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Functional convergence o hydraulic architecture
and water relations, and potential trade-offs in resource al-

Summuary
location were investigated in six dominant neotropical savanna
tree specics from central Brazil during the peak of the dry sea-
son. Common relationships between wood density and several
aspeets of plant water relations and hydraulic architecture were
observed. Al species and individuals shared the same nega-
tive exponential relationship between sapwood saturated water
content and wood density. Wood density was a good predictor
of minimum (midday) leal water potential and total daily tran-
spiration, both of which decreased lincarly with increasing
wood density for all individuals and species. With respect
to hydraulic architecture, specific and leaf~specific hydraulic
conductivity decreased and the leafisapwood area ratio in-
creased more than S-fold as wood density increased from 0.37
W 0.71 g em™ for all individuals and species. Wood density
was also a good predictor of the temporal dynamics of water
flow in stems. with the time of opset of sap flow in the morning
and the maximum sap flow tending o occur progressively ear-
lier in the day as wood density increased. Leal properties asso-
ciated with wood depsity included stomatal conductance. spe-
cilic leaf area, and osmotic potential at the turgor loss point.
which decreased Jmearly with increasing wood density. Wood
density increased linearly with decreasing bulk soil water po-
tential experienced by individual plants during the drv season,
suggesting that wood density was greatest in individuals with
mostly shallow roots. and therefore lmited aceess 10 more
abundant soil water at greater depths. Despite their taxonomic
diversity and large inwrapopulation differences in architectmral
trans, the six co-cccurring species and their individuals shared
similar functional relationships between all pairs of variables
studied. Thus, rather than differing intrinsically in physiologi-
cal responsivencss. the species and the individuals appeared to
have distinet operating ranges along common physiological re-

sponse curves dictated by plant architectural and structural fea-
tures. The patterns of water uptake and access to soil water dur-
ing the dry seasou appeared to be the main determinant of wood
density, which constramned evohationary options related to
plant water economy and hydraulic architecture, leading to
functional convergence in the neotropical savanna trees stud-
ied.

Keywords: cerrado, hydraulic conductivity, sap flow, soil wa-
fer potential, waier transport, wood density.

Introduction

Recognition of functional convergence in physiojogical and
morphological characteristics of plants can be obscured by
ambiguities concerning the scale at which measurements are
made. The relevant scale for characterizing responses of plants
to environmental factors'is often the individual because it is
the integration of activities and processes in the entire plant
that contributes (o features such as survival, growth and Iepro-
ductive success. For example, photosynthetic rates of individ-
ual leaves are often assumed to represent a property uniquely
linked to a species under certain environmental conditions
when in reality it may not because changes in total leaf surface
area per plant as a result of defoliation or experimnental manip-
ulations ofien resultin very rapid changes in stomatal aperture
and carbon assimilation in the remaining leaves (Meinzer and
Gramtz 1990, Whitehead et al. 1996). Thus, information on to-
tal leaf surface arcu per plant, leaf dynamics and hydraulic ar-
chitecture is eften required to interpret variation in leaf-level
properties such as stomatal conductance and photosynthesis.
The use of appropriate variables, strongly related to overall
plant fituess, to scale variation in physiological traits among
species may reveal functional similarities that cannot be de-
tected with single-leal measurements alone (Meinzer 2003).
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Because sclective pressures operate on the plant as a whole

organism. coordination of resource allocation between the dif-
fecent levels of erganivation from cell 1w whole plant is a pre-
requisite for achieving optimum fitness. Resource allocation
patterns olen result in enhancement of a particular function at
the expense of anather. particularly in resource-Hmited cnvi-
romments, such as those with low water and nutrient availabil-
itv. Examples of these trade-offs include enhancement of wat-
cr-use elficiency at the expense of njtrogcn—usc' efficiency
Field and Mooney 1983), and the negative association be-
tween Jeaf life spun and nitrogen content (Reich et al. 1997,
Cordell ot al. 2001). Conflicts in resource alocation tend Lo
constrain the number of possible combinations ol functional
traits i a particular individual and among species, leading to
funcuonal convergence actoss a broad range of species (Schul-
ze etal. 1994, Reich etal. 1997, Meinzer 2003),

