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THE ACREAGE of guayule in the Southwestern States was 
increased extensively during 1942 through the efforts of the 

~ Emergency Rubber Project. Many areas in the irrigable valleys 
of this region contain soil that is either saline or subject to salini­
zation. It~as almost inevitable, therefore, that some of the gua­
yu~~lan~gs should have been made on slightly to moderately 

.:~ salm soil~ Investigators of the Emergency Rubber Project work­
.... ing""'with ~ayule early recognized that the growth response of J! the:Jilan~as modified by soil salinity and that the plants were 
rJ) even kill in certain spots where the salt concentration of the 
a;) soqiras derately high. These investigators also recognized the1 de~bili of a quantitative study of the salt tolerance of the 
I:: plant, si~ such information was not available in the literature. 

• 
"< In order to supplement their field observations, they called the 

attention of the salinity laboratory to the need of such studies. 
Consequently, the investigation comprising this report was un­
dertaken. 

1 Submitted for pUblication May 1946. This \'lork was performed under 
an allotment from the Special Research Fund authorized by Title I of 
the Bankhead-Jones Act of June 29, 1935, and in cooperation with the 
agricultural experiment stations of Arizona, California, Colorado, Idaho, 
Montana, Nevada, New Mexico, Oregon, Utah, Washington, Wyoming, 
and the Territory of Hawaii. , 
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Since sodium chloride (NaCl) and sodium sulfate (Na2S0'1) 
are the most common salts that occur in saline soils, it follows 
that these two salts should be included in studies of salt tolerance 
of plants. It also seemed desirable that laboratory studies on salt 
tolerance of guayule should be made with a saline soil on which 
this crop was being grown. Since the effect of salt content of a 
soil upon plant response is conditioned by the status of the soil 
moisture, it was considered expl.~dient to incorporate variations 
in the soil-moisture regime into this experiment. 

EXPERIMENTAL PROCEDLIHE 

The sample of Panoche loartJ used in this study was supplied 
by the United States Forest Service and was obtained 131/2 miles 
east of Coalinga in Fresno County, Calif., from a tract planted to 
guayule. At this location the top 18-inch horizon was found to 
be a light brownish-gray, friable, and slightly calcareous loam 
that was very porous and low in organic matter. The 4 tons of 
soil that made up the sample were taken from the upper 10-inch 
horizon. Laboratury ,';"'tamination indicated that this soil con­
tained 0.85 percent CaeOa. The exchange capacity was found to 
be 16.1 milliequivalents (m.e.) per ·100 grams, and the exchange 
complex was almost completely saturated with calcium. The 
saturated soil (21) '2 (32.0 percent water) had a pH value of 7.76 
and a specific conductance of 54X10- ii at 25° C. When the soil 
was allowed to come to equilibrium with 14.4 percent moisture 
and the soil solution was displaced in a pressure-membrane ap­
paratus (17,Z8), this solutipn had a specific conductance of 
102X10-r. mhos per centimeter at 25° and an osmotic pressure of 
0.45 atmosphere, and the solutes were made up almost entirely 
of calcium chloride and bicarbonate. When the soil was mois­
tened and allowed to come to equilibrium under ::J. tension of 15 
atmospheres in i'hE.' pressure-membrane apparatus (]9 j. it retained 
8.55 percent moisture. This corresponds fairly closely to the 1)('1' ­

manent wilting percentage of 9.2, as determined with sunflower 
plants. The normal moisture-holding capacity (22) was found to 
be 18.1 percent. The moisture sorption curve~ of this soil is given 
in figure 1. 

The experimental variables to be imposed upon this soil were 
as follows: 
Salt treatment (all salt additions on dry-soil basis) : n,,".riqU(ltjoli 

No added salt . ..."._......... , .......... _ ....... _ ...... _ .. . o 

0.1 percent added Nael_..................... _ .................._.. .. Ct 

0.2 percent add,ed NaCl "........___...._..._. __..... , .. c·. 

0.4 percent pdded NaCl .._...... _ ...............__. C:j 

0.2 percent c.dded Na!!SO.1 .-- ...______.. , ..__ " S~ 
0.4 percent added Na2S0" ...__.___.................. __ S.I 

0.8 percent added Na2S0.1 _....__.. ___ ..........._............... . SI'! 


The irrigation schedules were: 
1. Soil irrigated with sufficient water to bring the moisture c,mtent 

to field capacity (approximately 20-percent moisture) when the averagl! 

• 


• 

• 

2 Italic numbers in parentheses refer to Literature Cited, p. 33. 

S The writers are indebted to Milton Fireman, assockte soil scientist, 
of this Bureau, for the data from which the curve was drawn. 



3 GROWTH AND RUBBER ACCUMULATION IN GUAYULE 

• 
16 

15 

14 


13 


12 


II 

(j) 10w 
0: 
W 

I 

a. 9 
(j) 

0 
~ 8 
~ 

z 7 

(j) 

z 
w 6 
I­• 
0 

5 


4 


3 


'2 


oL--L~__~-L__L-~~==L==c~==±=d 
8 9 10 II 12 13 14 15 16 17 18 19 20. 

SOIL MOISTURE (PERCENT) 
(ORY BASIS) 

FIGURE 1.-Relaticn between moisture tension and moisture percemage 
in a sample of Panache loam, 

• soil moisture obtained by weighing entire drum plus soil of a culture 
reached 14 percent. Tensiometers installed in certain soil cultures indi­
cated the 14-pp.rcent soil moisture corresponded with a tension of 300 to 
400 cm. of water at the 4-inch depth in the soil. This regime is designated
by the letter L (low tension). 

2. Soil irrigated with sufficient water to bring soil-moisture content 
to field capacity when average soil-moisture content of a culture reached 
9 percent. This series is designated by the letter H (high tension). 
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3. Plants on irrigation schedule No. 1 for first part vf experimental 
period (March 1 to July 9) and on irrigation schedule No.2 for latter 
part of period (July 9 to December 1). This series is designated by 
letters L-H. 

Each irrigation regime was applied in combination with each 
salt treatment, making 21 experimental variables. All treatments 
were thrice replicated. Steel drums with a 10-gallon capacity 
(adequate for 100 pounds of dry soil) were used as soil containers. 

The proper quantity of salt for each treatment was mixed 
with the screened soil (% inch) in a box suspended and rotated 
eccentrically. Besides the designated salt, 3 grams of 16-percent 
superphosphate and 85 grams of dry pulverized steer manure 
were added to each drum of soil. With the aid of a mechanical 
mixer and packer 106 pounds of the soil at a moisture content 
of 5 percent were placed in each container. The average volume 
weight of the soil in the drums so packed was found to be 1.28. 

Before transplanting the plants to the drums, the soil-mois­
ture content was brought to approximately the field capacity by 
the addition of 14 pounds of water to the surface of each drum 
or soil. This treatment leached the surface soil and caused an 
accumulation of the salt in the lower parts of the soil mass. For 
example, when 0.2 percent NaCI was mixed with this soil, the 
conductance of the extract of the saturated soil (32-percent mois­
ture) was l,290X10- ii mhos per centimeter at 25° C. A drum of 
soil to which 0.2 percent NaCI was incorporated was sampled 5 
days after the initial heavy application of water. The soil was 
segregated into tru.·ee horizons, and the conductance of tire extract 
01 the saturated soil from each horizon determined. These con­
ductance values in mhos per centimeter at 25° C. were (1) top 
horizon, 63.0XlO-5 ; (2) middle horizon, 129X10-5 ; and (3) bottom 
horizon, 3,100X 10-u• Thus, salt accumulation in the bottom of 
the containers was even more pronounced at the beginning of the 
experiment than at the end. 

Supplementary studies have indicated tHat a quasi-equilib­
rium in salt distribution within the containers was reached almost 
at the beginning of the experimental period as the result of the 
heavy initial irrigation and that the effect on salt movement 
downward of the lighter irrigations during the course of the 
experiment tended to be counteracted by salt movement upward 
during the irrigation interval. This supplementary evidence in­
dicated that in most treatments the pattern of salt distribution 
was not greatly different at the end of the experiment from that 
following the initial heavy irrigation. This high degree of n0n­
uniformity in salt dlstribution within the soil, however, suggested 
the necessity of de'Jeloping a method (26) that would take this 
nonuniformity into ~ccount when evaluating the responses of the 
plants. 

