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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 drying cycles, only 6 %o 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 drving 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 oontrol
level, presumably because the stress during the first period of drying was not severe. The
diffusion resistances observed for well-watered p-lants were 30 to 50 seccm'- for loblolly pine,
3 to 5 seccm-1 for Coleus. and 4 to 6 secPcm-1 for tomato. These values adree closelv withW LIUV tS -vs V L tV "I&%-M aTVVU S_ -

those reported by other workers.

This paper re.ports the results of studies of the
effeots of variation in water potentfial on the root
and shoot growth of ipine 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 5tudy the quanititative relationships between
soil water potential and roo;t ellongattion. Newman
(13) found that flax roots at various depths in the
soil responded to !the soil water potenttial at those
depths. Parmar and AMoore (18) studied germina-
tion and seedling development of corn growni oni
paper towels moistened with carbowax soltitions of
different osmotic potentials. After 4 days primary-
roots at -3 bars were abouit 80 % as long, and at
---10 bars about 20 % as long as control roots growni
onl towels moistened with water. Root growth of
corn was also reduiced in soils ihaving matric poten-
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tials of -0.3 to -0.7 bars (4). There are many
reports indicating, that shoot growth -is reduced
(lurinig periods of water stress, and severall relate
quantity of growth to water potential (5, 12).
However, little attenition has been paid to the
amouint of root or shioot growth or to changes in
water relation,s during successive drying cycles.
Thiis is important because most crop plants are
suibjectedl to alternate periods of mtoi,st and dryingll
soil.

Several studies indicate that pllants behave (if-
ferently sul)sequent to water stress from those not
subjected to stress. Several investigators hlave
shown that transpiration is lower wheni stressed
plants are rewatered than in uinstressed conItrols
(8, 16), alnd many other biochemical and physi^o-
logical changes occur. Milfler (12) fouind that
growth of loblolly pine wvas increased above the
conitrol rate when stressed plants were rewatere(l.

Methods and Materials

Root C ltitrol Technaiqucs anjid Experimental
Conditions. One-year old loblolly pilne (Pinuts t(oeda
L.) and 2-year old w-hite pine (P. strobu(s L.) seed-
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lings were used for most experiments. Seedbings
xx cre groxx in containers which allowed roots to
groxx out fromn the soil miass inito humid air. Each
c'ontainer conislisited of 2 foam plastic drinking cups
leste(l together, with the bottom removed from tihe
ininer cuip). Seve,ral months after planting, root
sy stenis were develo)e(l w-ell eniouigh to hold the
soil tog.ether, ancd the outer cuips wx-ere removed.
'I'he exposed root s stems were placed in holes in
the topts of dlarkenled, sealed, and insuflated enclosutres
on greenhouse benches. WVater in the bottom of
the rooL enclosures ,vas conitrolled to 25 -+ 0.50 to
kee)p the air suirrounding the roo,t systems essein-
tially satuirated.

Under these condition-s, new roots grew outt from
the soil mass into the himnid air while root grosxvtl
within the soil mass wvas negligible. Loblollv !ine
had distinct terminal roots: lateral roo,ts were
smaller in diameter, shorter in length, buit greater
in iiil)Cer. \VAhite pine roots were similer to the
terminlial roo;ts of lloblolly pine. Root growth into
hlumidl air was rapid when planits wx ere well-wvatered,
even when the groxxving tip) was 25 cm or mo,re from
the soil.

This technique for gro,wing seedllings was uised
because it allowedl easy sampli;ng of roots for
meastirement of root water potential and it also
allowed direct observation of new roo;t growvth.
Another technlirque for olistingtiishiinig newx- and old
rooits wxas examined anid is mentioned here for its
po'ssible uIse in other studies of root growAth. Nvew
and ol0( roots caan be sepatrated visulally by s)taining
the initial root system xx ith a dv e. To determine
xkvhich (lyes might be ulsefull, b)are root systems of
1-vear old shortleaf pine ( I'. ecliMlato Mill. ) wxere
(lilpe(l for 15 seconds in I % (xxt/vol) soluition,s of
5 d! es. 'T'he roots werie placed betxeen Nvet papler
towels for 15 mintites, rinse(l x ith ruinniing water
for 1 minu11te, and then p1lanted in soiil. A fter 34
days root systems xvere removed from the soil anld
exanilled. Txxo of the (1yes testedi, safraniin-O andl
miethyl v-iolet, permitted excellenit distinction be-
txxweit newx and old root giro\xvtli neitrial red, orange
If, a(l India black ink xx ere of little or- n1o valuic.
Althoug(Th there wxere no apparent ,toxicity )problems
usingil anly of the dyes, the possilhlitv of adverse
effects should be evaluiated before makin-g large-
sc'le' iise of this technique.