/ariation 1n wood density is a strong predictor ol concomi-
tant variation in a suite of characteristics related to stem water
storage capacity, the efficiency of xylem water trapsport. regu-
lation of leaf water status, and avoidauce of turgor loss (Bucci
2001, Meinzer 2003, Garier and Meinzer 2004). The widely
reporfed inverse relationship between sapwood density and
saturated water content implies that sapwood water storage, or
capacitance, diminishes with increasing density (Steatton et al.
2000, Bucci 2001, Meiazer 2003). Moreover, it seems likely
that the gain m xylem embolism resistance associated with in-
creasing wood density (Hacke et al. 2001} is waded off against
a cost in terms of reduced sapwood bydraulic conductivity
{Stratton et al. 2000). If both sapwood waler storage capacity
and water transport efficiency are negatively correlated with
wood density, if is reasonable to postolate that species with
areater wood density experience larger daily fluctuations in
leaf water status. requiring them to allocate more resources to
osmoregulation to maintain turgor than species with low wood
density. Consistent with this postulate, a strong positive corre-
lation was found between wood density and the magniwde of
daily fluctuations in leaf water potential among 27 species
with wood deusifies ranging from 0.14 0 0.9 g cm ™ (Meinzer
2002), and i another survey of 12 species, the leaf turgor loss
point declined from about 1.2 to ~4.5 MPa over a range of
woad density from 0.16 10 0.90 ¢ em™ {Gartner and Metnver
2004). Because wood density is a fundamental rait that ap-
pears to constram physiclogical options related to plant water
relations and bydraulic architecture (Meinzer 2003), it may
prove uselul for scaling physiological properties and behavior
within and across species. ’

In the present study. we assessed several ecophysiological
traits of six Brazilian savanuna woody species. The savannas of
central Brazil (Cerrado), characterized by a 4- to S-month dry
season, oligotrephic soils and frequent fires. are the second
most extensive plam formation in South America afler the
lowland tropical rain forests (Fiten 1972). The Brazilion sa-
vannas are composed of deeply rooted trees and grasses and
other herbaceous species with relatively shallow roots. Trees
tend o be relatively small (usually less than 12 m wll) and
have stems with thick bark and large internal water storage ca-
pacity {Coradin 2000). The consequences of seasonal drought

for physiofogical activity of woody Cerrado plants have been
studied for ouly « limited number of spectes and the results ap-
pear to be contradictory. 1t was assumed initially that most
(errado woody species ranspired freely throughout the year
(Ferri 1944). The explanation offered to account for this puta-
tive weak stomatal contro] of transpiration in Cerrado tree
species is continuous access to deep soil water (Goodland and
Ferri 1979). Many Cerrado woody species have root systems
at least 10 m deep (Sarmiento 1983). However, rooting depth
is species-dependent, with deciduous species often having
decper root systems than cvergreen species (Jackson et el.
1999). More recently Meinzer et al. (1999) and Bucei (2001)
observed strong stomatal Tunitation of transpiration before
midday in tree species during both the dry and wet scasons.

The main objectives of this study were to: (1) determine
whether functional convergence in hydraulic architecture and
water refations 1s observed among savanna trec species when
appropriate scaling variables are used; (2) identify potential
trade-offs in resource allocation to traits related to rooting
depth, stem water-transport elfliciency, water storage capacity
and leat osmoregulation; and (3) identify the functional sig-
nificance of selected architectural, anatomical and structural
characteristics of savanna trees. Several individuals of six
dominant savanna tree species with diverse phylogeny, archi-
tecture. and leaf phenology were studied. Wood density, wood
saturated water content, branch hiydraulic architecture, stem
sap flow, stomatal conductance, leaf water potential, specific
leaf area, and leaf pressure-volune relationships were mea-
sured at the peak of the dry season.

Materials and methods

Study site and plant malerial

The study was conducted in savanna sites at the Instituto
Brasileiro de Geografia e Estatistica {IBGE) Ecological Re-
serve, a field experimental station located 33 km south of Bra-
silia (15°3¢7 S, 47°533 W, altitude 1100 m). In the IBGE
Reserve, mean annual precipitation is about 1500 mm with a
pronounced dry season from May to September. The months
of June, July and August are often devoid of precipitation.
Mean monthly temperature ranges from 19 t0 23 °C, with diwr-
nal temperature ranges of 20 °C being common during the dry
season. The soils are deep oxisols counsisting of about 72%
clay. Despite their high percentage of clay, the soils bebave as
coarser-textured soils and are extremely well drained. The
study was carried out during August and September 2000 and
2001.

