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ABSTRACT

A pres,ure-volumc (P'V) method war hodified
to facilitate the raoid d.termination of morc
points iD thc positiv; tu.gor r€gior of P-V dchy-
drat ion curves of  vernal ized winter  whcar
(T;t;cta a.sti4m L. cv. Yorkstar) leaves. This
allowcd for a more accu.ate estimrt€ of th€ volu-
m.tric modului of elasticity G) and irs depend'
€ncc on turgor. P-V relations during dehydration
in a Dlesure bofrb were charac(erized for le.ves
f.oo eilh.r w.ll"watered plants (control, solute
pot .nt ia l ,  / ,  =  -1.0 MPa) or  p lants prev iously
subjectcd to two stress cycles (conditio.ed, V" =
-r .a MPa).  Pr ior  to  P-V det . rmin. t ioos,  the
planh we.€ brought to maximum hydration by
thorough wat.ring and mainteoancc io lh. dark
for 12 hours (w.t€r potential Y = -0.02 MPa
and -0.07 MPa for control and conditioned
lcev€r, resp€ctively). Additionally, P-V..lation3
of lcrv€s flom condition€d planrs subjected to a
third itr.$ (/, = -1.9 MPa) w€re d.te.mined.
In thtu cade, leav€s wer€ iapidl)' rehydrated in
lhe presrurc botnb prior to ih€ P-V measure-
mcnte. for lc.ves of both control and condi-
lioncd planrs, t was coDstant and non-hyst€.€tic
ov.! a .ang€ of applied prcsure of 0.0 lo 0.8
MPa, i.€., at high valucs of lurgor. The turgo.
d.pcndenc. of e at higlr.r appli.d pr.ssur€s (i.€.,
lowc. turgo. p..ssur.t *as not considered be-
causc of thc unrcsolvablc influcnce of variations
in ,. of itrdividual cells in the leaf. Lcavcs of
coDditioned planl! had a siSnifrcantly highe. €
(28 MPa) than l€av.s ofconhol plants (22 MPa).
The valuc of € of l.aves of phnts subj€ct€d to
thrcc 6trcss cycl.s and .apidly r.hydrated in th.
p.cssur. bonb befor€ dcte.mination of th€ P-V
rclations iDc..ased ro 40 MPa-Bignificantly dif-
fc.cnt from pl.n(s subjcct.d to two str€ss cycles
and slow rehydration.

Addit;""ul i"d.r *dr, Tr't,* a.ttitum L.,
Pte lsur .  bomb, Tu.qor  pot .nt ia l ,  Solut .  poten
t i i l .  Capi l lary sysr .m.

r1aHr p,ssurc-volum. {P.V,  r .c t ,n iqu, .  o , ,qrnal l .  in .
I  r rodu(cd b)  S '  hulandf l  er  d l  ( lcb4r .  hds b(rn 1, ,

qu€Dt ly  us€d po(en( ia l  (V)  ahd n
componehrs, solurc porential (/.)and tursor por.nrial (V,,,)
of  a wide var iery of  r issu.s ( ] 'y ree and l lammcl ,  1972) i
Coode and Higgs,  1973i  } le l lk l is t  cr  a l . ,  197+i  Ri .ht . r ,

Reorintcd from C/o, S.r'cn..
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Determination of the Volumetric Modulus of Elasticitv of Wheat

1978j  Wenkqr et  a l . ,  1978).  Ihe t .chnnluc has a lso b.cn
used ro esr imate rh€ volumet. ic  nodulus of  e lasr i . i rv  ( r )
( ' I  yree and Hammcl ,  1972 i  Cudcr  c(  a l  .  1979).  

' l  
heorcr

i.al aspects of the r.chnique hav. bcen derailed b! Tlre.
and Hammel (1972) wirh porenr ia l  sou.ccs of  r r ror ,  es
pecia l ly  in  dre detern iDat ion of€.  d iscussed bv ( lheuns er
a l .  (1976).

1 'ypnal ly .  P- \ '  rc la l ;ons arc p ldted as rhc inrcrsr  o l
rhr  appl icd prcssure ( l /P)  !s .  Ihc (u,nularnr  ! , iume or
weisht ot thc cxpresscd sap or Rs;dual *eiehr ol rhc
r issue.  Su.h p lots  exhib i t  a  rap cur l i l inear  dt . l inc at
low appl i rd prcssures,  a r€gn,n $here rurgo.  rs  marn '
ta incd.  wnb a s lor ' l inear  decl ine at  h igher  appl icd prcs
surcs,  wh.n rurgor  has b.en rcduc.d ro zdo lh is
behavior is interpnred as (he osmomdri. beha!i.r oilhe
protoplasrs (Tyre€ and Hamnrcl ,  I972)  assuh;ng thar
u nder .on pression rh€ .ell walls hale ncgligibl. hr.han.
ica l  s fength ( i .e . ,  assurnins substant ia l  negat iv t  ra lucs
ol  / , ,are not  posib le) .  Est imares ofV.are made l rom rhe
Iinear region which is described by the Boylr van t Hor
re la l ion,  i .e . ,  vo lum€ expressed var ies I incar lv  wi lh  l /P.
Esrimares oi ( are dade iron the .urvilinea. .csjon whcrc
positive turgor ; n,ainlained. 

'I*o 
najo. di iculrics arisc,

however,  in  such dererminat ioqs of€:  a l imi tcd numbcr
of obsenarions at low applicd prcssures and difficulty in
esl imat ;ng the poin l  o fzero rurgor  (Cbeung r r  a l . ,  1976).
Frequently it is assumed thal thc regioD whfrc posjtive
turgor is maintained extcnds t,' the poinr wherc rh. rcla
t ionship js  desrr ibed by the Boyle.van' r  Hol I  lah,  i .e . ,
rhe l inear  r .g ion of  a p lot  of  l /P vs.  V.  This pornt  is ,
howev.r ,  an extrcm€ value (Cheuns cr  a l . ,  1976) and at
lower applied pr.sures varyins proportions of fic cclk
wi l l  be ar  z€ro rurgor  (Vi rg in,  1955) and rsr imares of  €
will be contbundcd.

