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ABSTRACT 

\Ve investigated relt;ltionships between whole-tree hydrau- 
lic architecture and ston~atal conductance in Pilrus pnlrrs- 
tris Mill. (longicaf pinc) across llabitats titat diff'ere(l i11 soil 
properties snct habitat structure. Trecs occupying a xeric 
hahitat fcharacterizcrl by sandy, ~vcll-drained soils, higher 
i~itrogen availability anti lower overstory trcc density) were 
shorter in stature and had lower sapwood-to-leaf area ratio 
(As:A,,) than trccs in a mesic habitat. The soil-leaf watcr 
potential g red ic~~t  (Yc - 'Y,.) and leaf-specific hytlraulic 
concluctance ( I ,  ) were similar bctnreen sites, as was tissuc- 
specific hydraulic conductivity (Ks) of roots. Lcaf and can- 
opy stolllatal conductilncc (Xs and Cs, rcspectivefg) were 
also sirnitar hctwecn sitcs, and they tended to be so~newhat 
higher at the xeric sife cluriilg ~norning hours when vapour 
pressure deficit ( D )  was low. A Ilydranlic litode1 irlcorpo- 
rating tree height, As:A,. and Ys - Y,. accurately describetl 
the ttbservect varistioa in i~~dividual tree Gsrcr (Gs at 
D = l kPa) across sites and indicated that tree height was 
an in~portarlt determinant of Gs,,,, across sites. This, com- 
binccl with a 42% higher root-to-le:~f arcit ratio (A, , :A, )  rrt 

the xeric site, sogge,sts thut xeric site trees are hydr:tulically 
well equipped to realize equal - and so~netin~es higher - 
potential for cctnduct;tnce conrpared witti trees on alesic 
sitcs. JIowrve~er, a slightly more sensitive stomatal closure 
response to increasirig D observed ill xeric site trees sug- 
gests that this potential iikr higher condoctance may only 
bc reached ~ 1 1 c n  D is low and when tlic capacity of the 
liyrlrsulic systcni to supply water to foliage is  not yrc;itly 
cl~aller~gcd. 

l<ej~-rvorcl.s: Iutbitat structure; hptl~~aulic conductance; leal' 
walt.1- polen~ial; loilgleof pine: slancl clensity lree height; 
w;ller relations. 

Stomata1 conductance is well-correlated will1 liyclraulic 
conductance along llic soil to leaf pathway (Spcrry, Aldcr 
B Eastlack 1993: Salicndra, Spcrry K: Conislock 1995; 
Bond 24 ICavnnagh 1999; Meinzer ct a/.  1999; Hubbard ct (11. 
2001). Hydraulic conduc~ancc {lea[-spccilic; kL), in 111r11, is 
closely linked to  plant hydraulic architecture, including sap- 
wood-to-leal' area scltio (As:AL),  root-to-leaf arca ralio 
(A la :AL) ,  Lissue-specific hydrriulic conductivity ( K s )  and 
plant stature or height (11) (Andracie ernl. 1998; Ewers, 
Orcn & Sper.ry 2000; Hackc cJt (11. 2000: Schiifcr, Oren B 
'l'enhunen 2000; Maherali & DcLucia 2001; Mcncuccini 
2003). Increases in kL are correlated with increases in 
/I,:A,, Al,:/l, and KS, Further~nore, k, has becn shown lo 
decreasc with increasilig trcc hcight. Such adjustments in 
hydraulic architecture arc influenced by cnvironment and 
occur ti) balance k, arid lcaf gas cxchangc with avoida~~ce 
of xylem dysfunction and hydraulic failure (Spcrry et ~ 1 .  
2002: Kntul, Lcuning CQ Orcn 200.3). 

A host ot cnvir-oninental variables have bcen shown to 
influencc hydraulic architectu~-e. Soil water limitation, tor 
example, promotes bio~nnss alloca t io~i below ?round, 
thereby incrcasing standing root crop and AIt :Al  (Con~eau 
& Kilninins 1989: Gower o r  01. 1904; Albaugh c.r (11. 1908: 
Hackc cr ( I / .  2000). Plants occupying ~ ~ i o r c  arid habitats 
maintain highcr A,:A, than plants growing in arcas whcrc 
;ttlnospheric moisture is not 21s limiting (Callaway, DeLucia 
LQ Schlrsingcr 1993; Mencuccini & Grace 1995). Nitrogen 
fer~il~zation has been shown to encouritge leaf area produc- 
tion (Albnugh et (11. 199S), thereby decreasing both Al,:A, 
and / ts:A, . Soil moisture, aridily and nilrogeii availabilily 
have all been shown lo inlluence Ks and vulnerability to 
xylem cavi~alion in various ways (Alder, Sperry Rt Pock- 
man 1994; Ewers et ill. 2000: Hacke et 01. 2000; Maherali & 
DeLucia 2000). In addition to resource-related influences, 
hydraulic :rrchitrcture has also been shown lo very trccorcl- 
ing to habitat structt~ral infl~iences such as stand densily 
(Whitehead. Jarvis 8r Wriring 1984). Inclividual tree leaf 
area (A,), canopy structure, tree height-diameter relation- 
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536 R. N. Addington et al. 

ship$ and biomuss allocation arnon_g roots. shoots and 
leaves have a11 been show11 to bc influenced by 5tancl den- 
sity (Pearson, Fahcy & Knight 1984: Dcan & Long 1086. 
1902; Oren cnt ( / I .  1087). These f ndings in total iriclicntc that 
adjustnients in trcc fonn and I~ydi-aulic architecture are 
made a t  a variety of scales, honi tissues to wliolc trce5 to 
stancis. Furthennore, tllcse studies illustrate that the factors 
influencing hydraulic nrchitecture arc coml>lex, and unclcr- 
standing them and their effects on sto~natal conductance 
1-cquires con side^-ation of several habitat components, 
iuclt~ding resource availability and feeelbacks between 
resource a~ailabilily and habitat structure. Few studies, 
llo\~ever, have eval~~aled hytlraulic ard~itecture ancl ils con- 
szcluence on slomnlal concluctance in this entire context. 

