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Abstract. The effects of water stress on growth and water relations of loblolly and white
pine seedlings were studied during series of drying cycles. As mean soil water potential
decreased, growth of roots, needles, and buds decreased. Growth of roots during successive
severe drying cycles was not uniform, however. A study of needle and root extension showed
that of the total growth of roots for 3 7-day dryving cycles, only 6 % occurred during the third
cycle, while needle extension was uniform for the 3 cycles. The difference in response of
needles and roots to drying cycles may be attributed primarily to the effect of water stress on
the growing region. When subjected to a severe stress, roots matured toward the tip and
became dormant, resulting in less growth during subsequent drying cycles. The intercalary
growing region of needles, however, was not altered seriously enough by the stress to cause
a difference in amount of growth during each drying cycle.

Transpiration of loblolly pine was lower in the second drying cycle than in the first.
Needle water potential after rewatering was as high as that of control plants watered daily;
root resistance was apparently not important in restricting transpiration during a second drying
cycle. Needle diffusion resistance of loblolly pine, measured with a low-resistance diffusion
porometer, was slightly higher during the second drying cycle than during the first. In addition,
many primary needles were killed during the first period of stress. These factors contributed
to the reduction of transpiration during the second drying cycle. Diffusion resistance of Coleus
increased and transpiration ceased during the first drying cycle while water potential remained
relatively high. After rewatering, both leaf resistance and transpiration returned to the control
level, presumably because the stress during the first period of drying was not severe. The
diffusion resistances observed for well-watered plants were 30 to 50 sececm™ for loblolly pine,

3 to 5 sececm™ for Coleus, and 4 to 6 sececm™! for tomato.

those reported by other workers.

This paper reports the results of studies of the
effects of variation in water potential on the root
and shoot growth of pine seedlings and of the water
relations of plants during successive drying cycles.
Although many studies have been made of factors
affecting root growth (7), few attempts have been
made to study the quantitative relationships between
soil water potential and root elongation. Newman
(13) found that flax roots at various depths in the
soil responded to the soil water potential at 'those
depths. Parmar and Moore (18) studied germina-
tion and seedling development of corn grown on
paper towels moistened with carbowax solutions of
different osmotic potentials. After 4 days primary
roots at —3 bars were about 80 9% as long, and at
—10 bars about 20 9 as long as control roots grown
on towels moistened with water. Root growth of
corn was also reduced in soils having matric poten-
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These values agree closely with

tials of —0.3 to —0.7 bars (4). There are many
reports indicating that shcot growth is reduced
during periods of water stress, and several relate
quantity of growth to water potential (5, 12).
However, little attention has been paid to the
amount of root or shoot growth or to changes in
water relations during successive drying cycles.
This is important because most crop plants are
subjected to alternate periods of moist and drying
soil.

Severa! studies indicate that plants behave dif-
ferently subsequent to water stress from those not
subjected to stress. Several investigators have
shown that transpiration is lower when stressed
plants are rewatered than in unstressed controls
(8,16), and many other biochemical and physio-
logical changes occur. Miller (12) found that
growth of loblolly pine was increased above the
control rate when stressed plants were rewatered.

Methods and Materials

Root Cultural Techniques and Experimental
Conditions. One-vear old loblolly pine (Pinus tuedu
L.) and 2-vear old white pine (P. strobus L.) seed-
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lings were used for most experiments. Seedlings
were grown in containers which allowed roots te
grow out from the soil mass into humid air. Each
container consisted of 2 foam plastic drinking cups
nested together, with the bottom removed from the
inner cup. Several months after planting, root
systems were developed well enough to hold the
soil together, and the outer cups were removed.
The exposed root systems were placed in holes in
the tops of darkened, sealed, and insulated enclosures
on greenhouse benches. Water in the bottom of
the root enclosures was controlled to 25 = 0.5° to
keep the air surrounding the root systems essen-
tially saturated.

Under these conditions, new roots grew out from
the soil mass into the humid air while root growth
within the soil mass was negligible. Loblolly pine
had distinct terminal roots: lateral roots were
smaller in diameter, shorter in length, but greater
in number. White pine roots were similer to the
terminal roots of loblolly pine. Root growth into
humid air was rapid when plants were well-watered,
even when the growing tip was 25 cm or more from
the soil.