During the course of the experiment the soil was irrIgated 
as required with Riverside tap water. The average analysis'l of 
this water in equivalents per million is as follo l 'IS: 1.43, Ca; 0.25, 

~ Furnished by courtesy of the Rubidoux Laboratory. Riverside, Calif. 

• 

• 


• 
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Mg; 1.80, Na; 0.09, K; 0.72, Cl; 0.61, S04; and 2.22, HCO:!. All 
water was added to the surface of the soil. 

The plants used in this study were obtained from the Alisal 
Nursery of the Emergency Rubber Project, Salinas, Calif. As 
received, they had taproots 20 to 25 cm. long and 3 to 5 mm. 
in diameter at the crown; the tops had been trimmed to 5 to 8 
cm. in height. They were first embedded in sand and allowed 
to initiate a new flush of growth before plants were selected for 
study. On February 3, 1943, after the plants had been in the sancl 
bed for about 5 weeks, 63 uniform plants were selected out of 
the original 200, and each was washed free of sand and tram,­
planted to a drum of soil. After transplanting them the soil wa!' 
washed in around the roots with 2 quarts of tap water, so that the 
rootlets would not immediately come into contact with saline soil. 

During the course of the study the drums of soil were weighed 
every day to determine the average moisture content of the soH 
and when and what quantity of water should be applied. At each 
Irrigation sufficient water was added to bring the average soil­
moisture content to 20 percent. 

On the first and fifteenth day of each month during thc 
course of the study the maximum height and maximum width 
of each plant was measured. The product of these two measure­
ments was taken as a growth index, in order to have a rough 
measurement of the rate of growth of each plant during the course 
of the stUdy. These growth measurements were subjected to sta­
tistical analysis, and, although th(~ fir:dings lend added support to 
the interpretations here presented. it was decided to report the 
details of these growth-response curves dsewhere. 

The plants were harvested on December 1, 1943, weighed, and 
air-dried in difl'use light. When the tops \vere dry, the lea\'cs 
were stripped c.,if and the stems and roots shipped to Raibrc! 
Holmes. of the Emergency Rubber Project. Salinas, Calif. The 
analyses for resin and rubber content were carried out under his 
direction. 

After the plants had been harvested the soil in each drum 
was sampled. This involved dividing the 15-inch depth into three 
5-inch horizons. The soil from each horizon was mixed, air-dried. 
and sampled for analysis. Observations as to depth and density 
of root v'netration also were made at this time. 

Each of the 189 soil samples was brought to the saturation 
percentage (21) with distilled water and allowed to stand over 
night, and the solution was extracted by placing' the saturated 
soil on a Buchner funnel and applying suction. The specific con­
ductance of each extract was determined. Certain extracts from 
selected treatments were subjected to complete inorganic analysis. 
Also, a part of the sample of soil from these selected treatments 
was adjusted to approximately 12-percent moisture and the soil 
solution displaced by means of the pressure-membrane apparatus 
07, l8l. The specific corductUl1ce. o;o;mlltic pl'l's$ure. and ionic 
composition of thesG solutions also WCre detenl1incd. The meth­
ods of chemical an:;ly:;is suggested b~' Rc·itcmeiCl:- i J.'i) were fol­
lowed. 
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RESULTS 

Al'I'E\n;\~Cg OF TilE PL\:\TS 

At the termination of this experiment certain qualitative 
differences and similarities were noted in the appearances of 
plants grown under the different experimental conditions. Plants 
grown on soil with O-added salt were in excellent condition re­
gardless of soil-moisture regime. Even at the time of greatest 
depletion of soil moisture no evidence of wilting was observed. 

Those grown o.n soil containing 0.1 percent NaGI were very 
similar in appearance to those with O-added salt. Differences in 
soil-moisture regime in the presence of this quantity of salt like­
wise appeared to have few distinct qualitative effects upon the 
appearance of the plants. 

When there was 0.2 percent NaGI in the soil the plants grown 
under a low moisture-tension regime appeared normal. Those 
that were shifted from the low to the high tension regime ap­
peared to have a rather large proportion of their lower leaves 
dead or dying. Plants at this salt level that had been grown under 
the high moisture-tension regime appeared dead, or nearly so, 
since the major portion of their leaves had died. 

Plants grown in the presence of 0.4 percent NaGI were just 
about normal when grown under the low soil-moisture-tension 
regime, with the exception that there appeared to be a somewhat 
abnormally high proportion of dead leaves at the base. Plants 
at this salt content of the soil that.were shifted from the low to 
the high soil-moisture-tension regime were nearly dead at the 
time of harvest, only the whorl of leaves just below the terminal 
buds still showing green. Those grown on soil with 0.4 percent 
NaGl and continually maintained' on the high soil-moisture-ten­
sion regime had died some 3 months before the termination of 
the experiment. 

Plants grown in the presence of added Na~SO, had a defi­
nitely different appearance from those grown in the presencf! of 
added NaGl. The leaves were a deeper bluish green and their 
glaucousness appeared to be more pronounced. With 0.2 percent 
added Na2S0, the plants were remarkably similar to those in 
the control, "O-added salt" series; and even those with 0.4 percent 
added Na2S0., were quite similar to the control plants, with the 
exception of the deeper bluish-green coloration of the leaves. 

Plants grown with 0.8 percent added Na~SO., were outstand­
ing from those of other treatments in the unusually deep bluish 
green of the leaves and the appearance on them of an unusually 
pronounced development of glaucousness. This level of Na2S0., 
did not induce an abnormal rate of dying of the lower leaves, as 
was the case in the presence of the highest level of NaGl. Dif­
ferential soil-moisture regimes did not appear to be associa ted 
with qualitative differences among the plants grown on soil to 
which Na2S0.1 had been added. 

• 


• 

• 

I 



------

------------

• 


• 


• 


GROW'fH A),1) RL"BBER ACCU:-.n:LATION I~ GL"Ax"1:LE 7 

Qr \YflT \TI\ I': Gnow'fII RE::PO~!-E:5 

The average growth responses of the plants produced under 
the various experimental conditicns are shO\vn in table 1. Figur.e 
2 presents the trends in growth response as measured by green 

TABLE 1.-Grou:th and rubber content oj guayule under the mrious experimental 
conditiOlls 

_...-­ ~~"------

I ;!I-'f!,~ P.ublJ'"t 
~, ,~t.~. ~L:lr~t' R+ ~,'1. R.ib: TK'!' 

tl'~ p,~n' 
Trt'.l~ml't:·: 

t!·~!". 

-~ - --- -~.--' 
'Int. 'J'J'}. p",'.r.' PlTren' (ir1!.

(IL -;'" tJ~ 'i ,5,25 3.5 :l .0 
('R :,!,j t)! 1 S&l ij :!4 1 " OL-H .~:!i ;;A Ij 50 tj ~J 5 3.5 

C',L :!5J ~4 4 fi :;1 5 fi:! 4 .4 
!\H 157 15 :> 515 4 55 1 HZ 
I':L-H 2Si 5:5 tj ~ 11 ,) 73 .1 a.; 
(':L ~50- 4~H ~; (If} H 15 "l(H
('ill 7u 11 1 ;; 1<1 3 112 44 
e,L-H 1-') I 'Ji3,

h ~ ~ :l'i 5 U 

f',L I~; 4~ 1 551 1\14 .? 5:! 
('.Ii () t110 0 0
(',L,R 81 :?4 r, .; 45 :~ S. "\).; 

SoL 411 u; ~ 5 ;; 4 ;1 4 60 
:t,H 2SS ti:! S ,5 ,; tj iii' 4 II 
::oL-H 33. 51 • tt t,l .. 44 6 II> 

S,L 3~' 8" 0 52.) 4 69 4 O!l 
~-IH 15~ 4S 1 ;; 3.5 -513 2.76.-­~.L·H on 53 I 5 4~ ~OO ;} Ii"

,6SoL 2S7 41 n 4 59 3 1 5S
:;,H 140 4-} , 4 94 ;; ()<J 1"1';
S.L-H !2il 24 . 4 00 :l!J.I 73 

-~-Poolf'll 'tan~ar,i, tn.r :j hI J ;?t 1~ 
, 1<; , IS 

I \hbr.,..alJo!lS are explruned on p, ~"4, 
• Error tmn oo..<eti Gn nmblilty in ,:ultu:,.s r'L, Off. r-r.",g, '"' L. ,';1.. :':1.. ":H. ",L-H, ,mtl ~.L. 

weight of tops and as conditioned by level of soil salinity at the 
various soil-moisture regimes. Within a given salt level the smal­
lest plants were those that were periodically subjected to high 
soil-moisture tension. Within each soil-moisture regime, increase 
in the concentration of NaCl in the soil \vas associated with a 
marked decrease in vegetative growth. These results parallel 
those previously reported for beans (Z, :!; J. 