Generall), a drpendcnr:e oi e on rrr is inierrcd rrom
such P-V r r la t rcns (Hcl lkv;n et  a1. .  1974i  ( iu( lcr  er  a l . ,
1979i  Jones and 

' l  
urne. ,  1980).  l  h is  N consistcnr  wi th

resul ts  obta in€d by d i rc( r  measurcmrnts of  indnidual
cel ls  wi th pressure prob.s (Z iomerman and Sr.udle.
1975:  Steudle r r  a l  .  1977:  Hnsken d a l . .  1978) Whi l .
Chrung cI  a l .  (1976) a lso reporrcd rha(  la lues o l  r  ob-
rained irom P-\' relalions of rissues .rhibirrd a strons
dependen( on rhc volumc avcrasLd rurgor  ( \ 'A I ' )  pres-
su.f, and iD sevcral instan.cs varied rcughly lil.arl!i ar
high.r valurs of VAT prcssurc, r $as nearlr constaDr
Snni lar ly ,  a l thoush d i rc( l  measuremrnts o l  ind iv idual
ceus wi.h pressu.c probcs shor' !ha( r in.reas.s lin.arlv

A lon rnbu r ' ono f  r h .D .p  oJA ! i { Jn ! , d r  ( j ( n . l l  L I n , ! ,  I r haca ,  N  Y
D.p otAg r.m) Seires Prp(r No ri39 R.cen.,i 2{ Ntr, r1181

'Craduar€ rcsca(h asfrinr. rcaanh asd,ar(. and prol.sor. n
sp t c rne \ .  D .p  o f , \ g rondn f .  ( i o rn r l l t : . ' !  .  I r ha .a ,  N  Y  r { 3 t : l
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with incr€ases in turgor, this is usually renrified to rhe
Iower values ol turgor and € appears ..n(ant at higlrcr
values of rurgor in both giant algae cells (Zimm$man
and Sreudle, 1975) ̂ nd Cap'iun onnutz cells (Hnsken cr
rl.. 1978). Only in lcnf bl.rddcr cells ol a halophyre, ,l|a
'abtanth.utu qstalinn, did the pressur€ and volum€ de-
prnden'  F of  (  e  rnd up ru rhe h iqhFr rurgor  presur(s
S,n(  mudels ot  rhe P V re lar ion.  ot  hfpo; . ' , (d t  "hoor5
conposed of cclls wirh varied values of,r,bur simila. and
coDsranr values of € closelv approximat€ ryptrat P-V
cDrves (Chcung et  a l . ,  1976),  a d i i ferenr ja l  loss ot rurgor
in rhe popularion of.rlls (ontribures to rhe.urvili.car re-
lat,on-and is.specially pronoun.ed al low€r rurgor prca
sure. .  i . ( . ,  h isher  appl ied prcssures.  lhus.  rhe.r  is  th .
d i l€mna thar  whi le  d i re. r  m.asuremenrs ot  ind iv idual
cells sDggcst a pressure d.pcndenry of € ar low rursor
pressur.s, Ihis dcpeDdency is diffi.ulr ro resotve from p-V
relat ions of r issues.  Hence csr imares o l .  $  h i .h  encompass
al l  o l  the data poinrs ;n thar  rcs ion of  a l /P vs.  V ptot
ahich ;s not linear are not appropriare and rhe conctu,
s i ' ,ns r .qddrnq rhc dcp-n. len.  e o l  .  on l ,  n , {  ne("ssar i i )
vn l i , l  Rc.enr l ) .  CamnLr l l . r  d l .  ( lq?9)  d$unred a d,n{
enrial loss ol rursor and dcrermincd rhar r was .onsrant,
i . r . .  ind"pddrnr  o l  (hdn€rs rn rurqo, .  dr  h ighpr  rurqoh
,n whcar.  In  urher  pr(UUus repo' r \ .  P \ -  rp ldr ! ,nr  Inr
leaves have la.ked sumcienr detail ro resohe ihe issu. due
ro rhe difficulty of cou€cring a large numb€r of ac.urar€
d"ra in  d r r l r r i \c lv  shorr  r ime o\Fr  hhr  h e\apurran\p i r .
arion mav br safely n€glecred. We halc modified rhe pres-
sure-volume technique reponed bv Cur lo er  a l .  (1979) ro
obrain d ldrqe numbrr  o l  pninr \  in  rhe porrr t r r  rurgu,
range while minimizing the rim. .equired for th€ meas-

A.ctrrale estinar€s of 6 are imponanr for rhe clabora
lion ofplanl water relations under droughr stress since cell
wall elasri(itv innucnces the relarn)n b
tenr  and water  poknr ia l  (Dainty,  I97?i  Cheung et  a1. .
1975,  1976i  Z immrman,  l978) .  Genorypi .  d i f icr tnccs
and the in l lu€n.€ ofd.oughr coDdir ioning on.  arc ofspi -
.ial concon. Esl;nar€s ofr fo. larious specirs vary widelv
(Dain!y, 1976), and rhcr. are conili..ns reports ot rhe
,  hange.  i t  an\  .  In  .  d '  a  l  su l r  ur  drnuqhr ,  undrr i , ,n jnts
For . r ,mpl . .  a l ,housh S"n,  h.? Du/  and K, ,n 'a L teTi r
inf.rred thar € is higher for sorshurn (Sorg,tr- r':oldl L.)
th^ k't ma;zc (Z.a tuqs L.) siDila. lalles of € w.rc in,
f€rred for rwo laricrics of so.ghutn wh;ch repuredty diI-
ler rd in  droughr r .s is tance l lon$ and 

' Iurner ,  
1978).