At least six individuals from each of six dominant woody
species with different leal phenology were selected for the
study: Schefflera macrocarpa (C. & S.) Seem (Araliaceae),
Styrax ferrugineus Ness et Mait. (Styracaceae), Quratea hexa-
sperma (St. Hil)) Baill (Ochnaceae), Carvocar brasiliense
Camb. (Caryocaraceae), Ervthroxyium suberosum St. Hil (Er-
vthroxylaceae), and Kielmevera coriaceae (Spr) Mart. (Gut-
tiferac). The first three species are evergreen, the last one is de-
ciduous (leafless {or aboul a month) and C. brasiliense and
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k. suberosum are brevideciduous. In August 2000, mean
height (m) and diameter at breast height (DBBH; cm) of the se-
lected individuals of each studied species (means + SF) were:
S mucrocarpa 4.4 + 0.3 mand 8.8 = 0.7 cm; O. hexasperma
1.8 =01 mand 9.5 £ 0.6 e S. ferruginens 4.2 = 0.3 m and
113 + 0.6 ey K. coriuceie 2.8 £ 0.2 m and 7.0 = 0.3 ¢myg
£ suberosum | 8=0. 1mand 7.5+ 0.7 cnu: C. brasiliense 3.7 +
O maond L+ 11 em.

Leaf waier potential and stomaral conducrance

Leat water potential (W) was measured with a pressure cham-
het (PMS. Corvallis, OR ). Tvpically, six 1o seven sets of mea-
© surements were obtained during the course of a day for each
individual (three different leaves per individual and six indi-
viduals per species). Leaves were excised and immediately
sealed in plastic bags and kept in a cooler unril balancing pres-
sures were determined in the laboratory within 1 h of sample
collection. A steady-state porometer { Model LI- 1600, Li-Cor,
Lincoln. NE) measured stomatal conductance (g;) on the new.
fully expanded leaves from sun-exposed areas. SiX to sev-
en complete sots of measurements were obtained during the
course of a day. Cerrado trees tend to have crowns with low
LAT and therefore there is hittle self-shading among leaves
within the crown.

Sap flow

Sap flow was measured, during 2 to 3 consecutive days i cach
individual per species, with the heat dissipation method de-
scribed by Granier (1985, 1987). Briefly, a pair of 20-mm
long, 2-mm diameter probes (UP GmbH. Munich, Germany)
was inserted into the sapwood near the base of the main stem
tn each plant. The upper (downstream) probe comained a cop-
per-constantan thermocouple and a heating element of con-
stantan, which was continuously heated at a constant power,
while the unheated upstream probe served as a temperature
reference. Temperature differences between the upstream and
downstream probes were recorded every 10 s and 10-min’
means were stored 1 solid-state modules (SM 192, Campbeli
Scientific, Logan, Ty comected to data Joggers (CR 10X,
Campbell Scicntific). Sapwood depth in the stems of the indi-
viduals studied ranged from 3 to 6 em. and consequenty the
20-mm probes used spanned a large fraction of the hydroactive
portion ol the xylem.

Sap flux was caleulated from the temperature difference be-
tween the (wo probes based on an empirical calibration (Gra-
nier 1985, 1987 recently revalidated for trapical trees (Clear-
water ¢t al. 1999). Mass flow of sap per individual was ob-
tained by muliiplying flux by sapwood cross-sectional area.
The relationship between sapwood cross-sectional area and
siem diameter was obtained by injecting dye near the base of
the main stem for several mdividuals of each species repre-
seuting a range of stem diameters. After 2 . the plants were
decapitated a tow cm above the point of dye injection and the
area of conducting tissue was determined from the pattern of
staining by the dye as it moved m the transpiration stream.
Transpiration per umit leal arca was obtained by dividing mass
sap Now by the total leaf surface area per plant. Total leaf arca

per plant was obtained by multiplving the number of leaves per
plant by the mean area per Jeaf determined {rom a subsample
of 10 to 50 leaves per plant, depending on the total number of
leaves per-plant.