When Na!,!SO-l was added to the soil there was practically 
no decrease in vegetative growth until the added percentage of 
salt exceeded 0.4 percent. For a given soil-moisture regime even 
with the addition of 0.8 percent Na:!SO-l the plants were definite1y 
larger than those grown in soil having 0.4 percent added NaCl. 
The growth response in the Na:!S04 series indicates that the ac­
tual soil salinity was not nearly so high ilS that to be expected 
on the basis of the quantity of salt added to the soil. Data pre­
sented in a later section (pp. 15 to 23) \vill aiel in explaining the 
results obtained for this series. 

The plants were air-dried only, consequently the air-dry 
weights of the tops reported in table 2 include an undetermined 
quantity of imbibed water on the hydrophyllic colloids of the 
tissue. At the time this study was carried out the writers were 
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advised that oven-drying the tissue had a. detrimental effect on 
rubber content. The data presented in table 1 for mill able bush 
include the dried stems and main roots of the plants. Since the 
trends for both dry weight of tops and millable bush almost co­ • 
incide with those given in figure 2, for the green weight of tops, 
110 further discussion of these two criteria of growth is necessary. 

so' ... · /.I0r5~"RE REGIME 

--- LOW TEllS TON 
;------ H:~H TENSfON 

--.-- LO'll - HIGH • 
FIGURE 2.-Growth of plants under the various experimental conditions 


as measured by green weight of tops. 


RCBllIm ACCDIl"L.\TIO'i 

The percentages of resin aJld of rubber in the millable bush 
and the absolute quantity of rubber in grams produced per plant 
are also presented in table 1. The variations in percentage of 
resin appeared to be minor and as such merit little consideration 
in the present study. Variations in the percentage of rubber were 
rather marked and these are presented graphically in figure 3, ;1, 
as functions of the various experimental variables. Within the 
low-tension soil-moisture regime, 0.1, 0.2, and 0.4 percent Nael 
in the soil resulted in a definite increase in percentage of rubber 
in the plants. This relationship tends to corroborate the view that 
a moisture stress to the plant (in this case, induced primarily by 
salt) is conducive to rubber formation. It is also evident that, in 
the absence of any added salt, when the soil-moisture tension is 
permitted to approach a high yalue prior to irrigation, as con- • 
trasted with maintenance at a low level, a marked increase in 
rubber accumulation resulted. This is in agreement with the 
findings of Kelley and associates I1:lJ. 

In the moisture series that were subjected to periods of high 
moisture tension or were shifted to this regime during the latter 
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FIGURE 3.-A, Percentage of rubber in the millable bush; B, absolute 
quantity of rubber produced per plant under the various treatments. 

• part of the growing season, however, the presence of NaCl in the 
soil had a deleterious effect on rubber accumulation. Since rub­
ber is a derivative of the photosynthate of the plant, it is to be 
e~pected that any condition that might impair photosynthesis or 
the accumulation of the products of photosynthesis wl)uld affect 
rubber accumulation. High concentrations of the chloride ion in 
the substrate have been found detrimental to sugar formation 
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TABLE 2.-Water utilization by iJ·uayule under the various treatments 
--------~--:------"-~--~--, ~ .•..._._--_.- "'-'-- ­

Air-dry Wllter I . I\'uter per grum III -
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and starch accumulation in the potato plant (2, 3), and there is 
some evidence that high concenkations of NaCl in the soil solu­
tion adversely affect the carbohydrate metabolism of the bean 
plant (27). If the chloride ion has this effect upon the photosyn­
thetic activity of the guayule plant the observed trends in rubber 
accumulation for the high soil-moisture-tension plants as affected 
by NaCI are within expectation. 

This, however, would not account for the apparent accumu­
lation of rubber in the presence of added NaCI in the low soil­
moisture-tension regime. It was previously noted that plants 
periodically subjected to high soil-moisture tensions and high 
levels of NaCI showed an inordinate degree of dying of the lower 
leaves. This abnormal lowering in the photosynthetic surface of 
the plant may account for the lower rubber production in plants 
subjected to the high concentrations of NaCl when the soil­
moisture regime involved high tension. 

When Na2S0., was added to the soil the effect on rubber 
accumulation showed somewhat different trends from those ob­
served in the NaCl series. Thus, in the low moisture-tension 
series added Na:lSOI had little if any significant effect on rubber 
accumulation as compared with the control, O-added salt, plants. 
Within each respective salt level, sl.lbjecting the plants to a high 
moisture-tension regime resulted in a significant increase in per­
centage of rubber with the exception of the plants grown with 
0.8 percent added Na::!SO., and shifted from the low to the high 
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11 GROWTH AND RUBBER ACCU~IU.LATION IN GUAYUI.E 

• 
tension-moisture regime. This latter anomalous observation may 
be an analytical error. It certainly cannot be readily explained 
on the basis of the data available. 

From an economic standpoint the yield of rubber per acre 

• 

is a function of both vegetative growth and rubber percentage. 
The present data may be evaluated in terms indicative of the 
rubber production per unit area by reference to figure 3, B, show­
ing the relationship between grams of rubber accumulated per 
plant and the variou~ experimental variables. In the NaCI series, 
with the exception .: f the plants grown in O-added salt at low 
soil-moisture tension, the periodic subject.on of plants to the hirrh 
m~)isture tension lowered the rubber yield, as did also increasi~;g 
the salt content of the soil. The seemingly anomalous position of 
the af0rementioned plants on treatment OL was due to the rela­
tively low percentage of r:lbber in these plants. In the Na:!S04 
series it is evident that, for the most part, an increase in the 
salinity of the soil is associated with a decrease in rubber produc­
tion, with the exception that the control series tel1ded to produce 
plants with a lower absolute quantity of rUbber than those grown 
on soil containing 0.2 percent Na2S01' The soil-moisture regimes 
appeared to have little distinct effect in the Na!!SOI series, except 
that in the O-added and O.2-percent-added Na:!SOI series the 
plants shifting from low to high soil-moisture tension gave the 
highest quantities of rubber per plant of any in the experiment. 

Since much of the guayule now being grown is produced und0r 
:.riqation, it is expedient to consider the water economy of this 
plant. The average quantity of water supplied to each plant dur­
ing the experimental period, together with the ratios of the 
quantity of water added to dry-matter accumulation and to rub­
ber production, are presented in table 2. The applications of water 
per plant, as conditioned by treatment, follow the same ~el1eral 
trends as the ones shown in fir~ure 2 for ~rowth response, i.e .. the 
larger the plants the more water applied to the culture. 

• 

There were certain differences. however. in the ratio of drv 
matter produced in the plants per given quar)tity of water ap­
plied. With the exception of the C 1H plants that died, 1.4 to 2.D 
liters of irrigation water were applied during the experimental 
period for each gram of dry weight of tops produced. The ef­
ficiency of water utilization tended to be higher under the irri­
gation regimes involving high soil-moisture tension prior to irri­
gation.. The data on water utilization perhaps have a mOre prac­
tical bearing if considered on the basis of liters of water applied, 
per gram of mi11able bush produced. The trends for these data 
are shown in figure 4 • ..1. This indicatE'S that in the presence of 
O-added salt slightly less \yatel' was needed to produce a gram 
of millable bush under hIgh than under low moisture-tension 
regimes, but the difference is. not ~ignificant. In terms of produc­
tion of miUable bush the mam pomt that these data bring out is 
that an increase in salt concentration of the soil is associated with 
a derrease in effidency of water utilization. 

http:subject.on
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FIGURE 4.-Quantity of water applied (A) per gram of millable bush and 
(B) in terms of grams of rubber produced by the various treatments. 

The ratio of water application to grams of rubber produced 
is shown in figure 4, B. It is evident that plants periodically sub­
jected to high moisture tension had a significantly higher effici­
ency of rubber production in terms of water application than 
those grown continually under the low moisture-tension regime. 

. This differential, however, disappear8d in the presence of added 
saHs. In the main, the efficiency of rubber production in. terms of 
water application tended to decrease with an. increase in soil 
salinity. The main exception to this was that undE:r low soil­
moisture tension a small quantity of salt present in the soil tended 
to bring about an increase in the efficiency of rubber production 
per given quantity of water applied. These data would indicate 
that where cost of irrigation water is a significant contributor to 
cost of production, the presence of saline soil would tend to en­
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GROWTH AND RUBBER ACCUMULATION IN GUAYULE 

hance considt;!rably the cost of rubber production. For example, 
under some treatments more than three times as much water is 
required to produce a gram of rubber as in others. 

