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PHYSIOLOGICAL FACTORS AFFECTING THE
FRUITING OF COTTON WITH SPECIAL

REFERENCE TO BOLL SHEDDING

BY

R. S. HAWKINS, R. L. MATLOCK, AND CHARLES HOBART

INTRODUCTION

The influence of various environmental factors on the appearance and
behavior of cotton plants can be interpreted more intelligently if the
changes taking place within the plants are followed and adequately
comprehended. It is recognized that water taken in by the plants affects
fruiting more or less indirectly, largely (1 ) through variations in such
physiological features as the concentration of the organic and of the
inorganic solutes in the tissue fluids, and (2) through variations in the
storage of products manufactured from these solutes and later trans-
located to promote the development of the fruiting organs.

A number of anatomical and physiological aspects of the cotton plant
were studied in relation to the conditions of the environment and with
particular reference to the soil-moisture relations. They included: (1)
fruiting behavior—flowering, shedding of bolls, and maturity of bolls;
(2) osmotic values of the expressed leaf fluids; (3) specific conductiv-
ity of the expressed leaf fluids; (4) carbohydrate and nitrogen rela-
tions ; and (5) certain anatomical differences determined from cross
sections of the stems of representative plants.

The osmotic and specific conductivity values in cotton have received
considerable attention during recent years. Harris and his associates
(1921-1931) have been particularly active in the investigation of osmo-
tic pressures and specific conductivities of the leaf fluids of cotton and
other plants with particular reference to the environment. The relation
of these properties to the fruiting behavior of cotton and especially to
boU shedding seemingly has not been previously investigated. The
osmotic pressure and specific conductivity of the leaf sap, and other
physiological factors affecting boll shedding have received special atten-
tion in this investigation.

So many closely interrelated factors, both internal and external to the
plant, affect the various phases of plant activities that it is not always
possible to ascertain which factors are of major importance in connec-
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tion with any particular phenomenon. The soil-moisture factor was
chosen for special study, not only because it is so intimately associated
with all living processes but also because it lends itself to control in
irrigated districts.

METHODS

GENERAL CONDITIONS

The quantity of plant material required for the numerous determina-
tions made in connection with these investigations made it impractical
to attempt to use greenhouse plants. Field plots located on the Uni-
versity of Arizona Experiment Farm near Tucson, Arizona, therefore
were used in growing the plants. Six adjacent plots were used to
provide as many different variations in irrigation treatments. Each plot
was 200 feet long and 21 feet wide and contained approximately one-
tenth of an acre. The several plots were separated by high borders
confining the irrigation water to the individual units.

The soil was high in fertility and of a fairly uniform texture, with a
moisture equivalent averaging from 16.9 to 18 for the first 5 feet in all
but Plot 2, in which the moisture equivalent was 20.3 (Table 1). Soil-
moisture supplies were regulated by means of a concrete pipe irrigation
system equipped with tight valves and with a separate outlet for each
plot. The plots were carefully levelled previous to planting, thus further
insuring uniform soil-moisture distribution.

Seed of the Acala variety of cotton which had been maintained rea-
sonably pure through several years of selection was planted with an or-
dinar}'" two-row planter in rows 3J<2 feet apart—six rows constituting
a plot. The seed had been delinted with sulphuric acid prior to plant-
ing, this treatment facilitating' uniform planting and germination When
the plants were about 5 inches high they were thinned to a distance of
approximately 1+ inches in the row. For some unaccountable reason the
plants in Plot 4 were spaced somewhat closer than those in the other
plots, averaging- but 10.9 inches between plants in the row. All plots were
handled alike including seedbed preparation, planting, thinning (with
the exception noted above), and cultivation. All of thet data were ob-
tained from plants growing in the four inner rows on each plot, thus
avoiding the border effects commonly experienced with outside rows.

Owing to variations in anatomical and physiological values with the
aging of the plants and with the progress of the season, it was necessary
to irrigate the plots used for growing the plants in such a manner that
water differences woulcf occur on all plots at the same time during the
season. Since the investigations were concerned largely with factors
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Fig, 1.—Rainfall chart and irrigation schedule for the six plats from July 14 to
September 8. The symbol, 0, is used to designate the dates of irrigation and the

heavy lines indicate the extent of the irrigation deficit.

affecting" the fruiting behavior of the plants, it was also necessary that
the periods of water deficit be in effect during the flowering season.
-Previous experience had shown that Acala cotton planted about the
middle of April in this vicinity usually starts flowering near July 1,
rises tq the peak of flowering by August 1, and continues to flower at
an appreciable but declining rate until the middle of September, with a
few flowers opening sporadically until all plant activity is stopped by
killing frosts.

Differential irrigations were begun July 14 and terminated September
&, as indicated in Figure 1. Such irrigations were controlled $a as to
provide a water shortage for varying periods prior to September 8.
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Thus water was withheld from Plot 2 for 4 weeks immediately prior
to September 8, from Plot 3 for 5 weeks, Plot 4 for 6 weeks, Plot S for
7 weeks, and Plot 6 for 8 weeks. Plot 1 was handled as a check plot
and was provided with ample moisture to prevent a water deficit at all
times during the growing season. All of the plots were watered alike
up to and including July 14, with irrigations at such times and in such
amounts of water as to promote steady, normal growth. The periods
of water shortage were terminated on September 8, and at the conclusion
of the differential irrigation treatments on this date the plots were all
irrigated uniformly and thereafter received similar irrigation treatments.
Thus water was withheld from each plot for one period during the
season with the exception of the check plot, Plot 1. Furthermore these
periods of water shortage varied from 4 weeks to 8 weeks as indicated
above.

Soil samples were taken from the various plots each week during the
period of differential irrigation. The samples were obtained on the day
prior to the date of irrigation. A soil tube was used at each time of
sampling to dig two holes near the plants used for the fruiting studies.
Separate determinations were made for each foot, to a depth of 5 feet.
The samples were dried in an electric drying-oven at a temperature of
100° C. and the soil moisture calculated on an oven-dry basis.