Pressure~volume relationships

Pressure—volume curves were determined for three, fully de-
veloped exposed leaves from each individual. The leaves were
cat in the ficld, recut immediately under water and covered
with black plastic bags with the cut end in water for 2 h until
measurements began. After cach determination of balancing
pressure with the pressure chamber, leaves were immediately
weighed to the nearest 0.001 g and, until the next measure-
meunt, left to tragspire 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 (Tyree and Richiter 1981). Pressure readings, fresh
mass at each reading, saturated mass and dry mass for each
leaf were entered into a pressure—volume relationship analysis
program developed by Schulte and Hinckley (1985).

Wood density und specific leaf area

The density and saturated water content of stem sapwood were
measured for three stem cores per individual. Sapwood was
distinguished from heartwood based on dye injections in the
stem as described by James et al. (2002). Samples were taken
with an increment borer. sealed in aluminum foil and plastic
bags, and taken to the laboratory. After removing the bark, the
cores were weighed to the nearest mg, placed in water in a
small graduated cvlinder to determine the volume, and al-
Towed to equilibrate overnight in deionized water. The cores
were reweighed after being lightly blotted with tissue paper,
and then oven-dried to a constant mass and weighed again to
obtain the dry 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 the sample. For specific leal area (area/dry mass)
determinations, ten fully expanded sun leaves were collected
from each of three trees per species. After their areas had been
measured. the leaves were oven-dried at 70 °C and weighed.

Fydruulic conductiviry

Hydraulic conductivity (k) was measured on three branches
or petioles excised before dawn from six individuals of each
species. A small portion of the branch or petiole cut end
was then immediately removed by recutting under water. The
leaves were then tightly covered with black plastic bags and
transported to the laboratory with the cut ends of the branches
or petioles under water. Immediately after arriving at the Jabo-
ratory, stem or petiole segments were cut under water and at-
tached to & hydraulic conductivity apparatus (Tvree and Sperry
1989). Water exuding from the open end of the stem or petiole
drained into test tubes containing damp paper towels touching
the segment ends. Following a short equilibration period, wa-
ter flow, generated by a constant hydraulic head of 50 cm, was
measured gravimetrically. Hydraulic conductivity (kg m s™
MPa™"y was calculated as:
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e B 2086 {3 3 P Variation in sapwood saturated water content was associated
390 = . g w2 ol 1 with variation in wood density (Figure 1). A single negative
g o \E E RN v 1 exponential relationship was fivted 1o all data, indicating that
2 250 -\ g 20| egulere . saturated water content decreased with increasing wood den-
% - v\v ; 1o bt " ] sity in a similar manner across all individuals and species. Log
; 2oy - \ m Z _‘m e | rransformation ot(rhe data regllted ina linear \relanonsblp l?e-
- v\ logplo o) tween the two variables (see insert in Figure 1). Wood density
f} N was also a good predictor of minimum (midday) leaf water po-
g 150~ @ . tential and total daily transpiration (Figure 2). Midday ¥y, and
=2 - = ] daily transpiration decreased linearly with increasing wood
3 190 __ eoe R c_{ensity in a similar {ashion across all ir?c.ﬁviduals and spgcigs.
) A w A Daily lrzmstpirmion increased 9-fold with a 5.0% de.c],l.nc in
; ) S A , | wood density from 0.71 10 0.37 g em™, Relative variation in
50 e e
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Figure 1. Woad saturated water content in relation to wood density
{Pwona) fOr sixX co-occurring savanna species: & = Schefflera macro-
carpa (n = 21); @ = Shwax ferrugineus (n = 21); B = Kielmevera
coriacedae {p = 21); ¥ = Ourateq hexusperma (n = 6): ¢ = Carvocar
Irasiliense (n = 6); and & = Envilvoxvium suberosum (n = 6). Each
value represents one ndividual. The curve is a negative exponential
function fitted to the data (» = 81.39 + 2628exp(~8.9x)). The insert
depicts the reldtonship between the same two variables using log
transtormation of the data (fogy = 1.71 - 1.21logx)