We in\restig;ited factors influe~icing hydraulic arckitec- 
lure, hydraulic conclucta~lce and stoniatal concluctance for 
Pint~s pn1u.srr.i.~ (Mill.) a t  extreme encls o f  a resource avail- 
ability and coin~n~rnity cotnposition gradient within the 
coastal plain region of the soulh-eastern Unilecl Stales. I? 
l~ulrtstris has a \vide ecological distribution within  his 
region, occupying coarse-lestul-ect soils that can be 
cxtremcly droughty during surnmcr, as well as fincr- 
tcxturcd soils ol'lcn i~nclcrlain by clay pans. Changes in 
stand st!-uctur'c arc couconiitant will1 changes in soil tcxturt' 
along this gradient. I n  more rtlesic liabitzits, I? pnlusrris is 
the clominanl ovcsstorp spccics, forming almost ruonotypic 
stands wlicrc: ljre is maintained. So~nt' Iiardwood spccics. 
@rrcr.c.rrs virgitlirlll~ (LWill.), for ex;imple. arc also lyp~cal in 
the mid4loi-v (Abr;thamson cl;r Hal-tnclt 1990), hut thelr 
dcrlsity is gcacrally low depending on the Srcclucncy and 
intensity of fire. I n  mor'c xeric habitats. I? pc/lrr.strw slill 
dominatcs the overstory, but fhc density o f  droughr- 
acIal)(cd Qlrercrts ssp., primarily L). Inevh (Walt.). &. rnm-g- 
(Jrcfrrr (Ashc) and Q. genliricrttr (Small), incrcnses dramati- 
cally in t l ~ c  illidstory (Jacqmnin, Jones & Mitchcll 1000). 
Ovcsstory clcnsity and lcaf ar-ca indices in these xcric hnb-  
itats are ctill niu~ll  Iotver rclativc to ~ncsic habitats (Mitchell 
el NI. 1099) and Lrces in xesic habitats arc also shostcr in 
stntule. Pci cclit sctil moisture in the upper soil profile is 
co~>sistently lower at the xeric cncl of thc gradient, yet soil 
nitrogen mineralization is liighcr due to higher soil tc~nper- 
aturc (Wilson or (11.  1999, 2002). 

For f? prr1trsn.i.v occupying scric and n~csic habitats, we 
mcasur'ed the following architecturai and physiological 
vari;rbles: As:,/\,, A ,:rl,, tree height, leaf writer polenti;il 
(Y', 1. k , .  root I<,, Ieaf stomatal conductance (gs) and sap- 
flus-scaled c;1nopjr stomalrzl concluct;~nce (C,). Stornatal 
conduct;ince across sites \tias evalriated in the c o ~ ~ t c s t  o l  
hycIs:~~lic clrchi~eclure using the hydraulic model of Schiifer 
~t ril .  (3000). The goal o l  the sli~cly nJas to characterize 
hyd~aulic and stonlatal behwviour under favourable soil 
nloisture conclitions in both habitats. \Ve also provlde sorne 
discltssio~l :md speculation about the potentill1 role of 
drought ancl soil moisture decline aa-oss habitats. We pre- 
clicted  hat xeric site trees would exhibit shifts in hydraulic 
architectiirc aiiiled at iniproving Ieaf \vatel- status, but  hat 
stoii'tatni conductance would still be lower in trces occupy- 
ing xcric versus mesic habitats. 

MATERIALS AND METHODS 

Study sites 

Sites for this slucly were cstablishecl in seprcsentati\le xeric 
and mesic P pptrlnsti-i.s habitats at the Joscph UT. Jones Eco- 
logical Rescarcli Center in south-wesl GA, LISA (31°N, 
85"W). Regional me ti^^ daily Lemyeraturcs rangc hom 21 to 
34 "C i n  strmnicr to 5-17 "C in winter, and mean annual 
prccipitation is 13 10 nim (Gocbel et ~ 1 .  2001). The two sites 
are localcd =5 km Crorn one anolher and they experience 
similar climate. The sites wcrc dclincd as xeric and rnesic 
based on the drainage characteristics of their soils and on 
the composition of ~ h c  woody plant community. The xeric 
sile occurred o n  ;in ~ipland sand sidgc anct had cieep, sandy 
soils classified ;IS Qp ic  Quar~zipsammcnts, will1 reialiveip 
low water holding capacity (CVHC) ( 18 cm water per m soil 
in [lie upper 3 111) and no asg~llic horizon (i.c. no significant 
:~cc~imulalion of clay) within 3 111 (Goebcl ct nl. 2FlOl):rhis 
site ineasui-ed 1.32 ha and contnined 71 pine trees and 494 
oak trecs, tlic majority of which were Q. Inovis. The ntesic 
site occurred on an upland tcrracc and had soils classified 
as Aquic Arcnic Kandiudults, with higher WHC (40 cm 
watc.1- pel m soil in 11ic uppcs 3 nl) and an argillic horizon 
within 0.5 1-11 of' thc soil surface (Gocbcl e r  (11. 2001). 'ficsc 
soils were snrlcly Loain ovcs sandy clay loam 01- clay.Thc site 
cstablishcd in this habitat contained 121 pine trccs and no 
oaks ovcr an nr'ca of 0.53 ha. Soil texturc fractions (pcrccnt 
sand, silt, clay) for both sitcs for the upper I r n  soil are 
rcportcd in Goebcl er (11. (2001) and asc shown in Tablc 1. 
Saturated soil hydraulic conductivity (I<Cn,l) was me;lsurccl 
at three dcl>tli intctvals (0-40; 41-100 nncl 101-2110 cm) at 
(Iiree locations per site using compact constant head per- 
meanieler (Amooze~neler, Ksat. Tnc., Raleigh, NC, LISA). 
Stand inventory n~easurements, including stand densily. 
basal area, mean tree ciiameter at breast height (DBH), 
mean tree height and nlem age were made for both sites 
prior L O  the study (Milchell (lrcrl. 1999) and are also pre- 
sented i l l  Table I .  Stands at both sitcs are multi-aged. Scal- 
fold locvers wese conslructt'cl prior to the stutly, permilling 
canopy access to three I? pcrlr~striv trees on each site. Bolh 
sites were managed using prescribeel fire and were burned 
in win~er- 2000 psius to sampli~zg. 

Tree A,, (111') WBS rslimatecl lor each site using site-specilic 
allometric equations developecl at the beginning of the 2000 
growing season. Branch harvests were conducted during 
Jrliiuary-February 2000 on 15 and 17 xeric and inesic site 
trees, rcspectivc.ly. Trees represen ling the full range ol slzes 
present on each site were randomly selectecl along transects 
acljacent to each site, ?'he cliaineter of every branch in each 
tree was meahured by climbing the trees. and six branches 
pel tree ( ~ w o  per crown third) were I-aiidomly selecled and 
cut. Neeclles from cut branches \ve~-e collected i~nd dried in 
the laboratory to constant mass (g) a1 70 O C .  I'rojected A ,  
(emi) was measurcd on a suhsamplc of fresh ncedlcs CI-om 
each hranch using a leal' arca mcter (LI-3100, Li-Cor 
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Table 1. Soil riilol stand clinractei-ist~cs for xeric and 111rtsic habitah. Sot1 texture frac~ion (per cent sand, sil1,clriy) ant1 Wllf reprebent 
mcdn\ ( 1 1  = 3 nlensui crnent localions pcr site: k I SE) laken Tram Gncl,el cr (11. (2001 ). 

