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Summary FunclJon~d c(mvCl-gellCe in hydraulic architectm'e 
a~d wafer relations, and potential tmde-offs in resource al- 
location were im'estigated in six dominant neotropical savmma 
tree species ti-om central Brazil during the peak of the dG sea- 
son. ('ommot~ wlationsh ips betwem] wood density and several 
aspects of plant water relations and hydraulic architecture were 
observed. All species and individuals shared Ihe same nega- 
tive exponenlial relationsl~ip between sapwood samraled water 
content and wood density. Wood densily was a go~d predictor 
of minimum (mk~l&O ') leaf water potential and tolal daily tran- 
spiralion, both of which decreased linearly wilh increasing 
wood densitj l~n" aIlil~dividtmls and species. With respect 
to hychaulic architecture, specific and leafspecitic hydraulic 
conductiviD, decreased and the leaf:sapwood area ratio m- 
ercased more than 5-fold as wood density increased from (1.37 
to 0.71 gc m- ;  li~i all individuals and species. Wood density 
was also a good wedictor of the temporal dymnnics of water 
lluw in stems, with the time c~l'onset of s'~p flow in the morning 
and the ma~ mum sap t]ow lending to occur progressively ear- 
!ier in the day as wood density increased. Lea f properties ~so- 
elated with wood deusily included stomatal conductance, spe- 
ci fic leaf area, and osnlotie potential tit the lul'gor loss point. 
Milch decreased linearly with increasing wood density. Wood 
densio, increased 1/nearly with decreasing bulk soil water po- 
temiat experienced by individual plants during the dLY season, 
suggesting that wood densiD' was grealest in individuals with 
mostly slmllow roo~s, and therefore limited access m more 
afl,,undant .~rql water at greater depths. Despite their laxonomic 
diversity and large hmapopuhition dilt~crcnces in architeclm'al 
tmi~s, fl~e six co-occun'ing species and their individuals shared 
s.imiiar ftmctioual relationships between all pairs of variables 
studied. Thus, rather than differing intrinsically m physiologi- 
cal responsiveness, the spccies and the individuals appeared to 
have distinct operating ranges -q]OlIlg comnlOl ]  physiological re- 

sponse curves dietared by plant architectm-al and structural fea- 
lures. The patterns of water uptake and access to soil water dttr- 
ing the dry seasm~ appeared to be the main delerminml! o fwood 
densily, which constrained evolutionary options related to 
plant water economy and hydraulic architectttre, leading to 
fimctional convergence in the neom~pical savmma trees stud- 
ted. 

Kc;vwords: cerrado, hydraulic conductivity, sapf low,  soil  wa- 
ter potential,  water  lransu;rt ,  wood density 

In troduc t ion  

Recognition of functional convergence in physiological and 
morphological characteristics of plants cml be obscured by 
ambiguities concerning the scale at which measurements are 

nmde. The relevant scale tbr characterizing responses of plants 
to em, ironmcntal factors' is often the individual because it is 
tile mtegmtign of activities and processes ha the entire plant 
that contributes to features such as survival, growth m]d repro- 
ductive success. For example, photosynthelic roles of individ- 
ual leaves m'e often assumed to represeN a property uniquely 
linked to a species-under certain environmenlal conditions 
when in reality i! may not because changes m total leaf sin-face 
m'ea per plant as a result of detbliation or experimental mmaip- 
ulations olien result in very rapid changes in stomatal aperture 
and carbon assimilation in the remaining leaves (Meinzer and 
G rantz 1990, Whitehead et al. 1996). Thus, hlt5nnation on to- 
la] leaf sm'lhcc area per plant: lea fdynam.ics and hydraulic ar- 
chitecture is o/ten required to inteq~ret variation in leaf-level 
properties such as stomatal conductance m~d photosynthesis. 
The use of appropriate variables, strongly related to overall 
plant fimess, to scale variation in physiological traits among 
species may reveal functional similarities that emmet be de- 
lected with single-lea f measurements alone (Meinzer 2003). 

Denney
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Because selec{ix.'e pressures operaIe (m the plan( as a whole 
organism, cotmlinaticm ofresource allocation helwecFt [he dig 
lierent levels ofc;r.,.2anizafion from cell to whole plant is a pre- 
requisite l\n- achieving optimum l~tness. Resource allocalion 
patterns piton result m enhancemel~t era particular fi.mclion at 
~he expense of another, particulqrly in resonrce-lilnited ellVi- 
ronmcnts, such as fl~ose with low water mid nutrieul availabil- 
ily. gx~mlptes of d~ese Lr~Me-offs include etlhancemenI of wat- 
er-use efficiency at the expense of nitrogcn-nse efficiency 
(1:ieht and Moonev 1983): and tile negative association be- 
lweeq leaf life span and nitrogen content (Reich et a1.1997, 
Cordcll et al. 2001). Conflicts in resomve Mlocation lend to 
conslrain the number of possible combina(ions of fimctional 
trails in a particular individna) and among species, leading to 
functional convergence across a broad range of species (Schul- 
ze .et al. 1994, Reich et al. 1997, Meinzer 2003). 

