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UNITED STATES DEPARTMENT O AGRICULTURE
WASHINGTON, D. C.

SOIL MOISTURE AND IRRIGATION
INVESTIGATIONS IN EASTERN
APPLE ORCHARDS'

By J. R, Maawesa, principel pomologisi, B, 8. DRGMAR, essistani pomclogisi,
and J. I eew, gxsistant horticutturist, Dicision of Frait aed Vegetotde
Crops und Discaves, Burean of Plant Fndusiry
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INTRODUCTION

In the central and eastern parts of the United States most of the
orchards are grown without irrigation, the trees depending upon
natural rainfall and the water- |1olc|111"' capacity of the soil for mois-
ture supply throughont the growing season. Under these conditions
the amount of water available to (he tree that can be held in the soil
within the root zone of the tree is of extreme hmportance. Periods
of from 1 to 2 months when very little rainfall occurs during the
growing season are of rel mmy quuont occurrence.  Unless the
JHOIStUI(’.~llulihl‘lg apacity of the soil is suficient to carry trees

YThe wrilers wish to neknowledge (he helpful gdvive gl assistanes of 170
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M, who Murnbsbed fhe faelllites of fheir orehards For these Investigntbens,  Widhout
sueh fueilithes the invegtigntions reported 1 (his bulletin gould ngtb haye been comdueied,
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2 TECHNICAL BULLETIN 491, U. § DEPT., OF AGRLOCULTUKRE

through such periods, poor growth and development of fruit will
result.

In the selection of locations for the orchards many factors in addi-
tion te soil most be considered.  In many parts of the Bastern States
the primary consideration has been to sccure sites at sufficient eleva-
tions so that al» deainage would be satisfactory and the frost hazard
reduced. In many instances such elevated siles have relatively shal-
low soils with rock, shale, or hardpan within 2 or 3 feet of the surface.
"The root zone of trees in such soil is lmited by the rock or havdpan,
and the water-storage capacity of the seil is limited because of ils
shullowncess,

On the other hand, orchards have sometimes been planted on relu-
tively heavy soils with ¢l or similar impervious subsoils which
afford poor drainage. During web seasons the water talile in such
soils is likely to stand relatively near the surface, killing off the lowoer
roots or preventing theiv penetration, and the root zone is confined
to the upper soil Jayers. Trees on sueh soils will suffer alse from
water shortage during periods of prolonged dronght hecause of the
shillow-root gystem. "The possible extent of the root system is there-
fore of great importance in determining the total anount of water
that can be stored in the soil within reach of the roots.

Seils also vary greatly in thelr mpacity to hold or store water.
Several terms relative to the water-storage eapueity of the soil should
be familiar to the orchardist.  The % ficl! capacity ? of the soil is
the amount of water the soil will absorb against rravity, and this
varies with the texture of the soil. "The conrser the s0il, in general,
the lower the feld capacity, while with finer textured soils, stich as silt
loanis ar clays, the field capacity or water-holding capacity is pro-
gressively greater,

Not all water In the soil is nyailable for plant growth,  All plants
will wilt and are unable to take up additional moisture from the soil
when there ig <till an apprecmble amount vemaining, The amount of
moisture in the soil which is unavailable to the plant is termed the
“ wilting percentage.”  The work of Briggs and Shantz (3)¢, and of
niany other investigators since, have shown that this wilting percent-
nge also varies with the texture of the soil, but it is substantially the
same for adl plants in the same soil,  The amount of moisture rerain.-
ing in the soil when plants wilt is Zenerally greatest for the finer
textured snils and Teast for the conrser, sandy-type soils,

Fhe amonnt of moisture prosent, in the soil shove the wilting per-
conlage 15 tormed  available moistare ” and represents that aviniable
for plant usage.  The available water that ean be stored in a soil
also varies with the soil texture. In generaly, the greatest amount
of available moisture can be stored in the finer soil types, snch as
silt loams to elay loams, while total possible availuble moisture
heeomes less as soils hecome progressively lighter. Consequently on
thoronghly «drained, fairly fine-textured or heavy soils the possible
water storage per foot of depth of soil will be high, while on conrser
lextured, lighter soils it will be progressively lower,

The fotal quantity of water available for tree growth that an
vrehard soil will hold will thervefore depend upon fhe texture of the
seil and particularly upon the cxtent of the root system. Root

#Halle uwmbery In parventheses refer In Literaiire Cited, ¢ 6,
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penetration in orchard soils in some regions may be as deep as 20
or more feet. Such soils, if of medium texture and if saturated to
their field capacity during the winter months, will hold sufficient
available water to carry the trees through a growing season even if
little rain oceurs. As the root zone is more and more limited either
by hardpan, rock, or high-water table, the storage capacity of the
soll becomes progressively less and the period during which trees
can thrive without rainfall progressively decreases.

It 35 not possible to determine exactly the quantity of water that
an apple tree requires to cavry it throngh a certain period without
impairment of its normal functioning. Water is lost nlmost entirely
by evaporation or transpivation from the leaf system. The quan-
tity of water that n tree will transpire per day varies with the
folingre area of the tree and with the evaporating power of the air.
When temperatures ave high and humidities low, particularly if there
is wind, trees require the maxininm amount of water. On the other
hand. during a day when the humidity is high and the temperature
moderate, trees will use relatively little water.

Beginning in the spring of 1930, experiments were outlined to
study the relation of moistore supply to production of apples under
climatic conditions prevailing in the Middle Atlantic States. ‘The
purposes of this work were to determine how frequently trees on
different soil types may suffer for lack of water, the effcet of such
water shortage on growth of tree, growth of fruit, color, quality,
and vield of fruit, on fruit-bud formation, on the physiclogical func-
tioning of the tree, and the value of irrigation in correcting these
effects of deficient moisture supply.

OUTLINE OF EXPERIMENTAL WORK

As a basis for these investigntions, plots were laid out under three
soil conditions in a commercial apple orchard near ancock, MA,
Water for the experimental irvigation of these plots was available
from a large spring and was delivered to the plots through a sta-
tionary spray pipe system. Water waus applied to all irrigation
plots by the overhead sprinkler system. Experiments outlined were
as follows:

Block 4. —These plots were laid out on a very shallow, eroded silt
vlay soil underlain with shude at a depth varying from nothing to
18 inches.  The plots consisted of York Imperial and Wealthy trees
alfernating in each row. The scil was so shallow that tree growth
and production had been Bmited. The trees were approximately 22
years of age at the start of the experiment hut were nnt mare than
Lalf the size of well-grown trees of thal age. During dry seasons
the fruit from these trees had been unmarketable heeause of small
size. This plot represented an extreme condition of shallow soil for
apple production, and the plots were designed to defermine whether
trees on such soil could be made satisfactorily productive through
irrigation,

Twao plots consisting of 16 trees ench were Inid aut. Both of the
plots were seeded to alfalfa, one irrigated and the other nonierigated,
Because of the limited water-storage capacity in the shallow soil.
the need for water was so frequent on these plots that it was im-
practicable in these tests to keep (he so-ealled * irrigated plot®
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thoroughly watered, Growth condition and production have been
improved by the water applications made, but not sufficiently to
secure good conercial crops. Because of the extreme condition of
these plots and the devitalized condition of the trees at the start,
detailed records are not presented.

The evidence obtained would indicate that on such very shallow
soils, irrigation at intervals of not more than 10 days would be
required during drought periods to keep apple trees functioning at
near capucity. Land of this type will seldom produce profitable
fruit crops without irrigation, and instellation of an irrigation sys-
tem would be justified only if water could be applied very cheaply.
Sucl: soils must be considered as submargizal for apple growing m
any region where droughts even of relatively short duration ave
likely to occur.

Bluck B.—The soil of these plots is a silt elay containing consid-
erable fine rock underlain with shale at a depth of approximately
2 feet. The vurieties were Rome Beauty and Oldenburg (Duchess)
alternating in cach row. The trees were about 22 years old at the
slart of the experiment but were below normal in size because of the
rather shallow seil in which they were growing. Tour plots con-
sisting of 16 trees eanch (approximately half cach of Rome Beauty
and Oldenburg) with two buftler rows between plots were established.
Two of these plots were given u heavy wheat-straw muleh in the
spring of 1930, and additional muleh was applied in the spring of
1932. This mulch, about 8 inches deep, was sufficiently heavy to
keep down all weed growth around the trees. One plot, termed
“irrigated muleh 7, wus watered as required to prevent moisture from
becoming the limiting factor in tree fumetioning at any time durin
the growing season. The second plot, termod “ nonivrigated mulch 7,
received only natoral rainfall,

The other two plots were thoroughly cultivated each spring and
were allowed 1o grow up to grass and weeds after the spring culti-
vation. One of these plots, termed “ cultivated irrigated ”; received
irrigation at the same time as the irrigated muleh.  The second plot,
termed “ nonirrigated cultivated *, received only natural rainfall.

