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ABSTRACT 

Root growth responds to alterations in timing and dis- 
tribution of irrigation. In order to better understand 
crop response to irrigation regime, basic information is 
needed on the response of root growth, and in particular, 
root distribution, to differences of irrigation frequency. 
The lysimeter experiments reported here were designed 
to observe the growth of sorghum roots under conditions 
where soil temperature and bulk density were nearly 
invariant in time and over soil depth. 

Grain sorghum (Sorghum bicolor (L.) Moench) was 
grown on Pachappa sandy loam soil (mixed thermic, 
coarse loamy, mollic Haploxeralf) in lysimeters with arti- 
ficial lighting. Three irrigation frequencies were used. 
Soil strength was measured with a constant rate pene- 
trometer on undisturbed cores from the lysimeters. Root 
length density was measured on soil samples taken five 
times during 76 to 79-day growth periods. The rela- 
tion between penetrometer soil strength (PSS) and 
matric potential ($) was PSS = 3.717 - 21.52 $ (PSS in 
kg.anP, + in bars), and for + < -0.54 bar, PSS = 19.77 + 16.63 log,, (-+). PSS, averaged over 12 to 14 day 
periods, differed by up to 20 kg.cnr2 from the upper to 
lower part of the profile in the least frequently irrigated 
treatment, in which part of the profile dried to -10 
bars or less. In  contrast, PSS variation with depth was 
no more than 2 kg.cnr2 under daily irrigation. While root 
penetration was as deep in the profile in all three treat- 
ments, root length density (cm . was proportionally 
less in the upper profile of the less frequently irrigated 
treatments. The centroids of root length density profiles 
were located at  a 10 to 15 cm higher depth under daily 
irrigation than under the least frequently irrigated treat- 
ment. Root length and dry weight yield were 20% to 30% 
higher under daily than under intermittent irrigation. 

The difference between growth in the least frequently 
irrigated treatment and that in the daily-irrigated at 
given depths correlated significantly with average PSS 
and logaveraged matric potential. Within a given treat- 
ment there were almost no significant correlations be- 
tween percentages of root growth at various depths and 
average PSS or log-averaged matric potential. The rela- 
tion between root growth and soil depth itself apparently 
obscurred these relations. I t  is concluded that PSS mea- 
surements, along with measurements of water, salt, and 
0, status, will prove useful for interpreting the response of 
root growth to alteration of irrigation regime. 

Additional index worh:  Soil strength, Penetrometer, 
Root length, Soil matric potential. 

REQUENT, light irrigations maintain a higher F average soil water content than if the same amount 
of water is applied infrequently (18). This higher 
soil water content will influence rooting distribution. 
Previous studies (12, 13, 19, 25) have shown that ir- 
rigation generally causes roots to be distributed closer 
to the soil surface than under dryland or drought con- 
ditions. Also, a greater degree of soil drying between 
irrigations increases the density of tertiary roots (25) 
in a number of crop species. Roots of nonirrigated 
lettuce had larger average diameters under nonirri- 
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gated conditions than in well watered controls (19). 
Weaver (25) found that high water contents near the 
surface under irrigation do not prevent root penetra- 
tion to lower soil depths if these are as wet as under 
dryland conditions. That  is, root distribution, but not 
depth of penetiation, was affected by irrigation under 
these conditions. 

In most of these studies, it was not possible to dis- 
tinguish which of several physical factors moderated 
by soil-water content was mainly determining rooting 
distribution. Some of the factors suggested as pre- 
dominating were 02 deficiency (13), critically low hy- 
draulic conductivity (IZ), and increased soil strength 

Numerous soil factors will affect root growth and 
distribution. Most of these factors in turn are mod- 
erated by soil water content as controlled by irrigation. 
One of the prominent physical factors is soil strength. 