Xeric Mesic 

Soif ~hdrii~l~r~sLic.< 
Sand fraction ('%,) 
Sill I'raction ('L) 
Clay Ir;lclion (%)  
W 11C' ( an  111-' ) 
K,(,,, (crn h-I) 

Staucl (chiirar~erislics for Pi/zlrs prr/u.tr/ i s )  
Densily ilrces Ita I )  

I3osal itren (ni-' ha :) 
Mean D131-i [cm) 
Mcan itgo (yertrs) 
M e a n  hciglit (m) 
S A I (cm' la-') 
l iA1 ( ill? m 
LA1 (m' m 2, (I~III-rnax) 
ti,:/\ (cm2 m ') 
11 R:/\ (111' ill-') 

Satur:iLccl soil I~~lcfrs~~lic conducli\li~)i (K, , , ; )  \{*a5 mci~wrcd a1 111rcc soil deptl~ iuiervnls at n = 3 rnei~sure~~~cnt 1ocalion.s. per site. Strind 
ct1;11-ac~criitics ;ire Ibr P paltrsrris only o n  each site (C)rr~rr.rls spp. codominale xeric s j ~ c ) .  \J;rIi~cs in parentheses for soil chari~clcrisiics are + I 
SE. Vwiurr in pitrrntllrses for t h c  ~ t i m d  cliar;~ctcris~ics arc ranges. <:alculation of /\,:Al '~ntl AR:/lL uscd cstimales or' A! avcragcd for 
Novcn~bcr-Dccember 2(#)0, corrcspo~nding 10 the pcriod when root> wc~ c collected. 
WI IC', walcr Iioldinp capaaty; DRII, <liamcter at  brcust hrtigltt: SAI, sapglood ;irca index; LAI, leaf ilrca index; RAI. root iireii indcu for 
toots < 5 m m  In d~ametcr; As:AI,, sapwood area to lcaf alca ratio: ~ l ~ < : / l ~ .  root area Lo lcaf area ratio. 

Ins~run~cnts ,  Lincoln, NE, USA). Spccific il, (cm7 g-') was esl in~aic seasonal cllallgcs in A L  and LA1 as described in 
 hen calculatcci and ~ ~ s c d  LO convcrt bulk necdle dry wcight Addington et al. (2(H)4). 
to lei~f ;Ilea 101- eacll harvested branch. Log-log rclntion- 
ships bctwccn branch cliarncter and branch leaf arca werc Sapwood area (A,) 
developed from ha~-vr_'st~d btanchcs at cach site and uscd 
to predict entisc trcc A ,  via branch summntion. Log-log 
relatio~isl~ips bctwccu DBH and A, wcrc then dcvcloped 
for cnch sitc. Site diffcrcnccs in the rclntionship bctwecn 
DBH and 11,. i~cr-c tcsted using analysis of coval-inlice 
( ~ s c o v ~ )  to detcrminc if the rnodels coulcl be reduced 
acsoss sites. 'Thc siopc of the DBH-A,. reiationship was 
significantly different bctwcen sites (P < 0.001), indicating 
that separate ~nodcls \jlere apgropriatc. Thcse modcls are 
show11 in Table 2 ancl wcrc used t o  estilnatc A,  of all otllcr 
tsces each site. Leal area index (LAI, 111' projected leaf 
surtace rn-* g r o u ~ ~ d )  was deler~nined :IS the sun1 of A,< for 
each site clividecl by ground area. riegular rneasurernents of 

;Is (cin') was esti~ilated for cacli sitc froni inctcn~ent cores 
collected froin 16 trees on rhc xcsic sitc and 18 on the nlcsic 
sitc clusing Octobes 2001). Sapwood length was determined 
by visual inspection of the core anit con\leried to area bused 
on the area o f  a circle. subtracting Ihe area represented by 
[lie heartwood and bark. Log-10s leit~tionships between 
DBH ancl t l s  were developed for each site separately nncl 
tesled as above to determine if lhe models could be red~lced 
acl-oss sites. In this case, there was no significant difference 
between the sites regarding lhe relationship of DBH to As 
( P  = 0.534). inclicatillg that a single lllodel was appropriate 
as follows: 

~lrttclle elongation and senescence in the tower-accessible logAS = 1.929 . IogDRH - 0.1281 
isees on each site by Shttifield et irl. (2003) were used to (r' = 0.97, P < 0.001). 

Table 2. Leaf arca (r\,-, m') predictions from DRf  1 (cm) Ibr scric and 111csic site trees cleter~ni~~ed fro111 pre-growi~lg sc;ison branch harvests 

Site 1' X 11 b r2 I' (<) 1 1  

Xcric log/l,, IogDRH -0.908 1.854 0.99 0.001 15 
Mesic I(>gct I logD BH -1.192 1.944 0.98 0.00 1 17 

Eqii:~~ions arc in ~ h c  form: Y = ( I  + !I . X. 
Dl3 1-1. diarnelcr- ;it brciist hcigli~. 
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At both sitcs. A s  for all I? ~~crhrsrris trccs was cstimatcci n~icl 
surnmccl to sapwoocl arcn index (SAI, cm2 sapwood nrca 
ni-' ground) (Table 1). Tlic AS:/lL presented in Tablc I w;rs 
calculnred by dividing SAI by LAT, uslrig LA1 averaged for 
Novcii~bcr-Dece~nl~cr con-esponcling to thc pcriocl wlicn 
roots wcrc collcc~ed. 