whete J. is the low rate through the stem or petiole segment
(kg s yand A P/AX is the pressure gradient actoss the segment
(MPa m™). Specific hydraulic conductivity (k; kg m™ s’
MPa~'y was obtained as the ratio of &, and the cross-sectional
area ol the active xylem. Leal specific conductivity (k; kg m™’
s7  MPa~") was obtained as the ratio of &, and the leaf area dis-
tal to the stem or petiole segment. Distilled/de-passed water
was used as perfusion fluid. ,
The apparent leal'arsa specilic hydraulic conductance of the
sotl/root/leaf pathway (G)) was determined as:
.
G, = —ﬁ— . (
AT

[§%]
~—

where AY is the difference bétween the current W; and the W
ol the soil. and £ is the mean tréanspiration rate per unit leaf
area determined from sap flow measurements at the time of the
Y1 measurements. Soil W was estimated by extrapolating to £
= zero and the Y - E relationships obrained by simulaneous
measurements of 'y and E throughout the day. [or each indi-
vidual (Sperry et al. 2602, Bucel et al. 2004¢). A morphologi-
cal index of potential transpirational demand relative Lo water
transport capacity was obtained for cach individual ltted with
sap flow seasors, by dividing the total Ioalarea by the sapwood
area (LA/SA) near the base of the main stem.

specific hydraulic conductivity (&), leaf specific hydraulic
conductivity (k) and leaf area to sapwood area ratios was also
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Figure 2. {A) Minimum (midday) leaf water potential (*I'y) and (B) to-

tal daily transpiration in relation {0 wood density (Pwoed) for six sa-
vanna species, Symbols: A = Schefflera macrocarpa; @ = Styrax

ferrugineus: B = Kielmevera coriaceae: Y = Quratea hexusperma; %

ar brasiliense; and @ = Ervthroxylum suberosum (n = 6 for
each species). Each value represents one individual. The lines are lin-
car regressions fitted to the data: » = ~0.74 — 1.66x for (A); and y =
1769 - 2506x for (B).
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Figure 3. {A) Specific hydraulic conductiviry (k). (B) leal specific
hydraulic conductivity (k) and (C) leaf area per unit of sapwood area
(LASSAY i relation 1o wood density for six savanna species. Sym-
bols: & = Sehefflera macrocarpa: @ = Stvrax ferrugineus; B = Kiel-
mevera coriaceqe: ¥ o= Ouratea hexasperma: € = Caryocar brasi-
tiense: and 8 = Lrviliroxylum suberosum (1 = 6 for each species).
Fach value represents one mdividual. The curve in (A is a negafive
exponential function fitted fo the data (¥ = 0.22 + 9.22 exp(-6. 1(1x)),
the curve in (B) is a negative exponential function fitted 10 the data (
= 3.61exp(--212x)), and the curve m (C) is a positive exponential
funcuon fitted to the data (¥ = 0.001exp(3.83x)).

large in relation to the total variation in wood density among
all individuals and species (Figure 3). Maximum whole-plant
hydraulic conductance (Giy,y), caleulated as maximum sap
flow divided by the difference between soil ¥ and midday leafl
water potentials. was positively correlated with & (Fieure 4),
suggesting that these two aspects of hydraulic architecture
provided information of similar functional significance for
long distunce water lransport in savanna tree specics.
Inaddition to the strong relationships between wood density
and hydraulic architectare, leaf water balance. sapwood water

slorage capacity and total daily water flux, wood density was a
good predictor of the temporal dynamics of water flow in
stems of the study species (Figure 5). When concurrent time
courses of sap flow during clear days were available, 1t was ob-
served that both the time of onset ol sap flow in the morning
and the time of maximum sap flow tended to occur progres-
sively carlicr in the day as wood density increased. These rela-
tionship$ were wndividual and species-independent, because a
single function provided an adequate fit to all the data, despite
the potential influence of confounding factors such as day-to-
day variation in the environmental conditions. Wood density
increased linearly with decreasing bulk soil W experienced by
individual plants (Figure 6). Because all estimates of soil ¥
were obtained during the same portion of the dry season, dif-
ferences m soil ¥ (the x-intercept of the W - relationships)
reflected differences in patterns of soil water uptake, with
more negative values of ¥ indicating that root systems were
tapping shallow soil layers where soil water availability was
relatively Jow. '