Varialion in wood density is a strong predictor el'concomi- 
tant varialion in a suite of characleristics relaled Io stein water 
slorage capacily the efficiency of xylem water Imusport. regu- 
lation of leaf wamr slams, and avoidance of turgor loss (Bucci 
200I, Meinzer 2003. Garmer and Meinzer 2004). The widely 
repoFted inverse relationship between sapwood densi W and 
saturated water c~l~lent implies that sapwood water slorage, or 
capacitance, diminishes with increasing density (Snatton et aI. 
2000, Bucci 2001, Meit~er 2003). Moreover, it seems likely 
lhat the gai~a hi xylem embolism resistance associated with iu- 
creasing wood density (Hacke et al. 2001) is n'aded of f against 
a cost in terms of reduced sapwood hydraulic conductivity 
(Stratlon et aI. 2000). If both sapwood waler storage capaciD* 
and waler transport efficiency are negatively correlated with 
wood density, il is reasonable to posttflate thal species widl 
greater wood density experience larger daily fluctuations in 
leaf water slams, requinug them to allocate more resources to 
osmoregulaticul to maiuta fl~ turgot than species with low wood 
density. Consisten~ with this postulate, a strong positive corre- 
lation was Dund between wood density and fl~e magnitude of 

, daily flumuations in leaf water potential a.moi g 27 species 
wilh wood dens t es "origins li'om 0.l 4 Io 0.9 gcm ':~ (Nlefllzer 
2003), aqd in another survey of 12 species, the leafturgor loss 
point declined fi>m about --1.2 to -4.5 MPa over a rmlge of 
wood density from 0.16 to 0.90 gcm -; (Garlner and Meinzer 
2004). Because wood density is a fun&mlental lrait that ap- 
pears to c(mstrain physiological options relaled to plant waler 
relations and hydraulic architecture (Meinzer 2003), it may 
prove useful for scaling physiological properties and behavior 
within and across species. 

Ii~ tl~c present study, we assessed several ecophysiological 
lxaits of six 13razi]ian savanna woody species. The savallnas (~ f 
cenlral Brazil (Cen'ado), characlerized by a 4- Io 5-momh dry 
season, oligom;phic soils and frequent fires, are lhe second 
most extensive plani Iiwnlulkm in ,';outh America after the 
lowland {lz~pical rain Rwests (F';ilen 1972). ]he  Brazilian sa- 
vannas arc composed of deeply rooted trees and grasses and 
other herbaceous species with relatively shallow roots. Trees 
tend to be rehltively small (usually less lhan 12 m tall) and 
have steins with thick bark and largo internal water storage ca- 
partly (('oradin 2000). The consequences el'seasonal droughl 

fiw physiological activity of woody Cerrado plants have bem~ 
studied for only a limited number of species and the results ap- 
pear to be contradiclory. It was assumed initially flint most 
Cermdo woody species tr,'mspired fi-eely throughout the ye,-tr 
(Ferri 1944). The explanation offered to account for this puta- 
tive weak stomatal control of transpiration in Cerrado wee 
species is continuous access to deep soil water (Goodland and 
FerFi 1979). Maw Cmrado woody species have root systems 
at least 10 m deep (Sarmimm) 1983). However, rooting depth 
is species-dependent, with deciduous species often having 
deeper root systems than evm~reen species (Jackson et el. 
1999). More recently Memzer et aL (1999) mid Bucci (2001) 
c~bserved strong stomatal limitation of tmnspi_ration before 
midday in tree species during both the &3' and wet seasons. 

The main objectives of this study were to: (1) detenuine 
whether functional convergence in hydraulic architectm'e and 
water relations is observed amollg savanna tree species when 
appropriate sealing variables are used; (2) identify potential 
trade-ofl~ in resource allocation to traits relined to rooting 
depth, stem water-transport efficiency, water storage capacity 
and leaf osmoregulation; ant] (3) identi~, the functional sig- 
aificmlce of selecled architectural, anatomical and slxucmral 
characteristics of savaama trees. Several individuals of six 
dominant savmma ~ree species wifl~ diverse phylogew, m'clti- 
lecture, and leafphenology were studied. Wood density, wood 
saturated water contenl, branch hy&'aulic architectua-e, stem 
sap flow, stomata/conductance, leaf water potmltial, specific 
leaf area, and leaf pressure-volume relationships wew mea- 
sured at the peak of the @ season. 