l)urinig 4tildies of root and shoot growth, ten-
perattire xwas 24 2+2 (liring, the d.ay aind( 20 to 240
at nighl.h Relative humidity Ixx\s gener-all 60 to
65 %. Normal sunlight wxas suipplementedl duiring
some stulldies xxith incanidescelnt lights to majintain
a 15--hour day-length.

Watcr Potcnti(l 7Tre(tmeicnits. 'I'he techniqule for
.stil(lying root groxxvth describled above permits stib-
jecting the plants to vater sitress by allowxving the
so,il to dry outt. Although a nearly constant wvater
potential can be maintained in the soil (15) or in
ntitrient soluttioins, it is (liffictilt to extrapolate re-
sullts of growvth studies Using constant levels of

xater potential to incluide the more niattiral sittlation
,xhere xxwater P)oitential continually fluctuates.

n stuldying root and shoot growth of pine
seedllntgs, (Iring cycles of different lengtths, and
therefore of different severitY, we,re tise(l as wxater
lpotential treatments. Seedlings w\ere stibjected to
4 treatments consisting of daily wateriing, 4 mild
d(riIgI," cycles, 3 moderate cycles, and 2 severe cycles
dltiring(, a Itreatment period of 20 day s. Soil water
poten1tial measurements x-ere made dailx- for eacl
treatmenit, excel)t that the xwater- patential of soi
rexwetted dla;l\ xwas meastured at several-day intervals.
The meani sso-il xxater po)tentials for the treatment
perio(l ralge(l from -1.2 to -6.8 bars. The mini-
mim soil xx-ater poitenlti\als in the most severe treat-
menit x crc -16.3 bars for loblolly pine adI -15.9
bars foir xxh,ite pine. Growth wvas related to soil
xater potential rather than to plant xater potential
becauise collection of samples for plant water meas-
urenients wotild haxe removed too mulch leaf area.
The relationship between plant and soil water )oten-
tiall xas (letermined in other seedlingxS.

Txxwent--fo,ur uinifo,rm l,olblolly pine and xhite pine
secdlings vere se,lected for each wxater sxtress treat-
meni,t. Root groxx-th x-as measured On all see(lliiigs.
Hlal f of the loblolly- pine seedlinglls \ereC selcte(d
for miieasuremenlt of needle groxwth and half for
termiiaill btid exteniolniO in addition to measulrement
oif Iroot groxxtth. Needle ancd btid measuirements
xxere made dtring the seconldl flulsh of groxxth.
iSince llo needle o,r btid groxxth of xx-fhite pine
occurred (lutrinlg the tireatment periodl, otnlx root
(rro\'t'll of this species was olbserved.

Termllial buld anl needle groxx-th xwaxsdeter,mined
bv measurilng change (in lenigth of the bud or 3
selected( nee(lles oni each seedling (luring- the treat-
mien,t perio(l. Roots extending from the so,il mass
at the enid of the treatment period were considered
to be nexx root growvth. Becauise of inijulry from
insect,s or handling, soime measurse,ments were dis-
carded. Usefull meeastirements of buid or needle
gro-wtli xere ma(le on 8 to 11 seedllliigs, wxhile root
I"roWxth \xxlS Observe'd oIn 17 to 21 seedtlings.

