght} line was drawn from a point representing field capacity down
through points on the soll-moisture-time scale.  Another straight line
was drawn through the points lying within the wilting range and was
extended back to the left unti} it crossed the first line. The point &t
which the two lines cross was considered as an approximation of the
field wilting point, This results in. o value of 11 percent for location
II, figure 4.

Field wilting points represent values to which moisture contents are
readily reduced in unirrigated parts of the soil when ample moisture
is maintained in the irrigated portions of the root zone. Table 1 gives
a comparison of field wilting points, determined as deseribed above,
and ultimate wilting points, determined in a greenbiouse with sun-
flower plants. In this table total range in moisture percentage from
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field capacity down to the ultimate wilting point is given in column 5.
Column § lists the difference between the field wilting point and the
ultimate wilting point, and column 7 is the ratio of this difference to
the total available moisture. The aversge of all values of the ratio
is 0.2. Expressed in terms of percentage of total available moisture,
the field wilting point in this case represents a moisture content that
is 20 percent above the ultimate wilting point as determined with
sunflower plants.

TasLe 1.—Comparison of fleld capacity, uwlifmale wilting point, and field wilting
poind, orchard if, 1932
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As long as ample moisture is maintained in the irrigated parts of
the soil, moisture contents in the remaining unirrigated part of the
Toot zone do not closely approach the ultimate wilting point. Asindi-
cated in figures 1 to 4, it Is only when severe water shortage develops
in the plant that moisture contents gs low as the ultimate wilting
point are reached.
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During 1932 certain of the orchard plots were maintained with ample
moisture in the irrigated part of the roct zone. The unirrigated strips
along the tree line were sampled in September, 7 months after the soil
had been moistened to field capecity by spring rains. The results,
listed in table 2, show that moisture contents in the unirrigated strips
along the tree lines were not reduced very far into the wilting range
in plots where ample moisture was meaintained in the irrigated ares.
High values in the second and third foot indieate sparse root popula«
tion. In later test plots where the trees were subjected to severe
water shortage, moisture contents of the unirrigatad tree lines ap-
groached the ultimate wilting point in the zones of greatest root

ensity.

TasLe 2.—-Moisture content of soil along unirrigaicd iree lines in Seplember 1932,
in relation to field capacity and ultimate willing point, orchard M
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In the light of these tests it seems futile to attempt to set a definite
percentage ebove which soil moisture is considered available for growth
and below which it is not evailable for growth. Irrigated orchard
trees not only have & variable root distribution but also have varisble
proportions of their root zones irrigated. The zones of highest feeder-
root concentration are reduced in moisture content most rapidly and
come to n stage of transitory equilibrium which remains as long as
ample moisture can be obtained by the tree from other parts of the
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root zone. The value for such a stage of equilibrium will depend on
the proportion of the root zone with ample available moisture and on
the opportunity for transpiration. If an increased moisture deficit
is brought about in the tree either by an increase in transpiration or
from s restriction in the available supply within the irrigated root zone,
then the moisture content of the dry zone will drop to a lower value
snd come to a new stage of equilibrivmn.  Equilibrium points or field
wilting points may be determined in the field for certain sets of condi-
tions, but the values may change when different degrees of water
deficit are developed within the trees. A wilting range may be deter-
mined within fairly close limits by using sunflower plants under cer-
tain prescribed conditions in the greenhouse. For the work with
orchard plots it has seemed best to establish the wilting range from
tests with well-established sunflower plants under greenhouse condi-
tions, or from dry tree lines when conditions were favorable, and then
to make comparisons between the orchard plots on the basis of degree
of water deficit developed under different methods of irrigation.

As a result of these tests, the wilting range was determined to be
about 20 percent of the fotal availsble moisture above the ultimate
wilting points, as established bv sunflower plants under greenhouse
conditions, for the orchard plots used in 1932, 1933, and 1934.

Field capacities were determined in the spring of the year after
rains, from soil samples taken at, frequent intervals during the period
of rapid drainage. Field capacity represents the upper limit of the
capacity of the soil to store water in the fleld, and 1ts value may be
influenced by & number of factors. The amount of water applied
and its temperature are important. Determinations under orchard
conditions are alse influenced by the rate of transpiration during the
period of rapid drainage. All field-capacity determinations were
made in the winter or early spring, in order to obtain values represent-
ing the maximum water-holding capaeity of the soil.

FRUIT GROWTH IN RELATION TC MOISTURE GOMTENT OF THE SOIL
ORCHARD M, SEASON OF 1932

Orchard M is one of the older orchards in the San Dimas area.
Many of the trees are lacking in vigor and are in = state of decline so
that growth rate of fruit is %ow and much of the fruit fails to reach
picking size before it becomes tree ripe. The owner's practice hns been
to apply water in five furrows, thereby watering about 60 percent of
the area. Since 1925 the furrows have been left open for two irriga-
tions and weed growth has been disked under three times a year.
More intensive cultivation of the soil had been practiced prior to that
time, and a dense plow sole had been formed below the depth of culti-
vabion,

During the course of the experiments conducted on this orchard
various efforts were made to improve the condition of the trees by
changes in irrigation practice. Irrigation in alternste middles on
suecessive dates of irrigation was tried in order to dry the soil out as
theroughly as practicable and vet maintain a ready supply of moisture
on cone side of the trees. The previously unirrigated tree line was
watered on another plot, so that 100 percent of the soil was wetted at
each Irrigation. Other trees were left unirrigated at various seasons
until visible signs of water shortage appeared. One block was left
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uncultivated for 3 years and the cover mowed. At times temporary
improvements in appearance of the trees were noted, but none of the
treatments had sufficient effect to change the relative ratings of the
different, plots at the conclusion of the tests.

Red scale was present in the orchard but was confrolled satisfac-
torily by oil spray in 1932 and by fumigation thereafter. There were
rather severe infestations of red mite (red spider) each spring, and the
trees were dusted with sulphur for control, but the mites caused con-
siderable damage to the folinge.

The experiments carried out on three of the field plots in this
orchard were designed to show the effect on fruit growth of wetting
different proportions of the soil mass in the principal root zome. Ex-
periments were carried out on two plots to determine the effect of
allowing the trees to undergo severe water deficit, followed by appli-
cation of irrigation water, on the production of flowers and set of
fruit during the iate summer. This practice is followed occasionally
by some growers for the purpose of causing an abnormally heavy
bﬁ)om and set of fruit in late summer or early fall.

The soil on which the field plots in orchard M were located is classi-
fied as Ramona clay loam. This is a secondary soil, moderately
weathered, but without sharply defined horizons.  The surface soil is
brown, moderately friable, puddies when wet, and is approximately 2
feet dﬁep. The surface soil grades gradually inte dense reddish-brown
subsoil.

The trees are Eureka lemon and in 1932 were about 40 years old.
As is to be expected in a grove of this age, the trees are quite varinble
in size and vigor. The size of the plots was varied so us to include in
each nt Jeast 10 trees from which records could be taken. All plots
were irrigated by the furrow method. One guard row was msain-
tained on each side of each plot.

Treatments were applied to the plots as follows:

Plot A-B.—The entire soil ares occupied by the {rees was irrigated, hat water
was applied in alternate middles, designated as plots A and B, on alternate irri-
gation dates,

Plot C.—At each application of water the eutire area occupied by the trees wus
irrigated.

Piot D.—At ench application of water 60 percent of the soil ares between each
‘two rows was wetted, and a strip of soll along ench row of trees, comprising 40
percent of the ares occupied by the trees, was not irrigated at all. It was planned
to maintain ample moisture in the irrigated ares at all times.

Plot H—Water was applied in the middles in a strip ecomprising 60 percent of
the area, and the tree row comprising 40 percent of the area remained dry. This
plot was dried out severely in August 1632.

Plst I.—The entire arca oceupied by the trees was irrigated. This plot was
dried out severely in July 1932.

Trenches 4 to 5 feet deep were dug at several locations in the plots
to determine the distribution of roots. Trenches 10 feet long, at right
angles o the tree row and extending from & point or the tree line to
near midway betweca the rows, were dug, and the position of each
root on the soil profile expused was plotted on a chart. Al charts of
root distribution shown in this bulletin represent the distribution of
roots 10 or more feet from the tree trunk,

Figure 8 shows the distribution of roots in typical profiles in orchard
M. It is obvious that the distribution is not uniform. Large areas,
a foot or more across, on the profile showed no roots. In other areas
the Toots were found concentrated in “islands.’’ 1In this soil there




GROWTH OF LEMOXN FRIITS

23
seemed to be no difference in_texture, color, or other distinguishable
characteristics between the soil masses containing a high concentration

of roots and those devoid of roots. There were no remains of dead
roots in the areas devoid of reots, and, considering the good internsl

drainage of this soil, it seems unllkeiy that water ogging caused the
roots in parts of the root zone to be killed some yvears before the
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trenches were dug. There appears to be no obvious explanation for
the nonuniformity of root distribution in orehard M.

The relationship between apparent fruit growth and soil moisture
of plot A-B, which was irrigated in alternate middles, is shown by
the line and bar graphs in figure 9. The line graphs represent the
average volume per fruit of representative samples of winter-set,
spring-set, and suminer-set fruits during the Irrigation season. The
bar graphs show the percentage of soil moisture in the A and B middles
(designated plot A and plot B) to o depth of 4 feet.

The four vertical lines ot each sampling date represent, respectively,
the Tange in soil-moisture contents of each of the top 4 feet of soil.
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The solid dots in each line represent the moisture contents of single
samples. Irrigation water was applied at different times on the A
and B middles (designated as plots A and B). The dates of irrigation
are shown by solid bars, 'The field capacity and the ultimate wiiting
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point, determined directly by growing sunflowers in seil in closed
containers, are for the top 2 feef of soil. The wilting range 1s shown
as 20 percent of the total available moisture. Field capacitics and
wilting renges vary somewhat with depth, and to avoid confusion
on the grapsz, values for the lower depths are omitted.
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A striking feature of the data shown in figure 9 is the wide variation
in moisture content of the different samples from each foot depth
throughout the entire season. The apparent growth rate, as indi-
cated by the slope of the fruit-veluma curves, was affected only
slichtly by variations in soil-moisture content until late in July. The
fruit volume curves show that the trees were again suffering appreci-
able water deficits when plot B was irrizated on September 6. After
this irrigation the apparent growth rate of fruits indicates no further
water deficit until October 10. The decrease in apparent growth
rate from October 20 to 31 was caused largely by unusuaﬁy low
humidity and high winds. The apparent growth rate of the fruits
on plot A-B shows that, since there was no further rise in the apparent
growth rate following the irrigation of plot A on September 17, the
trees regained full turgor from the irrigation of plot B on September 6.
The soil samples from plot A-B suggest that water was extracted
principally from the section with the higher moisture content, and
that even after long periods without irrigation the soil in the driest
section still hod portions with high moeisture contents. For example,
plot B was not irrigated from May 20 to July 15, & period of 56 days,
vet the samples taken on July 8 show that over two-thirds of the soil
i the top 2 feet waz still above the wilting range. The next trrigation
interval, July 15 to September 6, was 53 days. The samples taken
on August 30 also show that over two-thirds of the seil in the top 2
feet was above the wilting range. However, by comparing figures
9 and 10 it iz apparent that the alternate irngation system used on
plot A-B accomplished the desired effect of allowing a greater pro-
portion of the so1l to be dried down into the wilting range.

On plot C the entire scil area from tree line to tree line was irrigated.
On plot DD the middles, comprising about 60 percent of the area, were
irrigated, and a strip along the tree line comprising 40 percent of the
area was left unirrigated all season. The fruit-volume and soil-mois-
ture data for plots C and D are shown in the graphs of figure 10.

Omn plot C the apparent growth rate of fruit was unaffected by varia-
tions 1n soil-moisture content until about July 4. The fruit-volume
curves show that there was slight water deficit from July 4 to 13.
Water was applied on July 15. The soil samples taken on July 8
indicate that part of the soil in the top foot was in the wilting range.
Although the next irrigation interval, July 15 to August 12, was rela-
tively short, the slope of the fruit-volume curve shows that the trees
suffered the most severe water deficit of the season from August 1 to
12.  The soil samples talcen on August 11 indicate that the soil in the
top 3 feet was relatively dry on this date. The apparent growth rate
again indicates slight water deficit in the trees just before the irrigation
of September 17.  The soil samples taken on September 9 suggest that
only & small proportion of the soil was in the wilting range by Septem-
ber 17. Following the Irrigation of S8eptember 17 the apparent growth
rate of fruit was high and uniform until October 17.