Soil strength, as measured by resistance to probe 
pevtration (penetrometer soil strength or PSS), is 
mainly a function of soil matric potential and bulk 
density for a given soil. By observing seedling root 
growth in disturbed soils packed to different bulk den- 
sities and equilibrated to different water contents, the 
effect of soil strength may be distinguished from ithat 
of niatric potential by statistical analysis. A number 
of seedling studies showed that root extension rate (3, 
5, 22) or capacity to penetrate soil cores (23) was well 
correlated with PSS, but only poorly or not at all with 
matric potential. Where a sufficient part of the root 
system is at soil matric potentials low enough to in- 
duce significant water stress (4, lo), root extension 
rate becomes more influenced by matric potential. 
High correlation between seedling root extension *ate 
and PSS as opposed to low correlation with matric 
potential apparently depends on the tendency of sced- 
ling osmotic potential to decrease with decreasing soil 
matric potential (5) (with pea seedlings). In  the ex- 
periment of Greacen and Oh (5) ,  root growth did not 
respond to matric potential per se until soil was di-ied 
to --5 bars. In another study (22), growth did not 
respond to matric potential until -7 to -12 bars was 
reached. Greacen and Oh ( 5 )  offer evidence that root 
extension rate is linearly related to PSS because of a 
linear relationship between net stress on root cell walls 
and extension rate. 

Of course, many other factors besides PSS affect root 
distribution. Most root systems proliferate as an in- 
verse function of soil depth, for inherent reasons 
analyzed by Hacket (7). A list of often encountered 
factors would include ionic and nutrient concentra- 
tion. temperature, 02-availability, and possibly, matric 
potential acting “locally” as distinguished from its 
whole-plant effect through water stress. If temp’era- 
ture. bulk density, ionic composition and Oravail- 
ability are made constant over soil depth, then water 
content, matric potential, and PSS - all closely inter- 
related - should become the predominant soil factors 
affecting root distribution. 

(19). 
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The experiments reported here were designed to 
test the influence of irrigation frequency upon crop 
root growth under ’Oil temperature in dis- 
turbed, uniformly packed, and well drained soil. In  
this way, it was anticipated that the influence of matric 
potential and pss would become relatively unob- 
scured by other factors. 

Tensiometer and soil psychrometer measurements of matric 
potential were taken daily at  eight soil depths. The  psychro- 
meters were read when matric potential dropped below -0.5 
bars. Errors created by assuming that total potentials were 
equivalent to matric potentials appeared to be no greater than 
general measurement errors involved in soil psychrometer use. 
Water content was measured in the lysimeters with a gamma 
attenuation system using two access tubes (Troxler Model 2376 
Two-Probe Density Gauge‘). 

Undisturbed soil samples were taken through precut holes in 
the sides of the lysimeters four times during the growth period 
and at  the end of each experiment. These samples were 160 METHODS AND MATERIALS 

Three dwarf grain sorghum plants (Sorghum bicolor (L.) 
Moench., cultivar Pioneer 887) were grown in each of three 
lysimeters under artificial lighting at  20,500 to 24,800 lux of 
illuminance with an irradiance of 160 watt/m2 at  21,500 lux. 
Lights were on 12 hours each day. The  lysimeters were mounted 
on wheels, and were periodically moved about the growth 
room to avoid a position effect. Room temperature was con- 
trolled at  25 to 26 C. Each lysimeter was filled with 155 liters 
of Pachappa sandy loam (mixed, thermic, mollic Haploxeralf) 
to a depth of 108 cm (for a surface area of 1,435 cmz). The  
soil was screened to a maximum size of 2.5 mm and packed to 
an average bulk density of 1.52 g/cms in 4 cm increments. Plants 
were grown for 76 to 79 days after seeding and were kept in 
a vegetative state by excision of panicles. 

For more detailed information on methods see MerrilLa 
Aluminum foil covering the sides and the insulation pro- 

vided by 1.9-cm thick plywood walls of the lysimeters held soil 
temperature tn a range of 25k1 C. Also, plastic covers with 
aluminum foil covering them were installed over the surface of 
the lysimeters (with spaces left for gaseous exchange) 10 days 
after seeding, and remained throughout the experiments. T o  
simulate normal evaporation from an unshaded soil, air was 
blown under the soil covers from 10 to approximately 30 days 
after seeding. One to 2 mm of soil water per day was evap- 
orated this way. 