$'hik warcr sr.ss dccrtasc.l . iD t nr /aba (Kassrh and
Eh(on,  1974;  Elsron . r  a l  ,  1976),  a dout t ins ot  € in
dr . ,Deh, , i ,nd,r . .n . . l  .n .eh ' In $ds r ,p, ' f led r lonr .  dn, l
T u r n . r .  l o 7 8 r  I n . , , n r r a s r .  n o  " q n r f i , a n  . h a n i ,  r n  r  . r  a
rrsul t  o l  drouchr  .ondnioninq has obser lcd in  .nher .or
t ' ,n  (Co, , ,ptun, , l ' , , r ,a .  r  I l$do . (  d l  .  to :8J,   , ,  (o l ) :a
' r r v ,  L . ) t C u r l , '  . r  d l  ,  I q ; 9 r . , n  . u n n , . h ( r  \ 1 r 1 , , , r , , x .
t r , !6  L)  t lon6 and Turnr : r ,  1980).  arahpbel l  er  a l .
(1979) r .por t (a l  n .  s isn i l icant  d i$. r .nf t  in  r  o f  h inrd
||l1ear (Tttttun a.ltitun L- ) grown undr. rclari\'(l! dr\ \ s.
relatilelv we( fi.ld (ondirions. In rhis papd. *r repofl a
modified P.V mcrhod *hich facilirares rhr rapid der.r
h inar ior  u l  mu'e p, , rnrc in  rh,  p, r ,  i r .  rurg^r  F{run .nd
the usc o l  rh js  m. rh.d r , ,  d . rcrmrn,  t l  rhr  P v r ( l rD^n\
for whea( leaves, 2) whelhrr ( vari(s with rursor pRssure,
and 3) shether drolghl conditi.Dine ,nd- subseq"."r
warer srr€ss alters €

MATERIALS AND IIIETHODS
seds of ! winkr hhar (.v. yorkstar) were soated ior 2a

houB !n a.mrd hp water, sown in verD'cutite, and placed in a
greenhousc  (24  C dry /  l6C n is l t l )  One,cck  a l rs  p l ; i r inn ,  rh .
s€edlings were lernaliz.d at 2 C f.r \2 wccks (to hour day,
lengih). ?\ft.r (Tnalization. se€dlinss !e.. rransDtanr.d ro li
i n ,  h  . ld \  pu '5 ,  unrJ in rng  a  . r j '  tuam,  n ,u r  p t r rn !  pd  lh r \ r  {c rc
p ld , .< l  in  c  a r .n^ose,?4  a  . ,a \  ' l b  C n ich , ,  , ;  a r rnB .uppt t -
mrnrd l l iehr l ,qnnf ld thd t id . Inmp.on i  L rh"ur  t i sh i  l? . i ,u ,
d : ' k  !  h .du l r  A f r r r  'n  ddy |hr  p l , ,n r .  wcrc  rh i ; "d  ,o  r I !
p l rn rc / tn r  T l r r  poh wr r ,  rh , {oushtv  4arcn .d  rknc  dd , t )  and
l r r t i l i z .d  ncr l l vwrh \o lub l . t c  r t rz r r  p tnnrsker ru ,uugn, ,nn .
d i , ion .d  d  rh .  r i \ .  h : rx  led t  { , ( r , rh ree ,o  f r t (  i  r , }p l ,n r ,
! ! d r r r a s s i ' l ' h . l d u n ' , 1  p r d r s n  t . a t s i r , r  p d r n , i a t s r i , . , . . . ,
heR Jppturnndr . l y  - l  0 \ ' |Pd .  theFtJn ' .s r r r .h ,np .kcr . r . . J
ro r  7  dav :  Jnd  rh r  r r ra rn , tsnr  r "p r r ' (d  Du. ,nq  rh .v .  r , r \ .  r rc . r
nenls, con(rclplanB ser w.ltsarercd A ir.r co,rphr ion ot rh€
s€cond nress tr.alhenrj tht slre$ planrs he.r rewa(€.ed for 2
dals. Ar rhai time, borh conr.ol and (ondirion€o p,anrs were
$bjccrcd ro a seve.c droushr !re$. Warer was *iihhetd unrit
Y , . . ._ - .  ' .need l ronr  |  1  VP"  'o  - ,?  0  Mp,  (dpn,nrnndr .h  l l
d " \s  a f i . r  rn t rk r ion  " t  rh .  . r r .$ ,  Du, rnc  rh r  ! r i . ld !  { r " . .  l , ,a f
wnte '  P , i fnndk  rY)  $ f ' .  m"a"ur fd  wrh  "  p , rsu ,c  bomb on
aoft.ondnroncd planb and rwo coor.ot ptanrs daiiy.

l,€af osmoti. poknrals (9.) w.re darcrhhcd bv rh€ p-V
mdhod drs r ib .J  h \  (  u r r ,  r  ( r  d l  I  lg iy ' .  rnJ  rL , {u ,  Fwr rnr ,dh( \ r . ) !a l .u la , .d  b t  rh r  d r tL rcn(e  b4k . (n  V  dn . l  I  .  rh (  ,app, r .
rnt) bulk modulus of€la$i.ny (() ras dderDined rro,n p-V re-
larions obtaired by rh€ nodifi.arion pr.s€nr.d in the R€sulrs
r(rrcn. All lcals used in rhis rxpci'mtnr werc rhc nrosr rc
..nuy harure tcalcs on main rilles Leaves uoc €rc istd prc
dawn- immediar.ly wrappc{l in alunrinuh toil. qn(ascd (3 io 4
r  m . t  rh r ,  u '  .nd  r rpord  I  In  .$ , ,  p ta . r r  L ,q \  r ,  hhx  h  d  rna t l
amr 'unr  n r  Ba ' r r  hd . l  Srcn  rdd"d  and rh .n  p la . .d  ,n  rh r  p ,c {ur .
hnmh