Applications of irrigation water were made on plot D on the same
dates as on plot C. The soil-moisture pereentages shown in figure 10
are for samples taken from the wetted soil area. With plot D on the
same irrigation schedule as plot C, and with only 60 percent of the
soil area wetted, it was to be expected that the trees on plot D would
show severe water (eficits before each irrigation. But it is apparent

98957 — 18—
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from the curves representing fruit volume that the trees on plot D
suffered somewhat less water deficit than those on plot C. The soil-
moisture percentages show that only five soil samples of all those
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taken during the season were in the wilting range. The trees on
plot D were somewhat smalier than those on plots A-B and C and
apparently extracted moisture at a lower rate. It is clear that with

1 of the soil in 60 percent of the root zone maintained above the
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E'ilﬁtipg range all season the trees on plot D suffered only slight water
eficit,

The total seasonal growth of fruit on plots A-B, C, and D) was not
significantly different in spite of the differences in method of irrigation
or in amount of soil wetted at each irrigation. The results on plots
A-B and D indicate that lemon trees may receive an adequate water
supply under the environmental conditions of these experiments if the
moisture content of the soil in 50 to 60 percent of the area occupied
by the root system is meintained at high values so that most of the
roots in the wetted zone are always kept in contact with soil above
the wilting range.

The treatment of plots H and I was designed to determine the effect
of severe drying of the soil and subsequent irrigation in summer on the
production of sbnormally heavy bloom in late summer or early fall.
The fruit-growth and soil-moisture data are presented {fig. 11) to show
the relation between the apparent growth rate of fruit and the scil-
moisture conditions when the trees were showing severe water deficit.

Plot. I was not trrigated from May 7 to August 2, a period of 87 days.
By June 24 the percentage of moisture of a few sumples from the top
foot of soil was in the wilting range, and the number of samples in this
range gradually incressed during July. The sampling of Auvgust 1
showed a large part of the top 2 feet of soil in the wilting range.

A comparison of the slope of the spring-set fruit-volume curves for
plots H and I shows that the epparent growth rate of the fruit on
plot T was appreciably less than that on plot H from July 4 to the
time of irrigation of plot ¥ on August 2. Before the appiication of
waoter on August 2 the trees on plot I were shedding old leaves and
showing some rolling of younger leaves during midday, a stage of
water deficit in citrus which corresponds to temporary wilting in thin-
leaved plants. During August and September the trees suffered only
slight water deficit, as indicated both by apparent growth rate of frult
and by the soil-moisturs percentages. 'The fruit-volume curves indi-
cate that plot I suffered considerable water deficit during October.

Plot H was allowed to dry out during August. The fruit-volume
curves show that the apparent growth rate of the fruit was reduced
from about August 1 to September 6 by moisture deficit in the tree.
The percentages of moisture in the soil samples fail to indicate the
severe moisture shortage in the trees, since the samples taken on
August 31 show only a smell proportion with percentages in the wilt-
ing range. But as a matter of fact many of the trees were shedding
old leaves and all trees on the plot showed rolling of the leaves at mid-
day for several days before water was applied on September 6.

Since appreciable parts of the soil on plots H and I remained moist
through these extended periods withoutirrigation, it may be concheled
that the use of cover crops is essential if it is desired to dry the soll out
more completely. Summer cover erops are apt to cause acute short-
age of water in the trees unless there is enough additional water
available to take care of the needs of both trees and cover crop.  When
additional water is not available, a cover crop may be grown in
alternate middles and the remaining middles kept clean cultivated.
{The term “middles’ is used to designate the spaces between adjacent
tree Tows.) With & cover crop in alternate middles, all trees mn the
orchard may have readily available moisture in at least one-half of
their Toot zone while the alternate middles are drying out. The trees
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may thus be maintained without serious water deficit while half of
the soil in the orchard is being thoroughly dried out {8). This ap-
pears to be the most effective plan for drymng cut the soil in decadent
orchards without eausing serious water shortege in the trees and with-
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out the need of extra water for growing a cover crop. When alter-
nate middles are being dried out, particular care should be used to
keep ample moisture in the soil on the irrigated side of all trees.
With the soil on only one side of the tree irrigated, the moisture
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content of the irrigated soil should be maintained at shghtly higher
values than when all of the soil is wetted at each irrigation.

Orchard M is situated in the intermediate climatic zone of the south
coastal basin of Cealifornia in an area where the average amount of
water used is 21 inches a year. Plot A-B, hrrigated in alternate
middles, received 26.0 inches of water in 1932, and plot C
25.9 inches. Extra water was required for these plots in order to wet
all of the soil. Plot ID received 20.6 inches of water in 1932 and was
irrigated in & manner similar to the usual comnercial practice in this
area. On plot H one irrigation was eliminated and the seasonal
application ‘was 16.2 inches. Plot T had & period of drying out, but
water was zz}jph'ed over 100 percent of the plot when it was irrigated,
and the total for the senson of 1932 was 22.2 inches.

Considering the results from all of the plots on orchard M in 1932,
it is obvious that the relation between variations in soil moisture
and the apparent fruit growth is not very dafinite. From an examina-
tion of the data on soil moisture alone it would be difficult or impossible
to determine when the trees suffered water shortage. The charts
illustrating the root distribution in this orchard show why average
soll-moisture determinations are inadequate as a means of determining
when the trees are suffering water shortage.

If in this orchard applications of irrigation water had not been made
until the average moisture content of the top 3 or 4 feet of soil was in
the wilting range, it is practically certain that most of the trees would
have suffered rather severe water deficit before each irrigation.
Though the relation between soil moisture and apparent fruit growth
is obscured by the lack of uniformity of reot distribution, the soil
samples show that the moisture eontent of o purt of the soil in the root
zone had been reduced into the wilting renge when reduction in
al]:parent growth of fruits, which could be atiributed to moisture
shortage, oceurred.

The average volume gain per fruit for the spring-set and summer-
set fruits on the several plots of orchard M is shown in table 3. The
differences are of doubtful significance, though possibly the smaller
- size of the summer-set fruits on plots H and I may have beencaused
by periods of severe water deficit.

These experiments were repeated in 1933 with substantially the
same results. In 1933 the leaf-fruit ratios were determined by counts
at monthly intervals of the leaves and fruits on five representative
branches per tree. The leaf-fruit ratios were guite high, and there
appeared to be little relationship between apparent growth rate and
number of leaves per fruit.

TasLE 3.—Average volume gain per fruil of spring-sel fruil for the period June 23
to Octeber 10 and swmmer-get fruil for the period August 8 to Oclober 34, orchard M,
1932

ot Spring-set | Sumiter-set ;; Plot | Epring-set | Summer-set
Ce Ce i Ce e
A~B 48.2 WA 45. K X o
C._ AT -0 N R, G LE ] .1
D... 5.9 T
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ORCHABD F, SEASONS OF 1332-3§

Orchard P is located on a soil of the Placentia series. The surface
soil is reddish-brown loam, friable when st the proper moisture con-
tent for cultivation, but sticky when wet. If cultivated when dry
it pulverizes into flourlike dust. The surface soil in this orchard is
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FiaUrE 12.—Distribution of lemon tree roots in 6 soil profile in orchard P, Plscentin loam. Circles denota
lateral roots; dots, feeder roots. »1, Locetion 4-#: a, Lomm sarfuce soil. darkened by orgapic matier,
friable; b, ¢lny losm subsoll, dense bt cracked into columpar hlocks; ¢, loamy eley, very dense, oo cracks.

8, Location i0-5: ¢, Losm surface soil, friable, deep cultivation probable cause of lack of roots; &, clay loam,
intrensing density from I- to 4foot depith, some rotten grenite 3- to $-fool derrk,

1 to 2 feet deep. The subsoil is red and very dense, and upon drying
it cracks into columnar blocks.

The trees in this orchard are Eureka lemon, and in 1932 they were
13 years old. The trees were small, but the root systems were found
to spread over the entira area between the rows and to extend to &
depth of 3 or more feet, though in most of the profile the concentra-
tion of roots is very low. Figure 12 shows the root distribution in
typical profiles in this orehard. It is clenr from this chart that root
distribution is quite variable. Af location 4-9 (fig. 12, £} there are
no roots below 2.5 feet, but there is # fair distribution in the upper
2.5 feet. At location 10-5 (fig. 12, B) there are few roots in the top
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foot. Below 1 foot depth the roct population is not dense but ex-
tends to 4 feet, though there are large areas on the profile devoid of
roots, Several other profiles examined in this orchard showed wide
varigtion in root distribution, though in genernl the highest concen-
tration of roots was found in the top 2 feet of soil.

In orchard P four plots of three or four rows, each plot separated
by one border row, were Inid out.

The purpose of the experiments on plots A and B of orchard P
was to determine the effect of differences in soil-moisture content on
the total seasonal growth, the apparent growth, and the yield of fruit.

The treatments on plots C and D were given to determine the effect
of severe water deficit followed by an ample water supply on the
stimulation of flowering, but the data on fruit-volume increase and
soll moisture are presented in this bulletin since they show the response
of the trees to severe water shortage.

The treatments applied were as follows:

Plot 4, —The entire area except a very narrow strip along the tree line was
irrigated by furrows. It was planned to irrigate at such freguent intervals that
{he trees would show little or no water shortage.

Plgt B—The middles, comprising about 80 percent of the soil area, were irri-
gated, gnd the tree lines were unirrigated all sesson. It was planned to make
the intervals between irrigations Jong enough to cause o measurable water defieit
in the tree before each irmgation.

Plots € and D —Plots C and D were dried out severely in the summer, but
except for the one period of severe water deficit, irrigations were sufficient to
prevent acuie water shortage. Oun both plots the entire areda, except a narrow
strip along the tree Huoe, wos wetted at egch irrigation. Flot "C was sliowed to
dry out in July 1932, plot D in Avgust 1932,

The fruit-volume mensurements of the winter-set, spring-sef, and
summer-set fruits and the percentage of moisture of samples from the
top 4 feet of soil from plots A and B are shown in figure 13, Itisap-
parent that the most rapid reduction in soil-moisture content following
wetting occurs in the top foot of soil on both plots A and B.

On plot A the apparent growth rate appears to have been unaffected
by changes in smrmoistme until about the last of June. The sam-
pling of July 2 indicates that most of the soll in the top foot was
close to the wilting range. Bamples from the 2- to 4-foot zones were
all well above the wﬂtmg range. The sampling on August 9 showed
that the percentage of moisture of most of the samples from the top
foot were again close to the wilting range.

After the irrigation on July 14 the app&rent. growth rate was high
untit July 23, “From then until the next application of water on
August 11 the apparent growth rate indicated water shortage. The
samplings on July 22 and 29 showed that all of the soil was above the
wilting renge, and on August 8 two samples in the top foot were in
the wilting range. By August 29 the apparent growth rate had again
declined, and the soil samples taken on this date show that the
moisture content of only two samples in the top foot were close to the
wilting range.

The apparent growth rate of fruits on plot B indicated that the
water defieit of the trees just before the applications of irrigation
water was somewhat greater than for plot A, and the moisture con-
tents of more samples were in the wilting range on plot B. The area
of soil wetted on plot A was greater then on plot B, and it is possible
thet this was a factor of some importance n this orchard where 2
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large part of the root activity is in the first foot of soil. For the period
of June to September, inclusive, plot A received four applications of
water and plot B only three.

Table 4 shows that there was an apprecinble difference in total
seasonal growth of the fruits on the two plots. The number of trees
on plots A and B was so large thay, in spite of nonuniformity of trees
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and lack of yield records before the treatments were applied, it seems
likely that the differences in yield on these plots for the period covering
the harvest of fruits that were affected by the treatments may be
significant. There were 36 record trees on plot A and 45 on plot B.
The average vield per tree for the period from June 27, 1932, to May
29, 1933, was: Plot A, 111.9-5.3 pounds; plot B, 96.9+4.4 pounds.
The increased yield per tree of plot A over that of plot B was roughly
15 percent. The average volume gain per fruit on plot A over that of
plot B as indicated by the fruit measurements was roughly 20 percent.
The diserepancy between yield and fruit-volume data may possibly be
accounted for by the fact that some of the fruits were searcely aff

by the trestments during the early part of the harvest period.

TaBLE 4.—Average lotal velume gain per fruit of winler-sef, spring-sel, and summer-
set fruiin, plots A and B, orchard P, 1932

P
© Winter-set, | Spring-set, | Summer-ze,
Plot | Apr.25tn May 30 {0 ALE. 9 to
Sept. 13 Nov. ! Nov. L
Ce | Ce
A e camremmm————— 62.0 6L.0 3.0
B 525 | 505 24.0

In the fall of 1932 the trees in orchard P were partly defoliated by
wind. Almost no fruit was set in the spring of 1933, so that the trees
carried only the fruits set in the fall of 1932, The irrigation treatments
in 1933 were similar to those of 1932. The most striking result of the
1933 treatments was the effect of the water supply of the trees on the
rate ab which they recovered a normal leaf surface. The shoot growth
and production of leaves on plot A were strikingly superior to those
of plot B. In the spring of 1934 the trees were again carrying a normal
leaf surface and a normal crop of fruit. Except that plot B was sub-
jected to greater water deficit before appheation of irrigation water
in 1934 thap in 1932, the irrigation treatments of plots A and B in
1934 were similar to those in 1932,

The records from the trees on plots A and B in 1934 during the
spring months of April, May, and June showed that for a period of
10 to 15 days after the fruits had gained full turgor following irrigation
the apparent growth rate was refative]y untform at 0.6 to 0.7 ¢c per
day. After ‘his brief period of rapid volume gain the rate of gain
gradually decreased. In plot B this gradual decrease continued for
30 days before water was applied. At the end of this period the rate of
gain was 0.3 cc per day. The trees were not wilted, and doubtless the
fruits would have continued to increase in size for some time longer
without application of irrigation water; but many leaves were showing
the change from bright green to a dull yellowish tinge characteristic
of lemon trees after prolonged water shortage. It appears that on
this soil type the widely dispersed roots in the subsoil continue for a
long time to extract sufficient water to prevent wilting and to allow
continued growth of fruit at & low rate.