Materials and methods 

Study sire aml planl malerial 

The study ,.*,'as conducted in savmma sites at the Institute 
Brasileiro de Geografia e Estatistica (IBGE) Ecological Re- 
serve, a field experimental station located 33 km south of Bra- 
silia (15°56 ' S, 47053 " W, altitude 1100 m). In 1he IBGE 
Reserve. mean annual precipitation is about 1500 mm with a 
pronounced dry." season from May to September. "/'he months 
Of ltlne, July and August are often devoid of precipitation. 

9 ) ~ '  x," Mean monthly temperature ranges fi'om 1 tc 2o C, ~ qth diur- 
nal temperatm'e ranges of 20 "C being common during the dry 
season. The soils are deep oxisols consisting of about 72% 
clay. Despite their high percentage of clay, the soils behave as 
coarser-textured soils ,mid ea'e exu'e,nely well ch-ained. The 
study was carried out during August and September 2000 and 
2001. 

At least six individuals fiom each of six dominant woody 
species with dif/;zrent leaf phenology were selected tbr the 
study: .Sk:heJJlera macrocarpa (C. & S.) Seem (Amliaceae), 
,)yrax./i,rrug#~eus Ness et Marl (S~,racaceae), Ow-atea hexa- 
.72erma (St. Hil.) Bai]l (Oclmaceae), Carvooar brasiliense 
Camb. (Cawocaraceae), Er!,thro:\yhtm suberosum St. Hfl (Er- 
ythroxylaceae), and Kielmevera coriaceae (Spr) Mart. (Gut- 
lil¢~mc). The first three species are eveNreen, the last one is de- 
ciduous (leafless t'r~r about a month) and C. brasiliense m~d 
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F...~tgberostm) are brcvideciduous. In Augus{ 2000, mean 
heigh~ fin) and diameler at breasl height (DBH; cm) of the se- 
lecled indivi(hmls clench sludied species (means ± SI~) were: 
S. marmOt,Tin 4.4 -k 0.3 m and 8.8 :: 0.7 cm; O./mvasT)erma 
1.8 ~- O.l m arid 9.5 +- 0.6 cm: S.felrt~g#letts 4.2 ± 0.3 m and 
11.3 #- 0.6 cm; K. covhmam 2.8 -+ 0.2 m and 7.0 = 0.5 cm; 
E. suberosum 1.8 ± 0. l m a~cl 7.5 -+ 0.7 cm: C b,'asilie~.ve 3.7 + 
0.1 m and 11.1 ± 1..l cm. 

Leqf waler p~!tclltial al~d sIoma~al cotldttc?~(t~?ee 

Leaf water potential (tPL) was measured with a pressure cham- 
ber (PMS, Corvallis, OR). "I3,pically, six to seven sets of  mea- 
sm'ements were obtained during the course of  a day for each 
individual ({hree difl)rent leaves pet individual and six indi- 
vi&m]s per species). Leaves wm'e excised and immediately 
sealed iu plastic bags and kepl in a cooler until balmtcing pres- 
sures were determined in the laboratory wilhin 1 h of sample 
colleclion. A s{eady-,.slate peromcler (Model [,1- t600, Li-Cor, 
I,incc~ln. NE) measured stomatal conductance (~) on the now. 
fully expanded leaves li'om sun-exposed areas. Six to sev- 
en complete sets of  measurements were obtained during the 
c~mrse o f t  day. Cerrado trees tend to have crowns with low 
I.,AI and therefore there is little self-shading among leaves 
wilhin the crown. 

~_~'[I],~ lqO!lJ 
Sap/low was measured, during 2 to 3 consecutive &~ys in each 
individual per species, with the heal dissipation melhod <te- 
scribed by Granier (1985. 1987). Briefly, a pail" of 20-un-n 
long, 2-ram diameter probes (UP GmbH. Mmtich, Gemtany) 
was inserted into the sapwood near the base of the main siena 
in each plant. The upper (&~wnstream) probe comained a cop- 
per-constantan thermocouple and a heating element of  con- 
slantan, which was contizmously heated at a constant powe,; 
while the unheated upstream probe served as a temperature 
reference. 'l'empeml~lre diflbrences belween the upstreanl and 
downstream probes were recorded eve~' 10 s mxt 10-rain 
means were stored in solid-state modules (SM192, Campbell 
Scienti tic, l,.~gan, l,Jl',~ connected to dala .loggers ((TR IOX, 
Campbell Scientific). Sapwood depth in lbe stems of  the indi- 
viduals studied ranged fi'~m 3 to 6 cm. and consequently the 
20-m m probes used s pan ned a large fraclion o f file hydroactive 
portion of  the xylem. 