A different irrigation treatment was imposed on each of the 
three lysimeters: 1) irrigation daily; 2) the first irrigation when 
soil matric potential at  thc 25-cm depth reached -0.5 bar, 
with subsequent irrigations when matric potential at  the 40-cm 
depth reached -0.5 bar (according to a tensiometer reading); 
and 3) the first irrigation when the matric potential at  the 
25-cm depth reached -5 bar (according to a soil psychrometer 
reading), with subsequent irrigation when matric potential at  
the 40-cm depth reached -10 bars. These treatments are labeled 
“daily,” “-0.5 bar,” and “-5, -10 bar.” The  daily irrigated 
treatment was managed to achieve approximately 20% leaching. 
At each irrigation, the other two treatments received the same 
quantity of water as applied to the daily treatment during 
the intervening period. The  salinity of the irrigation water was 
low, 0.4 meq/liter of common soil cations (Caz+, Na+, Mg“, K+) 
primarily balanced with nitrate, but also containing SO?-, 
HC0,-, and C1-. Water was drained from the lysimeters through 
porous, ceramic utbes maintained at  a suction of 240 cm H,O. 
Irrigation water was applied at  a rate of 8 cm/day to the soil 
surface through lengths of small diameter, plastic tubing a t  
four points, achieving uniform wetting below the 5 cm depth. 
Soil in the lysimeters was thoroughly leached before seeding. 

Leaf area reached about 40y0 of its full value at  40 days 
after seeding. Transpiration rates from 40 to about 60 days after 
seeding were 0.81, 1.00, and 1.44 cm/day for the -5, -10 bar, 
-0.5 bar, and daily treatments, respectively. (These transpira- 
tion rates are average values calculated from irrigation and 
drainage volumes, matric potentials and the in situ soil water 
characteristic curve.) After 40 days from seeding, the leaching 
fractions from these same treatments averaged 0.29, 0.22, and 
0.15. 

The  entire experiment was conducted twice, with the only 
advertent difference being that tillers were allowed to grow 
freely in Experiment 1 but were excised as they appeared in 
Experiment 2. 

Merrill, S .  D. 1976 Distribution and growth of sorghum 
roots in response to irrigation frequency. Ph.D. dissertation, 
Univ. of California at  Riverside. 
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cm3 in volume and included material from 0.5 to’ 7.5 cm from 
the lysimeter walls. Twelve samples were taken a t  12 different 
depths from a lysimeter in a narrow bertical zone along one 
wall at  each sampling date. This soil was replaced and subse- 
quent samples were not taken from the same site. At each sam- 
pling date, about 1% of the soil volume was lost. This repre- 
sented a 6% pruning of the root system on the basis of a hori- 
zontal cross-section. 

Penetrometer soil strength was measured on the soil samples, 
(subsequently used for root length measurements) while they 
were confined in brass cylinders. Three steel probes, mounted 
in a metal disk in a triangular pattern, were forced into the 
soil by a motor-driven screw at a constant rate of 19 cm/hour. 
Probe diameters were 3.2 mm and probe heads were conical, 
with a 60” total angle. A digital load-cell balance with negligi- 
ble vertical displacement was used for force measurement. 

After PSS measurements, roots in the soil samples were re- 
covered by washing out the soil with a gentle stream of water. 
Root length, estimated by a modification of Newman’s (17) 
line-intercept technique, ranged from 2 to 40 m per sample. 
Root samples were cut into segments no longer than 2 cm and 
dispersed in a shallow depth of water in a clear plastic pan, 
which had a grid of lines etched in the bottom surface. This 
pan was placed on an overhead projector and intersections be- 
tween roots and etched lines were counted from images pro- 
jected onto a screen. Alternatively, line intersections on some 
of the samples were counted directly in the plastic pan. The  
pan had an area of 444 cm2 and intersections were counted 
along eight vertical and eight horizontal lines (337 cm of line 
length in total). In addition to measuiements on samples, root 
growth was also observed in situ through transparent ports in 
one of the walls of each lysimeter (15). 

Leaf areas were estimated from the product of leaf length 
and width measurements referred to a calibration curve. The  
curve was based on areas measured directly with an optical 
leaf area meter (Lambda Instruments, Model LI-3000). Dry 
weight of plant parts was determined a t  the end of each experi- 
ment. 

Leaf water potential was measured with two techniques: by 
thermocouple psychrometers on 1 -cm-diameter punched-out leaf 
disks held in a constant temperature water bath (11) and by 
a pressure chamber (Soil Moisture Equipment Co., Model 3005). 
Strips, approximately 0.5 to 0.7 cm wide and 10 to 20 cm long, 
torn from the edges of the distal thirds of the sorghum leaves, 
were placed in the pressure chamber after wrapping them in 
moistened (but well-blotted) facial tissue. 