Block ¢ —Plots in Mock C were Tald out in an orchard of York
Tmperial trees growing in a deep clay loam soil. These trees were
approximately 22 years old ut the start of the experiment and were
extremely large for their age. Excavatious 6 feel deep revealed
some root distribution throughout that area. Additional penetra-
tion with soil tubes to 12 feet deep showed no hardpan within the
18-foot zone. It is not certain how much below 6 feet deep root
penetrotion oceurred.

Four plots were laid out in this orchaxd, two of which were main-
tained in grass mulch which was mowed at jntervals during the
summer. One of these plots received irvigation at intervals, the
other recetved natural rainfall only.

The two additional plots were thoroughly cultivated in the spring
and allowed 1o grow to grass and weeds following the spring culti-
vation.  One of these plots also received ivvigation, the other
received only natural rainfall.

The plots in these three locations established in the spring of
1930 have now been carried through four growing seasons under
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the same type of treatment, thus permitting a study of the cumula-
tive effects of irrigation or of water shortage.

In addition to these, other plots weve started in the springs of
1931 and 1932, respectively, each being carried through only one
season. One of these additional plots started each spring was irri-
gated, and the other was nonirrigated. These plots were used for the
purpose of studying the immediate response of trees from condi-
tions of variable moisture supply without the hold-over effects of
differential treatments during previous years, These additional plots
will be described in connection with the presentation of data obtained
from them.

All trees throughout all the plots have received cach year from
8 to 10 pounds of nitrate of soda per tree, applied about the time of

RAINFALL (INCHE

i R
JUKNE JuLy- AUGUST SEFTEMBER oLTo8ER

Frgugn 1—Cumnlative painfall surves for the four zrowing seasons, 1930-133, inclusive,
Imin from May 1 o Ceetober 31, inclusive, obinined from Unlled Sfoics  Weather
Bureau siation sk the orehard uwear Haneock, Md, where most of the oxperimental
nloly wore Jovnted.

start of growth in the spring. The nitrate was disiributed through-
out the area from the trunk to slightly Leyond the spread of the
branches, .

RAINFALL CONDITIONS DURING INVESTIGATIONS

Summaries of the rainfall during the growing season for each
of the 4 years, together with the normmal rainfall curve, are shown
in figure 1. During the growing season of 1930 rainfall during May
was approximately half of the normal. Rainfall during June was
above average. From June 29 until August 14 practically no rain-
fall occurred. The weather during this period was extremely hot
and dry. From August 14 to 18 approximately 114 inches of rain-
fall occurred, with rainfall approaching normal until September
17. From that date until the end of the growing season no addi-
tional rainfall oceurred. Rainfall from Efay 1 until October 30
totaled only 10.1 inches as compared with normal of 19.97 inches.




6 TECHNICAL BULLENIN 461, U. 8. DEP?, OF AGRICULTURE

During the growing season of 1931 the total rainfall was slightly
above average and was falrly well distributed. The periods of
greatest moisture shortage that summer were during the first half
of August and again during October.

In 1932 gbove-average rainfall occurred during May and June,
bat July rainfall was Jelow normal. Following a 1-inch rain on
August 19, no additional rains of as much as one-fourth inch oc-
curred for a period of 43 days or until about the harvest season on
late varieties. This prolonged late-season drought, following be-
low-average rainfall in July and early August, resulted in extremely
serions conditions in nonirrigated {rees except those growing in deep
soil.

During 1933 rainfall was fairly well distributed, but it was below
normal ﬁuring June and July. Only light rainfall occurred be-
tween July 4 and August 10, and during this period the trees on
shallow soil suffered appreciably. Heavy raing occurred between
Angust 10 and 25 followed by showery weather until the end of
the growing scason.

RESULTS OF FRUIT-GROWTH MEASUREMENTS

Thronghout the experimental work, the rate of fruit growth on
the varjous plots was determined by tagging representative apples
in June of each season and measuring the growth in civcumference
of these fruits at intervals of 3 or 4 days throughout the growing
season. Fifteen apples on each of at least three trees of each
variety in each plol were used. Growth incremenis on a volume
basis considering the fruit us a sphere have been caleulated. The
actual volume of the fruit is somewhat less than the volume of
a4 sphere having the same cirenmference as the apples measured.
The deviation of fruit volume from that of sphere volume ig, how-
ever, congistent within a given variety, and in all cases compari-
sons of growth rate of fruit were made within the samec variety.
Results of growth measurements on the plots in block B for the
4 years, 1930-83, are shown in figares 2 to 5, inclusive,

The data obtained from the irrigated and nonireigated plots
in 1930 are shown in figure 25 also, the soil moisture is recorded
as_obtained by sampling at intervals throughont the season. The
indicated points on the curves represent moisture determinations
made on composite soil samples taken to a depth of 2 feet from
at least 12 locations per plot. Sumples during 1980 were taken
with shovels, the soil was screened to remove fine rock, and moisture
was determined by drying at 100° C. The wilting percentage of the
soil in these plots, as determined by growing sunflowers in sealed
cans of the soil, was about 6 percent. Field capacity of this soil,
ns shown by samples talken about 2 days after irrigations, averaged
nbout 22 to 23 percent. Thus the soil ‘n these plots held APProxi-
mately 16 percent of availahle moisture, an excellent soil fron the
standpoint of its water-holding capacity.

In experimental work in a region having frequent summer rains
1t is Impossible to obtain a completely accurate pictnre of the soil-
moisture conditions throughout the growing season. The curves
for meisture in figure 2 are based on the actual determinations
made. Between determinnfions, the eurves are hypothetical. being
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based on rainfall and jrrigation data. Tfor example, a rainfall of
1 inch, coming on dry socil, does not wet the soil uniformly, but
rather raises a portion of the soil to the field capacity while the
remainder of the root zone is not affected. It is not possible to
present this complete picture in the moeisture curves. However, the
approximats differences between the irvigated and the nonirrigated
plots ave clearly shown,
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The May rainfall during 1930 was limited. However, good rains
oceurred during June—a heavy rain on June 25, und a shower on
June 26, totuling almest 2 inches. From June 26 to August 14
only three very 'Tigl'll‘- showers, totaling less than one-fourth of an
inch, were recorded. .

Trom the data in fimue 2 1t is apparent that by July 4 the fruit
on the nonirrigated Rome Beauty trees in both the eultivated and
mulched plots was growing at 1 much slower rate than that of the
irrigated trees. The dry mulched Oldenburg apples were also
growing at a slower rate than those on the irrigated mulched plot.
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With the Oldenburg under cultivation, distinet differences in growth
rate of the irrigated and nonierigated fruit appeared by July 7.
Thus within 9 to 12 days following the heavy rain on June 25 the
fruit on all the dry plots was beginning to show reduced growth
rafe due fo moisture shortage.

The Oldenburg apples in this experiment were picked on July 30.
It was quite apparent prior to harvest, however, that as measured
by fruit growth the Oldenburgs interplunted with the Rome Beauty
trees were less seriously affected by the drought than were the Jaiter,
By July 30, fruit on the dry Rome Beauty trees was growing only
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approximately one-fourth as fast ns on the irrigated trees, while
the nonirrigated Gldenburg apples were growing at approximately
half the rate of those on irrigated trees. Throughout the course of
these experiments the Rome Benuty has apparently been sumewhat
more sensitive to moisture deficiency than has the Oldenburg.
During the period August 14 to IT there was approximately 114
inches of rainfall. DPrior to this time the fruit on the nonirrigated
" Rome Beauty trees was making almost no growth, and the trees were
approaching o permanently wilted condition. TFollowing this rain-
full and an interval of showery weather extending through the re-
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mainder of the montl: the nonirrigated Rome Beauty apples grew
almost as fast as those on the irrigated trees. Following a ramn of
approximately one-half inch on September 16 no further rain oc-
curred until after the fruit was harvested on October 14, Within
8 few days the effects of this rain disappeared and the nonirrigated
Truit was making little growth at the end of the seagon,
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enthni on Glidentrg mmd Roe Besuly plots, 1903,

Typical Ronte Beaudy trees from the nonirrigated and irrigated
cultivated plots on September 19 are shown m fgnres 6 and 7,
respeetively.  The imereased size of froit and slightly denser folinge
on the jreigated trees are evident from o close study of these
iustrations.

Several points i the resulls Tor the 1930 season are particolarly
syrnificant. Aceording to the best records nvailable on these heavily
loaded irees, a reduciion in the rate of fruik growth scenrred while
the average sotl moisture in the root zone was somewhat above the
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wilting percentage. Root. concentration in these plots was very high
in the surface foot, and it is practically certain that the soil mois-
{ure was down to approximately the wilting point in portions of this
root ;mne before the growth rate was markcchy affected by moisture
supply.