Sap flux was calculated From the temperature di Fl'erence be- 
tween the two probes based on an empirical calibralion (Gra- 
uier 1985, 198T) recently revalidated lbr tropical trees (Clear- 
water et al. 1999). Mass flow of sap per individual was oh- 
lamed by multiplying flux by sapwood cross-sectional area. 
The relationship between sapwood cross-sectional area and 
stem diameter was obtained by injecting dye near the base of  
lhe main slem l\~r several individuals of each species repre- 
senting a range ~f stem diameters. After 2 h, the plants were 
decapilated a l~w em above the point of dye injection and lhe 
area of condncting tissue was determined fi'om the pattern c~f 
slaining by lhe (lye as it m~vcd in the transpiralion stream. 
Transpirati<m per unit leaf area was oblained by dividing mass 
sap flow by the total ieafsurFace area per plant. 'lotal leaf area 

per planl was obtained by multiplying the number of  leaves per 
plant by the mean area per leaf determined from a subsmnple 
of 10 to 50 leaves pet" plant, depending on the total number of  
leaves per.plant. 

Pves~'ure-vo/uzne re/aliollships 

Pressure-volume curves were determined for three, fully de- 
veloped exposed leaves from each individual. The leaves were 
cut in the fiekt, recut immediately under water mM covered 
wilh black plaslic bags with the cut end in water for 2 h until 
measm'enlents began. After each determination of  balancing 
pressure with the pressure chambm, leaves were immediately 
weighed to the neares! 0.001 g had, nmil the next measure- 
mere, left m transpire freely on the laboratory bench. After 
all balancing pressure-weight measurements were completed. 
the branches were oven-dried at 70 °C to a constant mass and 
weighed (~,ree and Richter 1981). Pressure readings, fresh 
mass at each rending, salurated mass and dry mass for each 
leaf were enlered into a pressure-+olmne relationship anNysis 
program din,eloped by Schulte and Hinckley (1985). 

Wood density trod specific leafarea 

The density and saturated water content of stem sapwood were 
measm'ed tbr tlu'ee stem cores per i~l&ividual. Sapwood was 
distinguished ti'om heartwood based on dye injections in the 
stem ,~ described by James et al. (2002). S,'m'~ples were taken 
with aJ~ increment borer, sealed in aluminum tbil and. plastic 
bags, and taken to the laboratory. After removing the bark, the 
cores were weighed to the nearest rag, placed in water in a 
small graduated cylinder to determine the volume, and ~fl- 
lowed to equilibrate overnight in dcionized water. "llm cores 
were reweighed after being lightly blotted with tissue paper, 
and then oven-dried to a constmu mass and weighed again to 
obtain the &3' mass. Saturated water content was determined 
by dividing the saturated mass minus the dry mass by the dry 
mass. Density was determined by dividing the dry' mass by the 
volume of tim sample. For specific leaf area (area/d W mass) 
detemfinations, tea fi, flJy expanded sin1 leaves were collected 
ti'om each of  three trees per species. After the]a" areas had been 
measured, the leaves were oven-dried m 70 °C and weighed. 

Hydruulic co~duetivi~y 

t lydraulic conductivity (k~,) was measured on three branches 
or petioles excised before dawn from six individuals of  each 
species. A small pcwtion of  the branch or petiole cut end 
was then immediately removed by recurring under water. The 
leaves were then tightly covered wir.b black plastic bags and 
transported to the laboratory with the cut ends of the branches 
or petioles under water. Immediately after re'riving at ~ e  labo- 
ra[ory, stem or petiole segments were cut m~der water ~md ,at- 
tached to a hydraulic conductivity appm'atus (Tyree and Sperry" 
1989). Water exuding fi'om the open end of  the stem or petiole 
drained into test robes contai~fing damp paper towels touching 
the segment ends. Following a short equilibration period, wa- 
Icr flow, generated by a constanl hydraulic head of  50 cm, was 
mcasm'ed gravimetrically. Hydraulic conductivity (kg m s -~ 
MPa -L) was calculated as: 
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\~uiation m sapwood saturalcd water content  was associated 
with varialion in wood density (Figure 1). A single negative 

exponenllal relationship was titled Io all data, indicalh~g that 
saturated water content decreased with increasing wood den- 

si b'  b.~ a shnilar manner across all individuals and  species. Log 
n'ansformafion o f  the data resuhed in a linear relationship be- 
t'ween flee two variables (see insert m Figure 1). Wood densiLy 

was also a good predictor o f  minimum (midday) leaf  water po- 

tential and total daily transpiration (Figure 2). Mid&ay q*L mad 
daily transpiration, decreased linearly with h~ereashag wood 

density in a similar lhshion across all i ndMdua l s  and species. 
Daily mmspiralion increased 9-fold With a 50% decline in 
wood density from 0.71 m 0.37 g c m  -3. Re]alive variation ha 
specific hydraulic conductivity (G): leaf specific hydraulic 

cenduc tMty  (kt) and leaf  area to sapwood area ratios was also 

Fzgure 1. Wood sah~rated water conlertf in tMation to wcvod density 
(P,,-o,,a) lbr six co-occurring savanna species: ~, = Sch,~letw macro- 
cat'~a (n = 21 ); @ = St)rax.ferrugineus (n = 21 ); I = Kiehneg,eT'a 
coriaceae (,'* = 21); ~ = Ouratea herusperma (u = 6): ,0, = C'atToea r 
hrosi/ic~se (n = 6); and • = [,.)?,lhro.Ddum sub~rostlm (1l = 6). Each 
vahte represents one individual. ]'he curve is a negative exponential 
fimction titled to tile data (y = 81.39 + 2628exp(-8.9x)). The inserl 
depicls the rel;inonship between Ihe same lwo variables using log 
t,'ans£,'rmai'ion of the dala (log.v = 1.71 - 1.211ogx) 