The results obtained on plots C and D, which were subjected to
severe watber shortage during one irrigation interval, are shown in
figure 14.

98957°—39—5




34 TECHNICAL BULLETIN 640, U. 5. DEPT. OF AGRICULTURE

Plot C was irrigated on April 20, 1932, but received no more water
until August 5. The frees were apparently already suffering water
shortage when the fruit measurements were begun on June 23. The
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soil samples taken on July 20 and 27 showed that the moisture content
of the top foot was relatively low. For 18 duys after the irrigation on
August 5 the apparent growth rate showed no decline, but between
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August 22 and 30 the rate of volume pain indicated water deficit.
The sampling of August 29 showed that the moisture content of the
first foot of soil was low, but all samples were above the wilting range.
From September 9 to October 4 no water deficit was indicated by the
apparent growth rate. From October 18 to December 22 the apparent
growth rate was relatively nniform but was lower than during Sep-
tember. All plots of both orchards M and P showed this drop 1n
apparent growth rate, which was undoubtedly due to unfavorable
wenther conditions, and in orchard P ulso to partial defoliation of the
trees by wind.

After the application of water on plot D on June 28, the fruit-
volume curve shows that the volume inereased at a uniform rate until
July 28. From then until the application of water on September 8
the npparent growth rate gradually decreased. The moisture content
of the first foot of soil decreased rapidly, and that of the second, third,
and fourth feet slowly, from July 20 to September 1. Oun September
1 part of the first foot of soil was in the walting range.

It is obvious that it would be difficult to tell when to irrigate from
the soil-moisture determinations zlone. Appreciable water deficits
developed in the trees when the general level of soil moisture was
relatively high. In both orchards M and P root distribution was
irregular and rates of extraction of moisture varted greatly. There
were many locations at which no measurable extraction of moisture
occurred at depths of 2, 3, and 4 feet. Rutes of extraction of soil
moisture were made after the manner illustrated in the discussion of
figure 7. A summary of all the determinations meade during the
season of 1932 is given in figure 15. The results are condensed into a
frequency distribution showing the number of determinations for
each foot in depth that fall in various classes of extraction from 0 to
3.20 acre-inches per acre per 30 days. It is obvious from these
frequency curves that the principal root activity is in the first foot of
soil in both orchards and thut there is great vartation in root activity
at all depths.

An interesting feature of this comparison is that rates of extraction
were highest in the top foot of soil at certain locations in orchard P,
although the trees were much smaller than in orchard M. The
reason for this appears to be in the difference in soil types. The
surface foot of soi{)m orchard P is 2 friable loam, but the underlying
subsoil is dense and contains a considerable percentage of colloidal
clay. Although roots have penetrated the subsoil, movement of
imolsture in this material is slow, und moisture ie extracted much more
readily from the looser topsoil. It is apparent from figures 13, 14,
and 15 that the top foot of soil is quickly reduced to low values while
the moisture contents of lower depths are still high, and it is doubtful
if this condition ean be changed. Suction pressures high enough to
extract an adequate supply of moisture from the denser soil quickly
reduce the moisture content in the topsoil so that attempts to dry out
the lower soil horizons will certainly cause severe water deficit in the
trees. Frequent light applications of water to the topsoil are indicated
as desirablie for orchards on this soil type.

From the records given for these two orchards 1t is evident that
averages of soil-moisture contents would have little value in inter-

reting the results. Where root activity is so variable it would be
llogical to set up plots where the variations were based on different
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average minimum soil-moisture percentages. As successive portions
of the oot zone are dried out the tree must obtain its water supply
from the remaining roots, and it is of importance to know how much
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of the root zone requires irrigation. It has been shown (8) that there
is o ready cross transfer of water even in old lemon trees with fluted
trunks; hence the tree may get ample water from the irrigation of
limited parts of the root zone provided extraction rates are high
enough in the portion wetted. The variations in proportion of soil
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wetted within the limits used on orchards M and P apparently made
little difference in the water supply to the trees, even though there was
considerable diffcrenece in the total amounts of water applied to
different plots.

INFLUENCE OF MOISTURE CONTENT IN ONE PART OF THE ROOT ZONE
ON EXTRACTION OF WATER FROM BOIL IN OTHER PARTS

Results of the experiments in orchard M failed to show that a
measurable reduction in the water supply of the tree occurred when
only 50 to 60 percent of the soil area was wetted at each irrigation. It
wight be supposed from this result that the rate of extraction of water
from the irrigated zone alone was higher than it would have been if
the entire soil ares occupied by the tree had been wetted at each
irrigation. An experiment was earried out to determine whether the
rate of extraction of moisture from the wetted soil in one part of the
root zone may be affected by leaving unirrigated various proportions
©of the soil area occupied by the tree. Four mature Washington Navel
orange trees were used for this test., These trees were growing in &
loam soil that has & rather uniform field capacity of 15 percent in the
top foot. 1t was originally planned to use three trees 1n this experi-
ment and to determine “base’ rates of extraction under uniform
trentment before applying the differential irrigation treatments.
However, at the time these treatments were applied a tree from
another test plot (tree D) was added to this experiment. This
accounts for the variation i treatment of tree D from that given the
other three trees (A, B, and ) which will appear from the following
description of the determination of the base rates of extraction that
were obtained before the differential treatments were applied.

On August 7 approximately 100 percent of the soil ares occupied by
trees A, B, and C wus wetted to 3 feet or more in depth. Samples
were taken from four locations around each tree to a depth of 3 feet
&t approximately weekly intervals until September 8.

The top foot of soil appeared to be the most uniform zone with
respect to field capacity and rate of extraction, and the average rate of
extraction from the top foot of soil around each tree from August 7 to
19 was taken as the base rate of extraction. The Iast irrigation water
that tree ID received before the differential treatments were given was
applied on July 13 to approximately 80 percent of the area occupied
by the tree. The rate of extraction of moisture from the top foot of
wetted soil around tree D from July 13 to 30 was teken as the base
rate for this free. Obviously, the base rate of tree D is not quite com-
parable to the base rates of trees A, B, and C.

On September 8 water was applied to different proportions of the
areas occupled by each tree as follows: Tree A, 100 percent; iree B,
50 percent; tree (', 25 percent; tree D, & percent. Just before this
application of water was made. trees 4, B, und € had been subjected
to only slight water deficit, as indicated by apparent fruit-growth
records, but tree D was suffering severe water shortage.  The rates of
extraction of moisture by trees A, B, (¢, and I from the top foot of
wetted soil {below the plow mulech), in percentage of moisture per day,
and the relative rates (based upon tree A=100) are given in table 5
for periods before and after the differentizl treatments were applied.
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TaBLE 5.—Rates of extraction of moisture by Washington Navel orange lrees from
the lop fool of soil before and after differential ireigation trealments

Preliminury troatment Differentia] treatment
Rute »f pxtruction from wet- . Rate of extractlon from wel-
Area watteqd Ted nrea Aren wetted ted ures
Tree
acua) Relo Actual] Relss
Per {per- (I[::'- Pur- {per- 'ilz;eer
Date cent Perlel L;;t tent Date cent Periad ce:rt Sent
day) d]'ﬂ!r av) jer
| L83 Ay} k duy}
A _ | App 7o | 100 Aug. 719 _ [ 0.35 100 | Sept.8B._..| 100} Sept.8-24. .1 0. 258 100
B, |.-.doo. ... b1, | IR | [ TR -1y il _deo__ .. 80 [ . do . ... L33 129
C....___do..._.. 1 oo do_... il 114 _,dn__lﬁ.-_ a5 _&_e.-do ..... £0 15
i t .\ 12 - JSepL. 10, v [TEept. -14__| . as3
Do jJulyid..p 80 July13-40...) 258 e (Bepto 1410 6| septiaenl| etz 230
t &

1 On busis of tree A =100,

From the data in table 5 it is apparent that the relative rate of
extraction from the wetted soil was increased slightly when the wetted
aren was reduced from 100 percent to 50 percent of the total occupied
by the tree, was increased somewhat more when reduced to 25 per-
cent, and was greatly increased when the wetted area was reduced to
6 percent of the total. The rate of extraction from the wetted soil
of tree D during the period September 10 to 14 was almost 1 percent
per day. Rates of this order have been obtained with pot cultures,
in which the concentration of roots per unit of soil was abnormally
high, but have not been obtained under usual orchard conditions.
In this experiment tree D was subjected to severe water shortage
before water was supplied to the wetted arez; and though the water
deficit, as indicated by fruit measurements, was reduced appreciably
by the application of water to 6 percent of the svil area, the water
supply received from the small part of the root system in wet soil
wes not sufficient to enable the tree to recover full turgor during the
night or to prevent temporary wilting during midday. Absorption
by the roots in moist soil must have been continuous and at high
rates for 24 hours per day.

Though the relative rates of extraction from the wetted soil of trees
B and C were increased following the reduction in the area wetted,
the increase in rate wus not proportional to the decrease in area wetted.
It may be presumed that the total water supply of the trees was
reduced slightly or greatly depending upon the proportion of the soil
wetted. The apparent growth rates of fruit on tree D after Septem-
ber 8 showed cleariy that this tree suffered severe water sbortage, but
the apparent growth rates on trees A, B, and C appeared to be unaf-
fected by differences in water supply from September 8 to 19. From
September 19 until the trees were irriguted on Qctober 6 the apparent
growth rate of fruit on tree C gradually declined as compared with
that of trees A and B. No difference was apparent between trees A
and B, In spite of the fact that the base rate of extraction from the
wetted soil of tree D was not entirely comparable to the base rates of
trees A, B, and C, it seems unlikely that this could have appreciably
affected the results, since the change in the rate of extraction in the
wetted soil of tree I) was so great.
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While this field experiment was not extensive, and somewhat differ-
ent relative rates of extraction would doubtless be obtained if the
experiment were repeated on other trees, the general conclusion that
the rates of extraction in the wetted portions of the soil may be higher
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when part of the soil in the root zone is left unirrigated than they
would have been if the entire soil mass occupied by the tree bad been
wetted has been confirmed by transpiration experiments with potted
lemon trees.

Figure 16 shows the transpiration rates, as loss of weight of pot
and tree, and the changes in fruit volume following wetting of ull or
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of some part of the soil. These plants were grown under artificial
Iiight 8t relatively uniform temperature and relative humidity. The
plants were exposed to light for about 14 hours per day except for
two periods when the light remained on for 24 hours per day.

The soil in which tree 7 was grown was raised above field capacity
January 16. From February 1 to 6 2 marked decrease in fruit volume
occurred. There was a decrease in transpiration from February 4 to
6 because of water shortage. The departure from the unrestricted
rate of transpiration is shown by the shaded aree on the graph. It
may be assumed that on February 6 the soll was in the wilting range.
On this date the moisture content of approximately one-third of the
soil was raised to field eapacity by frrigation. From February 6 fo7
the fruit swelled to almost the size that it had atteined on February
1, but decreased in size from February 7 to 10. On February 10 the
volume was about the same as on February 6. The transpiration
rate as shown by the loss of weight of pot and tree was only slightly
less from February 6 to 10 {29.7 g per day) than during the period of
February 2 to 6 {34.2 g per day). Thatis, with about the same total
amount of available water the transpiration rate was not greatly
different, though for the period of February 2 to 6 this amount was
distributed throughout the soil of the entire root system, while for
the period of February 6 to 10 it was contained in the soll of about
one-third of the root system. On February 10 the soil of the entire
root system was wetted above field capacity. On Aarch 3 the soil
was again in the wilting renge. On this date less than half of the
soil was wetted to field capacity. From March 2 to 5 the average
transpiration rate was 33 g per day, while the rate for the comparab‘ie
period with about the same amount of water distributed throughout
the whole soil mass, February 25 to 28, wns 37 g per day. On March
5 more of the soil was wetted to field capacity. From March 5 to 8
the transpiration rate was 36.6 g per day. This was only slightly
less (tlhan the average rate for the period of February 10 t0 25,309 ¢
per day.

The soil mass in which tree 2 was grown was about half that in
which tree 7 was grown, vet the response of tree 2 to treatments
similar to that given tree 7 was about the same. In each case the
transpiration rate was slightly less when some fraction of the soil was
wetted to field capacity t%mn when 1t was all wetted to field capacity,
but it appears that the rate of moisture extraction must have been
appreciably increased in the wetted part of the soil when the remainder
of the soil was in the wilting range.

In the two foregoing experiments the discussion was confined to
the effect of wetting to field capacity a part of the soil while the
remainder was left relatively dry. It 1s not to be supposed from the
results of these experiments that in the irrigated part of the soil the
rates of extraction are increased without further irrigation in the
zones of low root concentration after the soil has become relatively
dry in the zones of high root concentration.

