
PHYSIOLOGICAL ECOLOGY - ORIGINAL PAPER

Stem and leaf hydraulics of congeneric tree species
from adjacent tropical savanna and forest ecosystems

Guang-You Hao Æ William A. Hoffmann Æ Fabian G. Scholz Æ
Sandra J. Bucci Æ Frederick C. Meinzer Æ Augusto C. Franco Æ
Kun-Fang Cao Æ Guillermo Goldstein

Received: 17 June 2007 / Accepted: 4 November 2007 / Published online: 30 November 2007

� Springer-Verlag 2007

Abstract Leaf and stem functional traits related to plant

water relations were studied for six congeneric species pairs,

each composed of one tree species typical of savanna habitats

and another typical of adjacent forest habitats, to determine

whether there were intrinsic differences in plant hydraulics

between these two functional types. Only individuals growing

in savanna habitats were studied. Most stem traits, including

wood density, the xylem water potential at 50% loss of

hydraulic conductivity, sapwood area specific conductivity,

and leaf area specific conductivity did not differ significantly

between savanna and forest species. However, maximum leaf

hydraulic conductance (Kleaf) and leaf capacitance tended to

be higher in savanna species. Predawn leaf water potential

and leaf mass per area were also higher in savanna species in

all congeneric pairs. Hydraulic vulnerability curves of stems

and leaves indicated that leaves were more vulnerable to

drought-induced cavitation than terminal branches regardless

of genus. The midday Kleaf values estimated from leaf vul-

nerability curves were very low implying that daily embolism

repair may occur in leaves. An electric circuit analog model

predicted that, compared to forest species, savanna species

took longer for their leaf water potentials to drop from pre-

dawn values to values corresponding to 50% loss of Kleaf or to

the turgor loss points, suggesting that savanna species were

more buffered from changes in leaf water potential. The

results of this study suggest that the relative success of

savanna over forest species in savanna is related in part to

their ability to cope with drought, which is determined more

by leaf than by stem hydraulic traits. Variation among genera

accounted for a large proportion of the total variance in most

traits, which indicates that, despite different selective pres-

sures in savanna and forest habitats, phylogeny has a stronger

effect than habitat in determining most hydraulic traits.
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Introduction

Central Brazil is dominated by vast savannas (Cerrado)

subjected to a tropical climate with distinct dry and wet

seasons. The savannas are dissected by rivulets, along

which gallery forests are distributed. Adjacent Cerrado and

forest differ not only in their structure but also in species

composition, with very few species being common to both

habitats (Felfili and Junior 1992). Frequent fire is one of the

main factors that exclude forest species at the savanna–

forest boundaries (Hopkins 1992; Swaine et al. 1992). In

the absence of fire, however, forest tree species can

establish and grow in adjacent savannas, but this process is

quite slow (Bowman and Fensham 1991; Ratter 1992).

Thus, while fire may impose an absolute constraint on the

advance of forest species into the savanna, in its absence

other factors may also limit the establishment and success

of forest species in savanna environments.

Relative to forests, savanna environments are charac-

terized by high irradiance, high temperature, low soil

nutrient availability, large seasonal changes in water

availability in the upper soil layers, and high evaporative

demand throughout the year (Furley and Ratter 1988;

Pivello and Coutinho 1992; Meinzer et al. 1999). We

expect that savanna and forest species should exhibit dif-

ferent physiological and ecological traits that permit them

to succeed in their respective environments. Thus, even

though members of both groups of species can establish in

some savanna habitats when fire is excluded, differences in

their ecophysiological traits should be large enough to lead

to the predominance of savanna over forest species at the

savanna–forest boundary.

Specifically, we hypothesize that there are substantial

differences between savanna and forest functional types

with respect to their water relations. Cerrado trees have a

particularly high capacity for maintaining homeostasis of

water relations during seasonal drought (Meinzer et al.