This technique for growing secedlings was used
because it allowed easy sampling of roots for
measurement of root water potential and it also
allowed direct observation of new root growth.
Another technique for distinguishing new and old
roots was examined and is mentioned here for its
possible use in other studies of root growth. New
and old roots can be separated visually by staining
the initial root system with a dye. To determine
which dyes might be useful, bare root systems of
I-vear old shortleaf pine (P. echinuta Mill.) were
dipped for 15 seconds in 19 (wt/vol) solutions of
5 dyes. The roots were placed between wet paper
towels for 15 minutes, rinsed with running water
for 1 minute, and then planted in soil. After 34
days root systems were removed from the soil and
examined. Two of the dyes tested, safranin-O and
methyl violet, permitted excellent distinction be-
tween new and old root growth: neutral red, orange
IT, and India black ink were of little or no value.
Although there were no apparent toxicity problems
using any of the dyes, the possibility of adverse
cffects should be evaluated before making large-
scale use of this technique.

During studies of root and shoot growth, tem-
perature was 24 = 2° during the day and 20 to 24°
at night. Relative humidity was generally 60 to
659%. Normal sunlight was supplemented during
some studies with incandescent lights to maintain
a 15-hour day-length.

Water Potential Treatments. 'The technique for
studying root growth described above permits sub-
jecting the plants to water stress by allowing the
soil to dry out. Although a nearly constant water
potential can be maintained in the soil (15) or in
nutrient solutions, it is difficult to extrapolate re-
sults of growth studies using constant levels of

water potential to include the more natural situation
where water potential continually fluctuates.

In studying root and shoot growth of pine
scedlings, drying cycles of different lengths, and
therefore of different severity, were used as water
potential treatments. Seedlings were subjected to
4 treatments consisting of daily watering, 4 mild
drying cycles, 3 moderate cycles, and 2 severe cycles
during a treatment period of 20 days. Soil water
potential measurements were made daily for cach
treatment, except that the water potential of soil
rewetted daily was measured at several-day intervals.
The mean soil water potentials for the treatment
period ranged from —1.2 to —6.8 bars. The mini-
mum soil water potentials in the most severe treat-
ment were —16.3 bars for loblolly pine and —15.9
bars for white pine. Growth was related to soil
water potential rather than to plant water potential
hecause collection of samples for plant water meas-
urements would have removed too much leaf area.
The relationship between plant and soil water poten-
tial was determined in other seedlings.

Twenty-four uniform loblolly pine and white pine
seedlings were selected for each water stress treat-
ment. Root growth was measured on all seedlings.
Half of the loblolly pine seedlings were selected
for measurement of needle growth and half for
terminal bud extension in addition to measurement
of root growth. Needle and bud measurements
were made during the second flush of growth.
Since no needle or bud growth of white pine
occurred during the treatment period, only root
growth of this species was observed.

Terminal bud and needle growth was determined
by measuring change in length of the bud or 3
selected needles on each seedling during the treat-
ment period. Roots extending from the soil mass
at the end of the treatment period were considered
to be new root growth. Because of injury from
insects or handling, some measurements were dis-
carded. Useful measurements of bud or needle
growth were made on 8 to 11 seedlings, while root
growth was observed on 17 to 21 seedlings.

Measurcment of Iater Potential.  The Richards
and Ogata (20) thermocouple psychrometer tech-
nique was used for most measurements of water
potential. Corrections of leaf measurements were
made for errors caused by heating of respiration
and by leaf diffusion resistance (6). Resistance
corrections were 7.6 9, for loblolly pine, 11.3 ¢, for
white pine, 4.8 9 for tomato (Lvcopersicon escu-
lentum Mill. var. Manalucie), and 4.6 9, for Coleus
(Coleus blumei Benth.) (6). The correction for
Coleus was estimated from tomato and sunflower
values.