CO~DLC1'.\~CE DF THE SOIL EX·rH.\c'rS 

In the preceding presentation the, observations have been 
considered on the basis of percentage of salt actually mixed with 
the soil. This criterion of classification, however, has two out­
standing weaknesses: (1) As a result of adding water to the sur4 
face only it is obvious that the salt added to the soil would not 
maintain its original uniform distribution but would tend to be 
leached towards the lower horizons (1); (2) the decrease'in activity 
of the soil water induced by dissolved solids would not be directly 
related to the quantity of salt added to the soil but would be 
conditioned by reactions between the salt added and the chemical 
components of the. soil itself. The direction and degree of salt 
movement are shown in figure 5. 

As a general rule the salt content was lowest in the surface 
horizon of soil in the drums and highest in the deepest horizon. 
The exceptions to this were that in the Hand L-H series of soil­
moisture treatments with 0.4 percent NaCl the salt content of 
the soil solution at the surface horizon was as high as in the lower 
horizons or higher. This exceptional observation was related to 
the early death of the plants and the consequent cessation of 
irrigation, which resulted in the salts migratillg surfaceward by 
capillarity and accumulating because of surface evaporation. 

Theoretically, 2 grams of Na2S0-tdissolved in a given quan­
tity of water should give rise to a slightly lower activity of the 
solvent than when 1 gram of NaCl is added to the same quantity 
of water. The conductances of the extracts of the saturated soil 
(.fig. 5) show that this theoretical relationship was altered when 
these respective salts were added to this Panoche s.:>i1. Additions 
of Na2S0-t did not have a directly commensurate effect on the 
lowering of the activity of the soil moisture. It is especially re­
markable that in the surface horizon the addition of Na2S0-l had 
very little effect upon the conductance of the soil extract, unless 
more than 0.4 percent of this salt was originally present. This 
finding is related to the observations presented in figure 2, show­
ing that unless the soil initially contained more than 0.4 percent 
Na2S0-t there was little if any effect upon growth of guayule. 
These data also suggest tl1at, especially within the low moisture­
tension regime, the salt concentration of the surface horizon (5 
inches) of soil was the main one affecting growth. Such a 
correlation would be in agreement with the observations of Eaton 
(6) and Long (13) that roots of plants remove water mainly from 
the part of the substrat2 that has the lower osmotic pressure. 

This relation between the conductance of the extract from the 
surface horizon of the soil and the growth of the plant is shown 
in figure 6. It may be seen that within a given soil-moisture-ten­
sion regime, growth approaches a nearly linear relationship with 
the logarithm of the conductance of the soil extract of the surface 
horizo'n. It is also evident that modifications in the soil-moisture 
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FIGURE 5.-Specific conductance of the extract of the saturated soil found 
at the termination of the experiment for the different treatments. 

regime cause a definite displacement in plant response to sa- • 
linity, with the result that plants subjected to a high soil-mois­
ture tension made consistently poorer growth than those of cor­
responding salt treatments subjected only to low soil-moisture 
tension. 
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GROWTH AND RUBBER ACCUMULATION IN GUAYULE 
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FIGURE 6.-Relation between growth of plants and specific conductance 
of the extract of the saturated soil from the surface horizon. 

CONCENTIlATION 0[1 SOIL SOLllTIONS 

The foregoing data on conductance of the soil extract were 
based on the· soil-moisture percentage at saturation. Depending 
on the types of soil and salts present, it is known that the qualita­
tive composition of the soil solution will change with moisture 
percentage (7, 16). Although it was expedient to make conduc­
tance determinations on the extract of the saturated soil on all 
139 samples, it would not have been feasible to extract this num­
ber of samples at a low moisture content by use of the pressure­
membrane apparatus. It did seem advisable, however, to evaluate 
the relation between the conductance of the soil solution at the 
saturation percentage and the conductance of the soil solution 
within the field-moisture range. 

As shown in table 3 the soil solution of certain selected sam­
ples was removed by means of the pressure-membrane apparatus 
at a moisture content of approximately 11 to 12 percent and the 
conductance of the solution determined. The relation between 
the conductance of the soil extract made at the saturation per­
centage and that of the soil solution obtained at 12 percent soil 
moisture is shown in fi!:\,ure 7, A. It is evident that the relation­
ship for soil to which NaCl was added is different from soil that 
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received Na2S04' It is to be recalled that Panoche loam soil is 
almost saturated with calcium. When Na2S04 was added to this 
calcium-saturated soil, sodium entered the exchange complex, • 
liberating calcium, and gypsum (CaSO,,2H20) was formed. 
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FIGURE 7.-0bserved relations between (A) the specific conductance of 
the extract of the saturated soil (32 percent H20) and that of the soil • 
solution (12 percent rhO) and (B) the specific conductance and the 
osmotic pressure of the soil solution. 

It appears that the variation in the quantity of CaSO.f in 
solution (16, 24) at different percentages of soil moisture is in­
volved in soils at which Na2S0" has been added. The relation­
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GROWTH AND RUBBER ACCUMULATION IN GUAYULE 17 

ships in figure 7, A, present a rather satisfactory basis for con­
version of the conductance made at the saturation percentage 
to conductance of the soil solution at 12 percent moisture, which 
is within the field-moisture range. The cryoscopically determined 
osmotic pressure of the soil solutions at 12 percent soil moisture and 
also the osmotic pressure of the soil solutions that might be ex­
pected at different soil-moisture percentages are shown in table 3. 
The relation between the conductance of the solution and its os­
motic pressure is shown in figure 7, B. This regression was found 
by the method of least squares to be 255 X 10-5 mhos per atmos­
phere. Thus it is possible to convert the conductances presented 
in figure 6 for the soil extract at the saturation percentage to os­
motic pressures of the soil solution at various percentages within 
the field-moisture range. 

TABLE 3.-Specific conductance and osmotic pressure of soil solutions 

I Horizon H,O I' K X 10' I08mo:c- :~c~all~d I Osmot~r"I:(~=: c";:;,,tcd u:~-.-
Treatment (in thirds) as Ill, 25°('. press",,' at 12 pcr- ---['~---I~-'-'-I----

exlracted cenl H,O \ 0 pcrrent I 12lwrrrnl; 1')I.',,'rnl: IS p!'rcentI------'---1.---1 Almo,­ i---l~l~ .\lmos- :~ 
1 r'ercful 1 1Jhl'N!JI I . 1 pnerrs ~ lJ/u~re& t p!l('rt'., , I'hcnl

., 

OL-H .. 'I Tppcr 10.02 211' 0.7S 187 092 'lOGO: 055 : Il 41i 
":.Lowcr 11.17 736 237 685 2 94 221 1 1.70 I' 1 47 

('t1.-H, Tppcr lLl5l 507 L71 \ 472 u21 I 50: l.27 1,06 
'(Lower 10,S8 I 4,250 18.46 I 3,910 223 1 16 7! 13 4 11 ,2 

C',l:.-H..... !t;ppcr 10,5S, 8,090 36,28 7,130 42.7 j 32.0 1 25.6! 214 
,Lower 10.87 (i,OIO 27,14 (1.250 328; 24.6 i 19,7 164 

1 1 
f;,L-fl... ;l"ppcr 11.631 235 1.65 228 1 213 : 1.60 : I 281 1.07 

tLoII'cr, 12,53. 1,2301' 447 1.21l0i 0,221 4,67[ 3.74: 3,11 

f1 L-H 'l:ppcr I 12,64 ! 821 I 2 55 8G5 ! 3 58 2,69 ' 2,15 1 "9 
" ... ',Lower I 12,53: 2,960; 11 42 3,O!IO! 15'9; 11.!l5: Y 55 7:25 

The values for osmotic pressure given in table 3 include, in 
addition to those for the actual solution from the pressure-mem­
brane apparatus, those calculated for the soil solution if the soil 
moisture had been at 9, 12, 15, or 18 percent. Even at a high 
moisture content the osmotic pressure of the soil solution in the 
presence of 0.4 pF::rcent NaCI would have been prohibitive to 
growth of most piants. It is certain that the guayule in cultures 
C'IL-H did not make the little growth they did in substrates hav­
ing an osmotic p.ressure of the substrate of more than 20 atmos­
pheres. These cultures undoubtedly had a relatively low salt 
concentration in the surface horizon during the early part of the 
season. This is indicated by data of Ayers and others (1), ob­
tained under comparable experimental conditions. After the shift 
in soil-moisture regime, these plants made little growth and con­
sequently required little water. This extended period without 
irrigation during the latter part of the experiment permitted the 
salt to migrate to the surface horizon, owing to evaporation from 
the soil surface. 