1999; Bucci et al. 2005), but it is unknown whether forest

species also exhibit this behavior when growing in savanna

environments. Traits contributing to homeostasis of water

relations include deep root systems to gain access to soil

water at depth during the dry season (Jackson et al. 1999),

seasonal adjustment in hydraulic architecture (Bucci et al.

2005), high resistance to xylem cavitation, and effective

repair of cavitation (Bucci et al. 2003). Relative to Cerrado

tree species, forest trees allocate less biomass to roots

(Hoffmann and Franco 2003) and have less extensive root

systems (Sternberg et al. 2004) but little is known about

how other hydraulic traits differ between tree species of

these two functional types.

Most studies on hydraulic architecture of savanna trees

have focused on characteristics of roots and stems, but

relatively few have examined leaf hydraulics. Recent work

has shown that resistance to water transport in leaves

accounts for 30–80% of the total hydraulic resistance of the

whole-plant water transport pathway (Becker et al. 1999;

Nardini 2001; Sack et al. 2002), even though the water

transport pathway in leaves represents a very small fraction

of that in the whole plant. Furthermore, leaves tend to be

more vulnerable to embolism than the stems to which they

are attached, often losing a substantial fraction of their

hydraulic conductance under non-extreme conditions

(Brodribb and Holbrook 2004; Woodruff et al. 2007).

These findings suggest that leaves can be a major hydraulic

bottleneck for plant water transport and thus traits related

to water movement in leaves may be critical to the success

of plants in water-limited environments.

In the present study, we characterized hydraulic prop-

erties and other functional traits for both stems and leaves

of six species pairs, each consisting of one savanna species

and one forest species of the same genus. Using congeneric

species pairs can improve the statistical power of com-

parisons between two groups of species (Garnier 1992;

Ackerly 1999) while ensuring phylogenetic independence,

an important condition for comparative studies (Felsenstein

1985). No two genera were from the same family further

guaranteeing phylogenetic independence. Moreover, the

individuals studied co-occurred in savanna habitats, thus

ruling out environmental effects. We predicted that when

both savanna and forest species are growing in Cerrado

habitats, savanna species have traits that are better adapted

to drought-prone environments compared to their forest

congeners. Potential adaptations of savanna species include

higher resistance to drought-induced loss of hydraulic

conductance, maintenance of higher conductance to water

flow under field conditions, and larger water storage

capacitances in plant tissues to buffer the effect of soil and

atmospheric drought.

Materials and methods

Study site and species selection

The study was carried out at the ecological reserve of the

Instituto Brasileiro de Geografia e Estatı́stica (IBGE;

15�560S, 47�530W, altitude 1,100 m) located 35 km south of

Brasilia, Brazil. The site is a seasonal savanna (locally

known as Cerrado) with an open to semi-closed canopy

composed of evergreen and brevi-deciduous trees and

herbaceous understory. Mean annual precipitation is

approximately 1,500 mm with a pronounced dry season

from May to September, during which less than 100 mm of

precipitation occurs in most years. Mean monthly temper-

ature ranges from 19 to 23�C with diurnal temperature

ranges of 20�C common during the dry season. Soils are
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deep, extremely well drained and strongly acid dystrophic

oxisols with high aluminum content. The study site had been

protected from fire for a sufficiently long period to permit

the establishment of forest species in savanna environments.

The study was carried out during the late wet season and

dry season of 2006 (May–July). We chose six savanna–

forest species pairs based on availability at the study site

(Table 1). Each pair consisted of one savanna species and

one forest species of the same genus, and no two genera

were selected from the same family. Furthermore, we only

selected pairs for which both species could be found in

savanna, with similar soil, and topographic position.

Sampling of branches and leaves was limited to outer

portions of tree crowns that were fully exposed to sunlight

during the daytime. This sampling design ensured phylo-

genetic independence while minimizing local site effects.

Wood density, leaf mass per area and leaf water content

Terminal branches with similar diameters from six indi-

viduals per species were used for measuring wood density.