RESULTS AND DISCUSSION

P.occdur€ fo. D.t€rmining P-V R€lations

Tvpnal l ) .  wh.n uqed 'o  c i r imdr.  V dnd , r \  ru 'npu-
t rn! . ,  V.  d lq {  .  P V herhndol , , r }  rcqui res only d eood
c i i m a r c - o l  r h r  l i n e d .  p a r r j , , n  o t  a  I  P t .  V p t o r r h d r r . p
risenrs Boyle van r HolI bchavior. Usuattr ontv a fN
poinrs 'n  rh.  in i r ia l  r .sr ,n,  and n, , r  more rhdn l1! r  20
ponrs ovs the rnrire mnsc. are recordrd. Ccnfiallv, an
equilibri!m balance pressur. is obraincd by waning for aD
appropriate period olriIne rhar is unique for diftercnr ris-
us md nusr  be rmpir i .a l l )  dckrDr iD.d.  Such an ap-
proa.h lih;rs rh. nunb.. o1 obsrrlatn,Ds rh,,r -ay be
obtaincd .nd n,.rcascs rhe possibiliry otdes,.car(,n: and
rhcre is often co.siderable sp.cad in rhe dara aoou( rnc
Bovlc- lan ' r  I Io tT l ine,  susscsr iog cxper imcnrar  inaccura-

Al(ernat ive l_v,  i l  rh i ,  r im.  .ourse of  sap .Ulux ;s  knoq,n.
b , l d n i .  p o i n r s , d n  b e  l r . . l i , r i d  d n . t  ' h . n  q J ! h , t  n , . d \
u ' d d b t  d p p l ) , n s a n e x , . s ' ' "  p r e . " ' ,  r n a  i . a u . i , , s , r  r "
the predi (ed value A (api l larv s ly . rn (F is .  l )  sa;usrd
to measure rh.  r ime coDsrants ofsap e i0ur  and in ux dur
ing rehydrarion. The cur end ol rhe l€af protrudd froh
the pr€ssure bonb inro a warer,filled anrechambo whicl)
was sccurcd ro the rop ofbomb and (onne. ted ,o a war$-
fillcd .apillarv Scals betwecn rhe pressure bonro, rnc an-
iechambc,  and capi l lary se.e a i r  r ighr .  The level  otwarcr
in th€ .apillary was der€rmined wilh a linear scale a(
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rachcd ro rhe.api l l^ ry .  I ' . ( ) l lo$ in l l  s lc t )wisc in . r tmcnrs rn
prcssurc,  thc . ise o l  the wai . r .o lumn in th.  capi l l * - \  was
mcasurcd wirh t inre unt i l  an cqui l ibr ium wrs ( iabl ;shed,
'e . ,  

the mcniscus stor)pt ( l  hov;ng.  (1 'h is  prcccclure is
.rnly possiblt in healrhv l.arrs. wh.n prcssur.s arc ap-
pln d ro insc.t'earrcd or brokcn k a\rs, sas but,bk s a&
punpcd throush rhf  xy l .h  dnd nt tk .  th is  'ncasurcmcnr
di f f icuh.  [ 'or  surh l rnv.s,  ho$cvc. ,  rhr  r inr .  r ( r rse o l  sap
inn!x rnay bc ass.ss.d afi.f a srcp d.cn:nn:nt (o zrro in thr
appli.d p.cssurc). 

-l 
h. .rspon$ oi thr s.p .xudation to a

step.hange in pr tssurc was wcl l  l i t r (c l  by aD cxponcnr ia l
app.oach lo its ncw cquilibriunr vah,c (l'is. 2a) I'k,ts ol
r h .  l o g  u f d i s . q u i l ' l , r i u r n , l i . p l a , c m , n r  a q d i r {  ' i m .  d r ,
app.oximatcd by st ra ighr  I ines,  rhc s lop(  o l  $hi (h dc l incs
7. rh€ time cons(anr ol th. response k) prcssrrc (hangcs
(Fig. 2b). n-ot., howcvcr, thar rhc lit is pragmatic or dc
scriptive, rathcr than thc mnnil.sration of a ph-vsical law
Wc observe that ifrhe hydrodlnamic rcsisrancc lrom cach
cel l  to  rhe cur  cnd orrhc lcafwas the ramc,  'would bc d,c
ratio oi this rcsistancc lo tltc voludltrri. modllus per unil
volume. This resistancc. howclo, is likcly to be dillrr.nr
for cells iD dilTerent pa.ts of rhe lcal. Thus rhc quality ol
rhe cxpoDential fir is forruiloDs, bur is of pracrical use in
rhe obla in ins of  P-V p lds a.d a lso ) ie lds qualnar ivc in-
formari{}n abour thc r.sisran.e to flow in thc l.al. (A de-
railcd analysis ofefflux curvcs rcquir.s many para'nrrcrs,

E
!

a

c.