Root area and Ks 

Root area index (RAI, ni' root surface area m-' ground) 
and routing deplh distribution were detenninrci in Noveni- 
bcr-December 2000, by excavating 2-m-deep, 2 x 0.5 m' 
pils adjacent to ench site (17 = 5 pils per site). Roots were 
collected at 20 cm ctepth intervals, sepal-ated from non-pine 
species and sorted into four diameter classes: < 1,l-2,2-5 
and S-t2mn1. The diameter and length oC every 
roo1 3 2 m m  (i.e. 2-5- and 5-12-mm-dian~eter classes) were 
measured and [he area was ci~lcul:~~ed baseti on the area of 
cyl~nder. Fur liner I oots (< 1 - and I-2-mm-cfiilnieter 
classes), lot;~l root Iengll~ was eslin~alecl wing ratios of root 
lcnprh per unit dry mass (specilic ~-oot lenglh, cln g-') cfclcr- 
mincd I'ol-subsaniplcs in cr~ch depth class t)n cach site. Area 
was [hen calculated based on the arca of a cylindcr using 
~ h c  mid-point of ench cliamcter class. Scaling from 11ic pi1 
to tlic stand Ic\leI was then acliicved as fi)llows: a geo- 
graphic information systcni (GIs) calc~~latcd the total num- 
bcr of 2 x 0.5 111' polygons that could he drawn within cach 
stiln~i and  the^^ rncasurect tllc disiancc l'rom  he centre of 
cach polygon t o  the ncarcsl f? ptr1~~stri.v Lrec. 'Dislance to 
ncaresl tree' classcs were thcn derived based on rz fre- 
quency distrihut ion, and pi t  locat ions wcrc clioscn to rep- 
resent ei.lch o l  lhesc classes. '[b cslimate RAI, total root 
area t'roni cnch pit was weiglited by the proj>ortion of total 
polygons rcprescnted by each class (i.c. tiunibcr of polygons 
in cacli class rclalivc to thc total number of polygons). Ordy 
roots < 5 mm \\.ere used to cstiniate RAT (Ewer5 cl ~1.2000; 
Hnckc ct 01.2000). Estimates in Tablc rcprcsent the root 
asen sunimccl over the 2 in depth profile pcr unit ground 
area. The AH:Al W R S  calculated by dividing RAI by LA1. 
again using LA1 avcragcd for Novenibcr-Dcccmber 

IZF (kg ni ' s MPa-I) was iiicnsurcd on six roots, < 5 mrn 
in outer clinmcfer. per site. TIicsc meas~~rcmcnrs rep]-cscnt 
root sylcm asjnl conductivity. Rools were collecleil in tlie 
uppcr 0.2 rn soil oli cacli sitc itncl tiS was 1iicn5ured for 
dill'erent xylem cavitation-inducil~g pressures simul~~ted in 
the laboratory via the crntrifilgal force method ctescribed 
in Aldcr cJf (11. (1997) and Macke pr (11. (2000). 

Y', (MPn) and gc (nimol n12s  ') wet-c measu~.ccl in thc 
upper canopy thirds of the three tower-accessible trees on 
cncli sitc throtigliout tlic growing season, h4ai-cli-Octobcr- 
2000. Pre-dawn, mid morn in^ and midday rncasurcmcnts of 
'Ifl \itere made approsiriiately every 2 wccks using a prcs- 
surc chnmhcr (1Moclcl 1002, PMS Instrulnents, Corvallis, 
OR. USA). Mid-monling and midday n~easilrenlrnts of gs 
were ~nnde every 4-5 weeks using a portable infrarecl gas 

analyser (IRGA) cquippecl wit11 an artificial light source 
(blodcl LI-6400, 1-i-Cor lnstru~iicnts). To isolarc tlic influ- 
ence of liyilrnulic architccturc on ,SF, the influence o f  envi- 
I-onnicntal variables on gs ]lad to be rcn~ovecl. This was 
done by holding photon flus dcnsity at a constant 
1000 pinol m-' s-' insicle the chamber, and maintaining CO, 
concentration at 350 pmol. Ncedlc tcniperature anci rcla- 
tive h~~uilidity (RH). however, wcrc nllowecl to vary with 
atmospheric conclitions so that dalu woulcl be collected 
eves a range ol' vapour pressure cleficit ( D ) .  The D range 
was t1.99-4.67 kPa on the xeric site (medim = 2.41 kPa) and 
1.18-4.45 kIJa on the mesic slle (median = 2.65 kPa). A 
boundary line analysis was do~ le  at the eiid of the season 
to depict the upper boullclaly ol  the response of gs to D for 
eacli tree (Schiifrr et U I .  2000). This analysis renloveci the 
influence oC all olher environmental variables on the 
response of gs to D: including effects of a drought that 
occui.recf early in the growing season (Adclington ez ill. 
2003). A relerence ,q5 (gsl-l,), clefined as gs at 1 kPa D. was 
Illen generated by fitting the data to the func~ional fonn: 

where the y-intrrccpt rcprescnts gs at I kPa D, rind the  
slope of tlic relationship betwcen ,q, and Inn (-dg,/dlnD), 
r cp r t ' s e~~~s  the sensitivily ol' the slornatal rcsponsc to 11 
(Orcn ct r11. 1999). Measuren~cnu of g, urcrt' made on both 
pre\lious- and cut-rcnl-year necdlcs once iiew neccllcs 
rcachcd at least 50'% of to~al  elongalion. ?'his occurl-ed in 
Augitst 2000. All measurcmcnts ofgs are reported on a leaf 
:ma basis, delermincd by mcasit~.ing necdlc radiits using 
digital caIii>ers and calculaling all-sictcd leaf area inside the 
chamber assuming a cylindrical needle shape (Svcnson & 
Davies 1992). 

Gs and k, 

G, (mmol H,O m-' s-') was calculated from measurements 
o l  sap flux ctensity (J , ,  g rn-= s-') made in the xylem of seven 
trees on each site cluring Seplen~ber 2000. Trees were 
selected lo represent tlie range of tree sizes present on eacli 
site and iliclucled the three tower-accessible lrees on each 
site (Table 3). Xeric site measurements took place on 2-4. 
8-13 and 29 September while niesic sile ~nrasurenienls 
wc~.c conducted on 3,9, 12-14 and 26-29 Scplemher. Tlier- 
ma1 clissipation probes (1'DPs) (Model TDP30, Dynamns, 
Jnc.. Houslon.TX, USA) wcrc used to measure ,Is based on 
the lechnicjuc of Ciranic~- (1987). Probes were installed in 
thc outer 30 m m  ol' hydroactive sylcm at a stcm height of 
1.3 n~ on the norlli side of all trees. Val-ialion in .ls wilh 
radial depth was evaluatcci I'or the three lower lrees on cach 
site by insr;tlling iior~h-facing 1'Dt's at 30-60 ri1111 sapwood 
depth. Tllesc nicasurcmenls we re made on 28-30 Augus~. 
prior lo t hc Sep1embe1- mcasuren~cnts.?'c> scale .I, across the 
cntire riirlial profile, the per cent o f  hydronclive xylem rep- 
resented by 0-30 and 30-60 111111 sapwood cleptlis wcre plot- 
ted against per ccnt flux measurcd at thesc depllis (Ford 
rr (11. 2004a). Per cent fjux beyond 60 lnln siq-~wood depth 
\vas tlicn dctermincd based on per cent of hydroactive 
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Table 3. Response uf stomatal conductance at leaf (g,) and canol>y ((;,I hcales lo vnpoirr pressure deficit (D) 113 seric and mesic site trees 
of Viirlous DHLI, tree heights (lit) and ages. 