Sapwood with both bark and pith removed was immersed in

tap water overnight to saturate the samples. After the sur-

face was wiped dry, the volume of sapwood was measured

immediately using the water-displacement method. Then

the sapwood was oven dried at 60�C for 72 h before

determining dry mass. For measuring leaf mass per area

(LMA) and leaf water content at full turgor (WM/DM;

where WM is mass of water, and DM is dry mass), several

branches from six individuals of each species were cut and

immediately re-cut underwater with the cut end kept under

water to allow rehydration for about 2 h. Several leaves of

each individual were then weighed and scanned for leaf area

and then oven dried for about 48 h before determining their

dry mass. The WM/DM at full turgor was expressed on a

unit leaf dry mass basis (Brodribb and Holbrook 2003).

Leaf water potential

In mid-July, predawn leaf water potential (Wpd) and mid-

day leaf water potential (Wmd) were measured with a

pressure chamber (PMS1000; Corvallis, Oreg.). Leaf

samples were taken between 0400 and 0600 hours and

1200 and 1400 hours, respectively. For each of the 12

species, six leaves or terminal branches from six different

individuals were cut with a sharp razor blade and sealed

immediately in small plastic bags with moist paper towels

in them and kept briefly in a cooler until balancing pres-

sures were determined in the laboratory. When taking

samples for measuring Wmd, only the sun-exposed leaves

were selected.

Hydraulic conductivity

Stem hydraulic conductivity (Kh) was measured on ten to

16 branches per species. For most species it was possible to

obtain each branch from a separate individual, but for

S. pohlii and H. martiana, we were able to locate only five

and seven individuals, respectively, that met our site cri-

teria. For these species, two branches were collected from

each of these individuals. We used unbranched segments of

ca. 20–25 cm (mean = 23 cm). Samples were collected

early in the morning, during the transition from the wet to

dry seasons (May–June). These were re-cut immediately

under water to avoid embolism and were transported to the

laboratory with the cut end immersed in water and the free

end tightly covered with opaque plastic bags. Distilled and

degassed water was used as the perfusion fluid. Relatively

low hydrostatic pressure generated by a constant hydraulic

head of 50 cm was applied to avoid refilling of seasonally

embolized vessels. Because some species have strong

wound reactions that cause clogging of vessels, both ends

of a segment were shaved with a sharp razor blade

immediately before each measurement of flow rate. Then

methyl blue dye was perfused into each end of the branch

segment under a pressure head of 50 cm. Sapwood area

was determined at approximately 1 cm from each end by

measuring the stained cross-sectional area. The geometric

mean of these two values was used to represent sapwood

area in the following calculations. Hydraulic conductivity

(kg m s-1 MPa-1) was calculated as:

Kh ¼ Jv=ðDP=DLÞ

where Jv is flow rate through the segment (kg s-1) and DP/

DL is the pressure gradient across the segment (MPa m-1).

Sapwood conducting area (Asw) and distal leaf area (Al)

were measured to calculate Huber values (HV) (Tyree and

Ewers 1991):

HV ¼ Asw=Al:

Specific hydraulic conductivity (Ks; kg m-1 s-1 MPa-1)

was calculated as the ratio of Kh to Asw and leaf-specific

hydraulic conductivity (Kl; kg m-1 s-1 MPa-1) was cal-

culated as the ratio of Kh to Al.

Stem xylem vulnerability curve

Stem vulnerability curves were determined by measuring

percentage loss of hydraulic conductivity (PLC) due to

embolism over a range of water potential reached during

dehydration by the bench drying method (Sperry et al.