Beckett, Blaney, and Taylor (3) have shown that the rates of
extraction of moisture from the lower depths of soil do net increase
as the soil in the upper layers dries out to the wilting range. Like-
wise, in the present investigation it has been found that the rates of
extraction in the zones of low root concentration do not increase as
the moisture content of the soll in the zones of higher root concentra-
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tion approaches the wilting range. This is not a surprising result,
since, doubtless, the Increase in the energy required to move water to
the root surface through considerable distances in the soil at least
keeps pace with the increase in suction pressure of the roots as the
soil dries out.

It has been demonstrated that when water deficit in the tree is
caused by removal of part of the root system the turgor of the fruit
on the different main branches is affected alike (8}. It seems reason-
able to suppose that when the tree is suffering water shoriage the
turgor deficit of all parts of the root system is also nearly the same.
However, when considerable differences exist in the average moisture
content of soil in different parts of the root zone, probably equilibrium
in suction pressure is never quite attained between roots In regions
of high and low average soil-moisture content. Except for this
difference, the suction pressure acting on the soil moisture at the root
surface must be about the same in all parts of the root system. If
this is true, it is obvious that the rate of extraction of moisture from
soil in different parts of the root zone is affected by the magnitude of
the suction pressure of the roots, by the concentration of roots per
unit volume of soil, and by the moisture content of the soil.

This theory seems entirely consistent with the observed fuets. It
explains the fact that the soil dries out most rapidly in the zones of
highest root concentration, and that when the soil in wrost of the root
zone is relatively dry and the water deficit of the tree high, the rate
of extraction from soil wetted to field capacity in a small part of the
100t zone is extraordinarily high. :

1f this conception is correct it is to be expected that, in orchards
where o part of the soil in the root zone is wetted at each irrigation
and a part left without irrigation during the dry season, the extrac-
tion of moisture from the soil in the unirrigated zone ceases hefore
all of the available moisture has been extracted, if the trees received
sufficient water from the wetted zone to prevent wilting.

Throughout the course of these investigations it was generally
found that all available moisture was not extracted from the soil in
the wirrigated area along tree rows in furrow-irrigated plots, even
though this soil was not wetted by rain or irrigation water for 6
months or more during the hottest part of the year.

Furthermore, it appears that the average minimum moisture con-
tent to which the unirrigated soil in the tree line wad4 reduced was
largely determined by the duration and severity of water deficit to
which the trees were subjected. In plots that were maintained at
such high moisture contents in the irrigated zone that the trees
reeovered approximately full turgor each night, the moisture content
of the soil in the unirrigated tree line was reduced to approximately
the upper end of the wilting range. In plots in which ti]e soil of the
irrigated zone was periodically aliowed to become so dry that the trees
were subjected to temporary wilting, the moisture content of the soil
in nonirrngated zones was reduced to values near the ultimate wilting

oint.
P Data illustrating this principle are shown in table 6. These data
were tnken from the records of experiments, described more fully
later in this bulletin, which were carried out in orchards 8, M-W,
and W. Orchard 8 is on heavy soil, M~W on medium soil, and W
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on light soil. The treatments applied on plots A, B, and 'C of these
orchards are briefly as follows: In the irrigated zones of the A plots
the soil was kept relatively moist all the time; that of the C plots was
allowed to dry out before each irrication until the trees were subjected
to moderate water deficit; in the B plots the soil of the irrigated zone
wag allowed to dry before each irrigation until the irees showed
severe water shortage.

TanrLE 6.—dAverage soil-moisiure conlent in wunirrigafed and irrigated sections of
orchards M-W, 8, and W, wn 1835

Tnirrigated section Irrigated sention

Orchard, date, and plot
First |Second | Third { Fourth| Fi Serond | Third
foot foot foot foot fool foot

Per- Per- Per- Per- - Pry- Per-

Orehard B-W, Ang. 16: cend cent cent cend
Plot A s 13.4 15.1 15.2 15.0
Plot B 10.& 12.3 13.1 4.2

Orchard
Plot

S, Bept.26to Oct. 7:

A 18.7 19.9 18.8 19.0
15,8 18.1 1.8 17.0
1.3 18. 4 5.9 19.7

6.6
2.6

On August 16 water had not yet been applied to plot B of orchard
M-W, while plot A had been irrigated three times and the moisture
content of very few samples from the irrigated zones of plot A had
been reduced to the wilting range up to August 16. It may be noted
from table 6 that the mowsture content of the unirrigated section of
plot B is appreciebly below that of plot A.

In September and October, when the samples were taken in orchard
S, the trees of plot B were not under as severe water deficit as they
had been just before the irrigation of August 30, but it may be noted
that the moisture content of the nonirrigated section of plot B is lower
than that of plots A and C.

The dry tree lines of orchard W were sampled October 11, when the
trees of plot B were suffering from severe water shortage. The
moisture content of the irrigated section of plot A was so high all
season that the trees on this plot did not suffer from shortage of water.
The moisture content of the nonirrigated section of plot B was only
glightly sbove the ultimate wilting point on Oectober 11, while that
of plot A was above the wilting range.

1t is apparent that this principle—that the absorption of moisture
from the soil by roots in one part of the root zone 1s affected by the
magnitude of the water deficit in the tree and by higher or lower
soil-moisture contents in other parts of the root zone—1is of consider-
able significance in interpreting the results of field experiments in
which irrigation water is applied to the soil in only a part of the root
zone.
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In the spring the entire soil mass occupied by the tree is usually
near fisld capacity. By midsummer extraction has practically ceased
in the nonirrigated tree line, yet trees apparently receive an adequate
water supply from the parb of the root system in the wetted soil,
Doubtless the water supply of the trees would be better, at least
during periods of severe weather, and probably the trees would attain
grenter size 2t maturity, if all the soil were irrigated; but undoubtedly
under usual weather conditions the reduection in ahsorptlon caused
by drying of the soil in the nenirrigated zone is partly compensated
for by increased rate of absorption by the roots in the wetted zone.

The fact that all available moisture is not absorbed in the dry tree
line as long as the trees are prevented from permanent wilting by
wetting the irrigated zone explains why the roots in the nouirrigated
zone are not injured by desiceation.

With this theory as a basis, the writers have attached little impor-
fance to the average soil-moisture percentage of the irrigated zone, but
rather have considered that reduction into the wilting range of the
moisture content of the soil of even a small proportion of the irrigated
zone indicated that the trees were subjected to more or less water
deficit. That is, the reduction of the moisture content of a part of
the soil from field capacity into the wilting range in the relatively short
period of an irrigation inferval indicates that the tree as a whole
developed fairly lugh suction pressure, since it was found that after
months without irrigation the moisture content of the soil in the dry
tree lines in the A plots of orchards 8, M-W, and W had been reduced
to only about the upper end of the wilting range.

EFFECT ON FRUIT GROWTH OF DIFFERENCES IN IRRIGATION
INTERVAL

The work on orchards M and P demonstrated that it would not be
sound practice to use soil-moisture records for establishing basic
differences in plot treatments. Varying the degrees of water deficit
as indicated from measurements of fruit appeare(l to be the more
logical method to use insetting up plot varintions. Accordingly,itwas
determined that plot differences for the 1935 sensou would be based
on the degree of water deficit as indicated from fruit measurements.

Plots of lemon trees were chosen in three orchards, one on a stony
sandy loam, another on a leam, and o third on clay loam, Three
treatments were used on each soil type so that the time interval
between irrigations was short, medium, and long. Because the
furrows in the orchard on the medium soi! type were 500 feet long, two
plots were set up for each treatment, one located in the upper 250 feet
of tree row and a duplicate plot located in the last 250 feet of the sume
tree row. The treatments on each orchard were designated as A, B,
and C; A for the short interval between irrigntions, B for the long in ter.
val, and C intermediate. The differences were to be determined as
follow :

Treatment A (short tnierval).~—Irrigation wnter was applied at such short
intervals that little or no decresse in apparent growth rate of fruit occurred as a
result of water deficit.

Treatment B (long interval) —Irrigation water was applied when apparent fruit
growth had almost or entirely ceased, or when the trees began to show excessive
leaf drop or rolling of the leaves.
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Treatment C (Intermediate).—Irrigation water was applied at the first significant
decreasc in the apparent growth rate that could be attributed to water deficit
in the tree.

Trees under treatment A recovered approximately full turgor each
night; those under trestment B at the time of irrigation were at a
stage of water deficit probably corresponding to temporary wilting
of thin-leaved plants that show wilting readily; those under treat-
dm?‘nt_ C at the time of irrigation were under a relatively slight water

eticit.

The purposes of these experiments were:

(1) To determine how the total fruit growth for the season is
influenced by periodically subjecting trees to little or no measurable
water deficit, to severe water deficit, and to moderate water deficit, as
indicated by the apparent growth rate of fruit.

(2} To d}etermine the relation between apparent growth rate of
fruit and the moisture content of the soil.

(3) To compare the response of trees on widely different soil
types to the several degrees of water deficit described.

Inasmuch as the plots kept under little or no measurable water
deficit would receive irrigations more frequently than in usual com-
mercial practice, these plots were watched for evidence of injury
from overirrigation. In this sense the use of the term overirrigation
is meant to imply the maintenance of n relatively high level of soil-
moisture content throughout the trrigation season.

ORCHARD W (LIGHT SOIL}

Orchard W is located on an outwash fan, which had been cleared of
large boulders before the trees were planted. The surface soil is stony
sandy loam, dark brown, and fairly high in organic matter. At a
depth of 2 to 4 {eet the surface soil of the plots is underlain by coarse
gray sand and gravel, practically free of silt. Many large rocks are
scattered through the soill. As shown in figure 17, the coarse sand-
gravel layer contains almost no roots. The greatest concentration of
roots occurs along the tree lines, that is, within about 5 feet of the
tree trunk. The soil in the middies, 1. e., about midway between tree
rows, has been packed by heavy implements, tractors, ete. In some
areas few roots are found in the top foot of soif in the middles. Though
the root zone is irregular, if is in general confined to a layer of soil 2
to 4 feet thick.

In spite of the limited root zone of the trees in orchard W, they are
quite vigorous and highly productive. This type of soil is considered
particularly well suited to lemons. The trees are Eureka lemon on
sour orange reotstock and were 20 years old in 1935.

The curves representing the average volume per fruit, the lines
representing the observed wilting range, the observed ultimate wilting
point, and field capacity, and the bar graphs showing the percentage
of motsture in each soil sample of plots A, B, and C, are shown In
figure 18. Plots A, B, and C were given treatments A, B, and C,
Tespectively.

Trom the time the fruite of plot A had attained a volume of about
20 ce until October 13, when hot, dry winds eecurred, the volume
curves form almost straight lines.

Soil samples taken from the middles between rows and those taken
from the irrigated areas under the spread of the branches are shown
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separately in the graphs. This separation was made because the
moisture content of samples from under the trees was consistently
Jower than that of those from the middles. In the case of plot A it
will be noted that all samples taken during the season had moisture
contents above the observed wilting range. The break in the fruit-
volume curve just before the irrigation of June 29 indicated that the
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trees of plot A suffered a slight water shortage for a few days belore
that date, but for the remainder of the season until October 15 plot
A suffered no measurable water deficit. Since there was no evidence
that the trees on plot A were injured by the relatively high soil-
moisture content either during the irrigation season or during the
following winter and spring, the apparent growth rates of fruit on plot
A may be used as a control with which the apparent growth rates on
plots B and C may be compsared.




46 TECHXICAL BULLEIIN 640, T. §. DEPT. OF AGRICULTURE

& i —% 150
|| | Jnora | o2 I e
s o T
7 FIELD CQPE_CITY -, 130
120
41 ‘o
: iy l b 00
; ;/| :[ _‘1 : . 30
. 8o
o5 | unoee TagEsL N
i ] ri)or 10
: 80
.ior. ' 50
| 1
S - ey 40
e iy
Ay XA NN BN
4% &{\&\ w = g 30
3\ N> \{‘Q\\\Q&t%% 20
z;t:\\“;\\kk\\.l\\\l\\.\'\l\ IR IOE
'e "ELD eEnT] I TFRGIT voLuwE " 10 w
FIELD CAFACITY 14 PERCENT. i [
T : : : : i L EPRING _SET! oo ;.l
T T i ! 90 2
- S S0L MEHSTURE .. : . &
B8 S : i 80 o
= ! * 7. 1STFooTer: ; ; i =
w 8 i' imwmacesd T 8T ; - 705
c: bwwiooues L ; 3
= [0S +—an, roor, d—— i &0
b L e e g 3
o B . ; 503
-3 [ | 1 - i . H =]
3 G ead i T S o
2 it e 7 D FGOT A R S : =
©oan St R e B R 303
%W\@:%\\\ R e e &
3 e Ty g 0 20
N -\\\\N*\ ‘\\\\\-F\ AANAT & AN HRIGATIDNS w k_\ \\\
e - —. e e—— T T - r | 30
| Pew camaemy " 1) PLOT € : | Loty {
'3 T — Lt 120
12 i 1o
" ’ 100
S0/ MOISTURE
10 : ll'““" 90
9 . - BO
i
8 - 70
tH MIDOLES:; :TI:‘-_:-_,O:/.'H ’
7 - TN . &0
6 UNBER TREES Lﬁfﬁ_ﬂ_’:'-o . = ' o i e e 50
Po. ropr— ! i o :
5 R M ‘ag
4R RN N X 30
A % \\g WILTING thﬁt%
3y { kel | 1 gy LA Ee 20
2 | R R ﬁ - i_-mnmwns‘—- \%\\\\\Rk\\}\ \i\_‘ o

{10 20 30 10 20 3t [0 20 31 {0 20 3G 10 20 31 10 20 30 1o
JUNE JULY AUGUST SEFTEMBER OGTOBER NOVEMBER DECEMBER

FioraE 18.~Volume of frlit, meistare content, fek! capacily, wilting range. und, gt the lower end of the
willing runge, the uliimate wilting point of the Suil, aodd dutes of irrigativns, plots &, B, and ©, orgling
W, 1635,




GROWTH OF LEMON FRUITS 47

During each irrigation interval, water was withheld from plot B
until the apparent growth of fruit had censed. In some cases the
older fruits were shrinking. The fruit volume curves for plot B in
figure 18 flatten out or drop just before each irrigation and nse
sharply after the application of water.