Site DI31-1 (cm) 1-11 (m) Agc (year) ,qsCL, -d,q,/dlnl) j2 1 1  , -ctC,/dl~iD I' I I 

- - - - 

13ala were ~\~il lui i t~d by fitting the upper bound;~ry of $he ,ys ilnd C, re.;p{,nl;e t o  D to the functional form: gs = h - 111 . InD. This analysis 
generales a rel'ercrrce stomata1 conctuctrtnce (g511r and C\,,, in mmol m-?~- ' )  eclui~l to ,q, and G:, at 1 kPa 11, and it corresponding sensitivily 
lo increasii~g D equal to the slope of the g, and C;, response to  13 (-dg,/dhif) and -clC;,ldlnD in mmol m-' s-' kPn-'). Lcaf data reprceclil 
~~icasurements niadc appro?tim;~lcly monthly CI-om March-October 20011. \vhilc canopy d'11a on each sllr i s  [or scveral days in  Seplcmbcl. 
3,000. The nurnhel ol' poii~ts i n  e i ~ d ~  repcssion relr~tivnship 1s \ho\vn in the ct,lumn Iilbellcd n.  Tribes accesiblc by canopy scatTold towers 
i\rc denolcd hy '111 asterisk ("). 
IDBI-1, clinmetcr i j t  brcnst I~cigl~t. 

xylcn~ beyond 60 ~ n i n  using n 3-parameter Gaussian func- 
lion (Ford rr al. 2004a). Racfial profiles lor trees on which 
.T, was tneasured only in the outer 30 Inm xylzrn were siin- 
iIarly obta~ned using Ll~e Gaussian function to predict radial 
decline basecl on per cent of hyclroactive xylem measured 
in each tree. Becrittse r:ldial \ ~ a r i a t i o ~ ~  tended to change 
i~ccordit~y to driving fo:-c< and n~as imum flux. midday aver- 
ages were usecl, corresponding lo t he time perrod \vhen .[, 
was relatively stable and when stored waLer was less likely 
lo h~ive n la1 ge influence on .Js (01-en er cil. 1998; Ewers & 
Oren 2000; Ford et (11. 2004a.b). All psobes were insulated 
Tro111 solar radiation using retleclive shielcling and .If wiis 
recorcletl every nlinute nild averaged over a 30 nniu in lerval 
using dalatoggcl-s (Modcl CR-10, Ca~nphell  Scientific, Inc., 
Logan, I.iT. USA). Neither site had a continuclus po\ver 
sourcc, so dataloggcrs were powered by baltcry. 'I'he mea- 
stirenicnt dates listcd above appear sporadic because ciays 
in which battcr'ics were not I'ully char.gcd wcre removed 
I'I-om tllc analysis. 

Ti-anspila~ion per unit lcaf area (EL, kg I I I -~  Icrzf s- ' )  was 
csti~natcd by multiplying wholc-tree .Is I)!! A,:/!, deter- 
m i n d  for each tree. kL (kg m ' IeaT h ' MPa ' )  was cafcit- 
Intccl for the thrcc to\+~er-;~cccssible trees on each siie o n  
Lwo of the measurement days (1.1-13 Septemhcr), corrc- 
sponding to days when 'f/, was meustirccl. Midday EL was 
divitlucl by the niiclday watcr potential gsadicnt (Yj5 - 'IJL - 
l~p,q), usilig pre-dawli Lf', as a prosy fol- Ys and correcting 
for gravit;ltionnI cffccts on the water colunlri of hcight h 
and cieiisity p (Iipg). Cis was calculatccl for all seven tl-ccs 
on cnch sitc using the following equation derived from 
Whitchcnd 6 Jarvis (1981): 

whcre C;, is the univcrsnl gas constaut adjustcd for water 
vapour (0.362 111' kPa K- '  kg-'), T ,  is the air temperature in 
clttgrees K and p is the density of water (998 kg m 7). The 
Telens formula (Miin-ay 1967) was used LO calculate D from 
canopy T,, and RH. This calculalion si ibsri t~~ted T,, for leaf 
remperature based on  11ie assumption that the canopy and 
surrouncling ;itmosphere ;Ire closely cctupled due lo L11e 
open nature and ~-oi~ghness of the coniferous canopy on 
both stutly sites. Both T.,, and RIJ were measured using T,\- 
R H  sensors (Model HS, HOBO Computcr Corp.. Bourne. 
MA. USA) aUixed lo each tower in the upper canopy thircl. 
Solal- radiation was measured aI a weatlies st:llion located 
bet\veen !he sites using n pyranomeler (Model LI-200S, Li- 
Cor Inst rumenls). 

Statistical and model analysis 

Analysis of covariaiice (ANCOVA) was employcct for testing 
difi'erences between sites for most variables, including the 
relationsl~ip bctwccn DBH and trec height, DBH and A,, 
DBII ancl A$, soil depth and At(, D and pre-dawn YlL, D 
and gs, ancl D ancl Gs. In cases where lhese relationships 
were lion-linear, variables were log-transformed to meet 
the assumplion of linearity in ns\'co\/~. Dit'ferences among 
slope coelicienls were tested lirsl and i f  the]-e \vas no sig- 
nificant dit'ferei-rce. tests for clilferences between i~ltercepts 
wese can-ird o u ~ .  All analyses were conducted ~isillg indi- 
vidual lrees (or pits in the case ofroc)t area analyses) within 
each site and were perforn~ed using the gcneral linear 
rnotlel (GLM) procedure in SAS version 8. f (S AS Institute, 
Cary, NC, USA). All linear ancl non-linear curve-fits were 
made using SigrnaPlot software (SiginaPlol v5.0; SPSS. Chi- 

Gb = ( c;, T. ipEi , ) / f l ,  (?) cago. TL, USA). 
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To Sacifitntc con~parison of Gc bctwccn sitcs, 3 boundary 
li~lc analysis that incorporated solar radiatioli and D was 
pcrformcd ant1 a reference Cs (Gs,,,) was detc~.rniiicd for 
each trcc. as dcscribcd for leaf-level gs measure~~ierits, Data 
whel-c D < 0.60 kPa were reruoved from this analysis to 
miniriii7e any enors associated with calculating C? at low 
D (Ewcrs & Ore11 2000).The range of D ovcr which data 
was collected and uscd in this analysis was 0.60-2.51 kPa 
on the xeric site (mcclian = 1.26 kPa) and 0.60-2.30 kPa on 
thc rnesic site (median = 1.07 kPa). The rilfliielice of 
hydrriulic architeclure on stornatal concluctnnce across sites 
was then evalnared using G5,,, and the kpdiaulic lnoclel of 
Schiifer et (11. (2000): 