A P  
a. = 4. r-__ (~; 

AX 

where ,],. is the flow rate through the slem or petiole seglnent 
)1 c s s ; u l e  u l  1(tlO1 (,kg s -~ ) and k P / A X i s  the I "v." "" ~ "~ " ' ~t across the segment 

(MPa m -~). Specific hydrau]ie conductJvily (ks; kg m -~ s -I 

MPa -I) was obtained as 1he ratio of/fl~ and the cross-sectional 
area o {'the aclive xylem. Leaf  speci fi c conductivity (k~; kg m-* 

s -~ MPa-~5 was obtained as the ratio of/& and the teal'area dis- 
tel to the stem or pelio[e segment. ]) is t i l led/de-gassed water 
was used as perl¾1sion fluid. 

The apparent lea farea specific hydraulic conductance o fthe 
s , : f i l / r oo~ / l ea fpa thway  (6;) was determined as: 

/ 

E 
(;~ = - - -  (2) 

A'g 

where kqJ is the difference be:tween the cun'ent q* L m~d the W 
o f  the soil. and E is lhe mean transph'ation rate per unit leaf 

area determined fiotn sap flow measurements at the thne of  the 
qq. measulemeuts .  Soil T was estitualed by extrapolating to f 
= zero and the q*L ---F, relationships obtained by simultaneous 

% a ' L l  measuremer~ts c! I L and E lhroughout the day, tbr e~ch indi- 
vidual ( S p e r u  et al. 2002, Bucci el el. 2004a). A molphologi-  
cal iudex o[  polenfial transpirational demand relative to water 

transport capacity was obtained for each individual fitted with 
sap flow sensors,  by dMding  the total lcafm'ea by the sapwood 

area (LA/SA)  near the base o f  the tllaitl stein. 
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Figure 2. (A) Minimum (midday) leaf waler polential (q~) and (B) lo- 
tel daily transpiration ill relation io wood densily (P,,,oc,0 for six sa- 
vanna species. Symbols: ~x = Schefflca'a mac:rocarpa; • = St)~'ax 
['etTllgb~eus: [] = K_idme.pera coriaeeae: • = OuraTea hea'usperma" I~ 
= CDJ?'oaar brasiliense; and • = ED,lhro.vvtum suberosum (n = 6 for 
each species). Each vahle represents one individual. The lines are lin- 
ear z~.gressions fitted to the data: ~ . . . .  0.74 -- 1.66x for (A); andy = 
1769 - 2506x far (B). 
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Figure 3. (A) Specific hydraulic conductivity (&), (B) leaf specific 
hydraulic conduct ivily (kl) and (C) leaf area per unit o'f sapwood a r~  
(LA/SA) in relalion to wood density lbr six savanna species. Sym- 
bols: Ak = Sche/flctw mao'ocarpa: @ = So;rax./errugineus: [ ]  = Kid-  
IH('I~(?F(I t*O!'[Jr:(~t.7~: ~ = Olll'¢llgqd ]Ic, r(I,S']~UITII(I: ~ = (~(IFy()C(IF bFclxi- 

lie;~se: and 8 -=  [:)3vhro.vyhm~ sul~erosum (ti = 6 for each species). 
Each walue represents one individual. The curve in (A) is a negative 
exponential function filled to the dala (y = 0.22 + 9.22 exp(-6.10x)), 
~he curve in (B) is a negative exponential fimcfion tilted w the data O' 
= 5.61exp(--212x)), and the curve m (('.) is a posilive exponenlial 
funcl~on tilted to Ihe data (y = 0.001exp(5.85x)). 