Because of the extreme difficulty of sampling in this rocky soil, the
number of samples taken was not so great as might be desirable.
However, the moisture content of the samples from under the trees
where roo$ concentration was greatest and most uniform had a rather
narrow range of moisture percentages. Probably the samples from
under the tree represent fairly accurately the moisture conditions in
the zones of high root concentration.

All soil samples from this plot were screened to 2 mm, and the
moisture percentages were based on the oven-dry weight of the soil
passing the 2-mm screen. This procedure gives higher values for
moisture contents than when the moisture content is based on the
entire ageregate collected in the sample, but the values are less subject
to variation when small samples are taken. An appreciable amount
of moisture is held on the rocks just after irrigation, so that the 14-
percent value for fleld capacity appears high.  This same soil when
free of rocks larger than 2 mm has a field eapacity of about 12 percent.
At each sampling on the dates of irrigation the moisture contents of
some of the samples from under the trees were in the wilting range;
snd on September 10, the date on which the fruit-volumne curves show
that the water deficit in the.trees was more severe than during any
other period of the year, several samples show moisture contents near
the ultimate wilting point. The fact that at each sampling date the
moisture contents of a few samples were in the wilting range shows
that the trees on plot B had developed a high suction pressure as a
reswlt of the great water deficit. During the sunmer months the
fruit-volume curves showed & rather abrupt change from volume
increase to volume loss, but in November, under conditions of low
evaporation, the period of change was rather extended.

The fruit-volume curves for plot C show that the trees were sub-
jected to a moderate water deficit just before each applica tion of water.
The soil samples taken just before applications of water show thab the
moisture content of part of the soil under the trees had been reduced
into the wilting range on each sampling date except that of August 3.
These data on frult-volume increase and soil-motsture content show
that on this soil type the trees vecover aﬁproximu.t.el y full turgor during
the night until some part of the soil in the root zone reaches the wilting
range.

The results on plots A, B, and C of orchard W indicate that, so long
as all 1he soil in the root zone is above the wilting range, vanations in
moisture percentages sbove the wilting range have no measurable
effect on the apparent growth rate of fruit. However, it is apparent
that the relation between soil-moisture content and apparent frutt
growth would be badly obscured if the average soil-moisture content
of these plots instead of that of individual samples had been plotted.
Even on plot B the average moisture content of the soil was above the
wilting range all season. The results on these plots also show thie
futility of attempting to determine when irrigation water should be
applied on this soil type from moisture determinations on compaosite
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soil samples or from averages of o number of samples taken without
regard to the distribution of roots.

The total growth made during the season by the fruit measured at
frequent intervals on plots A, B, and C, and also the growth of a
supplementary lot of 100 fruits per plot measured on August 19 and on
December 8, are shown in table 7. The differehees in fruit growth on
plots A and B are unquestionabiy significant, and possibly the differ-
ences between plots A and C are significant. The trees on plot B were
badly defoliated by desiceating winds that occurred October 15 to 17,
in spite of the fact that plot B had been irrigated on October 12 and
suffered less water shortage, as indicated by apparent fruit growth,
than plot A during the period of dry winds. ~Af the end of the irriga-
tion season and early in the following spring (1936) the trees on plot A
were much more densely foliated and the leaves were a darker green
than those of plot B. In May 1936 there were numerous bare twigs
that failed to push leaves on the trees of plot B, and some were dead
or dying. The appearance of the trees on plot C was poorer than that.
of the trees on plot A, but those on plot C were somewhat less vigorous
than those on the other two plots when the test was started.

Tante 7.—dAverage total volume gain per fruil of spring st and summer-sel fruils
durtng the period of messurement, orchard W, 1935

Froit meunsured ut frequent

Intervals Suppletnentary lots of fruit

|
Spring-set, | Summmer-set, | Spring-set, | Summer-set,
Jane 15 to Aug. 19 to Ang. 19to Au. ¥ to
Due. 1§ Dec. 8 Dee. 8

Ce Ce & ]

ORCHARD M-W (MEDIUM S0OIL}

Orchard M-W is Jocated on & Yolo loam soil having a moisture
equivalent of 22 to 25 percent. This soeil is friable, dark brown, and
relatively permeable to water. Trenches were not dug for observa-
tions of root distribution in this orchard, but the relatively uniform
extraction of soil moisture suggests that root distribution must be
fzirly uniform in the top 3 feet of soil. The trees are the variety
Villafranca, and they were 19 years old at the time the experiments
were conducted.

In this orchard the irrigation runs were 25 trees long. Plots A, B,
and C were laid out in the upper half and plots D, E, and F in the
lower half of the irrigation run,

Plots A and D were given treatment A, plots B and E were given
trentment B, and plots (* and F were given treatment C, as described
on pages 43 and 44.

In figure 19 the fruit-growth and soil-moisture data for plots A, B,
and C are shown graphically. The lines representing the wilting
range and the ultimate wilting points are the observed values obtained
by growing sunflowers in closed containers of the soil.
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The fruit-volume curve for the winter-set fruit on plot A is an ap-
proximately straight line from June 10 when the fruits were about
20 cc In volume until the fruits were harvy ested, September 10, The
slight incrense in apparent growth rate just after the applications of
irnigation water on June 24 July 15, August 4, and August 30 indi-
cates that these frees were sub]ected to a shvht water deficit just
prior to these irrigations, Severanl of the soil samplvs taken from the
top 3 feet of soil on July 15 und on August 30 had moisture contents
in the wilting range. The soil samples taken on October 4 show that
the moisture content of an precinble part of the top 3 feet of soil
had been reduced into the \\Jltmg range.

To have mointained the scheduled treatments on plots A and D,
water should have been applied about September 25, but because of
unavoidable circumstances it was not possible to apply water until
October 17. By that time the soil was drier and there had developed
a water deficit greater than that at the time of the earlier irrigations.

The fruit-volume curve for plot B shows that the winter-set fruit
made approximately uniform increases in volume from June 6, when
the fruit had a volume of 20 ce, until ahout July 1; but from Julv
until water was applied on Auo'ust 17, the trees on "this plot suffered
a gradually incressing water “deficit. The soil samples taken on
June 14 showed two smnples in the first foot and one in the sccond
foot in the wilting range, but the fruit-volume curve indieated neo
water shortage in the trees until about 2 weeks Inter

The soil samples taken on August 16, just before irrigation, indi-
cate that practicully all of the first 2 fect of soil and most of the
third foot were in the wilting range. The appearance of these trees
just before they were irrigated on Aun'ust 17 clearly showed that they
were suffering o severe Twater shortu«e The leaves were slightly
curled during midday and were a much lighter green than the feaves
on plots A and €, and the old lenves had begun to drop.  In spite of
the severe water shortage, the fruits were still making about hlf of
the normal volume gain per day. The response of these trees to
water shortage is typical of that of trees with an extensive und deep
root system., The response to water shortage made by trees on the
outwash Innd of orchard W, where most of the roots are confined to
a laver of soil afew fect thick, shows some resemblance to the response
of trees growing in n small muss of sotl in a pot; that is, the water
supply is fippmentlv exhausted relatively more a bruptlv, as compared
with the gradual decresse in soil-moisture supply of the trees on
heaviersoil. The behavior of the trees in orchard M-W suggests that
moisture obtained by roots at depths below 3 feet was suflicient to
cause partial recovery of turgor at night and to allow photosynthesis
to oceur for at least a part of the normal daily period for a jong time
after readily available moisiure was depleted in the upper zones of soil.

The soif samples taken October 4 show that on this date the mois-
ture content of about half of the soil in the top 3 feet had been reduced
into the wilting range again. The change in apparent growth rate
after the irrigation of October 17 suggests that the trees were nob
suffering a severe water deficit in spite of the low soil-moisture con-
tent in the top 3 feet of soid.  Apparently during the cool weather and
short drys of October the reduction in soil-moistuse content had less
effect in increasing the moisture deficit of the trecs thap earlier in
the season.
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On plot C the fruit-volume curve for the winter-set fruit shows two
periods of moderate water shortage. The soil samples taken on
June 14, 2 weeks before the irrigation of June 30, show that part of
the s0il in the top 3 feet had reached the wilting Tange, and by June 30
doubtless a larger proportion of the soil was in the wilting range.
The decrease in the rate of fruit-volume gain was scarcely significant
just before the irvigation of July 23, and the soil samples taken on
July 22 show that most of the soil was above the wilting range. The
decrease in volume gain just before the irrigation of August 20 was
more pronounced, and the soil samples taken on August 19 show that
part of the soll in "the first 2 fest was in the wilting range.

The fruit-volume curve representing the spmnﬂ'—set fruit of plot C
indicates o slight water deficit in the trees about October 4, the date
on which soil samples were taken. At this time the moisture content
of over hall of the soil in the top 3 feet had been reduced into the
wilting range. Apparently, under conditions of relatively low evapo-
mtlon, the trees did not suffer water shortage until the moisture con-
tent of a larger proportion of the soil had reached the wilting range
than was the case during the summer mounths.

The results obtained on plots D, E, and F are shown in figure 20.
These plots were duplications of A, B, and C, except that they were on
the lower end of the irrigation runs and the soil was not wetted to as
great o depth by the i nc_ratlon water as on plots A, B, and C. This
effect was most pronounced on plot F, and water deficits of trees on
plot I were higher than on plot C, resultmO' in growth rates on plot F
being more comparable to that on dry than on intermedinte treat-
ments.

With this exception, the general trend of the fruit-volume curves
is the same on the duplicate plots. On plot E the soil samples taken
on August 16 and QOctober 4 approach the ultimate wilting point more
close]y than the samples taken on plot B on the same dates, and it
was observed, just prior to the irrigstion of August 17, that the drop
of old leaves was heavier on plot K than on plot B.

A comparison of the total gain in volume of fruits is given in table 8.
The total growth was less on the plots on the lower halves of the
irrigation runs in all cases. Also, the total growth on plots B and E
was swmﬁcanth less than under the other treatments.

TasLE B.—Average volume of winfer-set and spring-sel fruils af the beginning and
end of the period of wmeasurement, and tolal everage volume gain per fruil for the
season, orchard M-, 1835

Winter-set fruizit Bpring-set fruit
Piot Volume | Volume Volttime Volume
gain, f_ gain,
Muy 17 . Aug 18
Alay 17 | Sepl. 10 ] Lo Sept, 10 | Aug. §5 | Ney. 20 [ to Nov. 20

I
(& e Ce
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[ 4
A (AL i13.6 106. 23 4 (o] 65,4
B, .. b1 100, & 101. 8 1. 5 701 5.6
C.. i Tk 14,2 10,3 35 49.3 6.4
Do ; 0.5 .7 84,2 a7 [ ] 421
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The most striking effect of the period of water shortage was on the
size of the spring-set fruit. The flush of bloom that gave rise to
the spring-set fruit occurred at the same time on all plots, so that
the age of the spring-set fruit was approximately the same on all
plots.  The largest fruits of this set were selected for meusurement
on gll plots, so that the samples tagged were comparable. Tt may be
noted in table 8 that on August 18 the fruits on plots B and E were
about half the size of those on plets A, C, D, and F. The growth
rate of the spring-set fruit on piots B and E was obviously greatly
reduced during the period of water shortage in July and August. The
rather narrow range of soil-moisture percentages found on the different
sempling dates is evidence that root distribution in orchard M-W
was fairly uniform; and the fact that growth of the fruit continued
on plots B and E up to August 17, when water was applied, in spite
of the fact that most of the soil in the top 3 feet was in the wilting
range on August 16, shows that imany roots extended considerably
below 3 feet in depth.