-lfoasiircuiiitnt of fFater Potential. The Richards
aLnl(d OgTata (20) thermocoulple psychrometer tech-
ii(ltue uas ued for miolst measuireInenlts o,f xxa!ter
poteiltial. Corrections of leaf measurements vere
madle for errors caused by heating of respiration
anlld by leaf diffuision resistance (6). Resistance
coXrrections xxere 7.6 % for loblolly pine, 11.3 % for
wx-hite pine, 4.8 % for itom,ato (Lvcopersiconi esct-
leitini MWfill. var. AMlanalticie), and 4.6 % for Coleis
(Coleuts blnmitlei Benth.) (6). The correction for
Coleus was estimated from tomato and stunflower
valuies.

Measurements of root water potential were made
in smaill psyc,hrometer chambers uising single root
tips about 4 cm lonig. Errors cauised by heating
of respiration vwere low enotugh to be ignored.
Corrections for difftusion resistance were not made;
root tips lack the well-developed xvaxv layer which
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is found. orn leav es, and therefore resistance is not
likely to be as great. Satisfactory measulremenits
of root waiter l)otential co-lll not be oibtained on
older roots wh,ich had only a small white growing
tip or were dormant. Soil water potential measure-
ments are free from these errors, since neither
heating dule to respiration no,r diffu,sion resistances
a,re important. Micro-organisms in the soil can
ciause only a negl,igibile amoutnt of heating in the
chamber.

Ileasutremient of Leaf Diffusion Resistance. To
study difftsion resistance of the leaf sturface, a
moodified form of porometer first designed by
\Vallihan (26) was uisedl to mea!sture rate of evapora-
tionl from leaf mnaterial. The modifications in de-
sign anld operation were suggested by R. 0. S'latyer
(Divisi,on of Land(I Research, CSIRO, Canberra,
Auistralia). These changes included stirring the air
inside the porometer wvith a small fan and iuse of
a desiccant ito (Iry the air after each readinlg. S!tir-
ring reduces air resistance and makes the porometer
more sensitive to changes in leaf resistance. Re-
sistance of l)ine needles was meastured by holding
10 needles together with modeling clay and inserting
thenm into the chamber throuigh a small hdle. Re-
sis,tance of the terminal 5 cm of needles waas
measuired. All resistance measuirements were made
oni leaves or needles attached to the plants.

Experiments involving measuirements of leaf
difftusion resistance were performed in a growth
chamber with a 12-ho-ur light periol( beginning at
9 vxr. Day and night temperatures were 240 and
18.50, and day and night relative humidities were
60 % and 70 %. Transpiration was observed by
measturing the (lecrease in pot weigh;t during the
12-ihou-r (lay period. Samples for measuring planit
water potential were collected at 9:30 .ANT. Diffui-
sion resistance of lobloilly pine was measuired be-
tween 9:45 and 10:15 .\M, tomato between 10:15
and 10:45 AM, and Coleuis between 10:45 and
11 :00 .Ar. Fifteen pine and tomato plants were
suibjecite(d to 2 drying cycles, andl 10 plants were
watered each evening as controls; 6 Coleu!s plants
were allowedl to dry, with 4 plants a,s controls.

Results

Comtpairisont of Plant and Soil Water Potential.
The relationships between plant and soil water
potentials at 11 :30 AMI and 10:30 PMi were deter-
minel for loblolly and white pine seedlings (fig 1).
This figlure is for loblolly pine sampled at 11 :30 AM.
Shoot water potential wa,s ailways lower than root
water potential, and, except at 'low soil water
po.tentials, root water potenitial was al!so lower than
soil water potential. At soil water potentials above
-- 12 bars, shoot potentials we,re as much as 4 bars
lower dturing the day thani (dturing the night. Root
viarlules wvere a4lso lower dutiring the day by about
1 bar. At lower soil water potentials, however, no

(ulitrnal shift in shoot or root potentfial occuirredl.
probably becauise stomates 4tid not openi enouigh
(Itlriing the day ito cauise a meastirable decrease in
water potential. WNThite l)ine relationships between
planit anid soil -,vere quite similar to those of lloblolly
pille.
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PIG. 1. Relationships betxween planit and soil water

l)otenltials for loblolly pine sampled at 11:30 AMI. hVllite
p)ine had relationships wlhich were similar to tlhose shown
for loblolly pilne.