The air temperatures were recorded continuously by means of a
thermograph placed in a standard shelter-box located near the middle
of the series of plots. A standard rain gauge likewise was established
on the plots and note made of the daily rainfall. Humidity records
were taken three times daily, with a sling psychrometer, at the Univers-
ity Campus 4 miles distant. The humidity records therefore are only
approximately applicable.

FRUITING BEHAVIOR

When the first flowers opened July 5, 20 adjacent plants were selected
in the middle of each plot and all flowers were tagged as they appeared
on these selected plants. Each was tagged on the morning of its opening
and the tagging operation was continued throughout the entire flowering
period. The date of flowering together with the plant and plot number
were written on each tag as it was attached to the flower. The tagged
bolls which were shed were collected daily ,̂  the date of shedding being
recorded on the tags. Likewise, the tagged bolls which remained on
the plants were collected at maturity and the maturity dates were recorded
on the tags. At the close of the season the records were transferred
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from the tags to suitable record sheets. Graphs depicting the fruiting
behavior of the plants on the various plots were then constructed from
the record sheets.

OSMOTIC CONCENTRATION OF LEAF FLUIDS

The cryoscopic method was used in the investigation of the osmotic
concentration of the leaf fluids. Leaves were collected from the plants on
each plot every 3 days during the soil-moisture differentiation period. One
fairly mature leaf was taken from approximately the same location on
each of eight or ten plants. The leaves were put into tightly stoppered
glass tubes as collected and the tubes were then placed in an ice-salt
mixture in an icebox carried to the field for the purpose. Four tubes
of leaves were collected from each plot at each time of sampling, thus
making 24 samples in all from the six plots every 3 days. All col-
lection^ were made at the same time of day, beginning at 8:00 a.m. so
as to avoid diurnal differences in osmotic concentration.

The tubes containing the leaves were left in the ice-salt mixture for
several hours, until the leaves were thoroughly frozen, care being taken
to prevent the stoppers from coming in contact with the salt mixture.
The leaves were then removed from the tubes, immediately thawed, and
the leaf fluids expressed at a pressure of 1,400 pounds per square inch
in a hydraulic press.

The freezing point of the expressed fluid was obtained by means
of a standardized Beckmann thermometer and the air-jacketed tube
containing the leaf sap was immersed in an ice-salt mixture. Cor-
rections were made for undercooling by means of the formula,
A^= A'— (O.O125U)A', and the atmospheres of osmotic pressure were
calculated, making use of the formula, P ~ 12.06A — 0.021 A2. The use
of these formulae together with other details of this method are fully
described by Dixon and Atkins (1913) and Gortner and Harris (1914,
1916) and will not be discussed further here.

SPECIFIC CONDUCTIVITY OF LEAF FLUIDS

At the time that the leaf fluids were expressed for making osmotic
pressure determinations, small portions were set aside to be used to
ascertain the specific conductivity of the fluids. The tubes containing
the sap were placed in a constant-temperature water bath held at 25° C.
After coming to the temperature of the bath the sap was poured into
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the conductivity cell connected with a Wheatstone bridge and the resist-
ance determined. The cell constant of the cell used, as standardized
with N/SO KC1, was .740.

CARBOHYDRATE AND NITROGEN DETERMINATIONS

Carbohydrate and nitrogen determinations were made on cotton-stem
material taken from each plot every 3 days beginning with July 14
and continuing through the period of differential irrigation ending Sep-
tember 15. Sections were cut from the top, middle, and bottom of the
main stem of each of six representative plants from each plot on each
sampling1 date. All of the stem sections from each plot were placed in
one soil can, making a single composite sample from each plot every
3 days. After weighing, the six cans of material were dried in an
electric oven at 110 degrees C. for 24 hours, then re-weighed and the
percent of moisture computed. The dried stems were then ground in
an electric grinder.

The total nitrogen contained in the dry, ground material was deter-
mined by the Kjeldahl method, modified to include nitrates.

While it was recognized as desirable to separate the carbohydrates
into the various classes when making the analyses, it was not deemed
feasibly to attempt such procedure with the time available for this part
of the investigations. The method of analysis used consisted essentially
in the hydrolysis of the dry, ground cotton stems in weak acid for 2j4
hours followed by the determination of the reducing sugars thus formed
with Fehling's solution. The details of the method used were as follows:

Twelve grams of the dried, ground material were hydrolyzed in 2.3-
percent hydrochloric acid by boiling' for 2j4 hours in a flask connected
to a reflux condenser. After cooling, the material was transferred to a
250-cc. volumetric flask and made up to volume. A filtered 25-cc. ali-
quot was placed in an Erlenmeyer flask and nearly neutralized with
sodium hydroxide, using methyl orange as an indicator. Twenty-five cc.
of Fehling's copper sulphate solution, 25 cc. of Fehling's sodium hydrox-
ide solution, and SO cc. of distilled water were added. The solution was
then heated so as to come to a boil in 4 minutes. The boiling was con-
tinued for 2 minutes and the flask was then cooled immediately under
running tap water, the contents transferred to a 25-cc. volumetric flask
and made up to the full volume of the container. A 100-cc. filtered
aliquot was put into a flask, acidified with 5 cc. of concentrated sulphuric
acid, 10 cc. of 30-percent potassium iodide solution were added, and
immediately titrated with sodium thiosulphate solution previously stand-
ardized against copper scraps. When the solution turned pale 5 cc. of
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starch solution were added and titration continued until the blue color
disappeared. The sugar was then calculated in terms of dextrose,
making use of Munson and Walker's table for calculating dextrose
(See Mahin and Carr, 1923). Corrections were then made for the
volume of insoluble material in the original sample by multiplying these
final results by 0.964, the correction factor recommended by Mahin and
Carr.