Several additional leaf properties were associated with
wood density. Mcan stomatal conductance and specific leal
area decreased linearly with increasing woody density in a
similar fashion independent of individual and species (Fig-

.ure-7). The leaf osmotic potential at the turgor 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 'y than species and individuals with thinner
leaves. Because specific leaf area and wood density were lin-
early related (Figure 7B). species and individuals with denser
wood tended to have leaves with lower turgor loss points. A
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Figure 4. Maximum apparent leaf area-specific hydraulic conduc-
tance of the soil/root/lcaf pathway (Gynax) in relation to leaf specific
hydraulic conductivity (k) {or six savanna species. Symbols: A =
Schefllera macrocarpa, @ = Styrax ferrugineus; B = Kielmeyera
coriuceae; Y = Quratea hexasperma;, ® = Caryocar brasiliense; and
@ = Ervihroxyium suberosum (n = 6 for each species). Each value-
represents one individual. The line 1s a linear regression fitted to the
data (y=-1+0.67x).
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linear function fitted 1o the relationship between wood density
and teaf wrgor loss point yielded an r? =0.57.

Discussion

Tradtionally, species are placed along a continuum trom
drought avoidant fo drought tolerant on the basis of operating
ranges of leaf water status. Although a particular species may
be either more ar less tolerant of water deficits than another,
this classification according to discrete fanctional groups may
conceal the existence of substantial convergence in Jeaf and
whole-plant physiological responses and traits related to wa-
ter-transpoit cfficiency, regulation of water loss and stem wa-
ter-storage capacity. The six co-occurring neotropical savanna
species that we studied shared similar functional relationships
between wood density and Jeaf- and whole-plant level traits,
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Figure 5. {A) Time at which basal sap flow begins to increase m the
early moming and (B) time at which maximum basal sap flow is at-
tained in relaion to wood densily (Puocd)- Symbols: A = Schefflera
macrocarpa; @ = Snrax ferrugineus; B = Kielmavera coriaceae; ¥ =
Quratea hexaspernie, @ = Curvocar brasiliense: and @ = Eryrhroxy-
fumn suberosian {n =G for cach specics). Fach value represents one in-
dividual. The curve tu (A) is a sigmoid function fitted to the data: y =
6.2 = (20111 = exp( = {{ x+ 0.5}/ = 0.0, ancl the line in (B) isalin-
ear regression fitted 1o the data (v = 16.49 - 8,033,
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Figure 6. Wood density (Pucod) in relation to individual-specific soil
water potential (s ) predicted from sap flow versus the leaf water
potential of frecly transpiring leaves extrapolated to the x-axis (zero
flow). Symbols: A = Schefflera macrocarpa: @ = Stvrax ferrugineus;
B = Kiclmevera coriaceae; ¥ = Ouratea hexasperma; % = Caryocar
brasiliense: and ® = Ervthroxylum suberosum (n = 6 for each spe-
cies). The line is a linear regression fitted to the data (3= 0.27 -0.6x).

despite their taxonomic diversity and the fact that these species
are not phylogenetically related. Thus, rather than differing in-
trinsically in physiological responsiveness to the Cerrado en-
vironmenl, the study specics appeared to have operating ran-
ges along common physiological response curves, defined by
vaciation in wood density, a fundamental trait. Shared func-
tional relationships based on wood density were adequate for
scaling variations in scveral aspects of whole-tree perlof-
maice, both within and among species. Both individual- and
species-specific variation in physiological and morphological
traits thus appear to be subjected to similar selective pressures,
resulting in general functional convergeuce in plant hydraulic
architecture and water relations characteristics. The coordina-
tion of suites of traits from the leaf- to whole-plant level would
result in a multidimensional physiological response surface
common 1o all species and individuals. These findings suggest
thar Cerrado tree species may possess a limited number of
physiological and morphological solutions for coping with
seasonal drought.