A heavy irrigation of more than 3 inches of water was applied to
the irrigated pTots; on July 21 and 22, 1930, which undoubtedly filled
the soll to field eapacity. No further irvigation was applied prior to
the ruin which started on August 14, A careful anulysis of the
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srrowth cnrves of the irrigated finit indicates that prior to August 14
the growth rate of this fruit had slowed down perceptibly. During
this period temperatures were high, running over 100° I. during
several of the days, with relalively low humidities. Under these
rather extreme conditions the total swater held by this seil was
apparently only sofficient to carry the trees under optimum conditions
for a period of approximately 25 days. {Tnlesg the soil moisture was
at field capacity at the start of such a period of dry weather, the
trees would sufler even earlier, Although such extremes of heat and
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Fwunn T,—Typleat lome DBenuty tres from  irvlgated cultlvated plot, pbelographed
’ Beplowber 19, 1,
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low humidity are rarely encountered in this section, these results with
others obtained during the 4 years indicate that the water stored
in these soils, 2 to 214 feet deep, is only suflicient to carry the trees
for a period of approximately 3 to 4 weeks. Since a period of
drought is rarely encountered with soil moisture at field capacity at
the start, reduction in growth rate of the fruit on trees on such soil
is usually noticeable even during a relatively short period of dry
weather.

By July 10 the soil moisture had reached the wilting percentapge
in the surface 2 feet of the nonirrigated plots and continued in that
condition for a period of 35 days. Only a limited portion of the
root zone could have been cffective in gbsorbing water during that
period. Oldenburg fruit on the nonirrigated plots between July 10
and picking date grew at approximately half the rate of the fruit on
irrigated trees. The Rome Deauty apples on the nonirrigated
muiched trees grew approximately one-third as fast as on the irri-
gated trees, whereas on the nomvrrigated, cultivated trees growth
was only about one-fifth of that on the irrigated trees. On a few
individual trees, apparvently in o permanently wilted condition, ne
fruit growth occurred during a part of this period. The results
indicate that fruit growth will ocenr in apples until the tree is
permanently wilted though the rate is greatly reduced as the moisture
supply to the tree becomes very limited.

'1!])1(350 plots have been carried throagh 3 suceessive years—I1931-33.
Growth datn on the fruit taken each year in the manner indicated,
together with the rainfall conditions wd irrigation, are shown in
figures 3, 4, and 5, respectively. Following the first season there
was a distinet difference in growth condition of the trees during the
spring of each year. Trees receiving irrigntion during preceding
vears showed a more vigorous growth and a Inrger and more abundant
folinge system. Consequently, following 1930, variation in size of
fruit obtained each season, particularly with the Rome Beauty, can
be sttributed only in part to immediate differential moisture condi-
tions that prevailed, and in part to the general vigor of the trees.
This effect 15 shown particularly for 1931 in fignre 3. During that
year there was an cexcellent distribution of moisture throughout the
senson, There was a period of 3 weeks in late July and carfy Aungust
during which no heavy rains occurred, but light showers at frequent
intervals kept the humidity high and redueed transpiration, There
was, however, a rather definite decrease in growth rate of the Rome
Beauty on the dry plots during early August which can be attributed
to moisture shortage. Heavy ruing oceurred daring late Angust and
carly September so that there was no time during that period when
the nonirriguted trees approached the wilting pereentage.  Notwith-
standing the fact that moeisture was apparently available throughout
the season with the exception of a shert period in enrly Angust, there
was g marked difference in the size of the fruit of the Rome Beauty
and a slight difference in the size of the Oldenburg fruit at harvest
time. These differences are probably (due in considerable part to
the better foliage on the more vigorous trees which had been trrigated
during the previous season. ,

The results obtained in 1932 are shown in figure 4. The growing
season of 1932 had above-wverage rainfall, as shown in fignre 1, but
distribution was very poor and trees on shallow soil suffered greatly.
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Following heavy rains in May and June and & 1-inch rain on July 6
only light showers gccurred until August 18. On that date a 1-inch
rain fell, which was followed by a Igeriod of 46 days with no rain
except very light sprinkles. The Rome Beauty in the dry plots
showed a rather marked decrease in growth rate in early August,
and in both the cultivated and the mulched plots the fruit growth
was greatly reduced prior to the rain on August 18. The effects of
that rain quickly disappeared, owing to the previously dry condition
of the ground, and by September 1 growth of fruit on the dry plofs
had almost teased, During September the fruit on the dry plots
grew not over 20 percent as much as on the irrigated plots, and dur-
ing the latter halt of the month the trees were in « definitely wilted
condition. Heavy rains occurring on October 5 resulted in fairly
rapid growth of frait in the dry plots during the last week of the
growing season.

Notwithstanding the fact that 1932 had above-normal rainfall for
the season, trees on shallow soil suffered under the conditions of this
test even more seriously than in i930. Nonirrigated trees in these
experiments were definitely wilted during the last half of September
and lost some foliage prior to the rains in October. Even under
these extreme conditions, however, fruit growth was resumed at
almost a normal rate when moisture again became available.

A full record of soil moistare throughout the season was not
obtained in 1982, Curves based in part on actual moisture deter-
minations, at points indicated, and in part on vainfall and irrigation
data are shown in fignre 4. Soil samples showed the moisture con-
tent of the surface 2 feet of the dry plots to e down to the wilting
pereentage on August 12. The I-inch rain on August 18 restored
available moisture for a few days and increased growth rate in the
nunirrigated fruit. From August 28 to September 27, however, these
plots were ator below the wilting percentage in the surface 2 feet and
showed only very slow fruit growth,

On September 27 and 28 light rains cccurred, totaling about 0.3
inch. Even these light rains mereased growth rate in the dry plots
for the 4-day period during which they occurred, as shown by the
growth cnrves from September 27 to 30. While the effect of such
hight rains is quickly dissipated, the increased soil moisture, together
with high humidity and decreased evaporation from the leaves, re-
sults in a temporarily increased fruit growth in trees suffering for
moisture. As in 1930, appreciable decrease in the growth rate of
fruit did not ocenr until the soil moistrue approached within a few
percent of the wilting point as an average condition. By that time
a portion of the root zone probably had reached the wilting point.

The Oldenburg apples, harvested on July 18, 1932, showed no
appreciable increase i size on the irrigated plots. Prior to the
harvest date for this variety no period of moisture shortage oceurred.
Following good rainfali in 1931, all frees were in fairly good condi-
tion in the spring of 1932. The irvigated trees carried a somewhat
heavier crop of fruit which attained equal size with that on the non-
irrigated trees, perhaps because of the greater vipor of the irrigated
trees,

Fruit-growth records for 1938 on these trees ave shown in figure
5. During 1983 there was an wunusually good distribution of
moisture, Between July 3 and August 10, however, only a little over
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1 inch of rain fell. During this period, growth of fruit on the dry
plots was sertously reduced alti.ough showery weather and fairly
high humidities resulted in a fruit-growth rate in the dry plots of
Rome Beauty which was about two-thirds that in the irvigatud plots.
Following heavy rains in mid-August and showers throughout the
remainder of the season, there was apparently no further period
during which the nonirrigated trees showed indications of moisture
shortage.

Following the extreme drought conditions of September 1932, the
nonirrigated trees of Rome Beauty were much less vigorous in
growth in the spring of 1933 and formed a smadler folinge system.
Growth rate of ihe fruit on the nonirrigated Rome Beauty was
somewhat less than on the irrigrated trees in 1933, even when moisture
was not a limiting factor, aml notwithstanding the fact that the
irrigated trees carried a heavier fruit crop (tnﬁlc 1}, The Olden-
burg trees, the crop of which was harvested prior to the drought
pertod of 1932, were less serionsly affected, and there was little
difference in growth rate of fruit in 1933.

TanLe L—Average yicld of Fruit per tree and per 100-rm° crogs-secfinmal area.
of trunks, and average wwmber of fruits per tushel during 4 peors of irei-
gition and amwiching cxperiments, bloek: It

. Average yleld per [INkgin®
Avernge vield per iree Cro! " wnal  aren of | Fruails per hushel
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Although both the irrigated and nonirrigated trees in the mulched
plots are 1n excelient vigor aiter 4 years of experimental treatment,
the terminal growth is distinctly greater in the irvigated trees. Dif-
ferences in the spring of 1984 would probably have been more pro-
nounced had the growing season of 1933 been unusually dry.

YIELD AND SIZE OF FRUIT

The average yield of fruit per tree in bushels, the average yield
per 100 em® (15.5 square inches) cross-sectional avea of the trunk of
the trees, and the average number of fruits required to make =
bhushel for the four plots during the 4-year period are shown in
table 1. Since there was some variation in size of individual trees,
and since the yielding cupacity of o tree is corvelated with the size
or trunk area of the tree, caleulnting yield data per unit of cross
section of the trunk is behieved to afford the most satisfuctory busis
of comparison.
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From the data in table 1 it is apparent that the yield of the irri-
gated Rome Beauty trees per 100-cm® trunk area during the 4-year
period has exceeded that of the nonirrigafed trees by more than 54
percent. A comparison of these figures with the data on size of
fruit (number of fruits per bushel} indicates that this increased
yield was largely due to the increased size of the fruit each season
on the irrigated trees as compared with those receiving similar cul-
tural treatments but wonirrigated. The average size of the fruit on
the rrigated cultivated trees was approximately 58 percent greater
than that on the cultivated dry trees. Size of frait on the mulched
irrigated trees exceeded that on the nonirrigated mulched trees by
approximately 32 percent. The average size of the fruit on the
nonirrigated mulched trees was 21 percent larger than on the non-
irrigatecd cunltivated trees.