It will be seen that when this method of carbohydrate analysis is em-
ployed the more readily soluble and easily hydrolyzed carbohydrates,
such as sugars, starch, dextrin^ and some of the hemicelluloses, will be
included in the final results.

ANATOMICAL STUDIES

A section of the main stem from each of four plants from each plot
was cut midway between the terminal bud and the cotyledonary scars
at the beginning of the differential irrigation treatments, July 14, up to
which time all plots had been treated alike. Stem sections likewise
were taken at the time of the conclusion of the varied irrigation treat-
ments, on September 6, and at stated intervals between July 14 and
September 6. A final collection was made on October 1. The stem
material was stored in formalin-acetic acid-alcohol preservative until
removed for sectioning. Upon removal from the preservative the sec-
tions were washed in 70-percent alcohol, dehydrated in the various
grades of alcohol and embedded in paraffin in the usual way. Owing
to the woody nature of the material it was found necessary to hold it for
an extra day or two in the paraffin oven. Soaking the embedded ma-
terial in water for at least 24 hours, with the paraffin trimmed away to
expose the ends of the stems, also greatly facilitated the cutting of
sections. A sliding microtome was used in sectioning and the sections
were then stained in safranin and fast green.

Measurements of the depth of the xylem, phloem, cortex, and pith
were made on the mounted cross sections of the stems by means of a
microscope equipped with an eye-piece micrometer. Two measure-
ments were made on each slide, one at the widest and the other at the
narrowest place in; the tissuq being measured. The area of each tissue
was computed from the mean of the two measurements. One slide was
prepared and measured from each of four stem sections collected from
each plot at every time of collection.
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RESULTS AND DISCUSSION

ENVIRONMENTAL CONDITIONS

That the irrigation program effected during the period of water
shortage, July 14 to September 8, was successful in supplying the desired
soil-moisture conditions in the various plots is indicated by a study of
the curves showing the percentages of available soil moisture (Figures
2, 3, 4, 5, 6, 7, and 8). Plot 1 was apparently the only plot whose soil-
moisture supplies were not entirely in accord with the irrigation pro-
cedure which is pictured in Figure 1.

The soil moisture was reduced to a point below the wilting coefficient
in at least a part of the root zone in all plots by the close of the period
of water deficit, September 8. However, it will be noted that the
severity of the moisture deficit was in direct relation to the length of
time during which water was withheld prior to the common irrigation
of September 8, with the exception of Plot 1. In this instance the per-
centage of available moisture was somewhat less in thej first 3 feet of
soil than in Plots 2 and 3 but higher than in the remaining plots.
Available moisture was present in a part of,the root zone in all plots
during the entire season.
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Fig. 7.—Percentage of available soil moisture in Plot 5. The vertical arrows
indicate the dates of irrigation.
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Although rains fell more frequently during the summer of 1931 than-
is normal for this climate, the extent of the rainfall was as limited as
might be expected. No rains of more than 0.25 inch fell during the
latter part of the water deficit period. That these rains did not inter-
fere to any appreciable extent with conditions of soil moisture desired
in the different plots, is indicated by the data given in Figure 2. Most
of the rains occurred during the night time, thus reducing the possibility
that this factor might stand in causal relation to boll shedding, induced
by pollen injun or by the lowering of the evaporation rate. Mason
(1922) concluded that daytime rains and especially forenoon rains
usually provoked shedding as a result of pollen injury in part, but prob-
ably more directly attributable to the lowering of the rate of evaporation.

Two major changes in the maximum temperatures and one in the
minimum temperatures occurred during the period of irrigation differen-
tiation (Figure 9 ) . The first change of any consequence in the maximum
temperature was the drop of 14 degrees from July 26 to 20. The tem-
perature remained low for several days before returning to the previous
level. The minimum temperature also declined at this time although the
drop was not so great and the temperature came back to normal more
quickly than did the maximum temperature at this period. The second
decline in the maximum temperature was on August 31, the temperature
dropping 9 degrees from August 25 to 31. The possible influence of
these temperature changes on the cotton plants is discussed later.

No humidity records were taken on the cotton plots but such records
were made on the University Campus 4 miles distant. It is recognized
that these records may not have coincided always with the humidity
conditions at the cotton plots. It is believed, however, that the varia-
tions between the two locations were not great at the times that humidity
appeared to affect appreciably the plant properties under investigation.

INTERNAL CONDITIONS

In general the osmotic pressures of the leaf sap were negatively cor-
related with available soil moisture (Figures 2 and 10) . However, the
definite increase in the osmotic values of July 26 and 20, while undoubt-
edly related to water supplier in the plants, cannot possibly be attributed
to decreased soil moisture as examination of the soil-moisture data will
show. This situation illustrates the point that the control of soil moib-
ture will not always result in the regulation of the osmotic values. The in-
creased osmotic values of July 26 and 29 may have been due to increased
transpiration at that time. While no actual transpiration records were
made it is noticeable that the humidity was exceptionally low during this
period. Low humidity tends to accelerate transpiration, thus reducing
the water content of the plants and iticreasing the osmotic pressures.
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Heavy dew and rain of the night of August 6 and morning of August
7 probably had much to do with the decline in the osmotic pressures on
August 7. The osmotic values during the last part of August and the
first part of September are definitely related to the available soil mois-
ture (Figures 2 and 10). Xo cause could be found for the seeming
discrepancy in the soil-moibture content of Plot 1. It will be noted that
the more frequent irrigations succeeding the period of water shortage,
which deficit terminated with the September 8 irrigation, resulted in a
marked decline in the osmotic values of the leaf sap.