Effect of Soil WUiatcr Potential oJl Root (Ilnd
Sl!Oot (;riowtlI. 'rhe infllenlce of soil water poten-
tial onl growth is showni in figuires 2 and(l 3. rhe
growxvth in dry weight of roots and in lengptlh o,f
rolots, nieedles, and buds was reduce(d significantly
(P 0.05) by a decrease in mean soil water
potential. The dry weight of niew white pinie roots
was more thani twice that o,f l6blolly pine in all
treatments, althotigh the iniitiail root systems wvere
more similar in weight; loblolly pine root systems
weighed 4 to 5 grams, and whiite pinie root systems
weighed 6 to 7 grams. The measturemenites of a
redtuctioni in ineedle anidl terminal buid exten,sion
(luring wate,r stress confirm those of Mlifller (12).

Root and .Veedlc Growth During a Series of
Drying Cycles. Although no measurements were
ma(le dutring the treatment period, it was observed
in the study of rooit and shoot growth that root
growth was not equal in successive drying cycles.
Particularly in the more severe treatments more
grow,th of roots occuirred dutiring early drying cycles
thain in the latter cycles.

To confirm this observation, 5 seedlings of each
species were sulbjecteed to each of 3 watering re-
gimes: daily watering for 21 (lays, 3 5-day drying
cycles, and 3 7-day drying cycles. Lengths of 3
young needles on each seelling were measuired at
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the beginning of the study period. Afiter each
drying cycle needles were reimeastired, and lengths
of selecte,d roots were carefully observed. Planits
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watered da(i!ly were measured iat 7-day intervals.
After 5 days of d,rying, needle waiter potentibalis
were in the range of -10 to -15 bars, and after
7 days between -15 iand -20 bars. Tihe growth
during each drying cycle or measutiring period was
then expresised as a per-cenTtage of the total growtth
fuor the 3 periods.

Figuire 4 shows the mean daily growth o'f needles
and the percentage ;of tihe total growth during each
drying cycle. Growth decreased as ithe severity o,f
the watering regimes increased, confirming the
observation's given in figutre 3. Needle growth of
plianits watered daily was reduced during the third
measuring peiriod. Since ;these needles grew rapidily,
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WATERING REGIMES AND DRYING CYCLES

FIG. 4. Mean daily needle growth of loblolly anid
.. wlhite pine seedlings during each of 3 drying cycles in

3
_ Loblolly Lateral 'atering regimes. Plants watered daily were measured

J
at 7-day intervals. Three needles were mieasured on

0) -2 -4 -6 -8g each of 4 5 seedlings per watering regime. Per-

centages refer to the amount of growth per drying
MEAN SOIL WATER POTENTIAL (BARS) cycle ats a percenitage of the total growtlh during the

2. Effect of mean soil vater poten,tial on root 3 cycles. These values total to 100 % for each water-

2.t Effectl tof)mandsoilowaterpongtewti onroot ing regime. Drying cycle differences were significant
growth (top) lde ongth growth i(hot (P = 0.05) for plants watered daily (both species)Measurements were miade on roots growing and for plants subjected to 5-day drying cycles (loblolly

iesoil mass into humid air (see text). The pine only).
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FiG. 3. E'iffect of meani soil water potential oni needle
md bud extensioni of loblolly pine. The treatmiient p)e-

-iod was 20 days.

the redtictilon in growith reflects a maturation of the
needles. In the most severe watering regime (7-day
drying cyciles), however, gr>owth of needles was

tnifo,rm fo!r each of the 3 periods.
Root lengtlh growth responded dlifferently 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 duhring
the first. When expressed ias a percentage, onfly
5.9 % iof the roo,t growth o,f loiblollly pine and 6.1 %
for white pine occuirred duning the third drying
cycle of plants waitered every 7 days. Growth al!so
decreased as the severiity !of drying increased as

reported in an earlier experimen.t ('see fig 2,
botttom ) .