Fig. l. Th. pr.sur(-bomb capitla.y app.rat6 6.d r.' ob.
3.rv. rlp .trur f.om l.av.s undcr applicd p.esurc. a)
3c .1 . ,  b )  s la$ .ap i lh .y .  c )  l .ns .  d )  "O"  r ing  s ta l ,  c )
prcisur. bomb.oll.r real. f) aluminum roil, g) two plasric
bag5, h) pr.sui,.d N1armosph.r..

f ig .  2 .  . { .  Th .  € f tu r  o fs .p  w i th  r im.  t  om. lear  lo  wh i .h  i s
applied e.lep chang. in p.e$ur. of0.5 MPa. Baro r€prc-
scnt .stim.t.d .r.o.s, .s d.3cribd in Relults and Dis.us-

B. Th. sam. dlra plorrcd logr.irhmi.arry ro dcmotr3trare
th. suihbiliry ofth€ d.scriptiv€ equarion-

h = h , - ( h .  - h J e  "

abere h .nd h, arc the inniil end 6n.l valu€s or th.
meni.cu. dnpla..m€nt h and r th€ tim€ constatrt thus
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some otwhich are inpossiblc ro measur€ (Sftoshinc et al.,
1979.)). The avcrase rimc (.rnsran' of sap emux (7) lbr
lcaves of control plants ar maximum hydrarion (V =
-0.02 MPa) was 20 t  s  se.  (n = l  r  ) .  For  leaves ofcon,
ditioncd plants, 7 = 27 1 5 scc (n = B) for planrs at nrax
imum hydrat ion (V = -0 07 MPa) aod 4 l  t  a  se.  (n =
6) for planrs;n a sfcssed sta(c (V : - L6 MPa). Ir should
be noted rhar thc application of rh; t.chnique lor deter
minins P V relarions in oth.r species witl be dcr$mined
by rhe time.onnao(s for emux and h,h.rh$ cmux linlows
a simplc cxpo.cnrial.

Following the dcterminarion ofrime .onstants ofsap €f-
flux, P'V relations were dcrermined as tollows:

l) An inirial balance poinr was lound ar which an ap
plied pressure produccd no movemenr ofthe sap. 2) Pres,
sur€, AII was rapidly in$eased f.om rhis batar'tc prcssure,
P, and naintaincd ior a period T. 3) P.essure was rhen
lowered 1.)  P + AP( l  -  e  r / ' ) .  I fAPwas smal l ,  rhe new
pressure was vcry close 10 a new balancc pressure and fin€
adrusrmena were made to stop rhe llow. 4) The exuded
sap was eitho collected in a shall (2 dram) vial conrain-
ing dry .otton and weighcd or the volum€ ofexuded sap
was dcrermined by using rhe capillary sysrem. Th;s pro-
redure was rcpr l r .d  se\cra l  t |mrs 'n  rhe pos ' r j te  rurgor
rarge. M.asurem€nt erors in P and V were es(imared by
repeated mcasurements ollhe pressure needcd to produ(e
a bdlanc€ poinr  $ i th  a g ' r rn cx ' rdar ion o l  sap d"u ' , )  'c -
I ,edreJ $eighinq of  v ia ls  o '  mrasuremcnrs o l  a volume
displacement in fie capillary rube. A reprcsenrarivc plot
ol the P V Rlarions so obtaincd is shown in Fis. 3. Using
this app.oach it was routincly possible ro obrarn approx
15 data poinrs in the non-liDear rcgior. W;rh conrrol
leaves th is  rcqui rcd -5min.

Calculation ofr
'I 

yree and Hanmel (1972) defide a paramcrer which
they cal l  rhe "bulk  modulus of  c lasr ic i ry ,  r "  wi th the

(RTN,/V) - P = F(V)/V = ([V - V,,)/Vrr, V > Vr

where R is rhc gas consranr, T rhe absolure remperarure,
N, th€ roral numbc of osmoles of solure in all rhe living
cel ls ,  P; .  tbe appl ied prcssurc,  V is . , the or ie inal  vo lune
of  a l l  rhe lN 'nS,c l l \har ins r (d:onabt \  pt ,abie bJ l t i  rh$l
th.  vo lumr u l  sardr  erpresw. l  l ium al l  'he ,  " t ls  .  V,  r \  .  n
bulk volumc ar ' in . ip i ;nr '  p lasDolvs js  .  n  js  a cocfhc icnr
ofnon-lincarily and whcr. thc equarion on rhc lefr dcfincs
F(V), which rhev prove fu Ix sotely a Iuncrion orvotuhe.
and rhc "qur ' iun un rhc r r l , r  i .  dD p,np,r i , . , l  r " tJr , ,n  jn
shx h .  .nd n ar .  ,  h ,N D ro f i '  rh ,  ddrJ i t r ; .  ,n , .u. t  . r . r -
initioo or bllk nodllus oi ttasrn.i(v hal. br rarionalizcd
as follows: ii n = I, and it rh€ apoplasri. war.r volune
croes nor change whcn pressuc is applied, and it F(V)i \/
r .Pn \ / r r i  th '  \ r , junx zv. rdq"d r ' r jscr ,  dnd r t  \ " ,  h  ,  hdl
. l . f in , ,1paran, ,  r . r  r r  rhr  rsu.  rhrn.
thc bulk 'b .dulus o l  rh.  s tmplasr i .  vo luDe $he!  rhe ( is-
s le 6 ar  in . ,p i .nr  p larmotrs;s" ,  aDd * .hcrc . lo tuo.  av_
erag.d rurgor"  r .p lac.s.  prrssure,  in  rhe usuatdef in i t ion
ofbulk hodulus (e s. .  \ tea j ,  1972).