For each respective increment in salt addition, NaCI resulted 
in much higher values for the osmotic pressure of the soil solu­
tion than did Na:!SO.!. 
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IONIC CO~II)OSITION 0(1 SOIL EXTIlACTS A~D SOIL SOLUTIO~S 

The type of data presented in figure 5 and table 3 suggested 
the advisability of determining the ionic composition of certain 
of the soil extracts and solutions. Data for the ionic composition 
of the saturated soil extract for each horizon of soil for one repli ­
cate of the L-H series are given in table 4. The relationships 
involved are partially shown in figure 8. The striking featnre of 
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FICURE 8.-Composition of the extract of saturated soil from the upper 
and lower horizons in the soil containers. 

these data is the very high values found for soluble calcium and 
magnesium in the cultures receiving NaCl as compared with 
those receiving ,Na2 SO./. With reference to culture C I L-H the 
soluble ca.lcium greatly exceeded the quantity added in the tap 
water, indicating that most of this calcium was either displaced 
from the exchange complex or derived from the CaC03 present 
m the original soil. The comparatively low values for Ca in the 
sulfate cultures is due to the low solubility of CaSO.,. 'I'hat is, 
the sulfate ion is present in excess in the sulfate cultures and the 
solubility of Ca will be largely determined by the solubility prod­
uct and ionic strength phenomena (24). 

The ionic composition of the soil solutions adjusted to a 12­
percent soil moisture is shown in table 5. Also, respective calcu­
lated values derived from the ionic composition of the saturated 
soil extract are given in table 4. In making this adjustment, sim­
ple concentration of the COmponents was assumed. It is obvious 
Ihat some of the calculated values for calcium would be impos­
sible in the presence of the designated quantity of sulfate. 
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Within the cultures receiving added NaCl the concentration 
of sodium in the soil solution was only a fraction of the concen­
tration of chloride, even though these two ions were added in 
equivalent quantities. This means that a considerable proportion 
ot the added sodium displaced the calcium and magnesium fron: 
the exchange complex, bringing about the relatively high con­
cpntrations of the latter two ions in the solf solution. 

TARLE 4.~ Analyses of saturated soil extracts 
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It is to be noted that the concentration of chloride in the soll 
solu.tion is consistently higher than that calculated from the con­
centration in the extract of the saturated soil. Eaton and Sr)koloff 
(7) and Reitemeier r1 (jJ have previously observed this phenome­
non. It has been explained that the initial layers of water abOllt 
the colloidal particles are held by a relatively high force. The 
\vater thus "bound" undergoes a reduction in solvent power (5), 
causing a relative increase in the solute concentration of the "1111­
bound" water. Obviously, the lower the moisture content of the 
soil at which the soil solution is removed, the greater the pro­
portion of water that js bound and the greater the modification 
of this effect on concentration of solute. Reitemeier rlM suggests 
that negative adsorption of monovalent anions may be involved 
in this phenomenon. 

Comparable data on the quantities of salt actually added to 
various drums of soil, inclusive of that added by the irrigation 
water, and on the quantities found in the extract of the saturated 
soil at the end of the experiment are given in table 6. It is ob­
vious that the irrigation water added considerably more salt to 
the soil of the OL-H treatment than could be found in the soil 



20 TECHNICAL BULLETIN 925. U. S. DEPT. OF AGRICULTURE 

solutions at the end of the experiment. Disappearance of the 
HCOa could be accounted for on the basis of CO!,! evolution 01' 
CaC03 precipitation. The precipitation would also account for 
the disappearance of the calcium. There is undoubtedly a mod­
erate degree of error in the comparative figures, which accounts 
[or the discrepancy in the values for chloride and sulfate. The 
large difference in the quantity of sodium added in ,the irriga­
tion water and that found in the soil extract is the most remark­
able characteristic of the data in this table, not cnly for the OL-H 
series but for all the salt treatments. 

TABLE 5.-Comparison between the ionic composition of soil solutions and of 
saturated soil ex~racts, both calculated to 12 percent soil moisture 

. 1Trent, I: lIo~izon I . .! I"'- I' . 1 !.-r~:'~-\~,~:;-I' 
Drum :\0'1 mOllt (In ISolulloll' ('n ~Ig No CI SO, II( 0, ,cationa noi,,,,.

thuds) : 	 ' 
--i--'--'---'-·--'-·--;--I-,--·-,--i-;-;-'--I-'--I 	 It, b. p. m. b. p. m. , E. p. m. E. p. m. E. p. m. b. p. In. , f .. p. m. E. p. m, 
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I
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~,,... Low~r Soil soln. ,2S,0 G 27 117 51 4 88.4 S 14 151 148 

'S"tll. ext. iO 7 , J3,9 ,213 :15 7j 230 13 i 298 2i9 

::ojl soln. 25 0 j 3 21 i il.l 10 0 I i2 5 :I 90 99 3 86 4 
rpl'"r ':;,,(n. ~xt. 67 I 4 24 146 5 52 IS6 10 6 217 202 

os.... , . S,L-ll 
Low('r 	 ~{Ii1S(iln. , 22.2 16 I 3i7 ao 0 '308 971 ! 415 354 

~utn~ ('d.. : 70 5 236 592 27 4 557 13 5 GS'; 598 

The explanation of this large disappearance of added sodium 
may be partly found in the phenomenon of exchange equilibrium. 
The Gapon equation (9, 14) has been found applicable to the equi­
librium between the ratio of sodium and calcium ions in the soil 
solution and the ratio of these cations on the exchange complex. 
Thus, 

ICa+++ Mg++ J NaX 
\. "._,-_... , ---X---=K 

fNa+1 CaX 

where [Ca'+-'+- +Mg++] and [Na+] are the millimolar concen­
trations of these ions in the soil solution and NaX and CaX rep­
resent the milliequivalents of these cations adsorbed per 100 gm. 
of dry soil. In the sample of Panache loam studied, the equilib­
rium constant (K) was found to be 0.015. Using the previously 
mentioned base exchange capacity of this soil, 16.1 m.e. per 100 
gm., it was possible to calculate the average quantity of exchange­
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able sodium on the complex for each horizon of these seven salt 
treatments by the following rearrangement of the equation above 
to­

0.015 16.1 
NaX="~ 

-.=----=-=-­"'/ICa· ... + MgH 1+ 0.015 Na' 

The average percentage of sodium on the exchange complex for 
each drum of soil was also calculated. There were 7,300 m.e. of 
exchange capacity to each 100 pounds of soil in a container, and 
the original soil was found to have 0.5 percent exchangeable so­
dium. The comparison between the quantities of sodium calcu­
lated to have gone into the exchange complex on the basis of the 
Gapon equation and the difference between the quantity of so­
dium added and that found in the soil extract are shown in table 
7. Considering the limitations of the methodology the agl'eement 
IS remarkably close. This is especially true if one considers that 
the presence of gypsum and calcium carbonate in a soil have an 
undetermined effect upon the equilibrium relationship as ex­
pressed by the Gapon equation. r. 

TABLE 6.' Quantities of ['arious lOlls added to a drum of soil, as compared with 
quantities foulld in the soil solulion 

~--..,- . ......"... ...~-~ -
en M~ Xa Ilro, 

~ ...¥-,.. --- ~ ~,Tn·nttueut .-"'---~-----' '---
I 

Add"d I FOtll"I' Add"d' Found' ,I.Ided I Found: Added 1 Found J--- ---,------,--------- ­
•11. r~ •11. r . i ,1/,(. J .I/. t, .II, r. .11. r . .11. t. .II. t.OL~ II 343 131 GO •• 432 101 533 36(',L If .-. 5iO 1 48 85 1.120 482 422 ~-.­('01,11 185 900 32 165 l,i90 U06, 286 271e.I,·J! 130 ' 1,420 25 240 3,290 I,S90 , 211 1 

2~ 
! , I

lI,I .. 11 :145 221 fiO ' ao l.itO 5;0 ! 535 61S.I. II 2m, 2711 52 48 2.930 1,040 : 460 ' &5::;.1. II )-..- 370 30 SI 5.320 2,180 I 266 02 

C~ ~tJ. Tot!"ll ";lIlHn:J. Tothl :u!Jons 
rri';i\Jm'ut 

,1<111.<1 Fuund ,; ,IJ,{...I ' Fuuml :. ,\,M·d: J~"m.1 ~ ,hltl·d' FU'llllf.: 
-~ ~-. - , ••...-\-. _~~.~.... 'u ._., .. 