On the other hand, yield of fruit on the irrigated Oldenburg trees
exceeded that on the nonirrigated trees in 1930, but the average of
the 3 following years, 1931-33, inclusive, showed as high total yietd
per 100 cm? cross-sectional area of the trunk and almost as good
average size on the nonirrigated as on the irvigated trees. Each
year the Oldenburg crop was harvested no later than the last week
in July. Only in 1930 did the trees suffer seriously from shortage
of moisture prior to the time of harvest of the Qldenburgs, and this
is reflected in the smaller size of fruit and smaller yields of Olden-
burgs during that vear. The Rome Beauty apples were not har-
vested until about Qctober 10, thus showing the full effects of dry
conditions through Angust and September,

The Rome Beanty trees showed on a 100-em-trunk-arvea basis
a small but consistent increase in vield and size of frnit when muiched
as compured with the similarly treated cultivated trees, This is
believed to lie due partly to slightly better moisture conditions un-
der the mulched trees and partly to a slightly better growth condi-
tion because of abundant organic matter under these trees. The
irees of the Oldenburg mulched and ivrigated plot were more pro-
ductive and the froit averaged slightly Iarvger than in the caltivated
plot under irvigation. There was no significant difference between
the dry cultivated plot and the dry mulched plot with the Oldenburg,.

These results 'int‘i{-:atc that a variety requiring a long growing sea-
son, such as Rome Beauty, is much more tikely to be benefited by irri-
gation than isx a variety that ripens in midsummer, such as Olden-
burg.  Tnder the eonditions of these tests the Oldenburg trees seeined
Lo suffer slightly less than the Rome Beauty during drought periods
when both varieties still carried theie fruit. Since soil under eastern
cerchard conditiong is likely to be saturated with meisture at the
start of the growing season, varieties ripening in July or early
August have 1 much better chance of reaching the fruit harvest seu-
son without suffering from shortage of moisture than o varieties that
carry their fruit throughout the summer.

Restilts of tests with the Oldenburg indicate that these trees did
not suffer greatly from drought conditions which prevailed after
the crop was harvested. It has been observed repeatedly in these
investigations that trees carrying very heavy crops of fruit suffer
earlier und more severely than do trees carrying light crops ov from
which the fruit has been harvested. Similarly the henefits from
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mulching have been more ontstanding in the long-senson Rome
Beauty variety than in the early-ripening Oldenburg.

RESULTS OF 1.YEAR IRRIGATION EXPERIMENTS

GRIMES GOLDEN-DELICIGUS PLOT, 1931

During the summer of 1931 an additional series of plots for irri-
gation experiments was established in u block of Grimes Golden and
Delicious trees in an orchard approximately 2 miles from that in
which block B was located. These plots were cstablished for the
purpose of studying the effects of varying moisture conditions dur-
ing the season of 1931 on frees that previousty had not received dif-
ferential moisture treatments. The trees were unly about 12 years
old but were relatively large for their age. Since the trees were
Planted only 22 fect apart, the roots occupled most of the available
soil.  The scil was 214 to 3 feet deep above shale and was relatively
free of rock. It was a moderately heavy loam with a field capacity
of about 20 percent and a wilting percentage between 9 and 10.
The trees had only a moderate crop with an abundance of foliage
in proportion to the crop earried.  All plots were thoroughly cul-
tivated in the spring.

These plots were laid out on July 20. Prior to that time, through
May, June, and early July, there had been an abundant, well-
distributed rainfall. On July 27 a heavy hallstorm injured the
fruit and foliage, but the records obtained on growth rate of fruit
in relation to moisture supply accurately vepresent conditions as
they existed. Rainfall dala were obtained at a point approximately
£ nitles away and are not strictly accurate for these plots, as some
local storms {including the hail of July 27} occurred in the vicinity
of the plots that did not occur aé the place where the records were
taken, Rainfall, soil-moisture, and fruit-growth data for both varie-
ties are shown in figure 8,

According to these data, smmples from the nonirrigated plots on
August 12 indicated that the soil-moisture supply in the surface
2 feet was within 3 percent of the wilting percentage. During the
follewing week no ynin oceurred, although the weather was mod-
erately cool. During this peried the growth rate of the fruit on
the nonirrigated trees of both varieties was ubout 25 percent below
that on the frees receiving irmgation. During the period from
Angust 19 nntil September 16. rainfall totaled 3.6 inches and was
well distributed. No additional irrigations were applied until Sep-
tember 17. The nonirvigated plots from September 17 to 25 were
within 4 percent of the wilting percentage, whereas the irvigated
plots were near field eapacity. The weather was moderately cool
with a few very light showers. During this period the fruit on the
nonirrigated plots grew ut about 80 percent of the rate of that on the
irrigated plots.

These regults indicate that with an abundance of foliage and
during moderately cool weather the growth rate of the fruit was
not reduced as a result of moisture shortage until the average mois-
ture content in the surface 2 feet approached less than 5 percent of
the wilting percentage, with portions of the root zone probably re-
duced to that point. During the peried from August 20 te Sep-
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tember 10 the moisture content of the irrigated plots averaged
from 4 to 6 percent higher than in the nonirrigated plots, but the

rowth rate of the fruit was practically the same. The soil-moisture

ata in this experiment are based on samples taken at 12 different
points about each tree and present a very accurate picture of the
moisture conditions. On thest nonirrigated trees during the season
of 19831 the growth rate of the fruit was slightly reduced between
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August 1 and 17 and again between September 13 and 25, because
of insuflicient available water.

DELICIQUS PLOT, 1932

In early June 1982, a plot. of Delicious trees which had not previ-
ously received differential treatment was Jaid out for moisture
studies. These trees all carried a heavy crop, the nonirrigated plot
carrying slightly more fruit on the average than the irrigated trees.
Four representative trees were selected for detailed records, receiv-
ing only rainfall, and four other trees were irvigated as needed
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through the season. These trees wers about 18 years old, of fair
size, and were growing in a stony, clay loam soil underlain with
shale at a depth of approximately 214 feet. The shale beneath these
trees was somewhat dense and impervious. The field capacity of
this soil was about 26 percent and the wilting percentage between
11 and 12. The plots were all cultivated in the spring.

The fruit-growth data for these plots, alse the ramfall data and
a partial soil-moisture record, are shown in figure 9. Prior to about
July 10, the growth rate of the fruit on the irrigated and nonirri-
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oated trees was uniform. Following the 1-inch rain on July T only
3 inches of rain fell until the end of September or after the harvest
period for this fruit. This limited rainfall was distributed through
numerous light rains, as shown in figure 9. The fruit in the rri-
gated plots grew at practically a steady rate, which was much more
rapid than that of the fruit on the trees in the nonirrigated plots.
From August 1 until harvest the growth rate of the fruit from the
irrigated trees was approximately double that of fruit from the
nonirrigated.
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Although the growth rate of fruit from the nonirrigated plot was
much below that of the irrigated, a slow growth occurred throughout
the whole period even though little rainfall occurred from August
18 until the end of September. There is a possibility that these
nonirrigated trees obtained a little moisture from near the shale
rock, as trees about this dry plot were given partial irrigation by
the owner of the orchard. It would scem that unless this occurredl
the nonirrigated trees would have made progressively slower growth
through September, Soil-moisture data indicate that by September
§ the moisture in the smrface 2 feet had practically reached the wilt-
ing percentage, and it remained in thut condition until harvest time.
Throughoni the whole season the moistire content of the irrigated
plot did not approach close to the wilting pereentage. The total
vield of fruit at harvest averaged 189 bushels per tree for the
irrigated plot and 14.3 bushels on the nonirrigated. The number of
fraits per bushel averaged 111 from the irrigated and 156 from
the nenirrigated plots.

RESULTS IN BLOCK C

Trees in block C. consisting of large York Imperial apples growing
in heavy, deep soil, were m an alternate-bearing condition, {See
p. 4 for detailed deseription.) During 1930 thesc trees bore prae-
tically no crop. In 1931, on the other hand, a heavy bloom and good
set of fruit occurred and the crop was uniformly heavy over all
plots.  The trees in the irrigated plots had received irrigation as
needed during 1930, but detailed records for that year are not shown
because the trees were not bearing. Results on fruit growth and
rainfall in 1931 are shown in figure 10.

These results indicate that in 1931 the growth rate of fruit
on nonirrigated trees in this deep. fairly heavy soil slowed down
slightly as compared with that of irrigated trees between August
5 and 18. The growth rate during this period was 20 to 25 pereent
slower in fruit on nonirvigated trees.  Again between September
10 and time of harvest on October 8, the growth rate of the fruit
on the nonirrigated trees was about 25 percent below that on the
irrigated plots. On August 5, moisture in the surface 2 feet of the
nonirrigated plots was within 2 to 3 percent of the wilting percentage
when measurable difference in growth rate was occurring, The
moisture record obtained on these trees was very incomplete but
indiented a slowing down in growth rate when the surface foot, in
which the greatest root population occurred, approached close to
the wilting percentage.