The results on orchard M-W show that apparent growth rate of
fruit was not reduced as a result of decreasing soil-moisture content
until the moisture content of some of the soll in the top 3 feet reached
the wilting range. The total average growth per fruit for the season
was not reduced as a result of the moisture content of sppreciable
parts of the soil in the top 3 feet being reduced into the willing range,
even though, as was indicated by reduced apparent {ruit growth,
there was moderate water deficit in the tree. From the results on
plots B and E it appears that reducing the moisture content of most
of the soil in the top 3 feet into the wilting range and allowing it to
remain dry for a considerable period ceused o significant reduction
in the total growth and finsl size of the fruit. However, the reduction
inn the final size of the older fruit on plots B and E of orchard M-W,
which were subjected to one rather prolonged period of water shortage
during the season, was much less than the reduction in final size of
the older fruits of plot B, orchard W, which were subjected to several
short, periods of severe water shortage.

ORCHARD 83 (HEAVY S0IL)

Orchard S is located on a clay loam soil of the Yolo series. This
soil has a field capacity of 26 to 32 percent, Is highly fertile, appears
black when wet, is very permeable to water, and when cultivated af
the proper moisture content breaks into small angular aggregates.

The trees in orchard 8 are Eureks lemon on 2 sour rootstock, and
they were about 20 years old in 1935,

The distribution of roots in the top 5 feet is shown in figure 21.
Though the spacing of roots is not uniform, there appears to be
relatively little decrease in root coneentration to a depth of 5 feet,
and semples taken with & soil tube to & depth of 10 feet showed that
rootlets were fairly numerous to that depth.

Piots A, B, and C of orchard S were given, respectively, treatments
A, B, and C (pp. 43 and 44),

Figure 22 shows the fruit-volume curves, the soil-moisture percent-
nges, observed wilting range, and observed ultimate wilting-point
values for plots A, B, and C.

The fruit-volume curves for plot A show that there was some
variation in rate of fruit-volume gain during the season, but there
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was no indieation of water shortage. The soil-moisture percentages
indicate that the scil in the top 3 feet remained ebove the wilting
range until at least the end of September.

On plot B the first application of water wes made August 29. The
fruit-volume curve for winter-set fruit shows that the trees did not
suffer a water shortage until early July. From about July 5 until the
irrigation of August 29 the rate of fruit-volume gain decreased, indi-
cating a gradual increase of moisture deficit in the trees. The soil
samples taken just before irrigation on August 29 show that the
moisture content of all of the soil in the first 2 feet and practically all
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FiourEe 21.—Distribution of lemon tres roots in a seil profila in orchard 8, location 4-3, Yolo clay loam.
Circles denote latersl roots; dots, feeder roots: 2, Plow muleh; &, dark-brown elay loam grading Into light-
brown loam, containing some shale, which increased with depth.

of that of the third and fourth feet was in the wilting range, For
several days before the application of water the trees on plot B were
shedding some of the older leaves and were showing some leaf curl,
but there was sufficient recovery of turgor each night to show that the
leaf curling corresponded to temporary wilting only, and the fruits
wertlai s(tiill showing measurable volume gains up to the time water was
applied.

pThet spring-set fruit of plot B regained full turgor following the
irrigation of August 28, The fruit-volume curve for this set of fruit
shows no decresase in rate of volume gain until October 3. From
October 3 until October 29 there was a decrease in the rate of volume
gain on plot B, but there was also a slight decrease in rate of volume
gain on plot A during this same period. “From October 28 to December
15 growth rate was affected by low temperature and it was difficult to
tell whether or not the apparent growth rate was affected by water
shortage on plot B. Tha soil samples taken October 7 show that the
moisture content of a fairly large part of the soil in the 4 feet sampled
was in the wilting range, and the samples taken December 11 show
that the top 4 feet of soil were gbout as dry on this date as on August
29. 'The rapid increase in volume of fruit from December 11 to 15
shows that the trees had been subjected to some moisture deficit, but
that it was far less severe than that just before the irrigation of
August 29, Apparently under the weather conditions of November
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and December the trees of plot B were able to extract water fast
enough to prevent severe water deficits under about the same soil-
moisture conditions as prevailed in August when the frees showed
severs water deficits.

The fruit-volume curve for the winter-set fruits on plot C shows
that the trees on this plot were subjected to a slight water shortage
just before the irrigation of July 3, and again from fMy 30 to August 9.
The fruit-volume curve for the spring-set fruit indicates little or no
water deficit from August 20 until October 18. From Oectober 18 to
November 9 the decrease in apparent growth rate on plot C was
greater than on plot A, a {act that suggests some water deficit. The
soil samples token on November 6 show that the moisture contents of
a fairly large number of samples were in the wilting range on this date.

Tn addition to the fruits that were measured at frequent intervals,
supplementary lots of 100 spring-set fruit were tagged and were
measured on August 19 and December 8. The volume of the winter-
set and spring-set fruit of each plot at the beginning and end of the
period of measurement and the total gain in volume of each lot of
fruit are shown in table 9. The difference in total volume gain for
plots A and C was probably noi significant, while the total volume
gain of plot B was significantly less than that on plots A and C.

TaBLE 9.— Adverage voltme of winter-set and spring-sel fruils at the beginning and
end of the period of measurement, and totel volume gain for the season, orchard S, 1985

Spring-set fruit,

Winter-sat fruit Spring-set Iruit supplementary

Volume Volume Volume Voiume Tolums
gain, May L é gain, Aug.
18 to ] 19 to
May 151 Sept. 9] Zept. 9 Dec. 15 15 |Aug. 10| Dec. 5| Dec. 8

e e ) Cr €
47.3 . 135.7 . 3. 1t A8,
8.5 . BL.5 . L 3 6.9 Al
89.0 X 1314 . . 121. 0 91,

The spring-set fruits on plots A, B, and C were approximately the
same age, since they all set from 2 flush of bloom that occurred stmul-
taneously on the three plots. The largest and most vigorous fruits
of this set on each plot were selected for measurement, therefore the
fruit on the three plots were comparable samples. It may be seen
from table 9 that the spring-set fruits on plot B were about half the
size of those on plots A and C on August 21. This difference in size
was caused by the long period of water shortage during July and
August on plot B.

In general the results in orchard 8 show that as long as the moisture
content of all the soil was above the wilting range the apparent growth
rate of fruit was unaffeeted by variations in soil moisture, which means
that as long as all the soil was sbove the wilting range the trees
recovered spproximately full turgor at night. A comparison of plots
A and C shows that on plot C the moisture content of fairly large
proportions of the soil in the principal root zone was reduced into the
wilting range several times during the season, and that the apparent
growth rate of fruit indicated a slight moisture shortage several times,
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but that the total growth of fruit for the season was as great on plot
C as on plot A, which suffered no moisture shortage. Apparently in
this orchard, even during the summer months, the final size of fruit
was not reduced until the moisture content of some apprecisble part
of the soil dropped into the wilting range. But the results on plot B
show quite clearly that, before the moisture content of all the soil in
even the principal root zone was reduced into the wilting range, the
apparent growth and the total growth of fruit for the season were
greatly reduced.

Thers was no indication, either during the irrigation seeson of 1835
or in the spring of 1936, that the trees on plot A were injured in any
way by high soil-moisture content maintsined during the irrigation
season of 1933.

Irn all orchards water deficit was observed o increase gradually as
the irrigation intervals were extended, so that it eannot be said that
these trees either have readily available moisture or have not, as
Hendrickson and Veihmeyer concluded from studies with peaches
(9). With eitrus trees a gradual rise in water deficit becomes appar-
ent from fruit measurements as the irrigation interval is extended.
Root activity varies so widely {(fig. 15) that the tree does not run out
of water abruptly, as the readily svailable moisture is extracted from
the whole soil mass. Parts of the soil may reach the wilting range
very quickly, and the supply of moisture is obtained with graduslly
inereasing difficulty as more and more of the soil is reduced in moisture
content into the wilting range. Higher suction pressures gradually
develop in the tree and maintain transpiration even though water is
obtained from the soil reservoir with inereasing diffieulty. Moderate
water deficits have no lasting effect, but prolonged periods of water
shortage depress total seasonal growth.

In making comparisons of the soll-moisture conditions under the
different treatments, the wilting renge, as determined with well-estab-
lished sunflower plants, was considered {¢ represent the range of secil-
moisture percentages in which extraction of moisture took place at
reduced rates. With soil-moisture contents above the wilting range,
sunflower plants obtained water readily and without wilting, Simi-
larly, in the fiekd, zones of greatest root concentration were reduced
to the upper end of the wilting range without any measurable decrense
in the rate of extraction of moisture from the soil, However, the
distribution of roots was not sufficiently uniform in any of the orchards
to reduce the moisture content of the soil uniformly. Averages of
soil-moisture contents from several sampling locations by foot depths
have not been used because the deviations from the means were so
great. In the orchard many samples may be found with moisture
contents in the wilting range while others are still near field capacity.
The moisture contents of zones of greatest root concentration seem to
be the most reliable for use in making eomparisons between plots.

In the most frequently irrigated plots, moisture contents of some
parts of the root zone'reached the upper end of the wilting range with-
cut affecting growth rates. When the intervals between irrigations
were extended, moisture contents dropped farther down into the wilt-
ing range and some approached the ultimate wilting point. Never-
theless, 1t was not possible to reduee the moisiure content of all the
soil in any zone, such as the top foot, into the wilting range without
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reducing the true rate of growth of fruit. The proportion that may
be reduced to the wilting range is indeterminable from soil-moisture
records zlone, and fruit-growth records seem to be the most promising
index of needs for irrication.

APPARENT GROWTH RATES OF FRUIT, SEASON OF 1935

The average daily rate of volume gain or loss per fruit of plots A,
B, and C in orchards W, M-W, and g for the season of 1935, and the
mean daily rate of evaporation of water from a shallow-black-pan
evaporimeter are shown in figure 23. The dutes on which irrigation
water was applied are indicated by the solid bars lettered to indicate
the plots irrigated on certain dates. The points on the rate of volumse
gain or loss curves indicate the mean rate per day of gain or loss in
average volume per fruit for the intervals between measurements just
preceding the points. The curves for plots A are continuous; those
for plots B and plots T are broken at each irrigation date.

The rate of volume gain increased on all plots until the fruit had
attained an average volume of about 20 to 25 ce. From that time,
which on most plots was about June 20, the rate of gain on plots that
received the A treatment {p. 43) was relatively uniform until after
October 17. The period after October 17 is shown only for orehard
W. The rate curves for orchards M-W and S are for winter-set
fruits, which were harvesied in September.

The volume gain or loss curves for the B plots of orchards W,
M-W, and B show in & striking manner the differences in response of
the fruit to decreasing moisture on the three soil types. On the sandy
soil of orchard W the decrease in rate of volume gain from one irriga-
tion to the next was abrupt, and alter the period of rapid gain just
after irrigation the rate decreased with remarkable uniformity until
the fruits had ceased to gain or were actually losing in size. On
orchard M-V, plot B, the rate of volume gain decreased from about
June 19 to July 10, but from this date for over 30 days the rate per-
sisted at between 0.5 and 0.75 cc per day. On plot B of orchard 8
the rate of volume gain, except for several rather abrupt fluetuations
probably caused by weather changes, decreased steadily fromn June 21
to August 29.

The rate of volume gain of fruit on plots B and C of orchards M-W
and S was usually higher than that of fruit on the A plots for some
time after irrigation of the B or C plots. It would seem that the trees
on piots B and C should have recovered full turgor within 3 or 4 days
after irrigation, but, as was shown earlier in this bulletin {fiz. 5), after
irrigation the increase in percentage of moisture is abnormally high in
fruit that had been subjected to appreciable water deficit for some
time before irrigation. There is, of course, the possibility that dry-
weight gain also was higher on plots B and C than on plots A during
the period of accelerated volume gain, but the evidence available on
this point is inconclusive.

Citrus fruits have been shown to be sensitive indicators of water
deficit within the tree, and apparent growth rate of fruit may be used
as an index of need for irrigation. In ell plot work condueted in 1935
the relative degrees of water deficit decided upon for the different
plots were based on records of apparent growth rates of fruit. Inter-
vals between irrigations were thus established from apparent growth
rates.
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TRUE GROWTH RATE OF FRUIT, SEASON OF 1515

True growth rates of fruit have been used to measure the differences
resulting from the effects of treatments. However, over short-time
intervals the true ate of growth is obscured by the continual changes
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in water content of the fruit on plots with extended intervals between
irrigations. Comparisons of water deficits under different treatments
are relative only as between plots, and no absolute values were estab-
lished for degrees of water deficit; hence, no corrections could be
applied to apparent growth rate to obtain true growth rate over short
intervals of time when the water content of the fruit was changing.
For this reason, true growth rates could not be computed for incre-
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ments of time shorter than one complete interval between irrigations
on the B and C treatments.

Intervals between irrigations on the A treatments were intended to
be short enough so that no measurable change would be caused in the
regular increase in size of fruit. Under this treatment apparent
growth rates tend to approach more closely to true growth rates and
the calculations of true growth rates on the A treatments are not
limited solely to the time intervals established by irrigations. This
permits a more ready comparison of growth rates on the A treatments
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with weather factors. Effects of weather factors on the B and C
treatments are often obscured by the dominating influence of water
deficit due to changes in the supply of soil moisture.