large in relation to the total variat ion in wood density mnong 

all imlividuals and species (Figure 3). Max imum whole-piant 

hydraulic conductance (Gm~,,), calculated as m a x m m m  sap 

flow divided by the di t'ference between soil qJ and midday leaf  

water pole~llials, was positively cone la ted  wi lh  ~5 (Figure 4), 

suggesting that these two aspects of  hydrad ic  archilecmre 

provided kffbrmation of  similar t~mctional s igmlicauce for 

long distance water u'ansport in savanna tree species. 
In addit ion to the su-ong rehd.ionships belwcen wood dcnsit  3, 

and hydraulic architem ure, lea f water balance,  sapwo~d wmer 

storage capacity amd total daily walcr flux, wood density was a 
good predictor o f  the temporal  dynamics  of  water flow in 
slems o f  the study species (Figure 5). "~x, qlen concurrent  t ime 
courses of  sap flow during clear days were available, it was ob- 
served that both the time o f  onset  o f  sap flow in the morning 
and the t ime o f  maximuna sap flow tended to occur p r o ~ e s -  
sively earlier in the day as wood densi ty increased. These rela- 
t ionships were individual and species-independent ,  because a 
single flmction wovided  at1 adequate fit to ,all the data, despite 
the potential  influence o f  coiffounding lactors such ,as day-to- 
day variation in the envi ronmenta l  conditions.  Wood density 
increased linearly with decreasing bulk soil ttJ experienced by 
individual plants (Figure 6). Because all estilnams o f  soil h u 
were obtained dttring the stone port ion o f  the dry season, dif- 
ferences in soil qJ (the x- hatercept o f  the qJL-E relationships) 
reflected differences in patterns of  soil water uptake, wi th  
more negative values o f  ~t j indkzating thai: root systems were 
tapping shallow soil layers where soil water availability was 
relatively low. 

Several additional leaf  properties were associaled wi th  

wood density. Moan slomatal  conductance  and specific leaf  
area decreased linearly wiila increasing woody density in a 
similar fashion independent  o f  individual and species (Fig- 

. ure 7). The leaf osmotic potential at the turgot loss point de- 
creased at lower SLA (Figure 8). Species and individuals with 
thicker leaves (lower specific leaf  area) thus lost turgor at more 
negative values of  qJL than species and individuals with thinner 
leaves. Because specific leaf  area and wood  density were lin- 
em'ly related (Figure 7B), species and indivi&mls with denser  
wood tended to have leaves with lower mrgor  loss points. A 

"7 
rl 

'Tee 

`TE 

E 

E 

Ig 

16 

14 

12 

10 

8 

6 

4 

2 

0 

r 2 = 0 . 8 6  

A / / 4 ~  

. _ 

i 

i 
+ 

5 10 15 20 25 30 

k~(× 10-~ kg m -~ s -* M:::~a -~) 
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linear function fitaed to the relat ionship between wood density 
and tea 1 mrgor loss poinl yielded an r 2 = 0.57. 

Discuss ion 

'['rad~lionally, species are placed a long a c~mlinuun~ fi'om 
droughl avoidant  re drought tolerant on the basis  of  operath~g 
ranges o f  leaf water status. Al lh ' )ugh a particular species may 
be eiU~er more or l.ess tolerant  o f  water deficits than another, 
this classification according m discrete l~mctional groups may 
conceal the existence e f  substantial  convergence in leaf and 
whole-plant  physiological  responses and traits related to wa- 
ter-transport  efficiency, regulation o f  water  loss and stem wa- 
let-storage capacity. J'he six eo-occnn ' ing neotropical  savanna 
species lhat we stuc[ied shared similar lhn~:tional relationships 
between wood density and leaf- and w'hole-plant level traits, 
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early mt)rning and (B) time al winch maximum basal sap llt~w is al- 
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llow). Symhols: i = Sche / f l e ra  macrocarpa:  0 = SO,rcLr f e r rug ineus ;  

[] = K iehncvera  eor iaceae;  Y = Oura tea  hexa.sg)c~',ta; • = Caln,ocar  

brasi l iense:  and • = E13,thro.~ylum suberosum (n = 6 for each spe- 
cies). The line is a linear regression fitted to the data (y = 0.27 -0.6.~0. 

despite their taxonomic diversity mad the lhct thaHhese species 

are not phylogeneUcally related. Thus, rather than differing hl- 
trinsically in physiological  responsiveness to the Cerrado en- 

vironment,  the study species appeared to have operating rml- 
ges along COlmnon physiological  response curves, det51ed by 

variation in wood density, a fundamentM trai t .  Shared fimc- 

tional relalionships based  on wood density were adequate for 
scaling variations in several aspects of  whole-tree perfoi'- 

mm~ce, both  within and among  species. Both individual-  ,and 

species-specific v,'wiation in physiological  and morphological  
traits thus appear  to be subjected to similar selective pressures, 

resuking in general functional com, ergeuce in plant  hydratflic 

architecture and water relations characteristics. The coordina- 
lion o f suites of  tr,'dts from the leaf- to whole-plm~t level would 

result in a mult idimensional  physiological  response surface 
common to all species and individuals. These findings suggest  

that Cerrado tree species may  possess a l imited nmnber  of  
physiok~gicat and morphological  solutions l'or coping with 

seasonal drought. 
In a recent  study, Enquis t  et at. (1999) derived an allomctric 