The model assumes that k,, is proporiionill to the tern1 
( l th )  - (llF:/ll ). that is, k ,  is inversely proportional to h 0 1 -  

Ihe path length over which w:iter mtrst lrrive[ and is clirectly 
proporlional to /I, or Lhe conclucling area. Tlie psopo~ lion- 
ality lo 11, irnplicrtly asstimes that the hapwood-area- 
spccific conducti\~ily oS the plant I runk docs not vary 
bctwccn sitcs or with age.-r11c bases for these assumptions 
ale dcscsibcci more coniprehcnsively by Schtifer elol. 
(2000). Although we rnez~surcd hi; i r i  roots and found sim- 
ilarity he~wccn sites (see below), thcse esliniatcs were not 
iucludcct i n  tlic model bccause tlicp rcprcscnt only tlic root 
portion of soil-leal' conduclivity. For modelling purposcs, 

was csriniatcd from I r  usins tlie rclation.;hip hctwecn 
/\,:AL rind / I  presented i n  Fig. 2. Thc pooled average Ys - 
Yl_ across sites was used for the term Ys - Y,- - Irpg, and 
tliis te1-111 \\as allowed to vary \rlith cliangcs i n  I z p ~ .  The 
n1odc.l predictcrl a relative change in C;$,,, espected across 
trees based on relative changes ill  each of thc illput vari- 
ahlcs. Each input variable was nornializccl by its avcragc 
across irees to clerivc this relative chnnge.Thc rclativc vari- 
ation in predicted by the niodel for each tree was then 
mtrltiplicci by the average actual GsrCi :lcross trees to gener- 
ate the clashed Iinc in Fig. 8. 

Tree DBH (cm) 

Figure 1.  Tree height versus tree cliamrier a t  breast heiglit 
fDBIT) for Lrees o n  xeric and rnesic sites. 

0 
0 5 10 15 20 

Tree height (m) 

Figure 2. Incrcnse in sitpwoc>tl to Icnf area rxtio (/\ \: ,IL) with 
~l~crcasing tree hc~gllt for trees occupying xcric and mcsic sites. 

RESULTS 

Ma?timurn pinc 1,AI  occur^-ed in September for 110th sitcs 
and was nearly a third at the scric relative to tlie nicsic sitc, 
reflecting the lower density of pine at the seric sitc 
(Table 1). Leaf arca pcr tree at a given DBN was signifi- 
cantly higher at the xeric sitc (P < 0.001), but sapwood nrcn 
13cr DBH was similar (P =0.534), leading to lower A,:A,. 
for xeric site trees co~nparcd to those on tlic mesic site 
(Table 1). 'Trec lieiglit for a given DBH was significaiitly 
lower 011 tlie xeric sitc ( P  < 0.001: Fig. I), and thc increasc 
in &:Al from thc xeric to the ~nesic sitc was positively, 
thougli wcakly, correlated with the increase in tree height 
across stands (r' = 0.26. P < 0.01 ; Fig. 2). Thc relationship 
between As:AI ant1 tree height was more obvious within the 
xeric stanci than within the mesic stand (Fig. 2). 

Pine RAT was lower on Lhe xeric site. again rellecliiig the 
lower pine ciensily on tliis site. hut this is likewise compen- 
s a ~ e d  for by a higher ainounl of niean root area per indi- 
vidual tree (Table I). The alialysis reveaferl no  site by soil 
depth interaction (P= 0.187). indicating that the sta~~cls hacl 
similar root distribution wit11 depth (Fig. 3). Although both 
total root and leal areas were lower at [lie xeric site, AK:Al, 
w a s  32% higher on this site rc1:itive to Ihe niesic site 
(Table l).There was no signilicant difference between sites 
in the response of K ,  of roots to xylenl pressure (P  = 0.771), 
and n o  significant difl'crcnce in masin~um K g  at a given 
xylcm prcssurc (P= 0.324), Lhough mean maximul-ii Ks was 
slighlly higher on tlic xeric silc (Fig. 4). 

YL v:~ried wit11 D, but n o  silc dilfcrenccs \vcrc obscrvcd 
in thc rclri~ionship hctwecn 'f', and TI (JJ= 0.341). 'iJL at a 
givcn D was similar at both sites (P = 0.23L). tl~ougli YL 
tended to bc slightly less negative on thc xcric sitc, partic- 
ularly before dawn when I1 was low (Fig. 5 ) .  Mean pre- 
dawn YL over tllc course of the lucasurelilcnt period was 
-0.49 and -0.58 MPa for ~ l i c  xcric and rnesic sitcs, respec- 
tivdy. Mcan niid-~norning 'PL was -1 -06 and -1.12 MPa, and 
mean midday IYL was -1.58 and -1.67 MPa for xeric and 
mesic. rcspectively. The soil-leaf water potential gradient 
(Y ,  - 'I/,) was likcwisc similar bctwcen the sites (1.08 and 
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Figure 3. Roo1 iire;t index (RAI) o f  I'inrw p u l r t ~ ~ ~ ~ ~ s  roots < 5 mni 
tliomckr i i t  0.2 m depth inrcr\-als Si)r xeric and rncsic sites. V;~lues 
rrprescni 11ie Inciln t)t' 11  = 5 cxci~\latioli pits pcr silt' (k 1 SE) 

1.09 MPn for xeric ancl mesic, respectively). Incorporating 
thc effect of gravity on thc LPq - Y*,- - Izpg (11siiig 0.01 b1P;i 
1 x 1  111 trcc heigl~t). howcvcr, showed that xeric site trecs 
Iiad a sligtitl!~ higher nvcragc driving forcc lor water Row 
owing to thcis shorler stature (0.90 and 0.83 MPa for scric 
and mesic, ruspecti\rely). k,- was similar between Ihc sites 
(r-t esr . T' = (1.232; Fig. 6) 

The response of gs to D was also similar betwcen sites 
(slopes comparison, P = 0.23!)), and there was no significant 
diffcrcncc in gs at a given D (in~crccpLs coml,arison, 
P = 0158; Fig. 7). Again, however, gs tended to be higher a t  

Figure 5. Leaf water potential (Y,) a t  a given vapour pressure 
deficit ( I ] )  for xcric and rnesic sites mcasurcd biweekly. March- 
C)ctobcr 2000. Values represent mcan of n = 3 trees per site 
(+ I SE). 