Information on possible 0, deficiency a t  higher water con- 
tents in the lysimeter soil was obtained by two techniques. 
A) Using a Lorenco Model 15B gas chromatograph, the relative 
amounts of O,, COS, and N, in 0.5 cm3 soil air samples were 
determined. The  samples were drawn from septum-sealed air 
collectors buried in lysimeters. (B) The  rates of coleoptile and 
radical extension were monitored on sorghum seedlings germ- 
inated in 12 cm diameter by 5 cm soil cores brought to various 
water contents from 0.28 to 0.40 ~ m ~ . c m - ~  by subirrigation. The  
soil was conditioned to make it as similar as possible in physical 
properties to that in the lysimeters. 

RESULTS AND DISCUSSION 

Root and Shoot Growth 
The root and shoot growth data should be viewed 

in the context of soil physical and chemical conditions 
engendered by the irrigation treatments. The  varia- 
tion of soil conditions in the lysimeters over depth and 
time is approximately summarized by the time courses 
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Fig. I. Matric potentials at four depths during Experiment 2. 
Arrows indicate sampling dates. 

of matric potential shown in Fig. 1. Because the pat- 
terns were very similar in Exp. 1 and 2, only data for 
the later experiment are shown. The arrows along the 
abscissae of Fig. 1 indicate times when soil samples 
were taken for root length and PSS measurements. 

Profiles of root length density (RLD, ~ m . c m - ~ )  for 
the experiments are shown in Fig. 2. Each of the verti- 
cal line segments represents the average of two mea- 
surements. Coefficients of variation for individual 
measurements were estimated to be 14% and 12% at 
RLD values of 4 and 8 ~ m . c m - ~ ,  respectively (15). 

In general, the rooting profiles show that a greater 
proportion of root growth occurred in the upper half 
of the soil in the daily irrigated treatment than is the 
case with the less frequently irrigated treatments. 
This result is shown quantitatively by the centroid 
depths of RLD profiles given in Table 1. Except in 
one instance (at 77 to 80 days after seeding, Exp. l), 
the centroid depths were greater for decreasing ir- 
rigation frequency. And also, with the same excep- 

Tablle 1. Depths of centroids of root length density profiles. 
Total soil deDth was 108 cm. 

Treatments and experiment no. 

Sampling -5,- 10 bar -0.5 bar Daily 
dates (days 

after seeding 1 2 1 2 1 2 

---. 
25-26 - 54.4 -- 45.0 - 3'7.3 
37-40 58.2 58.7 39.7 40.0 39.0 3'7.7 
50-53 49.4 49.5 47.9 47.4 42.3 40.8 
61-67 50.8 51.9 48.1 46.1 41.3 4'2.5 
77-80 44.3 52.5 48.4 49.3 40.0 4:2.5 

Table 2. Measures of shoot and root growth. 
Treatment 

Days after Exp. 
Measure seeding no. -5.10 bar -0.5 bar Daily 

Shoot dry wt., 77-807 1 89.8 89.9 119.77 
glplant 2 56.1 78.4 93.2 

Root dry wt., 77-80 1 22.7 19.3 27.9 
g/plant 2 20.4 21.3 19.5 

Root length. 50-53 1 1.73 2.32 2.89 
kdplant 2 1.66 1.72 3.62 

Root length, 71-80 1 4.45 4.03 5.62 
kmlplant 2 3.48 3.99 4.80 

Leaf areat 50-53 2 38.4 43.8 161.6 
dmllplant 

Leaf area 71-80 2 44.7 53.0 B6.4 
dm'lplant 

t Experiments were terminated 77 to 80 days after seeding. In  EX^. 2, 
tiller:.i were removed as they appeared. $ Cumulative leaf area; 
functional area was less due to senescence. 

tion, centroid depths for the same treatments in the 
two experiments were within 2.5 cm of each other giv- 
ing an indication of satisfactory reproducibility of 
resu 1 ts. 

The results shown in Fig. 2 also indicate that 'root 
penetration to the bottom of the 108 cm deep profile 
occurred as early in the growth period for the daily- 
irrigated plants as it did with the less frequently irri- 
gated treatments. In general, root length density was 
as high or higher in the bottom of the profile of daily- 
irrigated lysimeters as for the other treatments. 