Measurements of root water potential were made
in small psychrometer chambers using single root
tips about 4 cm long. Errors caused by heating
of respiration were low enough to be ignored.
Corrections for diffusion resistance were not made:
root tips lack the well-developed waxy laver which
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is found on leaves, and therefore resistance is not
likely to be as great. Satisfactory measurements
of root water potential could not be obtained on
older roots which had only a small white growing
tip or were dormant. Soil water potential measure-
ments are free from these errors, since neither
heating due to respiration nor diffusion resistances
are important. Micro-organisms in the soil can
cause only a negligible amount of heating in the
chamber.

Measurement of Leaf Diffusion Resistance. To
study diffusion resistance of the leaf surface, a
modified form of porometer first designed by
Wallihan (26) was used to measure rate of evapora-
tion from leaf material. The modifications in de-
sign and operation were suggested by R. O. Slatyer
(Division of Land Research, CSIRO, Canberra,
Australia). These changes included stirring the air
inside the porometer with a small fan and use of
a desiccant to dry the air after each reading. Stir-
ring reduces air resistance and makes the porometer
more sensitive to changes in leaf resistance. Re-
sistance of pine needles was measured by holding
10 needles together with modeling clay and inserting
them into the chamber through a small hole. Re-
sistance of the terminal 5 em of needles was
measured. All resistance measurements were made
on leaves or needles attached to the plants.

Experiments involving measurements of leaf
diffusion resistance were performed in a growth
chamber with a 12-hour light period beginning at
9 av. Day and night temperatures were 24° and
18.5°, and day and night relative humidities were
60 9, and 70 9. Transpiration was observed by
measuring the decrease in pot weight during the
12-hour day period. Samples for measuring plant
water potential were collected at 9:30 ay. Diffu-
ston resistance of loblolly pine was measured be-
tween 9:45 and 10:15 AM, tomato between 10:15
and 10:45 amM, and Coleus between 10:45 and
11:00 aym. Fifteen pine and tomato plants were
subjected to 2 drying cycles, and 10 plants were
watered each evening as controls; 6 Coleus plants
were allowed to dry, with 4 plants as controls.

Results

Comparison of Plant and Soil Water Potential.
The relationships between plant and soil water
potentials at 11:30 aym and 10:30 pM were deter-
mined for loblolly and white pine seedlings (fig 1).
This figure is for loblolly pine sampled at 11:30 aM.
Shoot water potential was always lower than root
water potential, and. except at low soil water
potentials, root water potential was also lower than
soil water potential. At soil water potentials above
—-12 ‘bars, shoot potentials were as much as 4 bars
lower during the day than during the night. Root
values were also lower during the day by about
1 bar. At lower soil water potentials, however, no

diurnal shift in shoot or root potential occurred,
probably because stomates did not open enough
during the day to cause a measurable decrease in
water potential. White pine relationships between
plant and soil were quite similar to those of loblolly
pine.
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1 1 | L 1
-24
Fra. 1. Relationships between plant and soil water

potentials for loblolly pine sampled at 11:30 aa. \White
pine had relationships which were similar to those shown
for loblolly pine.

Effect of Soil Wuater Potential on Root and
Shoot Growth. The influence of soil water poten-
tial on growth is shown in figures 2 and 3. The
growth in dry weight of roots and in length of
roots, needles, and buds was reduced significantly
(P = 0.05) by a decrease in mean soil water
potential. The dry weight of new white pine roots
was more than twice that of loblolly pine in all
treatments, although the initial root systems were
more similar in weight: loblolly pine root systems
weighed 4 to 5 grams, and white pine root systems
weighed 6 to 7 grams. The measurements of a
reduction in needle and terminal bud extension
during water stress confirm those of Miller (12).

Root and Needle Growth During a Series of
Drying Cycles. Although no measurements were
made during the treatment period, it was observed
in the study of root and shoot growth that root
growth was not equal in successive drying cycles.
Particularly in the more severe treatments more
growth of roots occurred during early drying cycles
than in the latter cycles.