In 1932 these trees carried a light crop of fruit, and detailed
fruit-growth measurements were not made. In 1933 they bloomed
heavily, but owing to frost and unfavorable weather conditions dur-
ing the pollination period, very little fruit sel. The fact thai dur-
ing 4 years this plot of trees bore only one heavy crop and one pur-
tial crop makes the moisture-relation studies Joss significant than
they otherwise would be.

During both of the particularly dry years of 1930 and 1932 these
trees were carrying very little fruit. Tn neither year did they suffer
serionsly from moisture shortage. At the end of 4 years there was
very little difference in appearance or growth condition between the
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trees that had been irrigated and those that received only rainfall. It
is unfortunate, from the standpoint of these studies, that these trees
did not carry a heavy ctop during any particularly dry year. Ob-
servations on the trees, however, indicate that although the size of
the fruit was reduced, the trees did not suffer seriously under the
driest conditions that prevailed during the 4 years of these tests.
Excavations indieated that these trees have roots at least 6 feet deep
in a retentive clay soil though the main root population is in the
surface 2 feet. Results of investigations by Aldrich and Waork
{7} on pears in very heavy soils st Medford, Greg., indieate that on
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such soils the growth: rate of fruit decreases while the moisture con-
tent is still much above the wilting percentage. Results in 1931
indicate that, in the present tests, growth of fruit on these heavily
loaded York Imperial trees was not reduced measurably until the
moisture was tairly close to the wilting percentage in the surface
2 feet,

EFFECT OF MOISTURE SUPPLY ON COLOR DEVELOPMENT

Throughout the course of these experiments, records were made of
the percentage of the fruit falling in various color classes at time of
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barvest. Color records obtained on the Oldenburg and Rome Beanty
piots in 1930 and 1931 have been reported iu detail by Fletcher {5).
His report indicates that in both 1930 and 1931 the color of the
Oldenburg frait at harvest time was slightly poorer on the plotg
that had been Irrigated than on the corresponding nonirrigated plots.

Records showing the amount of the fruit surface which hecame rvod
for three Rome Beauty crops and for the Delicious in 1932 are snm-
marized in table 2. In the Rome Beauty apples the aren of the red
color was stightly greater on the fruit from the trigated cultivated
plot n 1930 than on the corresponding nonirriguted plot. There
was no significant difference in color of the fruit from the irrigated
and nonirrigated mulched plots,  The quality of the color in that
year was much superior on the fruit from the rrigated plots, being
a bright spurkling red, whereas en the nonirrigated plots the color
was dull brenze-red and much less attractive, Tn 1930 the color of
the fruit from the muiched plots was distinetly hetter than that from
the cultivated plots.

TanLy D—Hffecl of irvigation nud cultural treatmenis on the propovtion of
frait surfuee wihich became red

Percantape of crop i calor elosy
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In 1931, a seavon of good rainfall and with moderately light
crops on the trees, the aren of the red color on the Rome Beauty
Traig from the irvigated plots in each case averaged less than that
on fruit from the corresponding nenirrigated plots.  During that
season there was not n marked difference in quality of color between
fruit from the irvigated and the nonivvigated plots. The poorest
color was on_fruit from the mulched irrigated plots where the trees
Were very vigorotis,

In 1032 the Rome Beauty, following three seasons of irvigagion
treatment, showed a slightly greater area of the fruit colored on
the irrigated plots, The fruif on these plots was also very miich
brighter red and much more attructive in appearance. The nonirri-
gated trees were extremely dry during September, and the colur of the
fruit on these trees was dull and lifeless, even though the arex of
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the color was only slightly reduced. These results agree in general
with those of Fletcher {5}, also with celor records reported by
Overley, Overholser, and Huut {74) in Washington State, and with
unpublished data which have been obtained by C. I’. Harley and
M. P. Masure at Wenatehee, Wash. During seasons of cuflicient
raintall the application of additional irrigation water did not im-
prove eolor but tended to decrease the ares of the surface on the
fruit that became red. On the other hand, during seasons when
ihe fruit ripened with the moisture content of the soil at av very
near the wilting percentage, the color development of the fruit was
poor and dull as compared with that wiich received sufficient nois-
fure, Appurently meisture available to the tree is essential to the
highest color development, but exvessive moisture in the sl s
nnfavorable and is likely to lead to poor volor development.

Results were similar on the Delicious plots in 1932, 'The area of
color was practically the same on frait from the two plots, bt the
friit from nonirrigated plots, which ripened with the trees suffering
areatly for moisture, was dull and unattractive. Fruit from irri-
gated trees was a bright and clear red.

EFFECT OF MOISTURE SUPPLY ON FRUIT-BUD FORMATION

Throughout the course of these experiments, recowds were obtained
each spring of the percentage of the growing ]rmint.t; which formed
Blossuis and of the Mossoms which set fruit. The total number of
arowing points and the totad muiuber of blossoms on from 6 to 8
branches 114 1o 2 inclies in dinmeter well disteibuted over the tree,
and representative of the estimated average condition of the free as
] “‘I]OJ](’. were counled eavh season.  Percentage of flowering was
obtained by dividing e number of blossom clusters by the total
number of growing points of the branches, Percentage of set was
the percentage of clusters that ot fruit.

The average percentage of fruit-bud formatien and fruit set on
the Rome Beanly and Oldenburg trees through three seasons is
shown in fable 3. These resnlts indicate that the average bloom
was heavier in the dry plots in the spring of 1931 than in the corve-
sponding irrigated plofs. These results, previously reported by the
writers (). Inddiented that 1f the trees suffer appreciably for water
during the period of froit-hud formation, increased fruit-bud forma-
tion is hkely to result,

Following the heavier bloom there was u heavier crop of fruit
on the nonirrigated than on the irvigated trees in 1931 No mwoisture
shortage oceurred in 1931 prior to late July. Tn the spring of 1932
a heavior bloom oceurrell on the irrigated (han on the nonirrigated
(rees. In the spring of 1933 the nenirrigated trees on threee of the
plots carvied a slightly heavier bloom, though the mulched irri-
wated Rome Beauty had slightly more bloom than the nonirrigited
pnes,
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Taney 3—Arvcrage binom and fruil-sel record in irpigated. wnd wonirrigofed
apple plois, 1931-32

Spring 1881 ) Epringe 1032 Spring 1093

Vurlety and ireatment . :
Tianm Syt Blaom Bew Rlgom Rul

Rome Teanly: Pereent  Mercend Pereemt Percend Perernd
LulLivaterll nonirrigaled . 31, A5 A5, fi R0 HiL R
Cultivated frripnted._ .. . .0 L, . -0, i 014G 0, 0.4
Malehed nonivripaled L L. a8, W7 Fra . 8 JEN
Mulehed frrlpgated .. P . i R, 2

Oldenburg: .

Coltiveted nonirripaie:d

Cullivated irrlpated.. . . . ..
Mulehad nonirrigated. . PR
Mulchedirriuuted.._.__....A.,,...-.,i

Throughout these experiments tle nmount of hloou has been corre-
lated with the quantity of fruit carvied on the trees the preceding
season. Correlation curves have been prepared in which are charted
the number of fruits carrietl on each tree per 100-cm?* cross section
of trunk during the preceding season and the percentage of fruit-
bud formation following. Distribution curves for the irrigated and
the nonirrigated trees, showing average behavior, will then indicate
whether fruit-bud formation was affected by 1he treatment. TIn this
analysis of the data, trees are grouped as irrigated av nanirrigated,
withont regard to cultural treaiments. Such distribution curves for
ihe 1932 and 1933 bloom are shown for Oldenburg in figure 11 and
for Rome Beauty in figure 12, The close puralleling of the irrigated
and nenirrigated curves for Oldenburg indicate no difference in
fruit-bud fornation «due o irvigation tn (he sutnmers of 1931 and
1932. With the Rome Beauty there is indication each year of slightly
greater fruit-bud formation on the irvigaled trees which is helieved
to he due to the greater vigar of these trees rather than to u dirvect
immediate cffect of added waler in influencing fruit buds to form.

In neither 1931 nor 1982 did the trees in the nonirrigated plots
show evidence of lack of sufficient water until iate July (about
July 20 in 1931 and Auge 1 in 1932). In 1930, on the other hand,
the growth rate of fruit was sharply reduced in the nonirrigated
trees after Juoly 1. The results of Magness, Fleteher, and Aldrich
(20} Indicate that in the section in which these investigations were
conducted fruit-bud formmtion can be influenced in but very fow
buds after July 15, or 75 days after full Bloow. ‘Fhus the formation
of fruit buds could be influenced by lack of moisture only in 1930,
as shown by the bloom records taken in the spring of 1931,

The block of Delicions trees jrrigated for the Hirst time in 1932
carried a heavy crop of fruit, as did the nonirrigated trees. In this
experiment neither group of trees bloomed in (he spring of 1933,
The crop In each case was so henvy that frait-bad Formation did
not ocour, and this result was not atfector by the differential ivriga-
tion treatments. In that experinient, also, the trees were not affected
by reduced moisture supply until the season during which fruit-bud
formation could be affected had passed.