In interpreting the RLD profiles, the question arises 
as to how much of the increase of density at each suc- 
ceeding sampling date is root growth alone or how 
much is the result of growth overcoming root decay 
and disappearance. In the system studied here, root 
disappearance is apparently a small componenc of 
RLI) increases. Individual roots were observed over 
a 1!1 day period through polyethylene-covered ports 
instdled in all 3 treatments (15). No roots were :,een 
to disappear, although color changes were noted on 
larger roots. Physical persistance of roots was apparent- 
ly  some multiple of 19 days. Also, the method used 
for separating soil from roots was gentle enough so 
that fine roots of older age with collapsed codices 
were observed and included in root length measure- 
men ts. 

Distribution of root growth as affected by irriga- 
tion treatments should be considered in the context 
of ireatment effects upon overall root and shoot 
growth. Data showing various indeces of root and 
shoot growth is shown in Table 2. The least-frequently 
irrigated treatment showed 25y0 and 40y0 less shoot 
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Fig. 2. Root length density profiles for both experiments. 

dry weight than the daily-irrigated plants for Experi- 
ments 1 and 2, respectively. Root lengths at the ends 
of the experiments were 21y0 and 28% less in the -5, 
-10 bar treatment than for the daily-irrigated treat- 
ments, Experiments 1 and 2. 

Mengel and Barber (14) observed a considerable 
decline of root growth after heading in corn, with net 
loss of root length. Panicles were excised in our ex- 
periment to prevent this effect, which would occur in 
sorghum. Data on Fig. 2 show either no loss of over- 
all root length between heading, at 66-67 days after 
seeding, and the ends of the experiments, or consider- 
able gain in the case of the -5, -10 bar treatment. 

Plant water stress has often been reported to affect 
root and shoot growth differentially, with greater water 
stress decreasing the ratio of shoot to root growth 
(24). Daytime leaf water potential shown in Fig. 3 in- 
dicates no significant difference in plant water stress 
between the daily-irrigated and -0.5 bar treatments 
insofar as it is detectable with these data. However, a 
sizable decrease in leaf water potential occurred as 
the end of the second irrigation cycle of the -5, -10 
bar treatment was approached. Data for Exp. 1 are 
shown in Fig. 3; leaf water potential patterns were 
very similar for Exp. 2. Considerable leaf rolling and 
color change accompanied the significant decrease of 
leaf water potential. 

Ratios of shoot to root dry weight were inconsistent 
with different treatments showing the highest ratio 
in the two experiments. The ratios of leaf area to 

root length at various times after seeding in Exp. 2 
were highest in one or another of the less frequently 
irrigated treatments. This was in contrast to the re- 
sult that would be expected from cases reported in 
the literature (24). 

Soil Environment as Affected by Irrigation 

In order to explain the root distribution results 
shown here, factors of soil environment which are af- 
fected by irrigation and which are known to affect 
root distribution are examined systematically. 

Temperature. The maximum temperature differ- 
ence between any one soil depth and any other while 
soil covers were in place on the lysimeters was 1.5 C. 
Differences among lysimeters were within 1 C .  Tem- 
perature did not appear to play a role in treatment 
differences here. 

Soil Aeration. The well-drained sandy loam soil 
used in the lysimeters wouId ordinarily not be ex- 
pected to display indications of insufficient soil aera- 
tion, such as signilicantly decreased O2 content of soil 
air or low air-filled porosity (21). However, water 
contents above the so-called “field capacity” level per- 
sisted in the daily irrigated treatment. Measurements 
of soil oxygen content from this treatment showed 
levels only slightly below atmospheric (18.7% at low- 
est), no indication of a significant aeration effect (21). 
Tests with sorghum seedlings in this soil showed that 
water contents in excess of 0.36 to 0.38 ~ m ~ . c m - ~ ,  cor- 
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Fig. 3. Leaf-water potential as a function of days after seeding; matric potential at the 40 un depth is shown on the same time wale. 

responding to matric potentials of -50 to -30 mbar, 
were detrimental to growth. Water contents this high 
or higher were achieved in the upper soil profile dur- 
ing application of irrigation water to the lysimeters. 
However, irrigation applications were not allowed 
to continue without interruption for more than y2 
day, whereas tests with seedlings occurred under con- 
tinuously maintained water contents. Altogether, 
lack of sufficient soil aeration does not appear to be a 
causative factor in root distribution results. 