A comparison of Figure 10 with Figure 11 shows an exceedingly
close correlation between the osmotic pressure and the specific conduc-
tivity of the cell sap. This relationship would be expected since the spe-
cific conductivih is dependent upon the concentration of electrolytes in
the sap and the osmotic pressure is also dependent upon the concentra-
tion of the electrolytes, in combination, however, with undissociated in-
organic molecules and organic solutes. The carbohydrate content of the
stems is also correlated with the osmotic pressure and specific conductiv-
ity of the leaf sap although the correlation is not as close as that between
ihe latter two properties (Figures 10, 11, and 12). In a general way
the carbohydrates are also negatively correlated with soil-moisture
supplies, increasing: in amount as the soil moisture becomes depleted.
Thus the interrelation of these three internal factors and the soil mois-
ture is wrell illustrated in the data presented by means of the graphs.

The nitrogen content of the stems shows a good correlation with soil
moisture usually being higher when the soil moisture is high and con-
versely low when the soil moisture is low (Figures 2 and 13). Such a
correlation no doubt can be attributed to the close relationship between
soil moisture and the activities of nitrifying soil organisms. The nitro-
gen-soil moisture correlation however is not as definite as the correla-
tions of the other factors mentioned above. The percentage of total
nitrogen appears to be correlated to a certain extent with the minimum
temperatures (Figures 9 and 13). High minimum temperatures pre-
vailed from July 14 to July 23 and are coincident with high total nitro-
gen. The minimum temperature then declined reaching a low point on
July 20 and the total nitrogen declined likewise, reaching a low point
on July 29. Both the minimum temperature and the nitrogen rose sim-
ultaneously August 1 and remained relatively high until they both
dropped on August 13. The changes in nitrogen content were least
pronounced in the plants growing with the lowest soil-moisture sup-
plies, the total nitrogen also being less in those plants than in the plants
with more available soil moisture. The changes in the minimum tem-
peratures and the changes in the general plant growth which undoubtedly
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H

Fig. 14.—The carbohydrate-nitrogen ratio in the stems. The percentages of
carbohydrates and of nitrogen were determined from composite samples taken on

each of the specified dates, each sample composed of stems from six plants.

accompanied the temperature changes may have been of sufficient mag-
nitude to account for the nitrogen variations. New succulent tissues
resulting from rapid growth are comparatively high in nitrogen while
tissues formed during slow growth are low in nitrogen. That the
growth made by these plants was wave-like in character was indicated
by the appearance of the cross sections of the stems (Figure 2, Plate
I I I ) . Bands of large cells are found to be more or less regularly alter-
nated with bands of small cells giving the cross sections the appearance
of perennial stems with annual rings.

The carbohydrate-nitrogen ratio curves are very similar to those de-
picting the carbohydrate content of the stems (Figures 12 and 14).
This would be a natural sequence because of the relative abundance of
the carbohydrates as compared with the nitrogen. The present data do
not permit a study of the effect of the carbohydrate-nitrogen ratio on
the formation of fruit buds. The carbohydrate-nitrogen ratio does
appear to be fairly well correlated with boll shedding although It is
believed that boll shedding is due largely to* the lack of sufficient plant
food to care for all the requirements of the plants. Other measures of
the nutritional conditions in the plant, such as osmotic pressures of the
cell sap, appear to give a better insight into the causes of shedding than
does the carbohydrate-nitrogen ratio. This point will be discussed later
with the presentation of data in more detail
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ANATOMIC AX DIFFERENCES

Soil-moisture conditions have a pronounced influence upon the anatom-
ical features of the cotton plant, as judged from a study of cross sec-
tions of the stems. Such differences are fully as marked and signifi-
cant as are the more easily discernible external structural differences.

Soil-moisture conditions did not change materially the total cross-
sectional area of pith and of cortical tissues of stem sections from
July 14 to October 1. Practically all of the increase in the area of
cross sections of the stems took place, as the season progressed, in the
phloem and xylem tissues, with much greater expansion in the xylem
than in the phloem (Figures 15 and 16). Sufficient soil moisture was
present during the earlier stages of the grand growth period to promote
a steady increase in xylem and phloem in the plants on all of the plots.
By August 25, however, the soil-moisture supply had been depleted to a
point below the wilting coefficient in the first 4 feet of soil in Plots 5
and 6 (Figures 7 and 8). The xylem, and also the phloem, tissues to a
lesser degree, likewise were less extensive in the plants growing on
those plots on that date than in the plants on the plots with a greater
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abundance of soil moisture. These results are in agreement with those
of Penfound (1931) who studied the influence of variations in soil mois-
ture on the anatomy of Helianthus. Rubel (1920) found that the
cross-sectional area of x>lem in Helianthus is proportional to the trans-
piration surface of the leaves, a relation which is also in agreement with
our results, since the plants with comparatively small areas of xylem
also had reduced leaf areas.

The wide variations in the amount of xylem due to soil-moisture dif-
ferences continued until after the general irrigation given all plots on
September 8. It will be recalled that all plots were irrigated alike
after September 8. Active cambial growth was resumed in the plants
on all of the plots succeeding the September 8 irrigations, and while
the plants receiving the most abundant moisture supplies throughout
the season still maintained more abundant xylem and phloem, as would
be expected, differences in the amount of these tissues on October 1
were not as great as on September 6. A careful microscopical exam-
ination of the cambium and adjoining tissues indicated that cambial
activity was approximately equal on October 1 in all plants irrespective
of the state of cambial activity during the period of water shortage.

Per
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Fig. 16.—Areas of tissues given in percentages. Each unit represents the mean
of measurements in the cross sections of four stems.
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PLATE I

Fig 1.—Cross section of cotton stem collected September 6 after water had been
withheld for 8 weeks. The cambium is relatively inactive and the cells near the

cambium are much smaller and thicker walled than those somewhat removed.