True growth rates are shown in figure 24 for plots A, B, and C
in orchards W, M-IV, and 8.

Before coimnparing the effect of different irrigation treatments on
each orchard, the infiuence of weather factors will be discussed hriefly.
By referring to ficure 24, it may be noted that growth rates of fruit
in plots A of orchards W and S were higher in September than during
midsummer.

On orchard M-W most of the tagged fruits were picked inearly
September, so that the records were broken. Orchard M-W was
also sprayed heevily with oil on September 18, and this operation
further interfered with the trestments.

Northeast winds with low humidity occurred on Octoher 15, 16,
and 23, and growth rates were decreased on ull orchards regardiess of
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treatment. The fact that minimum temperatures were also lower after
October 23 may have been a contributing factor, but the general
marked drop in growth rates was coincident with the Qetober winds.

In studying the effect of the irrigntion trentments it may be noted
that In all three orchards the true growth rates were lowest on the B
tregtments {the treatments with the extended intervals between
irrigations). In orchard W, growth rates on the intermediate plot, C,
were nearly as low as on plot B in July and August. This effect was
due in part to the fact that water deficits on some trees in plot C were
higher than originally intended at the early irrigations and were more
pearly like those on the B treatment,

The effect of inherent differences in trees cannot be entirely elimin-
ated from comparisons over a single growing season, and the effect
appearsin figure 24. Trees on plot Cin orchard W were not in as good
condition as on plots A and B at the start of the sesson, and this fact
would tend to cause lower growth rates on this plot. The record
from one other plot (plot D in orchard M-W, not shown in fig. 24)
was nlso nffected by wenk trees. Aside from these irregularities, the
growth rates were consistent with the treatments.

Except ns noted above, the intermediate treatments with moderate
water deficits vielded growth rates that were not materialiy different
irom those of the more frequently irrigated plots. Growth rates on
the treatments that permitted high water deficits to occur before
irrigation water was applied were definitely low. These results are
in accord with the fact that there 1s a wide range of soil moisture
available to the tree. Once the soil was moistened thoroughly, there
was no advantage from further irrigations until after fruit-growth
records Indicated measurable water deficits. When appreciable
water deficits have heen found under erchard conditions, soij)-moisture
records have shown part of the root zone with moisture contents in
the wilting range. Portions of the root zone may have moisture
coutents in the wilting range and be left unirrigated, yet ample water
may be obtained from the irrigated part of the soil.

True growth rates were depressed in these experiments when high
water deficits were developed by extending the interval between
irrigations until signs of water shortage were apparent from rolling
or cupping of the leaves, shedding of leaves from the older flushes of
growth, or changes in the color of the foliage. General wilting in the
sense that the folinge becomes limp or drooping did not develop in
any case. Drying out the trees on the lighter soil was particularly
detrimental and weakened the trees so that they were unable to with-
stand winds in October even though the soll was moist when the winds
occurred. These trees were irrigated more frequently the following
season but were still definitely poorer than the trees on the A treat-
ment in October 1936.

These experiments have established the fnct that reduced growth
and abnormal loss of leaves resulted when lemon trees were allowed
to go without irrigation until signs of water shortage were clearly
evident in the trees. Long before visible signs of water shortage
were apparent i the tree, fruit-growth records showed evidence of
the rising water deficit and proved to be more relizble than soil-
moisture records for establishing differences between treatments,




62 TECHNICAL BULLETIN 64¢, U. 8. DEPT. 0OF AGRICULTURR
SEARONAL USE OF WATER IN 1525

Different quentities of water were used on the different plots, but
no speciel effort was made to hold the water applied to any certain pre-
determined quantity. All plots were irrigated with seven furrows
spaced 28 inches apart. Therecords of irrigations are given in table 10,

TasLe 10.—Record of irrigations, orchards W, A-W, and &, scason of 1935
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In orchard W, on plot A the total application for the season was
49.01 acre-inches per acre with irrigations applied every week during
midsummer. More water was applied on this plot than was neces-
sary, but the schedule of frequent irrigations was used in order to
make certain that no measurable water deficit would orcur. The
same result was accomplished the following season with the use of 36
acre-inches per acre.  For strict economy in the use of water, it woull
oot have been necessary to apply water in all seven furrows at every
irrigation, as there was less root activity under the renter furrows.
However, for the 1935 season it was decided that all plots should be
moistened uniformly at each irrigation.
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On plot B the seasonal use of water was 20.52 acre-inches per acre,
and since definite injury occurred ou this plot, it is safe to say that
this amount is insufficient to meet the requirements of the trees.

The sensonal use of water on plot C was but little more than on
plot B and amounted to 22.64 acre-inches per acre. More water
would have been used on plot C if rain had not ended the irrigation
season and taken the place of 2 scheduled irrigation. During mid-
season two more irrigations were applied to plot C than on plot B.
The records from plot C indicate that still more water could have been
used to advantage.

These data suggest that the minimum allotment of water should be
somewhat above 24 acre-inches per acre per vear on this orchard,
since growth was depressed on both plots where less than this amount
was used. The soil is Tocky and very porous, and large losses are
likely to occur by deep percolation. The furrows on these plots
were only 200 feet long, and in some furrows u I-hour run gave the
equivalent absorption of 2 acre-inches per acre. Frequent shifting
of the water from one furrow to another is necessary, and this adds
to the labor cost of irrigation. With irrigation runs longer than 200
feet, more water would have to be allotted to take care of deep perco-
lation losses.

In orehard MY, plots A and D (average) received o total of 21.90
acre-inches per acre; plots B and E (average) 9.02 acre-inches, and
plots Cand ¥ (avernge) 15.20 acre-inches. The soil in this orchard
is o rich deep Joam that has a lurge capacity for hold-over storage of
winter Teins, consequently the first irrigation of the season came &
month later than on orchard W.

With furrows 500 feet long, more water wns absorbed on plots
A, B, and C, near the upper ends of furrows, than on plots D, E, and
F, near the lower ends, and the effect is apparent in the growth records
for plots D, E, and F. However, weak trees on plot I also affected
the growth rate on this plot. Plots A and D received one more irri-
gation than the intermedinte plots C and F.  This was on August 4
and 5, when 6.08 gere-inches per acre was applied. This additional
midsummer irrigation gained no measurable advantage for plot A
over plot C, although 1t may have resulted in some help to plot D
on the Jower end of the furrows.

The elimination of early-season irrigations on plots B and E until
the soil was thoroughly dried out and the trees were subjected to
severe water shortage caused a loss in seasonal growth. The increase
in water deficit occurred very gradually, and the apparent growth
rutes show that an irrigation in July would have been advantageous
on plots B and E. These data suggest that the mininmum allotment
for this orchard should be not less than 15 nere-inches per acre per
vear. It also is apparent that furrows one-half their present length
would incresse the efficiency of irrigation.

In orchard S, plots A, B, and (! were irrignted with seven furrows
in order to conforn to the treatments used on the other two orchards.
How uever, sprinklers were used elsewhere in this orchard, The fur-
rows on plots A, B, and C were ont a very steep grade, and very small
flows were used, to avoid serious erosion. Water progressed along the
furrows slowly and had to be held in the furrows a long time in order
to obtain satisfuctory penetration at the Jower ends of the furrows,
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Hence, the efficiency of application was relatively low und compara-
tively large amounts of water were applied. There were obvious
advantages gained in efficiency of appliention when sprinklers were
used in this orchard, so that the nmounts applied by furrow irrigation
cannot be used to estimate the minimum wuter requirements when
sprinklers are used.

The records show that plot ¢ with four irrigations and a seasonal
use of 23.62 nere-inches per acre had growth rates that were not
materially different from those on plot A, where 26.52 acre-inches
of water per acre wns used, applied in six irrigations,

The treatment on plot B was extended bevond the limits of usual
commercial practice without reducing growth rate to zero. Never-
theless, growth rates were definitely Tow, and it is not practicable to
withhold irrigation so long as was done on this plot. The apparent
growth curves indicate that two additional irrigutions wouﬁf have
been advantageous.

The four irrigations on plot C' muintained a satisfactory growth
rate, but there is no doubt that the seasonal total of 23.62 acre-inches
per acre could be further reduced by incrensing the efficiency of
application,

The amount of water used in these experiments was not a primary
ronsideration, as the main objective was to establish the differences
in total seasonal growth resulting from different degrees of water
deficit, This, in effect, is o determinuntion of the best interval to use
between irrigations, starting with a thoroughly moist soil after each
irrigation. An effort wus made to wet the same proportion of the
root zone each time by applving water in seven furrows st each
irrigation. This was a practiral appronch to the condition of having
all of the soil wet uniformly to field capacity following each irrigation.

The work in orchards M and P in 1932, 1033, and 1934 indicated
that maximum economy in use of water would be attained when only
a_portion of the soil was moistened at each irrigation. However,
alternate wetting of different parts of the soil introduces a variable
that it was thought best to eliminate from the 10335 tests.

It is not intended that the values used in this discussion should be
considered as representing minimum water requirements for the dis-
trict. They are applicable to the particular urchards and conditions
of the tests and are merely suggestive of hroader application.  Differ-
ences in treatments were purposely made largs in order to establish
practical limits for more claborate tests designed to extend over a
period of several vears. With small differences in plot treatments,
several vears may elapse before the cumulative eoffect becomes
significant.

The present results show that water deficits high enough to cause
visible signs of water shortage reduced the total seasonal growth of
fruit. Plots with moderate water deficits had true growth rates as
high as when there was no megsurable water deficit. Further than
this, these experiments have established that the growth rate of
lemon fruit is a sensitive indieator of water deficit and serves us a
reliable measure of differences in irrigation treatments. The index
may be used on any soil type regardless of the proportion of the roat
zone moistened. Hence, the method has wide application and can
be used resdily in many situations where soil-molsture records are
obtained with extreme difficulty.
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DISCUSSION AND APPLICATION OF RESULTS

The results obtained in the field experiments conducted to deter-
mine what influence wetting various proportions of the soil in the root
zone may have on the growth of fruits and on the water supply of
the tree mav not be entirely conclusive. Results obtained in the
experiments In orchard M, where 50 to 60 percent of the soil occupied
by the trees was wetted to depths of 4 feet or more, show that under
the conditions of these experiments the growth of fruit and the water
supply of the trees were apparently about the same as in the case of
trees on plots that had ﬂ]lpof the soil wetted. From these results
and also from those obtained from experiments in other orchards,
where less than the entire soil mass occupied by the trees was wetted
it seems that under usual summer weather conditions trees may
receive an adequate soil-moisture supply from ss little as 50 percent
of the Toot system if the average moisture content of the wetted soil
is kept relatively high so that all the roots in the wetted ares are kept
in contact with soll at moisture contents above the wilting range.
Tn orebards located on soil types that are favorable to deep and
extensive rooting, such as was the cnse in orchards M-W and 5,
apprecizble parts of the top 2 or 3 feet of the soil in the wetted aren
may reach the wilting runge without causing @ significant reduction
in the total seasonal growth of fruits, even though the wetted area
may comprise only 75 to 80 percent of the soil eccupled by the tree.

Qomewhat limited experiments on the effect of reducing the area of
«oil wetted on the rate of extraction of moisture from the wetted soil
chowed that increased mte of extraction in the wetted soil may in
part compensate for the reduction in area Irrigated. But it appeared
that the total amount of water absorbed by the free progressively
decreased ns the aren of soil wetted wns reduced. However, this
seemed to have little effect on the tate of apparent growth of Wash-
ington Navel oranges uniil the amount of the root zone wetted was
reduced below 50 percent of the total root zone.

The results of the experiments referred to give no information
regarding the effect on the size of trees and on total vields of the
practice of irrigating only 50 to 80 percent of the soil when such
practice is carned on for many vears, Observations of trees in pn
orchard on alluvial fan soil where great wvariation existed in the
depth of surfuce soil to which most of the roots were confined showed
that the size of trees and probably vields of fruit were considerably
influenced by the depth of the soil.

Apparently the size of the mature trees had been largely deter-
mined by the amount of water that could be stored in the soil oceu-
pied by the trees. Trees on sail 2 fect deep wilted at the same time
as trees that were about twice as large but were growing nearhy in
soil about 4 or 5 feet deep.  Wilting occurred near the end of the 15-
day irrigation interval during a. period of unusunlly ho$ weather.
The apparent growth rate of fruit was about the same on the large
and small trees and indicated that all trees regardless of size suffered
water shortage near the end of the fixed 15-day irrigation interval,
which had been in use during the greater part of the life of the orchard.
These observations suggest that if irrigation water is applied to only
a part of the soil duning the life of the trees the size of the tree at
maturity may be considerably affected, and thus over a period of
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many years the yield of fruit might be appreciably less than if most
of the soil were irrigated at suitagie intervuls,

Doubtless cioser planting of lemons may be practiced if practically
all of the soil is irrigated than if a large part of it remains dry for
several months ench year. Thisis especially true in the coarse gravelly
alluviel fan soils, which have a low available water capacity.