Nutr ien t  and Salt Concentrations. Spatial variation 
in the concentration of inorganic nitrogen can affect 
root distribution (2, 6). Nitrate, supplied in irrigation 
water, was present throughout the soil in concentra- 
tions greater than 1 mM until 42 to 44 days after seed- 
ing. After that time, plant uptake of nitrogen resulted 
in a 10-fold or greater variation in NO3-concentration, 
from 2 mM in the irrigation water to approximately 
0.1 mM in leachate. The  timing of NO3- concentra- 
tion changes were nearly the same in all treatments. 
Thus, if spatial variation of NO3- was responsible for 
any root distribution effect, it should have been similar 
in each treatment. As for general salinity, the osmotic 
potential of soil solution could not have been lower 
than -?,$ bar in the bottom soil of any treatment; this 
level would not be expected to decrease sorghum root 
growth. The  minimum osmotic potential value esti- 
mated is based on electrical conductivity of water 
leaching from the lysimeters. 

Matric Potential and Penetrometer Soil Strength. 
T h e  PSS is a definite function of matric potential, and 
this relationship must be taken into account when 
PSS measurements are used to study the effects of till- 
age (1) or of soil compaction (9) upon root distribu- 
tion, PSS is also a function of bulk density, but ithis 
was not a factor in the present study as the bulk d.en- 
sity .was made uniform by careful soil packing. Thus, 
we are left by a process of elimination with the F'SS- 
matric potential relation per se as a factor that must 
be closely examined. 

The  results of penetrometer measurements made on 
confined samples from the lysimeters are shown in 
Fig. 4. Over the tensiometer range, a linear relation- 
ship between PSS and matric potential exists. Figure 
2B shows that PSS increases only slowly as matric po- 
tential decreases below -1 bar. Mirreh and Ketcheson 
(16) also give data for PSS-matric potential relations 
below -1  bar. The  data plotted as open circles in Fig. 
4B (included in curve 111) are for soil cores that either 
cracked or were suspected of cracking during penetra- 
tion. For analyses discussed below, PSS values were 
calculated from daily matric potential values by the 
regression relations: 

I. PSS (kg cm+) = 3.717 - 21.52+ (+ in bars), 
- 0.537 < $ < 0, R2 = 0.914; 

PSS = 19.77 + 16.63 loglo 11. (-$), + < -0.537, 
R2 = 0.858. 
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Fig. 4. Relation between penetrometer soil strength (PSS) and 
matric potential. 

Regression relation I11 was not considered useful for 
further analyses as very little cracking was observed in 
the lysimeter soils when the walls were opened at the 
ends of the experiment. 

In  order to summarize soil physical conditions, the 
profile was divided into six depth zones corresponding 
to those shown for RLD data in Fig. 2. Daily matric 
potential measurements and PSS values inferred from 
them by regression relations were averaged over time 
intervals defined by sampling dates (Fig. 1) for each 
zone. Of the six values for each time interval, the 
maximum, the minimum, and the difference between 
them are shown in Table 4 (for Exp. 2 only; data 
for Exp. 1 showed a very similar pattern). Because 
matric potential from the two less-frequently irrigated 
treatments ranged over several orders of magnitude in 
some time intervals, logarithmic averages of matric 
potential were taken. 

The  variation of matric potential and PSS over soil 
depth was minimal for the daily-irrigated treatment. 
For the -5, -10 bar treatment, the two time intervals 
that did not include irrigation showed a difference 
between maximum and minimum average PSS of 21.3 
and 15.6 kg.crnw2. The  comparable values for Exp. 
1 were 21.5 and 16.9 kg.cm-2. All of the time in- 
tervals between samplings in the -0.5 bar treatment, 
with the exception of one in Exp. 1, included irriga- 
tion. Because of this, and because the soil was allowed 
to dry only to -0.5 bar at the 25 or 40 cm depth, the 
maximum average difference in PSS over depth was 
9.8 kg.cm-2. 