.If. .II • .II., , .IL •. 
.~ 

.If" .11." .I/, <. ,If,01, II 173 HJS Wi ~12 S3, 2.H' MJ 2~n(',1, If !f!d Jlh tt.)"1-1 1.410 1.140 ! 1,~50 l.f~J;1f',1. Jl 1.·,50 1 71;t1 H ~.(lOIl 1.'liO 2,(1107
1

' IYIO1';1. It :1.1;'0 :i.:WI 5~ 31.• :L-I.1t1 :1,550 a.~50 :UO() 

:'!. n I ,~I fit; , .4:m 1,:?t1 2~}2fJ ,10 2,(.10 ...:- ,I. Ii 14" If;; ~ ...S(l I 1'~1 :L..!;n I ,:1I~) :;.2~O I 't2'1:,-.1. 11 1o.\ff '!f :i. Hi} :1: .!:.!,f r; ;'j~ll :!~,·au 5.1i:Jtl ~ ;,;" 
, .Frl.~n t:1r..,\\ ...h·r ~uM;t t!lU'" Jlh~1( IIngUla1b uddl d l'i1,h. 
" Url~ d flU ('\1r:;11 t Hf !o.tttj:r;.tu1 Nd. 

The data in tables 6 and 7 emphasize the modifications that 
took place in the soil complex as a result of the imposed treat­
ments. Three major modifications are ill evidence: (1) Although 
sodium was the main cation added to the soil solution, the soil 
solution or extract at equilibrium may be high in calcium (chlo­
ride series); (2) the total concentration of. the soil solution or ex­
tract,may be much less than might be expeded on the basis of 

~ Private communication from Milton Fireman, of this Bureau. 
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the quantity of soluble salt added (CaSO,1 precipitation in SO., 
:.eries); (3) the percentage of sodium on the exchange complex 
may 'become sufficiently high-I0 to 15 percent (:2.1 )-to impose a 
detrimental effect on the soil structure. 

l'AHLE 7.--Relationship be/wee/!. disappearance of added sodium from lhe soil 
solution and increase in sodium on. the exchange camp/ex 

------------, .--..~-.. --~ ~ 

A\w,,~('Sn IlIl'rrnsl'ill )' rliltrrl'l,r,' b,,(w""11 ndd"d 
ou ('xrhulI~(' r~rh;lng"!lhlc S" I II"d fountl :\n 1tI,blr III 

rOlllplt·x· Iwr 100 PQunlls of soil Ix'r 100 "<lII,,ds of so,l-----_.--_._----­
,II,lIt'luira/",I' .II,I/"I"'''I/tl'/Ior.-H. 50 :128 331 

(',I,,, H. 73~II.J 7iS t
C.L I! 1·14 1,050 1 884 
('.L-I! 21.J , J ,500 I 1,400 

fl~L'1! 14.0 j 000 i 1,140 
~drll 21 3 1,520 I ',890:;,1,-11 :14 3 2,4iO 3,140 

The modifications in the soil complex affected by the salt 
added cannot be ignored in the interpretation of the plant re­
sponses. Interpretation was further complicated, however, by 
variability in salt distribution within a drum of soil, as illustrated 
by table 8 .. This table indicates what the concentration of chlo­
ride and sulfate would have been in the soil solution at the 12­
percent moisture value if all these added ions had remained in 
solution and had been uniformlv distributed· within the soil solu­
tion of the different horizons. The data in table 8 were derived 
from tables 4 and 5. Values not found in table 5 for the I2-percent 
moisture value were calculated with the aid of the relation be­
tween comparable values determined at both 32- and the 12-pE'r­
cent moisture values. Table 8 shows that there would have b0en 
165 e. p. m. of chloride in the soil solution (C,) if aU added chlo­
ride was uniformly distributed in the soil solution at 12-percent 
moisture. It was observed in sand-culture studies that] 00 e. p. m. 
of chloride were highly inhibitive to the growth of guayule (28). 

Tn the present stUdy, plants made very satisfactory qrowth 
in treatments receiving 0.1 percent Nael and 0.2 and 0,4 percent 
Na:,SO,. It is evident, therefore, that the relatively low cOI1C'en­
trations of salt in thE) surface horizon (table 8), due to leaching 
or chemical reaction, were highly important in permitting the 
good growth of guayule observed in these cultures. The valuec; 
for chloride round in the surface horiz.on of: the C::L-H and C(L-H 
treatments are undoubtedly abnormally high in view of the ex­
tent of growth observed, especially in the series of plants con­
tinuously on a low-tension soil-moisture regime. That is. these 
determinations were made after an appreciable interval following 
the final irrigation. During this time salts would move back into 
the surface horizon that had been leached out at the time of .irri­
gation. It appears that the average percentage of salt in the root 
7.0ne of a plant may not be an adequate criterion on which to 
interpret plant response to a saline;! soil. 
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'l'AnL~~ 8.~ "Distribution of the solllble chloride cwd sulfate among thrce 

horizons 

rPIH'r H,mJ ~1"lulp Ilanl LOIII'f t!.ir,1 

T"Jltn~n\ ('J ~()t:____ 7 ('I ~OI ('{ !"IO,
-' ­

,\dlkd' Found' ,lIltled 1 Found' ,1(I(lrd 1 l'"u,"I: ,I,ld-,l. Fo.ud. 1.ld,,J , 1'01111<1 ' 1,ld,,1 Pmm'l! 
~-~ ,-- -' .......- l .--=----- ",._"

.1/.... ,II, " .II. <. .II, r. .II. (, .II. f. ,11." .It", .11.., .II, " .It. r . ,II . ..01. :11 102 2ti 200 ; 31 14 0 21i IJ '2 :It 4S (I 2ij 2J !.! 

{'II. 11 105 . :10 S 21 , '; 16 tn.; 156 21 120 lIi5 4n4 21<'J. II ! 291 : 2J:l 14 5 40 2U7 :1.,:\ 1·1 ij .; 2Uj : 500 14 :1
":I u('II. 1/ 57;j 83S 10 3 66 573 475 10, 2 0 ijja 702 lU 1 Sa 

C':]'·I! :11 1211 ~56 : -I 46 31 23 2l.iu 42 0 31 5t 4 2.1lj 88 -I1',I.H 2; II 0 .,­484 130 27 27 " 4~-I 120 .1 43 0 484 IBO:;,I.. H IIi HlO !I:J2 7::! Ii 16 l 24 n!i2 2.10 Iti 3u 0 932 30S 

t From hp",\ Jtr'r.1 I htll'h pI H. l!'~tltt ill~' n H"II 5lIt. 
: lh::rd ullntr4ll't fll ~;ltu:"Jtll' ~'jl, • 

I)I~Cl ~~I()\ 

The foregoing data emphasize the inadequacy of evaluating 
plant response entirely on the basis of the quantities of a con­
stituent added to a soil as compared with a consideration of the 
resultant status of the soil complex and soil solution following 
the incorporation of the added constituent. This is particularly 
the case in stUdies involving experimentally induced soil salinity. 
On addition of a salt that changes both the quantitative and 
qualitative content of dissolved cations in the soil solution the 
equilibrium distribution of the adsorbed ions and those in the 
soil solution will be shifted. Thus, the status of the whole soil 
in the various treatments of this experiment was something quite 
different from what might be expected from merely c1issolvin[.{ 
a specified quantity of a given salt in a volume of \vater equiva­
lent to that pre::,ent in the designated mass of soil. 

That it would be fallacious to interpret the observed plant 
responses as being conditioned by a given percentage of salt in 
lhe soil mass is obvious from the fore,~oing. This deficiency is 
not peculiar to this experiment. however, since virtual1y all 
studies of plant tolerance to soil salinity are similarly handicapped. 
Salt distribution in an irrigated saline soil is always exceed­
ingly \>ariable, since \vater cannot move into and through a sui! 
without transporting the solutes. Consequent to this phenome­
non, a sample taken in a saline soil might prove quite meaninQ'­
less as to indicating the soil salinity in the absorbing zone of the 
l'oots. Even though the sample were taken in what is normal1y 
regarded as the absorbing zone of thE) roots, it is quite possible 
that a pocket of soil c1irec.tly below the irrigation furrow \"oLIle! 
be much lower in salt and would therefore be the region of water 
absorption. Thus. the average stress upon the plant may nnt 
nead,\' approach what would be indicated by the average salt 
content of the soil in the absorbing root zone, because of the fact 
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that· water is primarily absorbed in regions of minimum salt 
content (6, 13). 