1988). Because leaves of the two Aegiphila spp. tended to

disconnect from stems when slightly dehydrated, it was not

possible to determine the stem vulnerability curves for this
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genus. Before dawn, long branches were cut from four to

six individuals of each species. These branches were

wrapped in dark plastic bags containing wet paper towels

to prevent further desiccation. In the laboratory these

branches were allowed to dry for different periods of time

to reach a large range of water potential. The branches

were then sealed into double layers of bags with wet paper

towels for at least 2 h to equilibrate. Leaf water potentials

for two to three leaves were then measured using a pressure

chamber (Scholander et al. 1965) and one stem segment

was cut under water and connected to tubing apparatus

(Tyree and Sperry 1989). Water used in this system was

filtered (0.2 lm) and degassed using a partial vacuum

shortly before use. For a fixed pressure head, Kh is pro-

portional to volumetric flow rate (Jv) of water through stem

segments, so calculations of PLC were based on Jv rather

than Kh. After the initial measurement of flow rate (Ji) the

segments were flushed with 0.1 MPa pressure for 20–

60 min to remove embolisms until stable readings of flow

rate were reached. Then the maximum flow rate (Jmax) was

measured, using the same pressure head as before. PLC

was then calculated as:

PLC ¼ 100ðJmax � JiÞ=Jmax:

Leaf vulnerability curve

Leaf hydraulic vulnerability curves were determined by

measuring leaf hydraulic conductance (Kleaf) using the

partial rehydration method described by Brodribb and

Holbrook (2003). The measurement was based on the

analogy between rehydration of desiccated leaves and

charging of a capacitor through a resistor as follows:

Kleaf ¼ C lnðW0=Wf Þ=t

where C is leaf capacitance, W0 leaf water potential before

rehydration, and Wf is leaf water potential after rehydration

for t seconds. Capacitance values both before and after

turgor loss point (p0) were calculated from leaf pressure–

volume relations (Tyree and Hammel 1972) and are

expressed in absolute terms and normalized by leaf area

using the following equation:

C ¼ DRWC=DWL � ðDM/LAÞ � ðWM/DMÞ=M

where RWC is leaf relative water content, DM leaf dry

mass (g), LA leaf area (m2), WM (g) mass of leaf water at

100% RWC (WM = fresh mass - dry mass), and M is

molar mass of water (g mol-1). The two species of Mi-

conia were not included because their petioles were too

small and not strong enough for measuring water potential

with single leaves.

Data analysis

An electric circuit analog model was used to predict how

leaves of different species differed in terms of buffering

leaf water potential (WL) from dropping to a critical value

at which strong stomatal control of water loss must be

initiated. Briefly, under a given rate of transpiration the

time lag (Dt) for WL to drop from a value equal to Wpd to a

critical value (Wc), was calculated as:

Dt ¼ CðWpd �WcÞ=E

where E is an assumed transpiration rate (3 mmol m-2 s-1)

that is typical for Cerrado species (Meinzer et al. 1999;

Bucci et al. 2005). The Wc values used were the points at

which Kleaf had fallen by 50% (P50leaf) for species in the

genera Styrax, Hymenaea, Myrsine, and Symplocos, and

turgor loss point osmotic potentials (p0) for the genera

Miconia and Aegiphila. As indicated above, P50leaf was not

determined for the genus Miconia, and in the genus Aegi-

phila it was deemed inappropriate to use P50leaf because it

was more negative than p0 in Aegiphila lhotzkiana. Larger

Dt-values indicated that the leaves of a given species were

more buffered from dropping to a water potential level

where stomata closure is likely to strongly limit transpi-

ration and consequently CO2 assimilation.

Differences between the two species within each genus

were assessed with t-tests. Paired t-tests were used to assess

differences between the two functional types across all the

genera using the species mean values of each trait. To

compare how much of the interspecific variance of a trait

can be attributed to the differences among genera or

between the two functional types, fractions of total inter-

specific variance (r2) that is explained by phylogeny

(genus) and by functional type (savanna vs. forest) were

Table 1 Savanna and forest

congeneric species investigated

in this study

Savanna species Forest species Family

Styrax ferrugineus Nees & Mart. Styrax pohlii A.DC Styracaceae

Hymenaea stignocarpa Mart. Ex Hayne Hymenaea martiana Hayne. Leguminosae

Myrsine guianensis (Aubl.) Kuntze Myrsine ferruginea Ruiz & Pav. Myrsinanceae

Symplocos lanceolata (Mart.) A.DC Symplocos mosenii Brand. Symplocaceae

Miconia pohliana Cogn. Miconia cuspidata Naud. Melastomataceae

Aegiphila lhotzkiana Cham. Aegiphila sellowiana Cham. Verbenaceae
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calculated for each trait (Hoffmann and Franco 2003). The