Analysis of Root Length Data 

In  the -5, -10 bar treatment, average PSS values 
of 29.4 to 34.0 kg.cm-2 occurred in the upper depth 
zone (0 to 19.5 cm) during time intervals without irri- 
gation. According to experiments with seedlings or 
young plants reported by Taylor et al. (23), Cock- 
croft et al. (3) and Taylor and Ratlift (22), these 
levels of PSS produced 70y0 to loo’% decrease of root 
elongation rates or of roots’ ability to penetrate soil 
cores. During the time intervals without irrigation, 
24% of the root growth occurred in the upper part 
of the profile (above 36 cm) in the -5, -10 bar treat- 
ments. In  contrast, 49% of the root growth occurred 
above 36 cm depth in the daily-irrigated lysimeters. 
Clearly, there was considerable constraint upon root 
growth in the -5, -10 treatment. 

However, there were no  statistically significant de- 
creases of RLD in the -5,  -10 bar treatments during 
any time interval. This contrasts to the experience of 
Klepper et al. (12) with cotton growing in loamy sand, 
where loss of RLD was observed in soil regons drying 
to matric potentials less than -1 bar. Sivakumar et 
al. (20) reported decline of soybean root length in 
depth zones of a loam soil where matric potential were 
less than -2 bars. The  observation of physical per- 
sistence of roots in the system studied here has been 
previously noted. 

What is the quantitative relation between average 
PSS or matric potential and root growth in the lysi- 
meters? In  order to use root growth values (differences 
in RLD values) from different plant growth stages in 
correlations, we reduced the values to percentages of 
total growth occurring during a time interval in each 
of six soil depth zones. The  results of correlations 
between these relative root growth values (YoGi) and 
averaged PSS or log-average matric potential are shown 
in Table 4. With one exception, the correlations are 
statistically insignificant. 

The  difficulty here is that root growth is a function 
of depth per se, an inherent characteristic of most root 
systems (7). As the data were not suitable for multi- 
ple regression, another procedure was used to approxi- 
mately remove its influence. The  variation of PSS 
or matric potential with depth and time was relatively 
minimal in the daily-irrigated treatment (Table 3). 
Thus, the YoGi values from this treatment were aver- 
aged for four time intervals and the two experiments 
to arrive at “base” root growth values (YoGDi). Then 
the differences in growth between the less-frequently 
irrigated treatments and the “base” root growth values 
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Table 3. Matric potentials and penetrometer soil strengths (PSS) inferred from them, averaged over sampling intervals. Of the averages 
for 6 depth zones. Only the maximum and the minimum are shown. Matric potentials are logarithmic averages of daily values, while 
PSS values were calculated from daily matric potential measurements by regression equations before averaging. All data is from 
Exp. 2. 

Depths of max. and miri .  
PSS averagesf 

(days after seeding) Max. avg. Min.avg. Difference Max. avg. Min. avg. Difference Of max. Of min. 

Log. avg. matric potential PSS inferred from daily matric potentials 
Time interval 

bars kg cm-‘ cm-- 
- 5, - 10 bar treatmeg. 

26-40 - 0.34 -5.91 5.57 11.3 32.6 21.3 10 98 
40-53 -0.22 -0.39 0.17 11.2 14.4 3.2 79 28 
55-66 -0.46 -3.83 3.37 13.8 29.4 15.6 10 98 
66-78 -0.15 -0.37 0.22 9.4 14.5 5.1 98 10 

-0.5 bar treatment 
25-39 -0.18 -0.71 0.53 7.7 17.5 9.8 10 61 
39-53 -0.17 -0.32 0.15 7.7 13.2 5.5 10 61 
53-66 -0.14 -0.24 0.10 7.4 11.5 4.1 10 79 
66-77 -0.13 -0.18 0.05 7.1 9.2 2.1 10 61 

Daily treatment 

39-53 -0.10 -0.16 0.06 5.9 7.2 1.3 98 28 
53-67 -0.10 -0.14 0.04 5.9 6.7 0.8 98 44 
67-78 -0.10 -0.15 0.04 5.9 6.8 0.9 98 28 

t Midpoints of the depth zones are shown. The six zones were: (1) 0 to 19.5 cm. (21 19.5 to 36 cm, (3) 36 to 52.5 cm, (4) 52.5 to 70 cm, (5) 70 to 87.5 cm (6) 87.5 to 
108 cm. 