In order to evaluate the soil-moisture stress upon the plants • 
grown under the various degrees of salinity in these experiments, 
an involved mathematiclill method was developed to arrive at the 
rate of change in soil-moisture stress over the absorbing zone of 
the roots during an irrigation interval (26). The method permit­
ted taking into account variations in salt content with depth in 
the container of soil. Integration of the relation between mois­
ture stress and time permitted an evaluation of the average mois­
ture stress upon the roots during an irrigation Interval. The 
distribution of salt in a container was derived from the dllta in 
figure 5. These data, converted to osmotic-pressure values of the 
soil solution by means of the relationships in figure 7, are given 
in table 9. The average rates of change in moisture content per 
container of soil with time during an irrigation interval are shown 
in figures 9 to 12. The values for moisture content shown are 
those observed during the month of August. The corresponding 
rates of change in soil-moisture stress with time for the 14 ex­
perip1ental conditions also are shown in figures 9 to 12. 

1'ABLE 9.-Calculated osmotic pressure of the soll solution at 12 percellt moisture 

• 

("I. , 13' 2 ~~14 

("II , 160 :1.11 


186 . ~d.. 
189 ' ~,II 

jl 0 
218 

The typical rangf'S in moisture content and moisture stress 
observed in the high and the low moisture-tension regimes of the 
O-salt treatments are shown in figure 9, A. It is possible that the 
relatively small stress developed even in the OL treatment was 
effective in inhibiting growth of guayule. From figure 1 it may 
be seen that depleting the soil moisture to 14 percent would not 
have brought about much more than half an atmosphere of ten· 
sion. Table 9 shows that appreciable quantities of salines had 
accumulated in the O-salt cultures from the irrigation water; that 
is a major part of the moisture stress shown in figure 9, A, was 
d~e to osmotic pressure. On the basis of sand-culture studies (28) 
this osmotic pressure may have been sufficiently high to inhibit 
growth of guayule. • 

Plants grown under the OR treatment developed a high 
stress-20 atmospheres-before being irrigated. Yet these plants 
at no time showed evidence of wilting. The tension on the soH 
moisture at the permanent-wilting percentage as determined by 
sunflower plants has been found to vary from 10 to 25 atmos­
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pheres (4, 25). A xeromorphic species like guayule may stand even 

• higher tension values before showing evidence of wilting., The 
fact remains, however, that guayule made considerably poorer 
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FlGURE 9.-Rate of change in moisture content and moisture stress during 
an irrigation interval within (A) the control (O-salt) cultures and (E) 
cultures containing 0.1 percent NaC!. 
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growth on the OH than on the OL treatment. It is evident that 
the high diffusion-pressure deficit developed i.n the soil moisture 
during the last day of the irrigation interval of the OH series 
would effect an increase in diffusion-prEssure deficit within the 
tissue fluids of the plant. The development of such a stress would 
definitely inhibit growth processes (27). 

'l'he average ranges in moisture content and moIsture stress 
of the cultures containing 0.1 percent NaCl are shown in figure 
9, B. The maximum stress developed in the elL cultures was 
more than double that shown for OL treatment, even though the 
difference in growth response of the respective plants WRS not 
large. The maximum stress developed in the C1H cultures was 
only slightly greater than that shown for the OH treatment, yet 
the plants were only about half as large as those on soil to which 
no salt was added. A comparison of the stress-time curves for 
these two treatments shows that whereas this relationship is 
pronouncedly exponential in the OH cultures (fig. 9, A), it is 
nearly linear under the conditions of the .c1 H treatment (fig. 9, B). 
This means that over an irrigation interval the C1H plants were 
subjected to a stress of more than 10 atmospheres during half 
the time in comparison to being subjected to such a stress for only 
a few hours, as found for the OH cultures. 

The changes in moisture content and moisture stress in soil 
cultures containing 0.2 and 0.4 percent NaCl, respectively, are 
shown ill figure 10. The curves for stress-time in the high mois­
ture-tension regime are definitely convex upward, in marked 
contrast to the shape of the stress-time curve found for the OH 
treatment in figure 9, A. 

This change in shape of the stress-time curves with increas­
ing salt content of the substrate is considered to be of funda­
mental importance in the explanation of plant response to saline 
soils. Evidence indicates that a plant undergoes changes in its 
physiological status as the soil-moisture supply approaches the 
wilting percentage (10,11,29). The rate at which internal changes 
may take place with respect to rate of change of external stress 
will condition the characteristics of the plant response. For ex­
ample, owing to the hyperbolic nature of the moisture-sorption 
curve (fig. 1), the rate of change in external stress in a nOl1saline 
soil may be so rapid just above the w.nting percentage that 
physiological adjustments within the plant could hardly be ex­
pected to keep pace. Hence, the plant may develop the symptoms 
of wilting very suddenly. In a saline soil, it is evident from figure. 
10 that the rate of change in external stress may be low. Under 
such conditions the plant may be subject to a total soil-moisture 
stress that is equal to or in excess of the moisture tension at the 
wilting percentage for weeks at a time without the plant show­
ing symptoms of wilting. Recent unpublished observations at 
this laboratory have confirmed this. Plants exposed to such con­
ditions make practically no growth, the lower leaves abscise, but 
the conventional symptoms of wilting may not appear. 

This interpretation of the importance of the rate of change 
in moisture stress just above the wilting percentage upon the 
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FIGURE 10.-Rate of change in moisture content and moisture stress during 
an irrigation interval within cultures containing (A) 0.2 percent NaCl 
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expression of symptoms of wilting by the plant is undoubtedly 
related to the very wide range in the energy values of the soil 
moisture at the wilting percentage found by Richards and Weaver 
(19) for soil samples on which wilting-range determinations have 
been made by Furl' and Rep.ve (8). 

Figure 11 shows the rate of change in moisture content and 
moisture stress for the sulfate series of plants at both the low and 

http:r---------------------------------------------~------_.22


----

---

28 TECHNICAL BULLE'nN 925. U. S. DEPT. OF AGRICULTURE 

20~---------------------------------------------------,20

/
Ie 	 / 16 •

~ /MOISTURE / 
16 ~ CONTENT / 16 

~~ 	 / 
:-""", 	 / 

12 	 ................ ;/ 

........_--r/__ __ 


10 

/ / 
/ 

//~ 6 
......../ SOIL MOISTURE REGIME 

4--- LOW TENSION 
:::---:;;.-''----~OISTURE ---- HIGH TENSIONA -­

~,;;- STRESS 

OL-__~__-L__-L__~___L-__~__-L~ o 

20~---------------------------------------------------.20 

_16 16 
en 

IJ)o 
16 wzl6 a: 

wo '" a. 
_14 	 t4 ~ 

o 

•
oJ 

012 	 12 ~ 
IJ) 	 <! 

g,IO 

t-! 

" " a: 
·W 
a. 	 "'OIL MOISTURE REGIME 
a: --- LOW TENSIONw 

-.---- HIGH TENSION~ :P" 

" B :/"?" "\ MOISTURE 

?". '-STRESS 


?" 

~__~__-L__-L__~___L-__~__-L~O 

~__________________________________________________-,20 

16 	 IS 

16 	 16 

./14 	 14---- .// 

//~ 

12 -	 ~ 12 

........ 

10 	 ........ """" ---­ 10 


........ """" 

MOISTURE ,.,; ­6 
STRESS~h 

SOIL MOISTURE REGIME 6 
##uu 	 ---, lOW TENSION 

---- HIGH TENSION 4 

2 

o 
o 2 	 7 • 

FIGURE ll.-'-Rate of change in moisture content and moisture stress during 
an irrigation interval within cultures containing (A) 0.2 percent Na2S0." 
(B) 0.4 percent Na2S04, and (C) 0.8 percent Na2S04. 

http:20~---------------------------------------------------.20


29 GROWTH AND RUBBER ACCUl'tIULATION IN GUAYULE 

• 
high moisture-tension regimes. Owing to the previously men­
tioned chemical changes that took place in the soil to which 
Na2S0", was added, the shapes of the stress-time curves differ 
somewhat from those curves derived for treatments receiving 
comparable quantities of NaCl. Thus the time-stress curve for 
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of rubber in the millable bush. 