To confirm this observation, 5 seedlings of each
species were subjected to each of 3 watering re-
gimes: daily watering for 21 days, 3 5-day drying
cycles, and 3 7-day drying cycles. Lengths of 3
young needles on each seedling were measured at
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the beginning of the study peniod. After each
drying cycle needles were remeasured, and lengths
of selected roots were carefully observed. Plants
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Fic. 2. Effect of mean soil water potential on root
dry weight growth (top) and root length growth (bot-
tom). Measurements werc made on roots growing
from the soil mass into humid air (see text). The
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I'16. 3. Effcct of mean soil water potential on needle
and bud extension of loblolly pine. The treatment pe-
riod was 20 days.

watered daily were measured at 7-day intervals.
After 5 days of drying, needle water potentials
were in the range of —10 to —15 bars, and after
7 days between —15 and —20 bars. The growth
during each drying cycle or measuring period was
then expressed as a percentage of the total growth
for the 3 periods.

Figure 4 shows the mean daily growth of needles
and the percentage of the total growth during each
drying cycle. Growth decreased as the severity of
the watering regimes increased, confirming the
observations given in figure 3. Needle growth of
plants watered daily was reduced during the third
measuring period. Since these needles grew rapidly,

or
E T LOBLOLLY PINE NEEDLES WHITE PINE NEEDLES
x o8| b
o
@ ~
W uel s;:
£ #8l # i
; 04} = o qi'
o ~ L] * :fe*
x 2| *f e T
o2f Aal  [1218]2 @ o
z Ed k4 b Y ® by
< A sls
¥ |3
° 123 123 123 123 123
Watered S - Day 7- Doy Watered 7- Day
Daily Cycles Cycles Doily Cycles
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Fic. 4. Mean daily needle growth of loblolly and
white pine seedlings during each of 3 drying cycles in 3
watering regimes. Plants watered dailv were measured
at 7-day intervals. Three needles were measured on
each of 4 or 5 seedlings per watering regime. Per-
centages refer to the amount of growth per drying
cycle as a percentage of the total growth during the
3 cycles. These values total to 100 9, for each water-
ing regime. Drying cycle differences were significant
(P = 0.05) for plants watered daily (both species)
and for plants subjected to 5-day drying cycles (loblolly
pine only).

the reduction in growth reflects a maturation of the
needles. In the most severe watering regime (7-day
drying cycles), however, growth of needles was
uniform for each of the 3 periods.

Root length growth responded differently to the
3 drying cycles (fig 5). In the more severe
watering regimes much less root growth occurred
during the second or third drying cycle than during
the first. When expressed as a percentage, only
59 9, of the root growth of loblolly pine and 6.1 9,
for white pine occurred during the third drying
cycle of plants watered every 7 days. Growth also
decreased as the severity of drying increased as
reported in an earlier experiment (see fig 2,
bottom).

Water Potential, Transpiration, and Leaf Diffu-
sion Resistance During Drying Cycles. Preliminary
work showed that during an initial drying cycle
transpiration of loblolly and white pine decreased
at a steady rate, nearly ceasing after a period of
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Fig. 5. Mean daily root length growth of loblolly
and white pine seedlings during cach of 3 drying cvcles
in 3 watering regimes. Plants watered daily were
measured at 7-day intervals. Onc to 8 terminal roots
were measured on each of 2 to 5 scedlings per watering
regime. Percentages refer to the amount of growth
per drying cycle as a percentage of the total growth
during the 3 cycles. These values total to 100 9
for each watering regime. Drying cycle differences
were significant (P = 0.05) in all watering regimes
except white pine seedlings watered daily.

7 or 8 days. After rewatering, however, tran-
spiraticn increased to only one-third of the rate at
the beginning of the first drying cycle and remained
at this rate for several days before decreasing. It
was suspected that reduced transpiration during the
second drying cycle might result from increased
stomatal resistance. A study of the effects of 2
drying cycles was made on 3 species: l-year old
loblolly pine grown in foam plastic cups, 3-week old
tomato, and 5-week old Coleus in clay pots. Meas-
urements included needle or leaf water potential,
transpiration (pine and Coleus only), and leaf
diffusion resistance.

The results for loblolly pine and Coleus are
shown in figures 6 and 7. Although water poten-
tial of loblolly pine had decreased to —20 bars
after 7 days, complete recovery to the control level
occurred within 24 hours. This recovery supports
the conclusions drawn from an experiment in which
relative resistances of root systems to uptake of
water were measured. Although root resistance of
loblolly pine increased after 5 or 7 days of drying,
resistance was no greater after 2 or 4 days of
rewatering than that of control plants watered
daily.