Fig 2—Cross section of cotton stem rollected July 14 while the plant had abund-
ant water. The cambium is very active and the cells near the cambium are large
and comparatively thin walled while the older cells farther removed are relatively
small and thick walled. Note the new vessels being formed and the lack of cell-

wall thickenings m these new vessels.
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PLATE TI

Fig. 1.—Cross section of a cotton stem collected August 25 from Plot 4 after
water had been withheld for 4 weeks. A few vessels are being formed indicating
some cambial activity. The thickness of the cell walls and the smallness of the

cells adjoining the cambium indicate that growth is exceedingly slow.

Fig. 2.—Cross section of a cotton stem collected October 1 from Plot 6 after
growth had been resumed following a period of relative water shortage. The cells
at the bottom of the illustration were laid down during a period of water deficit
which terminated September 8. The layer of cells between the cambium and the
band of small cells at the bottom were produced between September 8 and October
1. The irrigation of September 8 stimulated renewed growth, large cells were
produced and a succeeding irrigation of September 21 resulted in a continuation of
active growth. Note the band of small thick-walled cells laid clown as the water
from the September 8 irrigation was being reduced, and the production of larger

cells again following the September 21 irrigation.
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PLATE III

pig. i.—Cross section of a cotton stem collected September 6 from Plot 6 after
w ater had been withheld for 8 weeks. Note the small vessels, \\ ood fibers, and ray
parenchyma cells next the cambium and also- next the pith with a ring of larger

cells between.

Fig. 2—Cross section of a cotton btem collected September 6 from Plot 2 after
water had been withheld but 4 weeks Cambial activity is not always uniform
around the entire stem. a. Cambium very active: b. cambium relatively inactive.
Note the presence of several bands of small cells in the \y leni with bands of larger
cells between This condition is probably due to fluctuations m water and plant

food.
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Figure 1, Plate I, illustrates the inactivity of the cambium following
8 weeks with no applications of water. Cell division is very lim-
ited if not entirely lacking and all cells adjoining the cambium are small
and thick walled. Figure 2, Hate I, illustrates a condition in which
the cambium is active and the adjacent cells are larger and not so thick
u ailed as the older cells somewhat removed from the cambium. Xcw
vessels and other new cells are being1 formed by this active cambium.

The activity of the cambium was directly correlated with the available
soil moisture when such supplies were at or near the wilting coefficient
Growth as indicated by cambial activity was good during the entire
season in the plants on Plots 1, 2, and 3 although there was some evi-
dence of reduced cambial growth in the plants on Plot 3 when the
irrigation water had been withheld for one month. An examination of
Figures 3, 4, and 5 shows that these plants had a good supply of avail-
able soil moisture at all times with Plot 3 coming very close to the wilt-
inc,r coefficient in all soil strata on September 7.

The cambium was active on August 13 in the plants on Plot 4. Cam-
bial activity had been reduced to some extent by August 25, and had
almost ceased by September 6. Water had been withheld from this plot
for a period of 40 days prior to September 6 and the available soil
moisture had been reduced to a point below the wilting coefficient in all
of the soil strata excepting the fifth foot by August 31 (Figure 6).

The activity of the cambium in the plants on Plot 5 was fair on Aug-
ust 13, very greatly reduced by August 25, and practically had ceased
by September 6. This plot had not been irrigated for 47 days prior to
September 6, The available soil moisture was at or below the wilting
coefficient in all soil strata except the fifth foot on August 17 (Figure 7).

Irrigation wrater had been withheld from Plot 6 for 54 days prior to
September 6 and the available soil moisture had been reduced to a point
below the wilting coefficient in the first 4 feet of soil by August 3
(Figure 8). Cambial activity was rapid August 1 but slow by August
13 and little if any evidence of growth could be found by August 25.
On September 6 the plants also showed no marked visible evidences of
cambial activity.

Figure 2, Plate II, shows the appearance of the xylem tissues laid
down after available soil-moisture supplies had been increased following
a protracted period of water shortage. The cells formed while soil
moisture was limited are small and thick walled, while those formed
after the increase in soil moisture are larger and comparatively thin
walled. These radical changes in soil moisture result in fluctuations in
all cell activities and correspondingly the cross sections of the stems have
a ringed appearance similar to the annual rings of perennial plants.
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The size of the individual cells in the tissues laid down by the cam-
bium is evidently correlated with the rate of cambial activity. Cells
produced by comparatively inactive cambium are usually smaller and
thicker walled than are those produced by more active cambium. Figure
1, Plate I, and Figure 1, Plate III, illustrate this point. The last ves-
sels, wood fibers, and ray parenchyma cells laid down in the xylem are
smaller than those produced earlier, while the cambium was more active.
The situation is similar in the phloem. This is not in agreement with
Cannon's (1905) work with various desert plants. His study was also
located near Tucson, Arizona. He found that the non-irrigated plants
developed larger vessels and more of them per equivalent area of cross
section than the irrigated plants of the same species. Cannon compared
cross sections taken from stems of approximately 0.6 cm. in diameter
for both the irrigated and for the non-irrigated plants, consequently the
stems of the irrigated plants were much younger than the slower grow-
ing stems of the non-irrigated plants. He states that the irrigated
plants construct more wood elements other than conducting vessels than
do the non-irrigated plants. Cannon reports that Volkens, on the other
hand, found the vessels to be poorly developed in the stems of trees and
shrubs of the Egyptian and Arabian deserts.

In our work with cotton steins, no appreciable and consistent dif-
ferences were found in the number of vessels per unit area of xylem
cross section in relation to variations in available soil moisture. Barss
(1930) working with dwarf pear* trees found that the vessels were not
only larger but also more abundant in the plants receiving abundant
water as compared with plants receiving smaller water supplies. These
differences did not show up until 6 months had passed after initiating
the water differences.