Water Potential, Transpiration, and Leaf Diffu-
sion Resistanitce Dutring Drying Cycles. Preliminary
work showed that during an initial drying cycle
trans)piration of loblolly andtl white pine decreasedl
at a steady rate, nearly ceasing a-fter a period of

I II I I

ROOT LENGTH GROWTH

Loblolly Terminal

White
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After rewvatering resistance decreased, blut the
5.0 average resistance durinig the first 5 days after

4.0 _ LOBLOLLY PINE ROOTS _ L WHITE ANE ROOTS vwateriing was significantly greater than that ofcontrols. Palllas et al. (16) also found that stomatall
3.0 _ activity was redtuced for several davs after re-
20

S _ S S S \-atering. The response of tomato to drying (no Ut2.0 01 0s ' e X _shown\aa) was quiite similar to th'at o,flb1lolly pine.

1.0 oN A redtuction in transpiring surface also con-
CD CQ ^ NO_trnibuted to the reduction in transpi,ration -of pine.

2 Primiary needles of some plants 'were killed as a
2 3 2 3 2 3 2 3 2 3 2 3 restult of the first dryiing cycle. To test their

Watered 5- Day 7- Day Watered 5- Day 7- Day importance, primary needles were removed fro
Daily Cycles Cycles Daily Cycles CyPcls the control plants at the end of the stuldv period.

WATERING REGIMES AND DRYING CYCLES Mean transpiration on the next 3 days w-as 5.7, 4.8,
FIG. 5. Mean dailv root length gro\x-th of loblolly and 5.8 gms/plant/12-hour day. Thus ithe loss of
wwhite pine seedlings duiring eaclh of 3 drying cycles primary needles reduced transpiration about 20 %.

3 watering regimes. Plants watered dailv were There was no difference between treated and conr_1re Tatr wastl noercls difernc betoe trae andni co ronasuired at 7-dav interval One to 8 teriinal roots trol plants in loiss of water from the stems.re measurcd oni each of 2 to 5 seedlings per w-atering T
rinl. Prcenagt reer t) tc amuntof rowt The -response of Coleiis was nearly the same fori drPinercentae rer tote aounttof growthc the 2 drying cycles (fig 7). Unlike the transpira-*dyn cyle as a percenitage of the total growtlh

ring the 3 cycles. These values total to 100 % tion of loblolly pine, transpiration of Coleus re-
each watering regime. Drying cycle differeiicee turned to the rate of control plants after watering:

re significant (P = 0.05) in all watering regillmes resistance also decreased to the control level. An
except white pine seedlings watered dailv.

7 or 8 day s. After rewatering, however, tran-
spirationi increased to only one-third of the rate at
the b)eginning of the first drying cycle and remainedl
at this rate for several days before decreasing. It
was suspected that reduced transpiration during the
second drying cycle might result from increased
stomata!l resistance. A study of the effects of 2
drying cycles was made oIn 3 species: 1-year old
loblolly pine grown ,in foam plastic cups, 3-week old
tomato, and 5-week old Coleuis 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 wvithin 24 hours. This recovery supports
the conclusions drawn from an experiment in which
relative resistances of root systems to uptake of
water were meastured. 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 duiriing the first drying
cycle. At a water potential of -15 bars, tran-
spiration nearly ceased (sixth day of drying).
Transpiration did not recover after rewatering,
ho-wever. Although water potential of the needles
wvas 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 difful-
sion resistance increased during ithe initial drvint-
cycle as w%ater potential and transpiration decreasel.
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z 3 t Dry

o

C ntr l
a -200 _, I , I , , ,
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FIG. 6. Water potenitial, tranispiration. and needle

difffusioni resistance of loblolly pine seedlings. Test
plants xvere watered at the beginning of the study period
and after 7 days of dlryiilg (arrow). Conltrol plaints
were watered daily. After the initial drying cycle,
water potential of test plants returned to the control
level, but transpiration remained lower and needle dif-
fusion resistance remained higher. \Vater Ipotential is
in bars, transpiration in grams pea 12-houir day period.
and resistance in sec-cmn1.
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-~~~~'I
Control