In a recent study, Enquist ct al. (1999) derived an allometric
model to predict growth rates of tropical trees using wood den-
sity as an independent variable and found that there was a
rade-off between growth rate and allocation of biomass to tis-
sue density, with species that allocate less biomass to their
stems (light woods) increasing in basal diameter faster than
species that allocate more biomass to stems (dense woods).
The mode] highlights the central roles of allometric scaling
and wood density in predicting life history traits and growth
rates of trees. Woad density is frequently cited as being amain
determinant of Tife history variation in woody plants (Denslow
1980, Fearnside 1997). An important question is why wood
density alonc explains an important percentage of variation in
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Figure 7. (A) Mean dauly stomatal conductance and (13) specific [eaf
area as a function of wood density (pueeq). Symbols: A = Schefflera
macrocarpa: @ = Straxferrugineus: 8 = Kelmevera coriaceaa, ¥ =
Quratea hevasperma: € = Carvocar brasiliense; and ® = Erthrox-
fum suberosim (i1 = 6 for each species). Each value represents one in-
dividual. The lines are lincar regressions [itted to the data {A:y =326
- 223v: Brp - 1535 - 18200,

growth rates and life history traits of woody plants? It is likely
that the basis of these relationships is the correlation of wood
density with stemn water storage and transport capacity (En-
quist et al. 1999), both of which have an important impact on
leaf and whole-plant physiological performance.

We found that wood density was a good predictor of the
temporal dynamics of water [low in stems as well as sapwood
saturated water content. Consistent with this, both the time of
onset of sap flow in the morning and the time at which maxi-
st flow was observed became progressively earlier with in-
creasing wood density (Figure 5). A relatively large lag, be-
fween increases it evaporative demand in the early morning
and increases in hasal sap flow, suggests that a substantial
amount of water being lost by transpiration is obtained ini-
tially from stem water storage. Only afier part of the stem wa-
ter store is depleted, does sap flow increase near the base of the
trec as a resull of absorption of soil water hy the roots. Wood
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saturated water content was also correlated directly with the
temporal dynamics of sap [low. Although the correlation coef-
ficients of the relationships between saturated water content
and time courses of sap flow were significant (P<0.01), the
values were smaller than those obtained with wood density as
the independent variable. It is possible that wood density was a
better predictor of storage capacity than saturated water con-
tent, because it reflects biophysical properties of the sapwood
related to the efficiency of recharge and utilization of stored
water as well as the potential maximum amount of stem water
storage.

Leaf-specitic hydraulic conductivity (%), an in-vitro mea-
surement of water-transport etficiency obtained with detached
sections of terminal stems or petioles, was strongly correlated
with apparent soil-to-leat hydraulic conductance (), an in
vivo estimale ol whole-plant water-transport efficiency. Both
measurenients of transport efficiency thus provided informa-
tion on hydraulic architecture of similar functional signifi-
cance for long-distance water transport in savanna tree spe-
cies. There was no trade-ofl between water-transport elli-
cicncy, represented by & or &, and water storage capacity, rep-
resented by sapwood saturated water content, because these
variables were greatest in individuals with the lowest wood
density. However, a pronounced trade-off between water tran-
sport efficiency and wood density was evident (Figure 3). Sumn-
ilar associations between wood density and water storage and
transport capacity were observed in Hawaiian dry forest tree
species (Stratton et al. 2000) and in Panamanian forest canopy
tree species (Meinzer et al. 2003). Hacke et al. (2001) reported
a highly significant correlation between wood density and the
xylem pressure threshold for 30% loss of hydraulic conductiv-
ity by cavitation among several species exhibiting a broad
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Figure 8. Leaf osmotic potential at turgor loss poiot in relation to spe-
cific leaf area. Each value represcnts one individual and each symbol
type represents a different species: A = S. macrocarpa; & = S. ferru-

vineus; Y = O. hexasperma; and & = C. brasiliense {(n = 6 for each

species). The line is a quadratic function fitted to the data (v=-5.27 +
0.97x - 0.06x7).

TREE PITYSIOLOGY ONLINE at hitp://heronpublishing.com



Bk RUCCILET AL

range of wood densities. Although the relationships were dis-
tiner for angiosperms and comfers, all species within each
group shared a common relationship between density and xv-
lem resistance o cavitation. If Cerrado trees conform to the
same Tunctional relationship between wood density and xylem
resistaniee to cavitation, the gaiu in cavitation resistance with
nereasing wood density would be associated with a cost in
terms of reduced hydraulic conductivity.