model  to predict  growth rotes of  tropical trees using wood den- 
sily as an h~dependent variable and found that  there was a 
trade-off between growth rate and al location o fb iomass  to tis- 
sue density, with species that allocate less biomass to their 
slems (light woods), increasi]lg hi basal d iameter  lhster thml 
species that allocate more .b iomass  to stems (dense woods). 
The model highl ights  the central  roles of  allometric scaling 
and wood density in predicting lit~ histot7 traits and growth 
rates of  trees. Wood densi ty  is fi-equm~tly cited as being a ma in  
detcrminant  o f li feh  istory variation in woody plants  (Dc~slow 
1980, l:'earnside 1997). An  hnportant  question is why wood 
density alone explains an important  percentage of  variation in 
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Figure 7. (:\) Mean dady slomatal conducIance and (B) specific leaf 
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Oura tea  /Tevasperma: • = C~TEvocar brasil ioTse: and • = Et3~hroa T-  
lure s u h e r o s u m  (11 = 6 [br each species). Each value represenls Olle in- 
dwidual. "fhe lines arc haear regressions filled 1o the data (A: y = 326 
- 223x: B: y - 15.35 - 18.29.v). 

growth rates and li Ib history traits of  woody plants? It is likely 

that the basis of  these relat ionships is the correlation of  wood 

density with stem water  stot,nge and transport capaci b, (gn-  
quist  et al. 1999), both o f  which have an impmlan t  impact on 
leaf and whole-plant  physiological  per lbrmance.  

We Ibtmd Ileal wood densi ty  was a good predictor of  the 
temporal  dynamics  o f water flow ha stems as wetl as sapwood 
satnrated water  content.  Consis tent  with tlfis, both the t ime of  
tinsel of  sap flow in the morning and the t ime at which maxi-  
mum flow w a s  obse]'ved became progressively earlier with in- 
creasing wood density (Figure 5). A relatively large lag, be- 
tween increases in evap(~rative demand in Tl]e early morning 

and increases in basal sap flow, suggests that a substantial 
amounl o f  water being Iosl by Iranspiratioa is obtained ini- 
tially from smm water storage. Only after part  of  the stem wa- 

ter store is depleted, does sap flow increase near the base of  the 
ITee as a rcsuh, of  absorplion of  soil water by the roots. Wood 

satumled water content  was also correlated directly with the 
temporal dynamics  of  sap flow. Al though the correlation coef- 
licients of  the relationships between satm-ated w-atei" content  
and time courses o f  sap flow wm'e significant (P  < 0.01), the r 2 " 
values were smaller  thml those obtained wi th  wood densi ty  as 
the independent  variable. It is possible that wood densi ty was a 
better predictor o f  storage capacity than saturated water  con-  
lent, because it reflects biophysical  properties o f  the sapwood 
related to the efficiency o f  rechmge and uti l ization o f  stored 
water as well  mq the potential  max imum amount  o f  s tem water  
storage. 

L e a f  specific hy&'aulic conductivity (k j ) ,  an in-vitro mea-  
surelncnt ofwater - t ranspot l  ett]ciency obta ined  wi th  detached 
sections o f t e r m b m l  stems or petioles, was strongly correlated 
with apparent  soi l- to-leaf  hydraulic conductance  (G~), an  in 
r ive  esdmatc  o f  whole-plant  water-transport  efficiency. Both 
measurements  o f  transport  efficiency thus provided inlbmaa-  
tion on hydraulic architeclure of  similar fuuclional signifi- 
cance for long-distance water tremsport in savmma tree spe- 
cies. There was no trade-off  between water- t ransport  effi- 
ciency, represenled by ks or kl, and water storage capacity, rep- 
resented by sapwood saturated water content,  because these 
variables were greatesl in individuals wi th  the lowest  wood  
density. However, a pronounced t rade-of fbe tween  water  tran- 
sport el t ic iency and wood density was evident  (7igure 3). Sim- 
ilar associations between wood densi~" and water  storage and 
transport capacity were observed h~ Hawai ian  dry forest tree 
species (Stratton et al. 2000) ,and in Panammfimt forest canopy 
tree species (Meinzer  et al. 2003). Hacke et  al. (2001) reported 
a highly significmtt cmTelation between wood densi ty a M  the 
xy lem pressure threshold tbr 50% loss ofhy, draulic conductiv-  
it 5, by cavitat ion mnm N sever~  species exhibit ing a broad 
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ralw, e~ of wood dens|lies. Althouoh~ Ihe. rckltionships were dis- 
tinct £br angiosperms and conifers, all species wiflm~ each 

group shared a conlmon relationship between densily and xy- 
lem resislance to cavitation. If CmTado trees confi}rm tn the 

same l'nnctiongfl relationship l~clween wood density and xylem 
resistance to cavitation, the gain in cavitation resistance with 
increasin, wood density wonld be associaled with a cost in 
tem~s of reduced hydraulic conductivity. 