10)s~ D on the xeric site and sho\vecl a somewhat more 
scnsiti\.e stornatal response to increasing D. A1 the refer- 
cncc D (D = 1 kPa), g, avcragcd 13% higher on the xeric 
site coinpared to the mesic site (132.20 versus 117.67), and 
[he it\lcra$e slope of  thc ys to InZ) rcsponsc (-dgsldlnD) wr~s  
73.97 a i d  63.42 for thc xcric and niesic sites, respeclively 
(\'Table ?).There was no signiiicant dilfcrence bclwcen nee- 
dle-age classcs (currcnt- versus pi.evious-ycar ncccilcs) in 
~ h c  response of,qs l o  I) for eilhcr site (minimum P = 0.106). 

Pa~tcms in gy and rcsponsc to  D obsciwxl bclwccn s i~cs  
r t ~  Lhe leiif levcl wcrc siinilas at thc canopy Icvel. Gs a t  the 
xeric site slio~wd n sliglilly inorc sensirive stomata1 
rcsponse LO increasins D, Ihongh thclc was no significant 
ciifi'erence 111 the o\~erall rcsponse ol  Cis lo D between sites 
( P  = 0.65 1). T11c avcragc slope of the GS responsc to InD 
(-dCs/cllnD) was 43.03 nncl 34.24 for the xeric and mesic 
sitcs. rcspcctively (Tablc 3).At I kPa D, Gs (= Gslcr) was a n  
average 30% higher 011 the xeric site comparccl to Lhc rnesic 
site (62.26 versus 47.75). yct there was n o  statistically sig- 

Figure 4. Rcsponse of iissuc apccilic Ilydraulic conductivit) (K,) Figure 6. Lcaf slxcilic hydritillic coi~dt~clnnce ( k l )  lor selic and 
of  root.; < 5 111111 diamclcr I(.) increasingly ncpi~rive root xylem 111csic 5i tes l'alues represcnl n = 3 trees per site (mcans f 1 SE) 
pressure for n = h (nioins f 1 SE) xeric and rrresic silt mots. ;rveraged for 13-1 4 Scprembcr 2000. 
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(Ryai~ er (11. 2000; Schiitcr er r r l .  2000). In our study, differ- 
cnccs in As:A1, across sites appeared to bc clue pri~narify to 
d~ffcrenccs in tlie height distribution of trccs. Co~isistcnt 
with other studics (Scliiifcr cf 01. 2000; McDow~"11 ci at. 
2002). itre observcd all incrcase in As:AL with incrcasing 
trce hcight across sitcs (Fig. 2). Our usc of the hydraulic 
nloclcl (Eclii 4) sliowcd that trce height and AS:Ai.  influ- 
cnced wixler transport ancl stomata1 corlductancc in coun- 
[el-acting ways. To illustl-ate this, the hycll-aulic moclel can 
be rnociiliecl lo represent a predicted ratio of Gs,,[ between 
sites (GYICbl ~~eric/nlesic) based on ratios of input variables 
as follows: 

where h,/h, is 111e seric/n~esic inverse height ratio, AxlA,, 
is the ratio o l  AS:/l,, and dtY,/A!P,, is tlie ratio Ys - 'f: 
between sites. adjusted lor gravity. Using [he vi~lurs in 
Table I, h\llIIX C C I U ~ I ~ S  1.29, n1e;ulillg that in isolatioll the 
l.educed path length aCIorded by sliorter trees on tlie xeric 
sitc uroulci translate to 29% higher conducr;~nce in xeric site 
trccs versus those in the ~ncsic sile.The tcl.nl A,iA,, cquals 
0.79. which would result i n  a similar proportion of stornatal 
concluctancc.. Combining thesc two Sactnrs in Eqn 5 shows 
lhnt  he effect o i ~  mean stomala1 conductance of highcr 
i15:Al- in the mcsic stand nearly ex;ictlp compensated for 
Lhc effect of greater trcc hciglit (i.e. predicted Gsl(; ,  is 
1.29'"0.79 = 1 .(12). We interpret thcsc rcsults to mean that 
ihc site-to-sitc dilfcrence in soil texture and WHC did not 
arfcci AS:A, directly, hut rather indirectly througli its ctfect 
011 shnd structure and Lrcc height. 

Silt differences in soil psopclVtics appcared to have no 
direct cfScc1 o n  'f/, - V', stcruss silcs eithcr. In fact. ihc dif- 
krcnces i1.1 Y($ - 'fi - hpg bctwccn thc sitcs appeared to bc 
niostly driven by tlic diifcrcnces in trce height and associ- 
ntcd cffccts of gravity. Applied at a stand level, there was 
an estimated e~rh[iizccnlc!nl of collductarlce of 3% (kc. d'Y,l 
A'Y,, = 1.03) nt thc xcric site. This, togethcr with the com- 
bined effect of tlic cliffcrcnces in hcight arid Ag:Ar_, wo~ild 
result in a xcric sitc conductauct. predicted to he 1,05 that 
o l  mcsic sitc trccs. The fact that a singlc relationship 
ketwccli Gsler and trcc hcight in Fig. 8 csplaiils thc data well 
across sitcs further suggests that [lie variation we did 
observc in Ci5,,, is largely attributahic to thc differciiccs in 
trcc hcight distribution across sites. 

T h e  ratio /l,:Al, also greatly affects tho arnounl of watcr 
that can he extracted from tlie soil (Sperry er (11. 1998). 
When stanits reach rl stage of development in which their 
kil l '  and rooi areas are a1 maximuni. the rrttio 11 ,,:/I, :it this 
cluasi s~eady state is highly dependent on soil texture. 
i~~creasing with increasing sand fraction. Consislent with its 
sr~ndy texlure. xeric site AIL:Al, was 42% higlier than the 
~ilesic site (Tahlz l).WIiile this adjuslment in /l,,:Ale is much 
less ihau thc live-fold acijustlnent observcd in a similar 
stucly in Pitlzrs taedo (L) (I-lackt: et (11. 2000). it still likely 
improved water uptake efficiency at the xeric site consicler- 
ably. I t  is no1 possible ro assess entirely the eIfecl of higher 
AK:/l,, on the ivalcr cconomy of /? pcrliisfris without 
~iccounlinp for watcr consutnption by the oak component 

also occupying this site. Ncverthclcsc;. our res~ilts show that 
at a reference T) (= 1 kPa), mean xsr,( ancl GSIel wcrc similar 
al both sitcs, or perhaps cvcn highel (13 and 30u! for gs,<, 
and CEIeI, respcctivcly; Table 3) at  thc xeric sitc. l i e  com- 
binecl above-ground hyclrnulic adjustments at the xcric sitc 
(1.05 that of the niesic sitc) ruay not bc sufficient to explain 
the somewhat higher conductaiice on thc xeric site at low 
D, inclicating that below-ground adjustlncnts in hydraulic 
architecture likely contributed as well. Such below-ground 
adjustment is consistent with the sliglilly higher (16%) 
mean Ks of small roots at the xeric site. 