Reliable estimates of soil water potential are key to culeulat-
ing the driving forces for water movement along the soil-plant-
aumosphere continvum. Negligible or Jow nocturnal transpirva-
tion is assumed to allow leaf and soil water potential to equili-
brate before dawn, permitting use of predawn leaf water pot-
cotial as a surrogate lor soil water potential (Ritchie and
Hinckley 1975, Hinckley et al. 1978, Richrer 1997). However,
if processes such as nighttime transpiration prevent equifibra~
tion along the soil-to-leaf continuum, predawn leal water po-
tential may be significantly more pegative than the water po-
tenitial of the soil accessed by the roots (Donovan et al. 1999,
2001, Nocturnal transpiration can be substantial in Cerrado
trees because ol high nocturnal stomatal conductance and rela-
tively high vapor pressure deficit at night during the dry season
(Buceiet al. 20040). In our study, when the linear relationships
hetween sap flow and ¥, were extrapolated to the v-axis (flow
={}), the predicted values of soil ¥ were substantially less neg-
ative than the measured values of predawn \¥'r, suggesting that
substantial soil~leaf disequilibrium persisted as a result of
nighttime transpiration.

Because the W —sap flow relationships in our study were
obtained at the peak of the dry season during a short period
when no precipitation occurred, the estimates ot soil water po-
tential obtained provide a relative index of differences in the
patterns of water uptake among the different individuals. The
strong correlation between wood density and individual-spe-
cific soil waler potential, a surrogate measure of rooting depth.
suggests that the pattern of water uptake and access to soil wa-
ter during the dry season could be one of the main deterni-
nants of wood density.

The potential causal relationship between wood density and
the degree of water delficit that the plant experiences during the
dry season needs (o be better established with studies carried
out under controlled conditions. Wood density, as was shown
in this study, appears 1 be a surrogate for water-transport efti-
ciency and storage capacity. Selective pressures should oper-
ate mote on the water relations processes that maximize the
plant’s fitness rathier than on the xylem anatomy itself. Wood
denstty appears to be an anatomical correlate of these pro-
cesses, Wood density integrates many years of envirommental
conditions and consequently it may be scen as a long-term in-
dicator of “operating limits.” However. it has been suggested
that. on an evolutionary time scale, selection is vittually absent
except during extreme events such as long droughts (Gut-
schick and RBassiriRad 2003). Regardless of the role that ex-
treme events may have on shaping the physiology of plans.
this study shows the potential links between soil water avail-
ability. hydranlic conductivity and stovage capacity of the in-

ternal water circulation pathway in the plant, and average
wood properties (density) of the active xylem.

Overall, our results imply that allocation of resources to the
production of wood of high density constrains other patterns
ol resource allocation. Tndividuals with dense wood had thick
leaves (low specific leaf area). relatively shallow root systems
and tended to experience more negative midday ‘Fy, during the
dry season. This is consistent with their negative osmotic po-
tentials at the turgor loss point which are required for osmo-
regulation, turgor maintenance and leaf expansion during the
dry season. In individuals with high wood density, and conse-
quently relatively inefficient water transport systems, a larger
driving force. and therefore more negative ¥y, will be required
to ransport a given amount of water to the leaves. On the other
hand, Cerrado trees with low wood density and high stem wa-
ter storage capacity exhibited high daily transpiration rates
and high stomatal conduciance. In addition, individuals with
low wood density tended to tap water from deeper soil layers
with high soil water availability during the dry season (Franco
1998, Meinver et al. 1999, Bucei 2001). Access to deep soil
water will help in water storage recharge during the night.
Taken together, our results suggest that variation in wood den-
sity is a strong predictor of variation in a suite of characteris-
tics related to water transport properties, regulation of leaf wa-
ter deficits and avoidance of turgor loss. The patterns of water
uptake and access to soil water during the dry season appeared
to be the main determinant of wood density, which constrained
evolutionary options related to plant water economy and hy-
drautic architecture, leading to functional convergence across
a broad range of woody species and their individuals in the sa-
vanna ecosystem studied.
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