• 	 tb,e S2H cultures (fig. 11, A) was more similar to the curve de­
rived for the OH treatment (fig. 9, A) than for the C1H cultures 
(fig. 9, B). This, of course, is consistent with the observation that 
growth response on the S2H cultures was even slightly superior 
to that produced by the OH treatment and just about double the 
growth response observed under the C1H conditions. On the 
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other hand the trend of the stress-time curve for the SsH cultures 
(fig. 11, C) is quite similar to that observed ll1del' the CJH con­
ditions, and the growth response of the guayule under these two 
conditions is almost identical (table 1). 

It is possible to integrate the areas under the stress-time 
curves given in figures 9 to 11 and arrive at d18 average inte-. 
grated moisture stress for an irrigation interval by dividing by 
the duration in days of the irrigation interval f:!u). The average 
green weights of plants (tops) per treatment are plotted against 
the corresponding values for the average integrated moisture 
stre£s in figure 12, A. This relatively close relationship between 
average moisture stress and growth of guayule corroborates the 
findings of Wadleigh and Ayers (27) pertaining L::> a similar study 
in beans. It is further evidence that water availabiJity to plants 
is conditioned largely by the total specific free energy of the 
soil moisture rather than by the status of one or mon~ separate 
factors that affect the total free energy. The limitations of the 
method by which the average moisture stresses were calculated 
have been discussed by Wadleigh (26). In view of these limita­
tions, the closeness of the relationship observed in figure 12, 11, is 
considered noteworthy as an endorsement of this method of ap­
proach to the water relations of plants growing in saline soils. 

The observations on percentage of rubber in the millable bush 
are plotted against the respective observations for average soil­
moisture stress in figure 12, B. That the observation for treat­
ment SsL is completely out of line with the others is obvious. It 
was mentioned with reference to figure :3, A, that the percentage 
of rubber in the millable bush of treatment SsL was unexplain­
ably anomalous and may represent an analytical error. The 
writers believe that the lack of coherence of this point with tbe 
others does not seriously detract from the validity of the general 
trend shown in figure 12, B. 

It is evident that at the lower levels of moisture stress the 
percentage of rubber in the millable bush increased markedly 
with increase in stress. For example, the percentage of rubber 
in the OH plants was nearly double that of the OL plants. This 
is in line with the observations of Kellev and associates (] 2) that 
an increase in moisture stress increased the rubber content of 
guayule. In their work, however, increased moisture stress was 
induced largely by an increase in moisture tension, since they 
were working with a nons aline soil. That is, treatments OL and 
OR of this report approximate the range of moisture stress· cov­
ered in the studies of Kelley and others (12). 

It is evident from figure 12, B, that rubber percentage is in­
creased at the lower ranges of moisture stress, whether the stress' 
is induced by moisture tension or by osmotic forces in the soil 
solution. It is especially pertinent to emphasize that the r'esults 
of this experiment, as presented in figure 12, B. show that if the 
moisture stress becomes really high, owing to a combination of 
both high soil-moisture tension and appreciable quantities of 
solutes in the soil solution, the trend of the relation between rub­
ber percentage and moisture stress is reversed. These resuHs 
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suggest that the positive relationship between rubber percentage 
and moisture stress, as reported by Kelly and others f 12), is 
incomplete, inasmuch as it appears to hold for only the lower 
range of average moisture stresses. 

The writars belie"e it is physiologically valid to expect a 
marked decrease in rubber percentage at really high le\'els of 
moisture stress. Obviously, rubber is a derh'ative of the primary 
photosynthate of the plant. 

High moi::;ture stresses have been found to influence the ac­
cumulation of photosynthate in other species 12fJ. ;3-;,. Further­
more, it was iJbserved that when guayule plants were subjected 
to the higher levels of moisture stress studied, the lower Jea\'es 
of the plants died at an abnormally higher rate. This condition 
cut down on the photosynthetic surface of the plants. It would 
logically follow that conditions inhibiting the accumulation of 
primary photosynthetic reserves ,vould also inhibit the quantity 
of rubber synthesized. 

Sl ""AH" 

Guayule plants were grown in large containers holding 100 
pounds of a Panache loam in various cultures of which the salt 
content was established at 0, 0.1, 0.2, and 0.4 percent NaCI; and at 
0.2, 0.4, and 0.8 percent Na2S0.j. 

Three different conditions of the soil-moisture regime were 
superimposed on each of the seven different salt levels: 

1. Irrigated when only about 50 percent of the available water had 
been removed. lavailable water being taken as that present in the soil 
between the limits of the field capacity and the wilting percentage). 

2. Irrigated when nearly all of the available water had been removed. 
3. Irrigated according to schedule (1) du!'ing the first half of the 

experimental period and according to schedule (2) during the latter half. 

Each salt-moisture level was thrice replicated. 
Nursery-grown plants \...·ere transplanted to the soil contain­

ers on February :3 and han'ested on December 1, 194:3. 
Growth of the plants was inhibited by increased degree of 

depletion of the available soil moisture prior to irrigation. 
Increasingly larger quantities of NaCI in the soil were associ­

ated with a progressively greater decrease in plant growth within 
each soU-moisture regime. Additions of Na!!SO" were not associ­
ated with significant decreases in growth response unless in excess 
of 0.4 percent. 

At low soil-moisture tension the presence of salt in the soil 
tended to be associated with an increase in percentage of rubber 
in the mil1able bush. With moisture regimes involving high ten­
sion, increasing soil salinity was associated with marked de­
creases in rubber percentage. . 

In general, there was a marked decrease in yield of rubber 
per plant with increasing salinity and increased moisture tension, 
the main exception being an increase in rubber with the presence 
of a small quantity of salt at low moisture tension. 

Increasing soil salinity was associated with an increase in the 
quantity of irrigation water required to produce a given weight 
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of millable bush. Likewise, on an average, an increase in salinity 
necessitated a marked increase in the quantity of irrigation water 
per gram of rubber produced. 

Surface irrigation of the soil containers caused a marked 
downward movement of the added salt. 

Within a given irrigation regime, vegetative growth of the 
plants was closely associated with the specific conductance of 
the extract of the saturated soil from the surface horizon (upper 
5 inches). 

Analyses of the extracts of the saturated soils and of the 
displaced soil solutions showed that interactive effects had taken 
place between added solutes and the original soil components. 
Addition of NaCl to this Panoche loam resulted in a displacement 
of some of the calcium from the exchange complex by sodium. 
with the result that calcium made up as much as 50 percent of 
the cations in the soil solution. Addition of Na2S0.1' to this soil 
also resulted in the displacement of calcium by sodium in the 
exchange complex, and as a result solid. phase CaSO.1 of low 
solubility was formed. This chemical reaction caused a lower 
concentration of the sail solution than would be expected on the 
basis of the quantity of salt added. 

A close relation was noted between the specific conductance 
of the extract of the saturated soil (32 percent H 2 0) and that of 
the displaced soil solution obtained at 12 percent moisture. Owing 
to the effect of additional solid phase CaSO., coming into solution 
with dilution, the above relationship for the Na2S0.I-treated son 
differed from that of the soil receiving NaCl. A close relation 
existed between the specific conductance of the displaced soil 
solution and the osmotic pressure of this solution. 

The rate of change in the total soil-moisture stress (sum of 
moisture tension plus osmotic pressure of the soil solution) was 
determined for representative irrigation intervals for the various 
treatments. It was· found that the shape of the derived stress-time 
curves differed markedly, depending on the degree of salinity 
of the soil; and the specific shapes of the different curves bore a 
definite relation to the nature of plant response in the nonsaline 
and saline soils. 

The average moisture stress during an irrigation interval 
was determined. It was found that growth inhibition of guayule 
was closely related to the total moisture stress, regardless of 
whether this stress was due predominately to moisture tension 
or to osmotic pressure of the soil solution. 

The percentage of rubber in the millable bush was found to 
be closely related to the average moisture stress ever an irriga­
tion interval. This relationship was found to be mal~kecny positive 
over the lower ranges of moisture stress. It was immaterial to 
rubber accumulation whether this moisture stress was induced 
by tension or b~T osmotic pressure. The curve for this relation, 
however, showed a decided maximum. Average moisture stresses 
exceeding 6 atmospheres were progressively deleterious to rub­
ber accumulation. 
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