Reliable estimates o fsoil waler potential are key to calculat- 
ing zhe driving lbrce.s fbr water movement along the soil-plmlt- 
atm, osphere c(,nlimmm. NegtigihD or low nocturllal transpira- 
tion is assumed to allow lea f and soil water potential to equili- 
brate betbre dawn, permitting use of  predawn leaf water pot- 
eu[ial as a surrogate 12}r soil water potential (Ritcl3ie and 
Hmckiey l)75, Hinckley et al. 1978, Richter 1997). However, 
if processes such as nighttime; transpiration prevent eqmlihra- 
tion along the s{}il-to-leafcontinunm, predawn leaf water po- 
tential may be significantly more J3egative than the water p }- 
tential of the soil accessed by the roots (l)onovan et al. 1999, 
2001 ). Noclurnal transpiratioll can be snbstantial in CetTado 
trees bec~mse of  high nocrumal stomatal conductance and rela- 
tively high vapor pressure {leficit al night during the d W seas{m 
{Bucei el 31. 2004b). In our study, when the linear relalionships 
between sap flow and tts[, were extrapolated to the r-axis (tlow 
= 0): the predicted values of  soil qs were snhstantially' less neg- 
ative than the measured values of predawn tISt., suggesting that 
substantial soil-leaf disequilibrium persisted as a result of  
nigh tl ime i,ranspiration, 

Because the tlllgsa p flow relationships in ore" stu(Jy were 
oblaioed at the peak of  the dry season during a short period 
when no precipilalion occurred, the estimates of  soil water po- 
lential obtained provide a relative index of  diflbrences iu the 
patterns of  water uptake among the difl'ercnt individuals. The 
str(rng correlation betweei~ wood density and individual-spe- 
ci tic soil water potcn{iat, a surrogate measure o, frooting deptlt. 
suggests thai the pattern o f water uptake and access Io soil wa- 
ter during the d W season could be one of the main determi- 
nants of wood (onsity 

The potential cansa.l relationship between wood density mid 
the degree of water deficit that the plant experiences during the 
dry season needs to be better established with studies carried 
(',1_11 under controlled conditions. Wood densily, as was shown 
in this study, appears to be a SmTogate Ibr water-transport effi- 
cJe, ncy and storage capacity. Selective pressures shonld oper- 
ate more on the water relations processes that maximize the 
plant's fitness rather thai1 oil the xylem atlatonly itsell: Wood 
densily appears t~ be an anaton!ica] COlT(late of  these pro- 
cesses. Wood density integrates many years of environmei3tal 
conditMns and consequently it may be seen as a long-term in- 
&cater of "'operating limits." However. it has been suggested 
that. on 8n cvoh.ltionary ~ime scale, selection is vMually ahsent 

except during exit(me events such as long droughts ((jut- 
scNck and BassiriRad 2003). RegaMless of  the role thai ex- 
treme events may have on shaping the physiology of plants. 
tEis study shows llle potential links belween soil water avail- 
ability, hydraulic ccmductivily and storage capacity of the in- 

lernal water circulation pathway in the plant, and average 
wood properties (densi~') of  the active xylem. 

Overall, our results imply thai allocation of resources to the 
production of wood of high density constrains other patterns 
o f resource allocation, lndivi dual s with dense wood had thick 
leaves (low specific leaf area), relative b, shallow root systems 
and tended to experience more negative midday qJr, dm'ing the 
&'y season. This is consistent with their negative osmotic po- 
Icntials al the lurgor loss point which are rcqLm'ed for osmo-  
regulation, turgot maintenance and leaf expansion during the 
dw season. In individuals with high wood density, and conse- 
quently relatively inefficienl waler transport systems, a larger 
driving lbrce, and therefore more negative WL, will be required 
to transport a given amount of  water to the leaves. On the other 
hand, Cerrado trees with low wood densi~' and kigh stem wa- 
ter storage capacity exhibited high daily transpiration rates 
aud high stomatal conductance. In addition, iii{iividuals {vith 
low wood density tended to mp water from deeper soil layers 
with high soil water availability during the &T season (France 
1998, MeinTer et al. 1999, Bucci 2001). Access to deep soil 
water will help in waler storage rechm'ge during the night. 
Taken together, our results suggest tlmt vm'iation in wood den- 
siiy is a sta-ong predictor of variation m a suite of  characteris- 
tics related to water transporl properlies, regulation of  leaf wa- 
ter deficits and avoidance o fturgor loss. The patlerns of  water 
uptake and access to soil waier during the dry season appeared 
to be the mare determinmll of wood density, wkieh constrained 
evolutionary options related to plant water economy and hy- 
draulic architecture, leading to ftmctional convergence across 
a broad range of woody species and flmir individuals in the sa- 
van.na ecosystem studied. 
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