( lheung er  a l  ( tg?t i )  ddjnc a butk modulus € b) .  -

dP,^,/dF whcrc P,", is the volume avoas.d rurgor pres-
sure and F = (V. - Vr - V,)/Vr wherc v. is rhr vojunc
ol waterexpressed and V' is th€ rissue symplasr votuh. at

6( , , r fN{ .  = -V,(dp\^r /dv. )

Both f.!{r, and c.,,.rN., arc defined in rerns ofderived
quantiries, and in parricular dcpend on the rather uncer
iain eslimation ofV!. We have therefore cho*n ro dcfiDe
thc lissuc-ware. bulk modulus, dcfined by

c = v- (AP/AV)

whcre V- is the volume of wat.r in rhe lcafar tult hydra-
lion (calcularcd from rhe difcr€nce berween rh€ dry
weigbr.and.thc frcsh w.ighr of rh€ leaf after the exprri,
ment plus the weighr ofwarer expressed since futt hydra-
tion) and AV is rhe volume expressd belwcn oarance
pressures direrins by AP This is sinply rhe butk modulus
ofthe volume ofwaler in rhr tissue, calculared ar tirll hy-
dral'on, aDd where "appli.d pressur€" replaces .pr€s-
sure" in (he usual definirion of bulk Dodulus ($tasr,
1972). It is an unambiguously det$mincd param.r$ ot

Bccause Ty.ee and Hammcl cboosr n * l. c..,".. can,
nol b€ easily compared with (, !r1"6 or. as defincd abofe.
The laucr pair, however, may b€ easity compared:

€/r { .Hrr  M,  = (V_/Vj , ) (Ap/-Ap!A J)

The fir$ fador (the rario ofwater votume ar full hydra-
t 'on ro wdr. r  ro lurse ar  '  in ,  ip icnr  ptdsn,o lys, \  '  

t ,  \s  dpr-
phstn volumc) 'na)  he e l f imarrd s, rh onlv  rh, r  d,  I  ura.  )
with which V, nay be estimared, and is constanr fd ani
leaf. For ccreal leaves ir would bt abour L lt to t.25. (In
ou. siudy it was lery ncarly consranr for all ,ca"cs, srncc
thos€ leaves wirh rhr hishesr r had rhe highesr lr.l, and
.onvrrsc lv :  i .e . . l (arc"  q.nrra l l )  lo \ r  ru ' tsor  ar  around rhe
s a m r  r r { , i o n a l  \ . l u m . .  i n d e p F n . t . n r  o t l r l . ' h o u s h  r h r .
is difficult ro quanrify because of the difficuhy in esrinar.
Ing v 'J

The second facror is greater than unity becausc of rhc
volume d.pcnden.e of rhe osmoric pressurc. ln rhe Ap,
pendix wc show rhat (hk facror is nearly consranr and
= I  06 Thu\ .  'n  ard. r  ro ,  u  pd ' "  snh ( ,  H, ,  \ , . .  .  oushl
tu bc rcdu(rd in  a l lLdses by a l ,uur  t89o.

Wh€n plonrd in rhc tradnional hanner of l/I, vs. V
(Fis.  3) ,  the P-V re lar ions cxhib i r  rhc rvpi (a l  cur ! i t in .ar
behavior qirh a srecp nonlinrar dcctiDi at low applied
presures and a g.adual lhear dedhe ar hishcr appticd
p.c$urrs.  B(causc V \a. ies l inear ly  wnt  t /P in  rh.  zero
rurs. r  ' .q inn ly '  i  an be r rhd, lv  in ter  r .d  t ro 'n \u,  h a ptor
I l  ( -  d . t h ' d  a :  \ , d P  d \ ' ) .  s  o l  i r r f l e r .  h u s e r " r  a p t ^ '
o f  P vs.  \ : is  more usefu l .

Fisur. 4 illunrares rhe sam. dara as Fis 3, bur pknrcd
m thr form of P rs. V ID (his and all other P V ptors we
have consructed,  rhe res ion betwecn 0 0 and 0.8 Mpa
app.ars lbear ,  i .e . ,  e  is  rndcpendenr of  rursor  in  rh is
rans€. To quaDril\ rl,is obscrvarion w( have atso ljrred this
r .s 'on $nh.urv.s  of rhe form AP= . , (V/V) ' . ' ,  whcrc D
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fis. 3. P-V r.larion of a 3i.sl. l.af plon€d .i l/P .pplicd
vs. w.i{hr ofsap.rpr.$.d. f-interc€pr oftl!. d.s}cd tinc
k rh. inv..i. o{ V.ar full hy.liarion.

is a co€mcient ofnonlineariry (af1cr'l yree and Hanmet,
1972). Pooling dara from 20 experirnents, w. hav€ ap,
plied (he residue rest of Wolie and Bagnall (i979) and
conclude thar thc hypolhesis thal n > 0.1 may be rqecred
al lhe 9970 confidence level.

We not€ in the Appendix that Ptal is vcry nearty pro
ponional to P, and rhus the Iinear depend€nce ofV on P
at high turgor implics a Iinear dependence of V on P\.^r.
( Explicnly, linear regressions of PYr I vs. V. over rh. range
P = 0.0 ro 0.8 MPa gave r'� values srea(er fian 0.99).'Ihus we conclude rhat rhc modulus ofelasliciry, wh€rher
defined as V(dP/dV) or (. H! ,, N.., is independe nr of iurgor
over rhe range ofapplied pressure 0.0 to 0.8 MPa. In rou-
r inr  mrasuremcnrs uf . .  howctr r .  wp d id nor  ronr inue psr
this lange, and thus did nor compute t,, Vp, PlAr for all

The Botl€-van'i Hotf relation is a rectangular hyper
bola on a P-V plor and ar high applied pressures such a
curve ,s an excellenr fir ro rh€ data ovcr a wide .atrge. In
the P-V plot (Fig. 4) tbere is a.ureilinca. region berween
the linear elastic region a.d {he Bovle-vaD'r Horregion.
This.unilin€ar .egion may be arfiburable ro differ€nccs
in rr,among th€ individualcells in dre leafand/or a rurgor
d€prndcnc.  of . .  S in,e n rs  rersonablr  ro e\perr  a \ar ia-
r ion in  / ,among indi r idual  ce l ls ,  {e .on.ur  wi th Vi rg in
(1955) and Canpbel l  e t  a l .  (1979) thar  rhc cu.v i l inear  .e-
Sion could rcsull from a varying propon;on of rhe cells
reaching zcro turgor at highcr water potentials ihan olh-
ers. That is, in rhis rcgion sotrre.clls have zerc turgor and
exhibit .haraclerislic tsovle-ran r HolI behavior whercas
other ceus arc lurgid and thci. volume is lihired by rh€