I indicate that, \vhen roupts wx ere gro\ i from the
soil mass into hlimid air, deviations from this
expeCted(l gralient were no,t gre-tat. N\Vateir potential
wvas measuredl on roots not (directly a l)art of the
pathw-a\- for xvater mo,vemenit from the soil to the
s;,hoot, yet over che tipper p)ortion of the range of
soil tvater potentials measulredl, rooit water potential
wvas lower thani soil w-ater l)oten,tial. At lox-er
potentials transpirationl decrease(l because of sto-
matal clostire, and therefore the gradient from the
Soill through the pl,ant is less steep. Unider these
con(litioins wvater mtay be absorbed from the htlmid
air by the dry roo,ts, causing root wvater potential
to be slightly higher than soil water potential inl
some cases. The method of growing, roots illto
hlumidi air, however, does not resuilt in seriOuls
departtures from the plant-soill wiater relationships
occtirring in a more nattiral sittuation.

It would be desirable to knowNv the relationslhip
between plant and soil water potential dtIring a

Control second or third dryviig cycle. However, variabilitv
resuliting from (lifferent rates and deg-rees of drying

_.-. , l \was too great to p)ermilt detection of differences
Dry )etween the first and second cycles. Also, meas-

.. .. *. . s . . s . . s . . lurements of root wvater potential dltlring the seconl(i
0 3 6 9 12 15 18 drying cycle w\ere tinreliable, )robably becauise of

(leath of cortical celils. The layer of collaxpsedTIME (days) cortical cells may act as a sink f-or \ater va-por.

Wa-ter potental.transpiration.iand leaf if Fe,' meastirements of roott wxater p1tential have
sistance of Coleus plants. Test plants were

e[t the beginning(2 (of the sttu(lx iperiod and after een reported. Slav ikova (22 23, 24, 2) llse(l
flrxezing (arrox). Cohtrol ilauts were wered changes in refractive 'll(lex of sLgarll- solu1tions to

ftcr the initial (dr\ ung- cyce, xx-ater potential of ietas e aater 1)otetial ( "stiction force ) in roots.
re1m1111iied slightltv low( r than the contir()l level, \\Nater sri-ess can (lecrease gro\vth (1irectly by

)iratiou andl leaf diffusion resistance retuiriie(l r-eduicing tturgor and by redticiiig photosynthesis and
itrol lexel. Water p)otenltial is in bars, trans- translocation. It mav- also have a mliore in(lirect
ii granls per 12-lhouir (day period, atud resistance effect on growth. Root growth during a series of

dry,ing cycles ( fi- 5) was much less uniform than
uee(lle growth. Apparently the initial periocl of

stress, xvhen severe enotgh, catused a tendency forIgC (lifference be.-tween p)lne all(d C^olciszfsl.I, --i-, o.roots to mattire toward lthe tip anid becomile (Iolrmanlt,diffulsionl resistaiicc of C oletas recaclne(i *l*liffusion esistance o Cols reached 'n(l growth duiring- stubse(qtient drying cycles was
,t approximately 38 seXtc'cuC and traiispira-

deven thou.h the leaf \ater potential red11ced. Dormancy ot roots also occmrred alfter a
n t b A erlt perio(l of severe stress, even xwhen waaterillgIn onl-1 to -4 bars. .-Vpparet1tly sto,inates \was resuimedl on a clcdaly basis. \Wheu the stressclose'd at a high \vater potential. prevent-

\vasnIot too great. solle of the dlormant tips beca-mieher itransPiration or' a rapid decrease c111 n a
* , > l~~~~~~~~~~~~ativagx(wcicll clftetr sev-erall week;s.otential. The clay pots vere partially

In polythylene fim to prevent excessive l eshem (11) reorting a sila (lornc
v . wAl~~~~~~~~~~~~~epplopilne ( P. ha(lcpcnIsis) roo-ts fomItn(l thcaton. In a l)reliminlarV expel-rlimenit with the lep i ( P lsuberizati,on around the iniltlals in the merlstemrotected, drving was mtch inure rapil and follo\x ed the pattern of Type II descrilbe(ldby Plant

)cculrrel in1 ;everal! davs. P
(19). Oppenheimer and Kessiler (14) also observed
stiberizaition of pine roo,t tips as a restilt of xvater