Lemons on soi! types having a shallow surface soil of fairly good
texture but 2 dense subsoil unfavorable for root development have
large proportion of the root system in the surface soil. On soils of
this type it is probably good practice to irrigate us large a proportion
of the surface soil as 1s practicable and to irrigate frequently enough
to maintain the moisture content of most of the irrignted zone above
the wilting range.

In experiments on a soil of this type (orchard P) it was found that
after the soil in the zones of high root concentration had hecome
relatively dry the widely dispersed roots in the subsoil continued for
long penods without irrigation to extract sufficient moisture to mein-
tain slow growth of the fruit and to prevent wilting of the leaves.
Under these conditions, however, a large proportion of the fruit turned
vellow before it had reached & desirable marketable size.

Orchards on shallow soil underlain by dense, relatively impervious
subsoil present a particularly difficult problem in the management of
the irrigation practice. On steep slopes run-off and ercsion are exces-
sive, end on relatively level areas drainage through the subsoil is
extremely slow. Use of the portable low-head sprinkler system, which
is coming into use in & few orchards, may prove to be more desirable
than the furrow method on these soils. "With the portable Jow-head
sprinkler system it should be possible with careful management to
avoid serious erosion on the slopes and to aveid the application of
excessive amounts of water, which may cause waterlogging for several
days on the relatively level areas.

Results of the experiments carried out in this investigation show
that, with the variability in soil and in root distribution found in many
of the lemon groves of the Pomona Vallev, determinations of the
average moisture content of the soil in the principal root zone in many
situations may not serve as a satisfactory index to the moisture supply
of the tree and as a reliable guide for timing the application of irriga-
tion water. However, In situations where the distribution of roots is
relatively uniform, soil-moisture determinations may serve as &
satisfactory guide to the timing of applications of water.

These investigations suggest that i the irrigation interval is to be
hased upon soil-moisture determinations alone it secms advisable to
take the soil samples from those parts of the root zone where root
concentration is highest, end to apply water soon after the moisture
content of the soil in zones of high root concentration, below the
influence of surface evaporation, has been reduced to the wilting
range. Certain of the commercial luboratories engaged in soil-
moisture control work employ this principle in their sampling; that is,
samples are taken from the irrigated zone under the spreand of the
branches where there is little likelihood of plow sole occurring and
where the concentration of roots is likely to be high. Large sumples
are taken with a post-hole auger, and samples that do not contain &
fair number of rootlets are discarded.
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In many situations where the soil is extremely rocky it is difficult
to obtain samples, and in some situations there is likely to be consider-
able uncertainty as to the zones of highest root concentration. Ade-
quate sampling is so laborious and expensive that the tendency is to
take too few samples,

Magness, Degman, and Furr (11), as a result of their studies on
fruit growth of apples in relation to the soil-moisture supply of the
iree, have suggested the use of fruitgrowth records as a guide for
timing the applieations of irrigation water in apple orchards. The
present investigations have shown that the apparent growth rate of
lemons may be used as an index to the relative moisture deficit of the
tree and as a guide for determining approximately the proper time
interval between Irrigations.

The relative moisture deficit of the lemon tree may be determined
with o fair degree of accuraey from the apparent growth rete of the
fruits from the time they are about 20 cc in volume until they begin
to mature and turn yvellow; that is, during this stage of growth the
apparent rate of growth on trees amply supplied with wateris relatively
uniform. It was found possible under experimental conditions to
time quite accurately the applications of water so a3 to bring sbout
certain degrees of moisture deficit just prior to applications of water.
Because there Is some varlability in the apparent growth rate caused
by variations in weather conditions, unless some trees are maintained
with ample water at all times it i3 not always possible to teil when the
first decrease in apparent growth rate oceurs as a result of soil-melsture
shortage. However, during the warm season if the rate continues to
decresse for several consecutive periods between measurements the
csuse is probably moisture shortage rather than clhianges in the weather.

The results of these experiments show that the ultimate size of the
fruit will not be reduced by water shortage if water is applied soen
after the occurrence of the first significant decregse in the epparent
erowth rate of iruit caused by water shortage, but that if water is with-
feld untit apparent growth ceases. the ultimate size of the fruit will be
greatly reduced and the trees will suffer considerable loss of leaves.
Because of the possible danger of injury to the trees from unfevorable
soil conditions brought about by maintaining the soil continuously at
high moisture contents, it seems inadvisable to epply water before a
decrease in apparent growth rate of fruit occurs as a result of water
shortuge. How far the apparent growth rate may be allowed to fall
below thut which obtains under conditions of ample moisture supply
without causing a significant decrease in the ultimate size of the frurt
has not been deternined, but the results indicate that a very apprecia-
ble decresse in apparent rate may occur without causing other ill
effects.  With fruit measurements as an index to the relative water
deficit of the tree, or with determinations of the moisture content of
soil samples taken from the zones of highest root concentration, or,
still better, a combinaticn of the two methods, it is possible to avoid
the waste of water and possible injury to the trees resuiting from too
frequent application of water, or to avoid the loss in size of fruits and
injury to the tree from teo infrequent application of water.

Probably the most practicable use of fruil messurements as a guide
to irrigation practice under usual commercial conditions is the use of
apparent growth rates merely as a guide for adjusting the established
time interval already in use. That 13, if the growth records show that
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the established interval is too long or is shorter than necessary, it may
be adjusted aceordingly. Though it seems likely that growers will
find the use of apparent fruit-growth records a very useful guide in
adjusting the time Intervals between irrigations, it is not recommended
that such records should be used to predict some days in advance
when water should be applied. To use growth records as a means of
predicting several days in advance when water should be applied 1t iz
desirable to maintain a eontrol plot in which the moisture content of
the soil is kept at such high values that the trees never suffer water
shortage caused by low soil moisture. This is not always feasible
under commercial conditions. However, a gradual increase in water
deficit will be apparent from fruit-growth records before wilting of the
leaves occurs. If the deficit appears to be too great for any one irri-
gation interval, the following interval may be shortened if weather
conditions are similar during the two periods.

A large proportion of the orchards in southern Califarnia are supplied
water on a fixed schedule by water companies. Fruit-growth records ob-
tained during several seasons in mature orchards on representative soil
tvpes will, it s believed, provide a reliable means of adjusting the time
mterval between irrigations on the several seil types during the differ-
ent seasons of the year so as to obtain a 1‘oasonable degree of efficiency
in use of water and yet prevent the general occurrence of periods of
severe water shortage on any one soil type. For example, it will
probably be found that in some situations the time interval between
applications of irrigation water may be profitably lengthened during
the spring and shortened in midsummer and early fall.

While the methods proposed for controlling the irrigation of lemon
orchards lack the apparent precision of the conventional method of de-
termining from seil samples when the average moisture content of the
soil in the principal root zone has been reduced to the wilting point, it
1s believed that the methods proposed here provide o fairly reliable
means of controlling the aotuanuter supply of the trec itself, regard-
less of variations in the soil or in the distribution of roots.

SUMMARY

Investigations were conducted to determine the response of lemon
trees to variations in moisture content of the soil within the reot zone,
in the proportion of soil wetted, and in the length of time between
irrigations.

The basis upen which comparisons of variations in seil-moisture
conditions in field plots were made is the wilting range ns determined
by wilting well-established sunflower plants. The range in moisture
rontent of the soil through the progressive stages of wilting from the
permunent wilt of basal leaves to complete wilt of all leaves on the
plant was established as the wilting range. When all leaves were
completely wilted the soil was considered to be at the ultimate wilting
pomt. In the orchard, trees that were maintained without appreci-
able water deficit reduced the moisture content of the soil in zones of
high root concentration to the upper end of the wilting range. The
moisture content of the soil even in zones of high root concentration
ws not reduced to the ultimate wilting point unless the tree was sub-
jected to severe water deficit for a long time, Before the moisture
content of the soil in any part of the root zone was reduced to the ulti-
mete wilting point the trees wilted in the middle of the day.
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During extended intervals between irrigations the rate of volume
gain of fruit is affected from day to day by changes in the turgor of the
fruit. Volume increase for short intervals of time is termed “epparent
growth rate’’; for intervals from one period of full turgor to the next,
“true growth rate.”” Appreciable fluctnations in apparent growth
rate may occur without affecting the true growth rate,

By field and laboratory experiments it was determined that changes
in apparent growth rate of lemon fruits serve as an excellent index of
the relative water defieit of the tree. With decreasing soil moisture &
tur%or deficit arises before the first visible sign of wilting appears,
ot before there is a decrease in transpiration rate, and increases pro-
gressively, as the soil dries out, until the plant is completely wilted.

In field experiments, changes in apparent growth rate were used as a
measure of the relative water deficit of the trees, and Increase in
volume of the fruit from one period of full turgor to the next or for an
entire growing season was used as a measure of true growth of fruit.

In all lemon orchards where invesiigations were conducted, root
concentration and extraction of soil moisture varied greatly. As time
from irrigation increased, the moisture content of regions of highest
root concentration was reduced to the wilting range before a water
deficit was evident from frult measurements. As the moisture con-
tent of increasing proportions of the root zone reached the wilting
range, a gradual increase in water deficit became apparent. Before
the moisture content of all the soil of any easily delineated zone, such
as the top foot, was within the wilting range, appreciable parts of the
soll had remained in the wilting range for long periods and high water
deficits had developed in the trees. At the times when apparent fruit
growth first showed that water deficit had developed, it was usually
possible to find soil-moisture contents varying from within the wilting
range to near field capacity. Evenin locations where root distribution
and soil-moisture extraction were most uniform, variations in soil-
moisture content were so great that the use of averages of soil-moisture
percentages proved unreliable as a measure of the water supply of
the trees.

In field experiments in which water was applied to various propor-
tions of the soil, ranging from one-half to all of the surface area, it was
found that if all of the soil in the wetted area was maintained at
moisture contents above the wilting range the trees apparently re-
ceived an smple water supply from as little as one-half of the sail.
In these tests apparent growth rate of fruit indieated little difference
in water deficit of the trees just before irrigations, and at the end of
the season differences in final size of fruit werc not significant. Be-
cause of variability in root concentration, however, the artual pro-
portion of the soil in the root zone that was reduced into the wilting
range without causing severe water deficit or reduction in final size
of fruit was indeterminable by ordinary methods of soil sampling.

Laboratory and field experiments showed that the rate of extraction
of water from one part of the soil in the root zone was influenced by the
moisture content of the soil in other parts of the root zone. The
minimum moisture content attained by soil in unirrigated parts of the
root zene was influenced by the moisture content maintained in the

wetted part and by the relative water deficit to which the plants were
subjected.
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Field experiments conducted in gn orchard onshallow loam soil under-
lain by dense subsoil showed that the trees suffered sufficient water
deficit to cause a reduction in final size of the fruit before the moisture
content of all of the soil in the top foot was reduced into the wilting
range. The water supply from the subsoil was sufficient to maintain
slow growth for long periods and to prevent wilting, but there was
always a high water deficit when the moisture content of the topsoil
was relatively low. To maintain growth at the maximum rate on
soils of this type an ample moisture supply had to be maintained in
the topsoil. .

Experiments in which the time intervals between irrigations were
varied according to the relative water deficit of the trees as indicated
by apparent Erowth rate of fruit were conducted on light, medium,
and heavy soils,

On one plot on each soil type, water was applied at such short
intervals that the trees showed litile or no water deficit. On these
plots, which were used as controls, the rate of increase in size of fruit
was relatively uniform throughout the main growing season, and the
final size of fruit at the end of the season had not been limited by
water shortage at any time.

On a second plot en each soil type, water was applied when the
apperent growth rate of fruit indicated slight to moderate water
deficit. On the medium snd heavy soil the final size of fruit was as
great as that on plots that suffered no water shortage. On the light
soil this treatment resulted in some reduction in the final size of fruit.

On a third plot on each soil type, water was applied when apparent
growth of fruit ceased or when the leaves began to roll, On all three
soll types this treatment resulted in pronounced reduction in the final
size of fruit. There was & Joss of leaves from trees under this treatment
on all soil types, and on the lighter soil type there was injury to
small twigs.

Soil-moisture contents were not generally reduced below the upper
end of the wilting range in the most frequently irrigated plots. On
those plots that were rrigated when apparent fruit growth cemsed
or when the leaves began to roll, the moisture content of many of the
soll samples was in the wilting range and that of some was near the
ultimate wilting point. On pTots that were irrigated when the trees
showed slicht to moderate water deficit, the molsture content of
appreciable portions of the soil was within the wilting range.

These experiments indicate that fruit measurements may be used
under commercial orchard conditions to establish the most desirable
interval between irrigations. It is not recommended that fruit-
growth records be used to predict when water should be applied, but
rather that they be used to determine whether or not established
practices are accomplishing desired results. If fruit growth decreases
materially before irrigntion and there is a sharp increase in volume
just after rrigation, it is evident that there was an appreciable water
defictt prior to irngation. The magnitude of the difference in appgrent,
growth rate during the periods just before and just after irrigation is
an index of the water deficit to which the frees were subjected just
before irrigation.
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