26-39 -0.14 -0.22 0.08 6.9 8.5 1.6 , 98 10 

Table 4. Correlation between root growth and soil physical con- 
ditions. The Y variable was either percentage of root growth in 
soil depth zone during a time interval (% Gi) or the difference 
between average ’70 root growth in the dailEirrigated treat- 
ment and 90 growth in another treatment (% G D ~  - % G). The 
X variable was either average penetrometer soil strength 
(PSSi) or lopaveraged matric potential (MPi). 

Drain. t Signif- 
Treatment Y v s x  or all r icance 

- 5, - 10 bar 
-5, -10 bar 
-0.5 bar 
Daily 

-5. -1Obar 
- 0.5 bar 
Daily 

% Gi vs. PSSi 

-5. - lobar  % G ~ v s . M P ~  

Drain -0.325 n.s. 
all -0.226 n.s. 
all +0.221 n.s. 
all -0.089 n.s. 

all +0.153 n.s. 

all +0.100 n.s. 

drain +0.197 n.s. 

all -0.295 <5% 

-5, - 10 bar % G D ~  - % Gi vs PSSi drain -0.691 < 1% 
all -0.469 < l% 
all -0.216 n.s. 

-5, -1Obar 
-0.5 bar 
-5 , - lobar  % G ~ i - % G v s M p i  drain +0.595 <1% 
-5, -10 bar all +0.493 ~ 1 %  
- 0.5 bar all +0.042 n.s. 

t “Drain” indicates that only data for time intervals that did not include 
irrigation was used. n = 24 for these correlations. “all” indicates all data 
from the treatment was used with n = 48. $ Indicates the proba- 
bility that a correlation coefficient as  large or larger than the value ob- 
tained was due to chance alone. 

of the daily-irrigated treatment (yoGDi - %Gi) were 
correlated with physical values, also shown in Table 
4. Starting at the top of the profile, the yoGDi values 
were: 32.9%, 21.5%, 15.9%, 12.9% 7.9%, 7.0%. 

Highest correlations were obtained for the time in- 
tervals of the -5, -10 bar treatment which did not 
include irrigation. For the -0.5 bar treatment, the 
correlations were not significant. Correlation coeffi- 
cients for average PSS and log-averaged matric poten- 
tial were comparable. T h e  approximate equivalence 
of correlations with PSS and matric potential is prob- 
ably the result of two widely found circumstances (1) 

the linear relationship between PSS and matric po- 
tential over much of the range of plant-available wa- 
ter and (2) the linear relationship between water con- 
tent and log of (negative) matric potential, found 
over much of at least the upper part of the range of 
available soil water. 

Results of seedling experiments were cited in the 
introduction, showing that root extension rate is di- 
recty related to PSS per se and not to matric poten- 
tial unless it drops below values of -5 to -10 hars. 
I t  seems reasonable to assume that these cited results 
apply to the system here. Significant differences of 
plant water potential between the treatments were 
observed only during one time interval in the -5, -10 
bar treatment. Considering data presented here and 
information in the literature, the direct impedance of 
root extension rate appears to be the predominant 
factor mediating the root distribution effects of irri- 
gation frequency in the system studied here. In  gen- 
eral, soil matric potential appears to affect the whole 
plant while PSS, which may also have a whole plant 
effect, acts locally, to alter root distribution. 

PSS has been cited as a factor to account for root 
distribution responses to traffic compaction (9) or 
pedogenic features (1, 8). We present evidence here 
that PSS measurements should be useful in under- 
standing and predicting differences or changes in root 
growth patterns accompanying differences of irrigation 
timing patterns. Root systems exhibit great plastitity, 
as is observed in the dramatic shifts in tree feeder-1oot 
growth upon changing from flood to trickle irrigation 
(26). While alteration of ionic flows and distribution 
and of soil 0, availability often accompany such 
changes, the simultaneous monitoring of matric po- 
tentxal and PSS seems equally important in untler- 
standing the influence of irrigation pattern upon the 
rooting medium. Finally, the data presented here sup- 
ports the idea that when temperature, nutrient, ionic, 
s t m  tural, and 02-availability factors are rendered 
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relatively constant through the soil environment, by
natural circumstance or cultural practice, the PSS-
matric potential relationship remains as a relatively
irremovable, base factor that will impose a constraint
upon root growth distribution.
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