We also assumed thal xeric site trees would be cleeper 
rooled lhan inesic site trees and that proporlionately, more 
root bio~llass would be fot~iid at clepth on the xeric site. We 
I'ound no evidence for this in our 2 m deplh pit samples. Yet 
I? 11~I11stri.s is a species known to exlend a taproot cleep into 
the soil prolile, particularly 011 sandy sites (FIeyward 1933). 
While we feel our sanlpling slrategy was reasonable lor 
quantifying fine roots within the 2 In depll~ profile, it was 
less well suited for determining the depth distribution of 
the entire rooting prolilc. Masimum rooting dcplli is rele- 
vant to the current sludy bccausc of its consequence on 
hydl.aulic architccturc and \jlater transport: deep rooting 
may rcach additional Lvnter resources, but it also incrcascs 
the path length over which \\later must bc transporlccl. 
More informarion is needed to oddl~css this issue. 

While it appears that I?l>nlirstr.i.s occupying scric silcs arc 
confronted with prcalcr ch:~lIengcs regarding waler r~cqui- 
sition relative 10 t ~ c c s  occupying nlorc nlesic siles. adjust- 
nlents i n  hydraulic architccturc have enabled individual 
trecs 011 xcric siles to ~.calize equal - and sometimes higher 
- potential for conductance. The potential for higher con- 
ductance at xcric sites nlay, 1iowevcr. only be reached dur- 
ing times in which D is low and when soil moisture acl-oss 
silcs is kivourable and does not liniit tlie capacity of thc 
Iiydra~~lic systcn1 to supply water to foliage. Consistc~~t with 
lhis scenario is the observation in this study that as D 
increased, both gs and Gs showed a stceper decline in xeric 
site trees (Table 3). This pattern i~nplies a slightly more 
scnsitivc stornatal conductance response to increasing D in 
xcric sitc trccs, likcly necessary to regulate VJ,- ancl avoid 
xylem cavitation (Oren ef ~ 1 .  1999). It appears that trees on 
thc xeric sitc arc hydmulically best st~ited to taking advan- 
tage of pcriods whcn water is available, but tlie trade-off is 
that thcy may have smaller ~nargitis of safely from hydrau- 
lic failure during drought and are thus required lo show a 
more sensilive sto~natal closure response to increasing soil 
\v;tter limit:~tion (Sperry ct ul. 1998). Fuiure work should 
pari~n~cterizr the moctel of Sperry et (11. (1998) to evaluale 
response to declining soil moisture and how chi~nges iii 
hydraulic architeclure aci-oss sites [nay influence site waler 
use envelopes ancl prerlicled c;~v~laiion-induciilg twnspii-a- 
tion rates (E,,,). Dilferences in root sudiul resistance across 
si les shoulcl also be considerecl here. We present results 
only lor root axial resistance. ye1 root radial resistance can 
be orders ol inagnilude greater than axial resistance (Steu- 
ctic & Peterson 1998). For large woody plants, however, the 
relative iniportance of root radial and axial rcsistancc in 
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li~niiing transpiration is not wcll understood due to path 
length elfccls. Thc length over which water nmsr flow radi- 
ally is much lcss than tlic axial length, thescforc. thc impor- 
tance o f  axial t-esistaiice should increase with plarit size 
(Spcsry CI id. 2002). Hnckc cl id. (2000) also dclnonstmte 
good agrccnicnt betwcen wholc-plant watcr use and axial 
cond~ct i \~ i ty  during watcr stress, suggcs t i~~g that diffcl-enccs 
in root radial resistance across sites nncl during drought arc 
eilher negligible or  paritllel the change in axi:iI resistance. 

Lastly. tlie inlluence of the oak co~nponent on pine 
hydraulic architccltire should be invesligated. 21s these spe- 
cics no1 only alter stand structure but also nulrient avail- 
ability. Ilrighrr nitrogen availability and tniner;ilizatlon has 
bee11 reportecl for the xel-lc bile, believer! lo be i t  result of 
highel- quality teal litter relurn provitied by llie oaks; oak 
root turnover, and liigher soil temperatures ~ O I -  minttrali~a- 
tion (IViIson et al. 2002). By riltering nutrieni availitbilily 
relalrve to Lfie tnesic sitc, oaks on 111~: xeric site inay provicle 
a kriilizing effect, cncou~-aging lea&' area production in the 
pines and thcrefosc dccrensinp /IS:A,. In lliis situation. 
scric site I? pahutris n-ray in fact he niore sensitive to 
dsoughl, consislent with the findings of Ewcrs er nl. (2000) 
ill  f! rilctlo thal ~litrogc~i-Ce~-tilizL'd strinds had smallcr mar- 
gins o l  sal'e~y from predicted hydraulic t'ailul-c during niod- 
cllcd drought compiircd Lo non-lerlilizecl stands. Thc 
I'I-cclucncy oT dl~oughl ~hcrcfore may be gi-cater Cor tlie xcric 
silc rclativc to thc mesic site in this sli~dy. meaning that 
trees on the xeric site may spend propor~ionatcly morc time 
in a state o f  drought relative to ~nesic sitc trccs. A limiled 
data sci collcctcd o n  Lhcsc sitcr; during a d r o u ~ h i  I l i :~ t  
occur~ecl eat-licr in tlie gt-o\vinp scnsori suggests this pattern 
(Addingtoti 2001). nncl may cxplain why longcs-term waler- 
i~sc cfficiency cstinlatcs for tlicsc sites i~iiticatc that xeric 
sitc trees arc morc wrltcr-use cfficic~lt compared to tnesic 
site lrees (At ld i~~gton  2001 ; sec also Ford 2004). 

Thc patterns of s t o~ i~a t a l  beI~a\~iour observed in this study 
suggest tllnt wliolc-plant at~chitecrural and leaf physiologi- 
cal arljustrncnts arc well coorclinatcd \ ~ i t h  onc another and 
with c~ivirortmcnt and l~ahitat structure. Other stuclics llavc 
d c m o ~ ~ s t ~ a r c d  iritcgration among liydrnt~lic ai~chitccturc 
and watcr transport efficiency to maintain horncostasis 
(Whitel.lead cr id.  1!)83: Mcinzcr, Wooclruff & Shnw 2004). 
Otu 1-csults are consistent ivilh tlicsc staclics and suggest 
illat i~~tc~ .ac t ions  anlong soil propertics and stand-level fac- 
loss such as tree cle~isily :it-e important dc~enninaii ts  of 
individual tree form and heighl. and that hydra~llic tldjust- 
nients across lhesc scales ensure similar sile-lo-site slo- 
rnalal capability. 
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