In general, the size of the cells and the thickness of the cell walls in
the stems were found to be correlated with the osmotic value of the cell
sap of the leaves. Small thick-walled cells were produced subsequent
to periods of high osmotic values, and, conversely, large, comparatively
thin-walled cells were produced after the periods of low osmotic values.
The osmotic values of the cell sap were high on all plots during the
middle of July and again during the period of water shortage the last
of August and first of September (Figure 10). The cells laid down
during these high osmotic-pressure periods were comparatively small
and thick walled. Low osmotic values prevailed from August 1 to
August 22 and those cells produced shortly after that period began were
comparatively large and thin walled. The osmotic values of the cell
sap are negatively correlated with the available soil moisture and both
are factors influencing the size of the cells and the thickness of the cell
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walls. It would seem that, as moisture supplies decrease to the point
of interference with the more active functions of the cells, the high
percentage of organic solutes carried by the cell saps are used to a larger
extent in cell-wall construction as well as for transformation into storage
products.

Chandler (1914), working with apple and peach trees, found that low
sap concentration and rapid growth were associated and that high sap
concentration was accompanied by lower growth. Reed (1921) arrived
at similar conclusions in studies with apricot and orange trees. He con-
cluded that high sap concentration not only is associated with slow
growth but also with fruit-bud formation. The association of rapid
growth, large cells, and low osmotic vlaues and conversely slow growth,
small thick-walled cells, and high osmotic values in the cotton plants
used in the present investigation already has been discussed. It should
be noted further, however, that the atmospheres of osmotic pressure
which obtained in the leaf sap of the cotton plants on the six plots on
September 6 at the close of the water-deficit period were definitely
inversely correlated with the growth of the plants as indicated by cam-
bial activity. The osmotic value of the leaf sap on Plot 1 was 11.7
atmospheres; oa Plot 2, 12.5; Plot 3, 14.7; Plot 4, 14.9; Plot 5, 15.9,
and on Plot 6, 16.6 atmospheres (Figure 10). As the period of water
shortage progressed the plots also assumed the reverse order in respect
to the rapidity of growth, as indicated by cambial activity.

FRUITING BEHAVIOR

The total number of bolls produced on each plot was in direct relation
to the available soil-moisture supplies (Figure 2). Likewise the total
number of flowers produced on each plot was positively correlated with
available soil moisture with the exception of Plot 4. It will be recalled
that the plants on this plot were more closely spaced than those on the
other plots. The reduction in total flowers was a result, in part at
least, of the smaller size of the plants grown under conditions of closer
spacing.

The curves showing the fruiting behavior of the plants in the various
plots have been smoothed to intervals of 3 days (Figures 17, 18, 19, 20,
21, and 22). Flowering began simultaneously on all plots, as would
be expected, since all had received the same treatment up to July 14.
The curves possess two modes common to all plots, the first mode occur-
ring on July 29 and the second on August 13. Evidently some factor
or set of factors common to all plots had influenced the rate of flow-
ering.
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A number of workers, including Bailey and Trought (1927), Loomis
(1927), McClelland (1931), and others have furnished data showing
the rhythmic nature of the flowering curves of individual cotton plants.
The regularity of the intervals between the successive appearance of
fruiting branches and the regularity of the intervals between the suc-
cessive appearance of the squares on those fruiting branches bring about
the rhythmic condition in the flowering curve of the individual plant.
'Phis tendency towards rhythmic flower production may be upset through
the influence of various environmental factors either by hastening or
by retarding normal growth. The appearance of definite modes in the
flowering curves of groups of plants may often be due at least in part
to the regularity of the flowering peaks of the individual plants in the
groups. In the present case, where 20 plants on each of six different
plots were involved, it is quite likely that some environmental factor or
factors were instrumental m causing the two modes to appear simul-
taneously in the flowering curves.

Ewing (1918) included the maximum, minimum, and mean tempera-
tures, humidity, evaporation, sunshine intensity, and soil moisture in
his study of environmental influences on the flowering of cotton. The
only factors in this group appearing to affect the flowering curves con-
sistently were soil moisture and minimum temperature. Ewing con-
cluded that since it is possible to determine which buds will open from
their size and appearance the day before opening, any factor affecting
the rate of flowering must be operative previous to the day before the
flower opens. He was able to make some correlations between the
minimum temperatures 2 clays previous to flowering and the rate of
flowering A decline of minimum temperatures was often followed
2 days later by a decline in the rate of flowering and conversely an
increase in the minimum temperature preceded by 2 days an increase
in flowering. A drop on one occasion to slightly below 60 degrees F.
was particularly influential m checking the rate of flowering.

The reduction in flowering between the two modes mentioned as.
being common to the plants on all plots in the present work coincided
with lower maximum and minimum temperatures, the decline in the
maximum temperature being especially pronounced. The changes in
the temperatures at this time were more pronounced and of longer
duration than at anv other time during the period of heavy flowering
and undoubtedly influenced the flowering behavior of the plants.

Maximov (1930) points out that since flowers are but little, if at all
active in photosynthesis and since they have a very high respiratory
rate they cannot be formed to any great extent until considerable quan-
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titiet* of organic substances have accumulated in the plants. The fruit
of the cotton plant, however, is provided with an extensive chlorophyll-
containing involucre well adapted to the synthesis of organic sub-
stances for the uses of the subtended flower bud and subsequent boll.
Kearney (1929) found that the involucre of cotton contributes mate-
rially to the nutrition of the boll subtended to it but contributes little if
any to the general nutrition of the plant. The removal of the involucre
from Pima cotton on the day of anthesis was followed by 3.3 percent
increased shedding over that of the controls with involucres intact, in
1921, and 7.0 percent increased shedding in 1928. It was considered
that traumatic influences could not account for a great deal of the in-
creased shedding but that most of it was due to nutritional disturb-
ances. It appears that the involucres of cotton supply a large part of
the products of photosynthesis used by the flowers and bolls. That the
development of the cotton flowers and bolls is dependent in part at
least on organic substances synthesized elsewhere than, in the involucres
is indicated by data obtained in connection with the present work.