?€ ( fMPo)

5

6

tr-

9
I

fig. 4. Drtail.d pr.$ur.-volume r.lalion for a l€.f rrom conrrol pl.nr. Th. verrnal .xis .ff.ctiaelv 'hoei rh. wotum. of ih.
lcar inr.rrcd from th. w€ishr of s.p.xpres.d. tns.r. \l"vs. k.ighr ot sap .rpr.!s.d ror rh. .:mr t..f.
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propeflies of rhc rell wall. This Portion t!,,Lrld thcrcfor.
relltct variarion in $lurc por.ntials anrons dilftrent cclls
in  rh. lcat ,  ahhough a fcatmenr o l  th is  d is t r ibut ion would
require a rnorc derail'd experin.nta] nrcasurenn:nr ofrh;s
rcgion o l  the P- \ ' rc lar iur .  A l t l rougl r  i t  is  r i th in t l r is  rc

s;on that a turso r .l.pc ndc n.) oi. is inlirred lrom direcr
oeasurcncnrs of  s i .s lc  . r1 ls  wirh a p.essu.c pr .he (Zno-
rhernan and Sreudle,  I975i  Hi iskcn ct  a l . ,  I978) ,  rhe er-
tcn(  ro whi .h th.  (urv i l i ' (a .  .cg ion o l  P V r , lar ions o l
r issues is  a luncr i l rn  ofvar iathDs i .  t . in  th .  popDlat ion o l
(e l ls  vs.  a rurgor  dcpend.ncc o l  r  .annor,  ar  f i rs  I 'n t . ,  b .
resolved lNotc added in prool Tvree (1981) caltulaks
bulk rissur nn,duli for s.v.ral 'nodcl s)stems in *+ti.h sol'
ure porentials arc va.n:d Letw.en ctlls.l Hcncc, n would
seem appropriarc, lbr thr prcsent. nor to in.ludc data
points from rhis rcgion in the estination of€. The value ol
€ inlerred solelr from the linelr region of P V pkns cor

PRESSUFE(MPo)  PRESSURE

respo ds lc '  the r , , , . , ,  o l  Chcung c{  a l .  (  l97b) .  As thcv havc
sugqesrcd that drc potrll ol zcro turgo. infcrrcd l;om l/P
vs.  V p lors ( i .e ,  t le  point  ar  which rhe re latnmsh;p be.
.omes linear) is an €xrrcmc \alue (whtn tht lasr c.ll(t kxr
turgor) ,  thc poi r t  o l  dcparrurc l ronr  rht  l in tar  r r t ; r t ior r
ship ;n a P !s V pbt 'nav rcpr€senr thc olhd exr.etu *
whcn thc firsl cclls losc turgor t{cnc., a rangc orer whi.h
a laricd proporrioD ol cclls ar( al zcro tursor miv bc d.'

'Io .letermine shelhcr ( was a wcll dcfincd parahrk.r
lor  a panicul3r  lea l ,  sa invrsr igar .d, ts  s lx f l rcnD om.
dcp€ndencci specifically, whc(h.r n d(pcnd.d on rhe ra&
of  deforn,ar ion ( i .e . ,  exhib ' red v;s .o. lasr i .n ' " )  or  *hcd.r
j l  var ied ;n su.c.ss iv f  det . rminarbns ( i .  e . .  cxhib i t .d  hvs-
t . ! (s ,s ,  5u,r ,s{ t .  d(h) , l r r t r 'n '  " t  rh"  vn,"  l (d l  qere
condu.tcd brtwe.n rehydrations. Nfodificartun of rhe
pressure bomb wi th the capi l lary svs l .m ( I ig .  l )  a l lowed
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for rapid rchydrarion of rhe lcaf whilc n remained in the
pra\urr  rhambcr Bv dr ,  r ra ' inq rh.  dppl i , .d  pr ,  \ure.
ware n rhe ,  apr lhry and anr  (  haml, . r  sa\  r .ah\o,  t  rd b)
thc leat A pcriod ol t0 min was adequare if rhe lt.af wa.s
' , l , y d r i r , d  l i u n r  I  5  M P d  , ' t  r p t , l i r J  p r , \ . u r e .  I n . d h  u l
rh!  'hrc i  h td 'dr i i ,ns ! rnr ldr  vatuc\  ut  r  wcr .  rnt ,1,cd,  In .
dcprdcn(  of the pc iod ot  rhe h€asnrcneDr (F ig.  5) .  Fur ,
therrnore, while rhe prcssure infi.ments, and thercfore
r h . '  l r p y d  l ' r t u  w {  r e  t d r i . d  d ' ,  n €  . u , , . $ i r .  d ( h \ d , a .
rons.  ine raturs ot  (  ro rh.  ar  I  ura i  )  . t  rh .
erp.rim.Dr. Thus, over rhr prcssures and rarher bricf
oncs jmposed, fie P,V rclarions did nor .enc(r euher
hsrcR\ is  ^r  v i \  n( la i r r  r r )  rn spi r (  , r  ,cp(dr"d d,hydra-
rhn or  r iprd rchldrdr  on ot  rhc lcaf  qhi te i ,  ,cmained in
rhr prcssure bonb.