The results obtained to date relative to the effecis of moisture
supply on froit-bud fornmtion are not conclusive. The data for
1930 indicate that if there is a shortage of moisture during the




INVESTICATIONS IN APPLE ORCIANDS

period in which fruit-bud formation can be affected, suchi shortage
will tend to increase fruit-bud formation. In the Shenundoah-Cum-
Derland Valley, fruit-bud formation in most varieties is not nffected
by experimental treatments given later than July 15, and the pro-
portion of the buds that are affected atter July 1 is small.  Conse-
quently it is apparently only early summer drought that might
appreciably affect fruit-bud furmation.

Following the very dry July and early August of 1930 there was
a fairly heavy bloom of apples the next spring throughout the Shen-
nndoah-CnmEet.‘]:md Valley as a whole. There was an excessively
heavy bloom of peaches, in which fruit the formation of flower buls
can be influenced through August. These genersl observations
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would tend to support the conclusion reported here that fruit-bud
formation is inereased under conditions of early sumuer moistire
shortage. Similar results huve been reported by Aldrich and Work
(2) for pears in the Rogue River Valley of Oregon. )
The most important factor i determining perventage of fruit-
bud fornudion in (hese tests Imy heen the number of fruits carried
per tree in relution to the size of the tree or, more accurately, in
rvelation to the folinge system of the tree. The maintenance of
available moisture thronghont the season through irrigation has not
increased the tendency to form fruit buds. There is evidence from
observations mud limited experiments to indicate that periods of
drought in early summer fend divectly (o increase the number of
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fruit buds formed. The increased vigov and lnreoer foliage systens
on trees irrigated regularly apparently may result in grealer fruit-
bud formation when the crop of fruit being borne is only moderate.

PHYSIOLOGICAL EFFECTS OF REDUCED MOISTURE SUPPLY ON APPLE
TREES
Throughout the course of this work, vestigations have been con-

ducted to determine the effect of shortage of woisture on the nutri-
tion or physiological functioning of the trees. Severn) reports have
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been Issued on varions phases of (hese Investigrtions, and detailed
resulls previonsly published will not be included hore.  The follow-
g diseussion stmnarizes the results oblained.

RELATION OF MOISTURE SUPPLY 'TO STUOMATAT BEIAYIOR OF APPLES

Detailed results of » porlion of these studies have been reporied
by Furr and Magness (7). and Purr and Degman {6). The stomala
ot apple leaves apparently ave limited to the wler surface, When
moisture i available (hese stomata open in the morning, nsually
about the time the sun first strikes the leaves. With abundant mois-
ture i the soil most of the stomuta will open, the maximum number
opening varying usually from 70 to 100 percent. The length of
time these stomata remain open varies with the amonunt of available
moisture in the soil and with the evaporating power of the air.
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When the whole root zone is above the wilting percentage and hwu-
midity is high, most of the stomata will remain open throughout
the day, On the other hand, with abundant soil moisture but with
relatively high temperatures and low humidity, stomala muy be com-
pletely closed before noon. With reduced moisture supply the period
of stomatal opening under coustant evaporating power of the air
becomes correspondingly reduced. When the soil in most of the
root zone of the trees reaches the wilting percentage, stomata may
fail to open at all on the trees. With the soil at or near the wilting
percentage but with the air nearly saturated during the early morn-
ing, the stomata will usnally open for a short period but may be
completely closed within an hour.

Previens results reported by MMagness. Regeimbal, and Degman
{72) indicate that the closing of the stomata in apple foliage is
closely correlated with a decrease in moisture percentage in the leaf
rather than with the accumulation of the products of photosynthesis.
Apparently the stomata open under the stimulus of light, if the
moisture content of the leaf is sufficiently high, and remain open un-
til the moisture content is reduced to a certain point, The meis-
ture content of the leaf rather than the accumnlation of the products
of photogynthesis scemed to be the important factor in determining
the time of stomutal closing, under the conditions of these experi-
ments.

EFFECT OF MOISTURE SUPPLY ON LEAF FUNCTION

It is extremely difficult, if not impossible, to determine acenrately
by leaf analyses the effect of reduced moisture supply and of carlier
daily closing of the stomata on the quantity of carbohydrate mua-
terials formied in the leaf as a result of photesynthesis. These car-
bohvdrates apparently move out of the apple leaf throughout the
day as well as during the night. It seems logical to asswme that
this movement of carbohydrate materials from the leat proceeds
more rapidiy when tissnes are well supplied with moisture and
when the water content of leaf and bark is high than when the water
content in the conducting and storage tissues is reduced.

Investigations previously veported (72) have indicated that the
content of both starch and sugar is shghtly higher throughout the
day in leaves of trees well supplied with moisture than in leaves ot
troes in which the moisture supply is so limited that the growth rate
of the fruit is being measurably reduced.  The wreater photosynthetic
activity of leaves well supplied with moisture is also indieated by
the fuct that trees und Troit supplied with an abundance of mosture
throughout the season show a much higher total content of carbo-
hydrates lafe in the sunnner than do stmilar fruit and trees that
have suffered seriousty for luck of water. These results indicate
{hat one basic physiological effect of reduced moisturc supply is ve-
ducesd total carbohydrate formation in the leaves of the trees, _

While it has not been demonstrated experimentally. it is believed
that the carbon dioxide enters the leaf largely through the stomata
and that the closing of the stomatn under conditions of reduced
moisture supply greatly diminishes the amount of carbon dioxide
which enters the leaf. "Since earbon dioxide and water are the two
raw materials from which carbohydrates ave manufaetured in leaves,
reduction of the amount of carbon dioxide that enters the leaf s
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probably the basic factor in the reduced photosynthetic activity.
‘The moisture supply of the leaf is also reduced to an appreciable
extent, in some tests being approximately 5 to 7 pereent higher at
the time of stomatal opening than at the time of stomatal closing.
There is so mnch water present in the leaf, even at the time of
stomatal closing, however, that it seems doubtful if deficiency of
water is a divect factor in the reduced photosynthetic activity of the
foliage under conditions of moderate water shortage.

A reduced period of stomatal opening is the first measurable effect
of rednced moisture supply to the tree. Slight. variations in the
period during which the stomata remain open, due to reduced mois-
ture supply, can be detected much earlier than changes in growth
rate of the fruit can be measured. Results of these Investigations
indicate that the variation in time of stomatal opening is perhaps
the most sensitive criterion of any change in the condition of the
tree due to moisture variation. "By following stomatal behavior
throughout the day, variations ia behavior cun be detected when the
moisture content of the whole rool zone is apparently considerably
above the wilting percentage, whereas at least a portion of the root
zone on soils of mediam or light texture apparently is usually at or
near the wilting percentage before variations in the growth rate of
froit can be measured.

Rather limited data obtained to date (72) indicate that the leaves
and bark are the organs of the tree which show greatest fluctuation
in water supply throughont the day. Moisture content of the lexves
may be reduced as much as 6 percent between sunrise and mida fter-
noon, and the moisture content of the bark on branches less than 6
years of age may be reduced in approximately the same proportion.
There is little daily fluctuation in the moisture content of the younger
wood.

The moisture content of apple foliage did not continue to decrease
after the stomata were closed except in leaves in a definitely wilted
condition. 'When the trees were definitely wilted, moisture content
of the foliage showed a slow decrease throughout the day cven
thongh the stomata were closed or were open for only a few minutes
in the carly morning,

EFFECT OF MOISTURE SUPPLY ON SUGAK AND STARCH GONTENT OF BARK,
WOOD, AND FRUIT

On September 15, 1982, samples of bark, wood, and fruit from the
rrigated and nonirrigated Delicious trees were taken. These trees,
differentially handled for the first time during the growing seuson of
1932, had shown differences in fruit-growth rate beginning about
July 8 (fig. 9). TFrom that date through to time of sampling on
September 15, or for a period of more than 2 months, decrensed
fruit-growth rate had vecarred on the nonirrigated trees although
at o tine had they been in a definitely wilted condition. On Sep-
tember 15 the sugar content of the bark of the dry trees was from
34 to 19 percent higher than that of the bark of the irrigated trees.
The sugar content of the bark was approximately five times as high
as the sugar content of the wood.

On the same date the starch content of the bmk of the irrigated
frees was more than 30 percent higher than that of the nonirrigated
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trees, with abont the same differential in the starch content of the
- wood,

These results indicate that under conditions of reduced moisture
supply to the trees the sugar content is relatively high while the
starch content is reduced. Under conditions of ubundant moisture
supply the carbohydrate accumulates largely in the form of starch.

The percentage of starch in the wood of branches under 1 inch
in diameter was practically the same as that of the bark from the
same branches. Since the weight of wood in a Jarge tree far exceeds
the weight of bark, it is apparent that the total quantity of starch
in these trees far exceeded the total quantity of sugar both in the
irrigated and the nonirrigafed trees.” Since the starch content of
the irrigated trees in both wood and bark averaged more than 30
percent higher than in the nonirrigated trees, it was apparent that
the total amount of earbohydrate in these trees was much higher
than in those that had suffered for moisture during the scason.