Discussion stiress. A brief examina,tion of dormant lob)lolly
and white pine roots suiggests that stiberiz,ationl of

e I describes the responise of the water these species also conforms to Type II of Platit.
of pine seedlings to drying of the soil Type II stiberization consists of a suiberized layer
single drying cxcle. Under natural con of cells in the root cap and in the secondary enlo-

ith all roots of a transpiring plact growing (lermis. connected by a bridge across the cor-tex.
ct wx'ith the soil, xvater potential decreases Cells otmtside the suberized layer often turn broxxu,

soil, throtigh the root and shoot of the collapse, and die.
the atmosphere. T'he data shown in figtire A different type of meristem is found in needles.
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KAUFMIANN-WN'ATER RElLATIONS AND GROW'TH (OF PIE- SE.ElDLINGS

While roott extension is entirely an apical phenomii-
enoni almost alil growth in length of needles results
from meristematic activity in intercalarI regions

near the base (1). It is not known whether growth
of needless during this study resulited from enlarge-
menit of pre-exis,ting cells or from continuied
meristematic suipply and expansion of new cells.
In either case, the rather uniform growth of needles
duiring^o suc,cessive periods of water stress (fig 4)
sugtgests that no strtuctuiral modifications resuilting1(r

from water stress were seriouis enough to inhiibit
length growth. Thuis in terms of morphological
changes, roots of loblolly and white pine seedclings
seem to be more sensitive to d,rying 'than needles.

Generally, the factors wh,ich influence transpira-
tioli invo;lve the vapor phase of water movemenit,
an,d the chief regulatory mechanism in plcants is
change 'in stomatal apertture (21). Closuire of
stomates and a reduction in transpiration could
resuilt from a water deficit catused 'by a high re-

sistance in the ro'ot system 'to uiptake of water.
However, walter potential in loblolly pinie nieedles
increased to the control level shortly iafter rewater-
inig (fiig 6) (12). Therefore resistiance in the roots
to absorption of walter is not an imporitant- catuse
for the increased stomatal resistance and redtuce(d
rate of transpiraition during the second drying cycle.
Uniform needle growth in successive drying cycles
(fig 4) is fuirther evidence that water absorption
is not restricited.

The lack of a reduced transpiration ra'te after-
rewatering of Coleius plants may be attribtuted to
the lower level of stress to whiich these plants were
subjected. In contrast with pine and tomato, Coleuts
l)lants had dried to only -6 bars after 12 days.
Although Coleuts is regarded by many as a species
which wilits readilly, this stuldy indicates thait the
cause for wilting may be excelssive evaporation from
the 'soil .rather than high rates of transpiration.
WVhen soil evaporation is kept at a rminimuim, the
plants very effectively restrict water loss and main-
taini a satisfactory water staittus.

Resistance oif pine needles is quite high in coni-

parison wvith other species. VellI-watered loblolly
pine needles have resistances o'f 30 to 50 sec cm',

compared with resistances of 4 to 6 and 3 to 5
sec-cm' in tomato and Coleius. Gates (3) recently
refported minimum resistances of 20 to 60 sec cm-'
for red pine and 33 to 52 sec cm- for white pine.
Olther conifers had equal or higher minimulm re-

sistances. To,mat,o resistances agree very closeily
wiith those of Kuipe.r (10), who found leaf resist-
ances of 4.1 to 5.8 sec-cm-1 for tomato plants with
open stomates. Minimum values of leaf resistance

of sugar-beet and turnip are 3 to 4 sec cm-1 (2)
and of cottonwood, 4 sec icm-1 (17). Thus, the
ob,served resistance of loiblolly pine, tomato, and
Coleus a;re in the general ran,ge of resistances re-

ported by other workers. The high resistance of
pine needles to water loss is noft surprising because

the transpiration ra,te of pine per unit suirface area
is (liite lowx (9 ) in comparison wv-ith other species.
Low", transpiration rates and high diffui,sion resist-
anice of pine resuilt from a ihighly cutinize(d surface
andcl from siuinken stomates.
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