Figure 12 shows that a considerable amount of carbohydrates had
accumulated in the cotton plants on all of the plots by July 14. The
amount of carbohydrates decreased as the rate of flowering increased
but rose again on July 26 before the plants on most of the plots had
reached the peak in the first mode of the flowering curve, as a compari-
son of Figure 12 with Figures 17, 18, 19, 20, 21, and 22 will show. The
excessive shedding which occurred on all plots around July 26 possibly
could have reduced the demand for carbohydrates sufficiently to account
for the rise in the amount of carbohydrates simultaneously with the
continuance of flowering. In general, as the rate of flower production
increased, the percentage of carbohydrates decreased. After the peak
of flowering had been passed and the trend in flowering showed a gen-
eral decline, the carbohydrates accumulated in increasing percentages.

The rate of flowering at any particular date is dependent in large
measure upon the rate of the initiation of flower buds and the persistence
of these buds until flowering. Loomis (1927) has found that Acala
flower buds in Arizona require about 30 days to pass from the first
visible stage in their formation to the open flower. After the flower
buds start to develop, no environmental factor can modify to any
great extent the rapidity of development without seriously interfering
with the development of the entire plant. Circumstances promoting
flowering must therefore be operative at least 30 days prior to the
opening of the flowers. Since these investigations did not include data
relative to flower-bud formation or shedding, nothing can be offered
concerning the rate of flowering in the fore part of the flowering period.
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Periods of water deficit, initiated after the flowering season was well
started, reduced the length of the flowering period in proportion to the
intensity of the water deficit. This cessation in flowering is probably
the result of the marked reductions in the extension of the fruiting
branches together with the shedding of the youngest flower buds already
formed. Water stress was so severe on Plot 6, for example, that the
bolls from all flowers opening after August 13 were shed and flower-
ing was completely inhibited by September 2. Flowering continued on
Plot 1 until October 14.

Cotton plants have the wasteful habit of attempting to carry more
fruit than they can mature. Consequently a high percentage of the
fruit buds and young bolls are shed, a condition which obviates over-
loading. A certain amount of shedding is necessary to insure proper
and normal development of the bolls carried to maturity. Very often,
however, abnormally heavy shedding occurs to the detriment of the
season's cotton yields. It is the abnormal shedding with which this
investigation, in common with most other investigations, is concerned.

A distinction should be made between environmental factors which
affect the abscission of fruiting parts indirectly by causing changes in
certain physiological processes of the plant which are detrimental to
the retention of the fruits, and the physiological factors which are more
directly concerned with shedding. Among such indirect factors related
to shedding are soil moisture, temperature of both soil and air, evapor-
ation, soil aeration, and injury, including insect and disease injuries.
Others could be added to the list. It is comparatively simple to accounr
for the cause of abnormal shedding by charging it in a general wav to
the water relations of the plant. Most if not all of the functions of the
plant are dependent upon water relations. It is not so simple to ferret
out the changes in physiological processes directly responsible for the
abscission of fruiting organs and to ascertain the causes of these
changes. The difficulty of the situation is increased by the multiplicity
of the interactive influences that can play a part in causing shedding.

Sampson (1918) made numerous microchemical analyses of the cells
in the abscission layer and of those near this layer in Coleus blumei.
His analyses showed a conversion of the cellulose of the cell walls into
pectose, and the further conversion of the pectose into pectin and pectic
acid. The excess pectic acid rendered the insufficient calcium supplies
incapable of maintaining the solidity of the middle lamella of the cell
walls of the abscission layer. He believed that the breaking down of
the cell walls was probably caused by the presence of accumulations of
oxidases and iron but he did not discuss what causes such accumulations.
Lloyd (1927) points out that abscission is a growth response requiring
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plenty of water and that a wilted plant does not form an abscission layer.
He concludes that shedding is the result of disturbances in sap distri-
bution and through greater competition for water or foods by the
numerous buds. Mason (1922) working with cotton plants in the very
humid climate of St. Vincent, found that heavy rainfall accompanied
by low evaporation and cloudiness caused high shedding. He believed
shedding to be due to an inadequacy of photosynthates in the buds which
would limit their water-drawing power. Reduced rate of growth and
shedding would then soon follow. Mason brought about almost com-
plete shedding of the young bolls by the removal of all of the leaves
from a number of cotton plants. Such drastic wounding would likely
cause intense shedding irrespective of the presence of photosynthates.
His general conclusion was that the proportion of shedding is dependent
upon two opposing factors, the rate of food synthesis and the rate of the
utilization of that food. It is believed by the authors that this conclu-
sion is sound although not well supported with pertinent data.

In the present investigation, certain physiological conditions within
the plants were studied from the standpoint of possible relations to
boll shedding. These included the total concentration of the cell sap
as determined by the lowering of the freezing point, the concentration
of inorganic ions in the cell sap as indicated by the specific conductiv-
ity of the expressed sap, and the relations of carbohydrates and nitrogen
as developed from analyses of the stems. It will be noted that these
properties are all related to the food supplies within the plant.