The sugar content of the fruit averaged approximately 10 percent
higher in that from nonirrigated trees which were suffering because
of moisture shortage, while the starch content of the fruit from
irrigated and nonirrigated trees was not consistently different.
On this date, however, the nverage size of the fiuit from irrigated
trees was almost 50 percent greater than that from nonirrigated trees.
Thus it is apparent that far wmore total carbohydrate had gone into
ihe building of the fruit from irrigated than from nonirrigated trees.
These data tndicate that much more total carbohydrate had been built
during the season in the irrigated then in the nonirrigated trees.

While more experimental data are needed on this point, resitlts
obtained indicate that the sugar content of bark and wood is higher
in trees suffering for moisture, while the starch content and total
carbohydrate is reduced under these conditions in proportion as
leat function is reduced. The fact that sugar concentration in trees
growing under conditions of seriously reduced moisture supply is
higher than in trees abundantly supplied with moisture may be of
significance in the apparent increased fruit-bud formation which
oceurs under conditions of limited moisture supply if that re-
duction in moisture takes place during the period when fruit-bud
formation can be influenced.

Analyses for total nitrogen in trees well supplied with moisture
and those growing under conditions of moisture shortage have not
shown a consistent difference in nitrogen content either on a wet-
weight or dry-weight basis.

DISCUSSION

MOISTURE SUPPLY AND FUNCTIONING (F APPLE TREES

Results seeured in these investigations tndieate thut apple trees
are not measmrably reduced in function, and growih rate of fruit
is not measurably reduced so long as the moisture content of prac-
tically the whole root zone is above the wilting percentage. These
resulfs are in general agreement with the findings of Hendrickson
and Veihmeyer (8, 9), working with peaches and other fruits n
California. Tn the present investigations, however, there was wide
variation in roob distribution so that the moisture in a porfion of
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the root zone might be reduced while muceh of the root system still
had nioisture available. Under these conditions, the degree of reduc-
tion in tree function seemed to depend on environmental conditions.
During cool moist weather fruit growth was almost normal, even
when the moisture in most of the root zone was reduced to the will-
ing percentage. On the other hand, during hot dry weather fruit-
growth rate and the period of stomatal opening were markedly
reduced if any considerable portion of the root zone reached the wilt-
ing point.
$01LS FOR ORCHAKDS

Resnlts secured in these investigations indicate that under condi-
tions in the Middle Atlantic States, mature apple orchards, growing
in soils 2 to 344 feet deep and of good water-holding capacity, wili
exhaust their water to the extent that the fruit-growth rate 15 re-
duced within a period of 25 days during the stmmer. This holds
trie even if the so1l is wet to the full field capacity at the sturt of
the pertod. It rarely happens under natural raonfall conditions
that 2 soil even of this depth is wet to full field capacity during the
sumnier months, This would cecur only if as much as 3 to 4 inches
of rain ad fallen and been absorbed by the xoil within a very short
period.

Under actual conditions ax they existed during the 4 years, the
growth rafe of fruit on trees bearing a full cvop generally was re-
duced foliowing not more than 2 weeks of midsunnner weather
without rainfall. It is significant that during each of the past 4
vears the growth rate of fruit on trees in such soils was reduced at
some time during the growing season due to shortage of moisture,
nolwithstanding the facl that in 8 of the 4 years the total rainfull
for the growing season was above average, In 2 of the 4 years the
fruit hardly reached marketable size and was of poor quality because
of lack of meisture,

Theze results indicate that under the conditions prevailing in the
Middle Atlantic States and States westward having similur length
of season and femperatures it is extremely hazardous to attempt to
grow orchurds on soils as shallow as 2 feet, even though they are
retentive of moisture, of goud fertility, and well drained. Tt would
seem that the economic Timit for orchard soils of good water-hold-
ing capacity, where orchards in that region are to be grown without
irrigation, woukl be not fess than 3 feet of good soil.

In regions farther north where the total length of the growing
season is reduced and where the mean temperatures of the growing
season are also lower, the hazard of mosture shortage decreases
correspondingly.  On the other hand, to the southward with even
longer growing season and higher seazanal temperatures, deeper
soils and soils of belter water-holding capacity are required to agsnre
Lhat the orchards will not saffer unduly from soil-molsture deficien-
vies.  Bxcept in the extreme north the planting of orchards on soils
in which the root zone is [imited, either by rocl or by mpervious
and poorly drained subsoil, to loss than 3 to 4 feet deep. should be
considered as hazardons. Unless the soil is of good water-holding

+ . E " . . . L
capucity with at least 10 to 12 percent of available moisture between
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the field capacity and the willing percentage, even more than 4 feet
of depth wonld be required to assure fairly dependable moistire
conditions.

THE VALUE OF MULCH IN MOISTURE CONSERVATION

Throughout these tests, plots henvily mulehed with wheat straw
with and withoué irrigation were compared with plots cultivated in
the spring and then allowed to grow up to weeds with und with-
out irrigation. A sindy of the resnlts shown in figures € to 5 in-
dicates that Rome Beanty apples were somewhat Jarger each sea-
son on the nonirrigated mulched plot than on the nenirrigated cul-
tivated plot, and Oldenburg apples from the mulched plot were
larger most of the years. It is not possible fo say how much of
this result can be attributed to difference in moisture and how mueh
to increased organic matter.  In these tests, trees in the nonirrigated
mulched plot did not suffer for water quite so quickly s those in
the cuitivated plot owing to three factors: (1) The muleh was suffi-
ciently heavy to keep down all weed growth fo beyond the spread
of the branches of the trees and transpiration from weeds did nof
oceur as in the caltivated plot. (2} The muleh appavently reduced
somewhut the surface evaporation of maisture from the soil.  (3)
The muleh completely prevented run-off of water during heavy rains
and resulted in the soil taking up a1l meisture that Tell. Tt is prob-
able that wnder some orchard conditions, particularly on slopes or
hilitops. the Jast effeet is the most important of the three. since
summer riting frequently come as heavy downpours of short dura-
tion. TUnder these conditions such a muleh Insures the penetration
of the waler where it Talls.

On the other hand. during periods of prolonged dronght. aon-
irrigated trees growing under heavy muleh in coil only 2 to 214 feet
deep, suffered verv severely from lack of moisture. The size of
Rome Benuly fruit on the mulehed nonierigated trees was always
smaller than that of the fruit Trom the irrigated trees cither on the
cultivated or mualehed plols. When the trees growing under mulel
exhaust the nvailable water from the soll they suffer apparently as
ceverely as nonmulehed trees. While the condition of the Rome
Beauty trees under muleh was fairly satisfactory on sueh shallow
soils, they did not approach the condition of those where moisture
was applied direetly. There was Tess difference with Oldenburg
where the {ruit generally was harvested befove a serious shortage
uf moisture vecurred.

MOISTURE SUPLPLY AND REGULAR BEARING

Trrigation under the conditions of these fests did not correct the
tondency of trees to hear hicnnially.  The York Imperial in block &
remained biennial under ivrigation. In 1932 the Delicious frees ear-
rying a heavy erop fuiled to form fruit bnds Tor the following vear,
cither under terigation or nonirrigation.  Rome Beauty trees carpy-
ing & heavy crop in 1930 formed fewer fiuit buds for the following
year ander irrigation than when. the trees suffered Tor moisture dur-
g July. The direct effect of abundant moisture supply scems (o
be to decrease rather than to increase fruit-bud formation.

On the other hand, the trees that did not suffer Tor moisture dnr-
ing 4 yewrs are more vigorous and thrifty than these that suffered
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from time to time.  With these more vigorous trees it soems cortain
that regular production ean he seenred more easily than with trees
in low vigor.

RELATION OF MOISTURE SUPPLY TO SIZE AND QUALITY OF FRUIT

In these tests the greatest benefit from having sufticient moistwre
throughont the growing season was in increasing the size of the
fruit and, during seasons of dronght, in greatly improving the color
at harvest time. Since n market premium is usunlly paid for the
larger sized and better colored fruits there were greai gaing in total
marketable fruit and in market value per bushel under irrigntion
on the more shallow types of soil under the conditions of these
tests. Yields of marketable fruit of late-maturing varicties were
approximately doubled during the dry seasons and were appreciably
increased in 3 of the 4 years during which these tests were run,
These results upply only to the fairly shallow soils. With increas-
ing depth of soil and increasing water-storage capacity at the be-
ginning of the growing season, progressively decreasing  henefits
from irrigation could be expected imdor eastern conditions.

These investigations have emphasized particularly the desirability
of selecting orchard soils where the voot zone is deep and has zood
water-holding capacity. Where orchards nre established on moder-
ately shallow soils, irrigation will greatly henefit the yield and mar-
ket qualily of fruit «duving wmany seasons. With exd rewely shallow
soils averaging not over a fool in depth under the conditions of
these tests, irrigation to maiutain sufficient moisture must be so fro-
quent that the feasibility of altempting to operate such orchards
either with or without irrigation is very doubtful,

WHEN IRRIGATION I8 FEASIBLE UNDER EASTERN CONDITIONS

A practical question with many orchawdists in the Eastern States
is whether they should consicler equipping their orchards for irviga-
tion. Several factors must be considered in connection with this
guestion.