We have thus demonsratcd rhar a vatue ot € (r,,,., ol
cheung er  a l . ,  1976) can be drrern ined * i rh. . , i i j ; ; . "
in the region of h;gh rursor by rhe mtrhod described. tn

t .  f rorn rhe .1, ,pr  brr$.Fn p^,nr i
In  Ine por ' t r re ru 'Aor  rnd a pninr  in fprr .d ro l ,e  zcro rur
gur  ( " ta 

 

o{  rhc l incdr  Boyl . -van r  Hotr  regr .n in  a
l /P-s V pkni  c l l ,  Wcnkerr  I  a t . ,  1978;  Cur lcr  c t  a l . ,
1979; Joncs and Turner, 1980) would givc a rery difter-
.nt valuc ofe, and a latue which decreaicd at low rurgors

trtr ct of Drough. Condirioning oo €
For p lanrs main(a ined under wel  warered.ondnions ( {

=  - l  0 M P 4 ,  a  v a l u €  o f .  o f 2 2 . 3  i  4 . 7  M p a  ( n  =  l t )
has detc.nined lbr rhe mosr nc.nrly narur€d teat. For
planrs subjccred ro rwo condirn,ning sfcss periods and
i u b s e q u c n , l \  h a r . , ( d  l u r  2 . i . , v s  r l  =  r . 4 L t p r J . d y a t u e
o f .  u I 2 7 . q  a  8  2 M P a r n  =  r 0 ) \ c s d . r . r n l n c . t  t h c d r r .
lerencc was significanr ar rh( 90% l€vet. Whcn plan(s woc
slbjcded ro a rhird nr.$ pcri.d and rehrdrared iD rh.:
pr6 lut (  lDhL unnq rh.  ,  ap,  ar \  a  . !  hhen,  l l  =  -  I  q
M P J ) .  a  r a l , r  o l . , , t  1 9  5  I  1 2  0  \ l p d , n  :  I t )  q d .  d ( -
re.m;n.d. Thr dine.cnce bcrw&n rbis !aluc and rhar ft)r
f l " j ' :  . ,p . )+ ro reo r r r .s"  r  I  le \  sar  " igh, i ,  rn ,  Jr  rh"
167 r . rc t .  vY.  ,  unctudp rhar .  in  hh.ar  l rd ! rs .  "xposurr
ro droushr skess dcocases ,y'. and ;r.fcases .. tlrese
.hang(s $ould .o l lccr ivc\ ' r (du.e rhc volLrme o,  * .ar€r .c-
muved l iom a ( .ndrronc, t  t ,  d !  Jr  rnv { , ren \a, - ,  I ,or ,  n .
0ar  In a lurgrct  { lJ tc

It must be €hphasiz€d rhat the appareur mooul:s
measured by rhc P-\' re.hniquc is a rissu; paramerer. Ir is
unko\r wherhcr rhe changcs in n arc a ,qur or .are,
r r . . ,  , " .1u,- .1 ,  hrnS.s In 'hr .  , ,n ,  hJnx Jt  r , , . r !  , ,  i , *  u t  t t , .
, e l l  q d l l  p e '  s " . , h a n q , - , n , ,  . , , .  , " . , , . n , r , t " " , , " n  " r
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APPENDIX

A een.r i l  pquar ion . tcs,  r ib ine apptr .d pr .s jurc (p)  in
1: . '  

.  " . . "T, - . j l ,  dnd ,urqor  (ompnn.nrs s q iv .n by
\ ,n(unq er  i  .  l ry /b)

p = In.v,/(v,, _ v,)l _ G/vJ') (v,' _ v, _ v,)

.T.  
= ' lssc G' , rcrx po 'cnr idr  , ,  v .  = 0

v -  r rsue s mpbr rotume "r  \  = 0.
v.  = vorume €xpres*d,
V" = rissue synplav votuhe ar incipi€n( plasmo,

lysis.
.  = bulk  ( lasrn.m.dulus ot  rhc s lmptarr  votume ar

rn(rprcnr  pta3moh.r ,s  qherr  m,nus one r imes
the votumc averaged lurgor pressure r€ptaces
prcssure in rhe usual dcfinirion of butk mod-
ulus and whsc rhe osmoricaly inacriv€ vol_
ume ot  rhc symplasr  is  assumed to b€
nesliSible.

DiffcrentiatinA,

dP/dv, = [r,v,,/(V" - v,)!] + rvp

dP/dv" = r^/v^ +./v

U r i n g  d a ' a  r . p r r s . n ' r r t r ( , , r  a . , , n r r u l  l c j t .  t r .  _  _ r  r 4
M P a .  V  =  n  r l 4 i q . . , .  =  0 .  l t q ) $ r . a t i u u r c o .  _ -
l / .+ Ml t  l rom r l 'd : lo la o l  rh(  rur j tnr  pr* :ure rs .  V. , .
p- . " .  p lor  lbr  rh j .  Icat  tF i {  , j l  F,om 'he rh.^ . ( ,gua ^n.
rhe omor ic  porenr ia l  conrr iburcd 5.8% ro rbe sto ie ot rhe
P vs.  V. ,J , , , " "d p lot  or the tca l  ar  \ ' ,  =  0(p = r )0Mpa).At
rhe larg€sr  V.  used in calcular iDe.  (p = 0.9r  Mpa),  rhe
o!mo0.  potenr iat  co.r ibured 6.5%. Akernarn.e l ) ,  whcD
thc slope of a P !s. V. plor for rhis teaf was use{l ro calcu
rare ' .  . rhe rd lu,  , ,1  r  wJs I8.7 t \ tpd.  Aqain.  , r !  \ururnc
d c p c n d c n i .  o r r h . o l n r o r k  t s . s s u ' c  i o , , r r i b u , " d  7 :  r , , . .
-  I n u s o u r \ a l u e r , , r ,  s h o u l d  b f  r F d u , ( d  b l  d b n u r  l 8 l
lor .ompar 'snn wi ' I  rhe (  , . r  Chrunq ( r  dt  Thr)  Lann, , r
,z \ i lv  b(  romparcd wirh 'h '  r  ^ t  t \ re ,  cnd HarImFt,  pr-
cepr 'n rhe case where n = L
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