It is well known that the shedding of bolls practically always occurs
within a few days succeeding flowering. The influential stimuli evi-
dently must be operative on or very close to the date of flowering. Con-
sequently this part of the investigation has been concerned with the
development and abscission of young cotton bolls with relation to the
changes in the amount of plant food available at the time of flowering.
The significant relationship which exists between the concentration of
the leaf sap and the shedding of the bolls can be seen from a comparison
of the shedding-percentage and osmotic-pressure curves in Figure 23.
The osmotic pressure of the leaf sap is unquestionably negatively cor-
related with the shedding of the young bolls. There are but four places
in these curves where rises or declines in shedding are not accompanied
by opposite falls or rises in osmotic pressures. Furthermore, the
changes at those four periods are comparatively small and consequently
cannot be taken as highly significant. The increased shedding from
August 28 to September 3 was due in large measure to the heavy shed-
ding on Plots S and 6, thus bringing the average shedding high even
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though the osmotic pressures were also high. All flowers produced on
Plot 6 after August 13 were subsequently shed, owing to the extreme
water deficit in that plot at that period. This intense shedding was
accompanied by very rapidly increasing osmotic pressures. This seem-
ingly contradictory situation can be readily explained. Plant growth
as indicated by the activity ot the cambium was very limited on Plot 6 by
August 13 and practically no growth was discernible by September 6.
The increasing concentration of food substances in the plant fluids
instead of being used for cell division and growth was used largely for
cell-wall thickening and undoubtedly also for storage. Under such
circumstances, the young bolls suffered and high shedding prevailed in
spite of high osmotic values. A comparison of the shedding curves of
the individual plots with the corresponding curves of osmotic pressures
shows a correlation practically as definite and consistent as that in the
curves giving the means for all plots (Figures 24, 25, 26, 27, 28, and 29).
These figures also furnish conclusive proof that the severity of the
shedding stimuli, as indicated by the intensity of shedding, and by the
osmotic values of the leaf fluids, is reflected in the persistence of the
young bolls subsequent to the occurrence of the stimuli. When shedding
is high the number of days elapsing between flowering and the actual
dropping of the bolls is low and, conversely, when shedding is low the
number of days from flowering to shedding is high. Most of the incon-
sistencies in this respect occurred during the latter part of the season
when flowers were few and definite conclusions impossible.

The curve showing specific conductivity, a measure of the concentra-
tion of the electrolytes in the cell sap, is closely correlated with osmotic
pressure. Such a relation is a natural sequence since the combined
concentration of electrolytes and of organic solutes is almost solely
responsible for the osmotic values. These two classes of substances
are used to form the plant-food products which promote the growth of
the bolls and other plant parts.

The carbohydrate content of the stems, as indicated by hydrolysis
with weak acid, is dependent upon the osmotic pressure of the cell sap
and as a consequence the carbohydrate and osmotic-pressure curves are
well correlated, (Figures 23 and 30). The relationship between nitro-
gen content and shedding is not so evident, although nitrogen is, of
course, an essential element to the growth of the bolls. The carbohy-
drate-nitrogen-ratio curve follows the carbohydrate curve as would be
expected since the carbohydrate content greatly exceeds that of the
nitrogen even when considered in combined forms. The nitrogen corr-
tent did not exceed 1 percent at any time, while the carbohydrate
content varied between 17 and 29 percent.
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Fig. 25.—Curves showing for the indicated dates the relation of the osmotic
pressure of the leaf sap to boll shedding and to number of days from flowering to

shedding on Plot 2.
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Fig. 26.—Curves showing for the indicated dates the relation of the osmotic
pressure of the leaf sap to boll shedding and to number of days from flowering to

shedding on Plot 3.
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Fig. 29.—Curves showing for the indicated dates the relation of the osmotic
pressure of the leaf sap to boll shedding and to number of days from flowering to
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Fig. 30.—Curves indicating the relation between boll shedding, and carbohydrate
and nitrogen content of the steins, and the carbohydrate-nitrogen ratio. The

curves represent mean values for the six plots on each of the dates specified.
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SUMMARY

1. The osmotic pressure and specific conductivity of the leaf sap and
the carbohydrate content of the stems were usually inversely correlated
with the available soil moisture. On certain occasions, however, other
factors modifying the transpiration rate affected these plant properties
more than did soil-moisture conditions.

2. The amount of available soil moisture, through its influence on
food conditions within the plants, is a major factor in regulating the
fruiting behavior of cotton plants.

3. Relatively high osmotic pressures of the leaf sap were almost
invariably followed by low percentages of shedding of the bolls, the
flowers of which opened simultaneously with the occurrence of the high
osmotic pressures.

4. Extremely high osmotic pressures induced by severe reductions in
soil moisture were also followed by high shedding.

5. Low osmotic pressures were practically always followed by in-
creased shedding.

6. The curves representing the specific conductivity of the leaf sap
parallel the osmotic-pressure curves with exceptional consistency.

7. The percentages of carbohydrates in the stems are fairly closely
correlated with the osmotic pressures of the leaf sap.

8. The interrelation of osmotic pressure and specific conductivity of
the leaf sap, and the carbohydrate content of the stems, and the close
inverse correlation of these three properties with shedding, furnish fur-
ther evidence that the percentage of shedding is regulated by the amount
of plant food available for the development of the young bolls.

9. Cambial activity was directly correlated with available soil mois-
ture.

10. Rapid vegetative growth, as expressed through the formation of
large, thin-walled cells in the secondary tissues of the stems, was accom-
panied in a general way by increased shedding of the bolls, probably
owing to the lack of sufficient plant food for vegetative and fruiting
requirements.

11. Extremely slow vegetative growth, induced by lack of soil mois-
ture following a period of normal growth, was accompanied by rela-
tively inactive cambium, the formation of small cells, the thickening of
the cell walls of the young cells, increased carbohydrate content of the
stems, lower nitrogen content, and intense shedding-
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12. The total amount of pith and of cortical tissues did not change
materially from July 14 to October 1, irrespective of soil-moisture con-
ditions.

13. The area of xylem in cross sections of the stems of plants well
supplied with water was considerably greater than in plants growing
with limited soil moisture.

14. The expansion in the amount of phloem was also stimulated by
increased soil moisture although to a lesser extent than was the xylem.

15. The resumption of increased vegetative growth, as indicated b}
accelerated cambial activity, following the termination of periods of
water deficit of varying intensities, was of approximately equal propor-
tions irrespective of the state of cambial activity during the periods of
water deficit.

16. Periods of water shortage, initiated after the flowering season was
well started, reduced the length of the flowering period in proportion to
the intensity of the water deficit.

17. The first bolls opened on all plots at about the same date, August
18 and 19, irrespective of soil-moisture differences.
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