There is enough good orchard land in the Eastern States which
is sufficiently deep and retentive of moisture to produce the needed
fruit crops of the country without irvigation. It seems doubtful
if new orchards should be planted where irrigation is necessary
nnless unusual conditions of water availability prevail,

On the other hand, many orchards nre now established on soils
where moisture supply will frequently he a limiting factor in fruit
production.  With such orchurds, if planted to good varietics and
on good locations, irrigation is worthy of consideration if a de-

endable water supply is available. The main considerations should
Ec the quantity of water available and the cost of distributing it

in the orchard. Trrigation systems depending upon small stremins
for water supply are frequently unsatisfactory, since such strenms
may be dry or nearly dry during periods of extreme drought when
irrtgation is most needed. The expense of installing an revigation
system is warranted only in case the water supply is completely
dependable.
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QUANTITY UF WATER REQUIRED

In the IBustern States water requirement of the orchards is gen-
crally lower than ander the arid conditions of the West, since with
higher humidities the evaporating power of the air is generally lower.
Also, it is only rarely that prolonged periods with a complete al.
sence of light showers occur. In view of results obtained in thesc
investigations 1t scems probable that 4 acre-inches of water pev
month would be required to maintain the trees at maximum fune-
tioning if no rainfall occurred. Such maximum usage would occur
50 Selgom, however, that it seems doubtful if the orchardist would
be justified in providing for the application of this quantity of
water unless it could be done at fairly reasonable expense. On the
other hand, 2 acre-inches of water, or approximately 54,000 gallons,
wonld represent the minimum application per acre per month which
might be considered as satisfactory in a supplementary irrigation
system.

TYPES OF IRLIGATION

Various methods of applying irrigation water to orchards are in
use in different parts of the United States. The method of deliv-
ering and handling the water on each individual orchard is a dif-
ferent problem und will not be discussed here. Throughout the
course of these investigutions the sprinkler methed of application,
where the water is pumped through pipes to sprinklers set on the
tops of standpipes 12 to 14 feet high, has been used. Each of these
standpipes, equipped with a sprinkler at the top, throws the water
over an aren of approximutely 50 feet in diameter. Under this
method the leaves and fruit of the frees are kept sonked for periods
of 10 to 24 hours whenever an irrigation is given,

The sprinkler Irrigation systems are satisfactory for orchards
from the standpoint of distributing water on rough or broken land.
On the other hand, wetting of the foliage amd fruit has resulted in
some increase in fungous diseases, The orchards in which these
lests were conducted are clean and thoroughly sprayed, and the
digease factor was nol serious under these conditions.  Although
detailed records were not taken, it was evident that there was a
slight increase in seab infeetion in the plots irrigated with sprink-
lers. These resulls are in line with those obtained in Washington
{13). '

Fletcher (8} reporting in part on the same tests that are reported
here, found apparently somcewhat poorer color on the sprinkler-
irrigated plots than on similar plots irvigated in furrews in which
the fruit and folinge were not wet. These results also are similar to
those obtained in Washington.

These factors indicate the desivability, pucticularty in the Eastern
States, of applying the water directly on the ground, where possible,
vather than through sprinklers. Furrow irrigation is very satis-
factory in orchards that are not too steep and in which the soil is
nob too open or porons.  In orchards too steep or with the soil toa
open for furrow irvigation. applivation of water through stch de-
viees as perforated hose is fairly satisfactory. The s[‘n'm’kler_ svstem
is very satisfactory from the standpoint of good distribution and
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ease of handling, but it vequires a fairly expensive installation to
distribute the water. The best method of handling the water on
mdividual orchards can be determined only by a thorough study of

the particular condition in each orchard.

WIEN WATER SHOULD BE AUPLIEG

One of the most difficult problems in connection with irrigation
is to determine when water should be a pplied in the mrchard. Too
frequent or too heavy irrigations may vesult in water-logging of
the soil, particularly 1f it is poorly drained, as well as in unneces.
saty expense in the application of the water. It irrigation is
delayed too long and growth rate of fruit is serionsly retarded as a
reselt of Inck of moisture, fruit size at the end of the season will be
reduced in proportion.

The keeping of accurate records of rainfall is valugble in deter-
mining when irvigation shonld be applied under eastern conditions,
where summer rainfall is gencrally rather frequent. The experi-
enced grower can judge fairly well how long the soil in various
parts of the orchard will carry the frees following a thovengh irri-
gation, if he considers the amount of ruintall that has ogenrred.

A very valuable indeyx is the wilting of relatively shallow-growing
plants in the orchard, When shallow-growing vegetation becomes
wilted, and particularly if it remmins o during the cooler parts
of the day, it ig an indication that the soil in the ruat zone of those
plants is at or near the wilting pereentage.  After that eondition is
veached it will not be leng until the trees also begin to suffer unless
moisture is applied,

The present studies, as well ns others (41) reported from Wash-
ington, indieate that under ideal conditions the lafe varieties of
apples grow al un approximately steady e on a volumoe basis
from late June I'h:-ou;:ll antil near harvest time. One of the hest
indexcs as to when the trees are stffering Tor water ix the reduction
i the growth rate of fruit. This can e followed rather accurately
by tagging cortain fraits and meastiring their circimferences gi
infervals and plotting their increase in size on g volnme basis,
While this practice wonld be somewhat wmen] in commercial
orchard management, it could be done with a himiled amount of
fime and might be very helpful to the orchurdist who is sturting
in to praclice irrigation, sy i gives an excellent index as to when
his particular trees need additional moisture. T the same apples
are measured from week to week, or preferaldy at least {wice n
weels, measurements on a large nwmber of individug) apples are not
needed to determine the growth condifion of the fruit ag a whole.

Orchards on deep soils of puor water-holding capacity, or on
shallow soils even with excellent water-holding capacity, will suffer
greatly because of moisture shortage under such raintall conditions
as have prevailed during many years in the eastern puart of (he
United States.  Moisturce-conservation meastres suel; as milching
to prevent run-off and to feep down compeling vegetative growth,
or cultivation. which eliminates the competition of otlier plants,
are helpful in maintaining orchards under these conditions,  Under
severe drought conditions, however, the actig) application of water
through irrigation is the only meany of ubtaining optinnan fruit
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growth and quality., Apple trees carrying little frait will stand
drought conditions well, but with heavy crops on the trees the
immediate as well ns Inter effects on the tree are serious.

SUMMARY

Investigations have heen conducted through four growing seasons,
1980-33, inclusive, to determine the soll-muisture conditions amd tree
respouse in irrigated and nonirrigated plots in apple orchards in
weslern Maryland.

During 3 of the 4 seasuns, total rainfall from May 1 to Qctober
31 was above novmsl, vet in cach season apple trees in rather shallow
shale soil showed reduced fruit-growth rate due to moisture shortage
al some time during {he season.

The growth of apples measured on a velume basis proceeds at
very nearly a uniform rate from a period some 6 to 8§ weeks foilow-
ing bloom until near harvest time, 1t ol conditions are favorable.

The growth rate of the fruit of trees growing in moderate textured
silt [oan or silt clay soils is generally not measurably reduced be-
ciuse of moisture shortage until at least the driest parts of the root
zone approach the wilting perceniage.

When ample moisture 1s restored following z period of reduced
growth rate due to moisture shortage, growth of fruit is resumed at
apparently normal rate, provided the dronght has not been so severe
as to cause serious loss of follage.

The size of the fruit at the end of the season will he reduced in
proportion to the length and duration of the dronght.  Following
even a short period of reduced growth rate, the ulfimate size of the
frait wili be reduced accordingly.

During the 4 years of these tests the yield of Rome Beauty was
increased more than 30 percent because of increased size of fruit,
due to irrigation. Oldenburg, on the other hand. when harvested
in Iate July, showed little increase in yield or size of fruit due to
irrigation.

The color of the fruit iz dull and Bifetess when the ripening season
ocenrs while trees are suffering from Iack of moisture.  Moderate
availahle moisture during the late-growing season has given maxi-
mum eolor, both in brightness and in gren. Excessive moisture
tended to reduce the amount of color.

When moisture shortage ocenrs not lafer than cavly July, fruit-
hud formation appears to be increased. Water shortuge during the
period from late July until fall apparently has no effeet on fruit-bud
formation.

The first measurable effeet of reduced moisture supply on the
functioning of apple trees is an carlier closing of the stomata.  This
oreurs prior to a reduction in the growth rate of fruit., o .

Leaf function apparently is reduced under conditions of insnfli-
cienlt moisture supply, and the tofal carbohydrate materials in the
trees are Tess than under conditions of ample moisture.

The sugar confent of bark and wood of (he frees is markediy
higher following a peried of serious moisture shortage than i is n
trees well supplied with moisture. The stareh content is much
lower in (he trees suffering from deficient moisture.

The effects of soil-management practices on soil moisture and the
yalue of irrigation wnder eastern.orchard conditions are discussed.
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