Transpiration of drying plants followed the
change in water potential during the first drying
cycle. At a water potential of —15 bars, tran-
spiration nearly ceased (sixth day of drving).
Transpiration did not recover after rewatering,
however. Although water potential of the needles
was as high as that of controls, transpiration in-
creased to only about one-third of the control rate,
remaining at this level for 5 days. Needle diffu-
sion resistance increased during the initial drying
cycle as water potential and transpiration decreased.

After rewatering resistance decreased, but the
average resistance during the first 5 days after
watering was significantly greater than that of
controls. Pallas et al. (16) also found that stomatal
activity was reduced for several days after re-
watering. The response of tomato to drying (not
shown) was quite similar to that of loblolly pine.

A reduction in transpiring surface also con-
tributed to the reduction in transpiration of pine.
Primary needles of some plants were killed as a
result of the first drying cyvcle. To test their
importance, primary needles were removed from
the control plants at the end of the study period.
Mean transpiration on the next 3 days was 5.7, 4.8,
and 5.8 gms/plant/12-hour day. Thus the loss of
primary needles reduced transpiration about 20 %.
There was no difference between treated and con-
trol plants in loss of water from the stems.

The response of Coleus was nearly the same for
the 2 drying cycles (fig 7). Unlike the transpira-
tion of loblolly pine, transpiration of Coleus re-
turned to the rate of control plants after watering:
resistance also decreased to the control level. An
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Fic. 6. Water potential, transpiration, and needle
diffusion resistance of loblolly pine seedlings. Test
plants were watered at the beginning of the study period
and after 7 days of drying (arrow). Control plants
were watered daily. After the initial drying cycle,
water potential of test plants returned to the control
level, but transpiration remained lower and ncedle dif-
fusion resistance remained higher. Water potential is
in bars, transpiration in grams per 12-hour day period.
and resistance in sececm™l.
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1. 7. Water potential, transpiration. and leat dif-

fusion resistance of Coleus plants. Test plants were
watered at the beginning of the study period and after
12 days of drying (arrow). Coutrol plants were watered
daily. After the initial drying cyvele, water potential of
test plants remained slightly Tower than the control level,
but transpiration and lecaf diffusion resistance returned
to the control level.  Water potential is in bars, trans-
piration in grams per 12-hour day period, and resistanice
in sececm™,

interesting difference between pine and Coleus is
that leaf diffusion resistance of Coleus reached a
plazcau at approximately 38 seceem™ and transpira-
tion stopped even though the leaf water potential
had fallen only to —4 bars. Apparently stomates
of Coleus closed at a high water potential, prevent-
ing further transpiration or a rapid decrease in
water  potential.  ‘The clay  pots were partially
enclosed in polyethylene film to prevent excessive
evaporation.  In a preliminary experiment with the
pots unprotected, drying was much more rapid and
wilting occurred in several days.

Discussion

Figure 1 descrnibes the response of the water
potential of pine seedlings to drying of the soil
during a single drying cycle. Under natural con-
ditions with all roots of a transpiring plant growing
in contact with the soil, water potential decreases
from the soil, through the root and shoot of the
plant, to the atmosphere. The data shown in figure

1 indicate that when roots were grown from the
soil mass into humid air, deviations from this
expected gradient were not great. Water potential
was measured on roots not directly a part of the
pathway for water movement from the soil to the
shoot, yet over the upper portion of the range of
soil water potentials measured, root water potential
was lower than soil water potential. At lower
potentials transpiration decreased because of sto-
matal closure, and therefore the gradient from the
soil through the plant is less steep. Under these
conditions water may be absorbed from the humid
air by the dry roots, causing root water potential
to be slightly higher than soil water potential in
some cases. The method of growing roots into
humid air, however, does not result in scrious
departures from the plant-soil water relationships
occurring in a more natural situation.

It would be desirable to know the relationship
between plant and soil water potential during
second or third drying cycle. However, variability
resulting from different rates and degrecs of drying
was too great to permit detection of differences
between the first and second cycles. Also, meas-
urements of root water potential during the second
drying cycle were unreliable, probably because of
death of cortical cells. The layer of collapsed
cortical cells may act as a sink for water vapor.
[Few measurements of root water potential have
heen reported. Slavikova  (22,23,24,25)  used
changes in refractive index of sugar solutions to
measure water potential (“suction force™) in roots.

Water stress can decrease growth directly by
reducing turgor and by reducing photosynthesis and
translocation. Tt may also have a more indirect
cffect on growth. Root growth during a series of
drying cycles (fig 5) was much less uniform than
needle growth. Apparently the initial period of
stress, when severe enough, caused a tendency for
roots to mature toward the tip and become dormant,
and growth during subsequent dryving cycles was
reduced.  Dormancy of roots also occurred after a
single period of severe stress, even when watering
was resumed on a daily basis. When the stress
was not too great, some of the dormant tips became
active again after several weeks.

Leshem (11), reporting a similar dormancy in
Aleppo pine (P. halepensis) roots, found that
suberization around the initials in the meristem
followed the pattern of Type II described hy Plaut
(19). Oppenheimer and Kessler (14) also obscrved
suberization of pine root tips as a result of water
stress. A bnief examination of dormant loblolly
and white pine roots suggests that suberization of
these species also conforms to Type IT of Plaut.
Type I1 suberization consists of a suberized layer
of cells in the root cap and in the secondary endo-
dermis, connected by a bridge across the cortex.
Cells outside the suberized laver often turn brown,
collapse, and die.

A different type of meristem is found in needles.
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While root extension is entirely an apical phenom-
enon almost all growth in length of needles results
from meristematic activity in intercalary regions
near the base (1). It is not known whether growth
of needles during this study resulted from enlarge-
ment of pre-existing cells or from continued
meristematic supply and expansion of new cells.
In either case, the rather uniform growth of needles
during successive periods of water stress (fig 4)
suggests that no structural modifications resulting
from water stress were serious enough to inhibit
length growth. Thus in terms of morphological
changes, roots of loblolly and white pine seedlings
seem to be more sensitive to drying than needles.

Generally, the factors which influence transpira-
tion involve the vapor phase of water movement,
and the chief regulatory mechanism in plants is
change in stomatal aperture (21). Closure of
stomates and a reduction in transpiration could
result from a water deficit caused by a high re-
sistance in the root system to uptake of water.
However, water potential in loblolly pine needles
increased to the control level shortly after rewater-
ing (fig 6) (12). Therefore resistance in the roots
to absorption of water is not an important causec
for the increased stomatal resistance and reduced
rate of transpiration during the second drying cycle.
Uniform needle growth in successive drying cycles
(fig 4) is further ewvidence that water absorption
is not restnicted.

The lack of a reduced transpiration rate after
rewatering of Coleus plants may be attributed to
the lower level of stress to which these plants were
subjected. In contrast with pine and tomato, Coleus
plants had dried to only —6 bars after 12 days.
Although Coleus is regarded by many as a species
which wilts readily, this study indicates that the
cause for wilting may be excessive evaporation from
the soil rather than high rates of transpiration.
When soil evaperation is kept at @ minimum, the
plants very effectively restrict water loss and main-
tain a satisfactory water status.

Resistance of pine needlcs is quite high in com-
parison with other species. Well-watered loblolly
pine needles have resistances of 30 to 50 seceem™,
compared with resistances of 4 to 6 and 3 to 5
sececm™? in tomato and Colens. Gates (3) recently
reported minimum resistances of 20 to 60 sececm™
for red pine and 33 to 52 sececm™ for white pine.
Other conifers had equa! or higher minimum re-
sistances. Tomato resistances agree very closely
with those of Kuiper (10), who found leaf resist-
ances of 4.1 to 5.8 secccm™ for tomato plants with
open stomates. Minimum values of leaf resistance
of sugar-beet and turnip are 3 to 4 sececm™ (2)
and of cottonwood, 4 sececm™ (17). Thus, the
observed resistance of loblolly pine, tomato, and
Coleus are in the general range of resistances re-
ported by other workers. The high resistance of
pine needles to water loss is not surprising because
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the transpiration rate of pine per unit surface area
is quite low (9) in comparison with other species.
Low transpiration rates and high diffusion resist-
ance of pine result from a highly cutinized surface
and from sunken stomates.
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