values were calculated from factorial ANOVAs, following

Rosenthal and Rosnow (1985) as:

r2
X ¼ SSX=SStotal

where SSX and SStotal are the sum of squares for fac-

tor X (functional type or genus) and the total sum of

squares, respectively.

Results

Wood density, Ks, Kl and xylem water potential at 50% loss

of hydraulic conductivity (P50) were not significantly

different between savanna and forest species (Table 2).

Wood density spanned a relatively large range from

0.38 g cm-3 (Symplocos rhamnifolia) to 0.74 g cm-3

(Miconia cuspidata) as did P50, which ranged from

-1.5 MPa (S. rhamnifolia) to -3.4 MPa (M. cuspidata). A

negative linear relationship was observed between P50 and

wood density (qwood) across the five pairs of species

measured, indicating that higher qwood was associated with

higher resistance to embolism (Fig. 1). HVs tended to be

higher in savanna species although differences between the

two functional types were marginally significant by paired

t-test (P = 0.054) (Table 2).

LMA was significantly higher in savanna species (t-test,

P \ 0.05) in all congeneric pairs and the overall difference

between savanna and forest functional types was significant

(P \ 0.05; Table 3). C calculated from pressure–volume

curves in the region above the turgor loss point, was sig-

nificantly greater in savanna species (P \ 0.05) and

maximum Kleaf estimated from leaf vulnerability curves

was marginally greater in savanna species (P = 0.09). No

significant differences were found between functional types

in WM/DM and the leaf water potential corresponding to

P50leaf (Table 3).

The Wpd was significantly higher in savanna species

compared to forest species in all the congeneric pairs

(Table 4). However, Wmd did not differ significantly

between the two functional types. The osmotic potential at

full turgor (p100) and at turgor lost point (p0) calculated

from pressure–volume relations were not significantly

different between the two functional types. The calculated

time lag (Dt) for leaf water potential to drop from predawn

values to critical values close to P50leaf or p0 was signifi-

cantly longer for savanna species (Table 4).

When the leaf and stem trait data were analyzed in a

way that allowed the total interspecific variances to be

partitioned between genus and functional type, the inter-

specific variances attributable to phylogeny (genus) were

considerably high (Table 5) for all traits, even in those

where significant (marginally significant) differences were

detected between the two functional types (e.g., in HV,

LMA, and C). This result indicated the conservatism of

functional traits within closely related species and showed

the importance of phylogenetic independence in compar-

ative studies.

Leaves were more vulnerable to loss of hydraulic con-

ductance than stems (cf. P50leaf and P50; Tables 2, 3).

Values of Kleaf at midday, inferred from the leaf hydraulic

vulnerability curves, were substantially lower than the

maximum Kleaf or even close to zero (Fig. 2). The Wmd was

higher than p0 in all species, with the exception of Aegi-

phila sellowiana, indicating that leaves of these species

still maintained turgor at midday during the middle of the

Table 2 Stem functional traits of savanna (S)–forest (F) congeneric

species (values are mean ± 1 SE). Values followed by different
letters were significantly different between the two congeneric

species at P \ 0.05. qwood Wood density, HV Huber values, Ks

specific hydraulic conductivity, Kl leaf area specific hydraulic

conductivity, P50 xylem water potential at 50% loss of stem

hydraulic conductivity

Species qwood (g cm-3) HVa (910-4) Ks (kg m-1 s-1 MPa-1) Kl (910-4 kg m-1 s-1 MPa-1) P50 (MPa)

Styrax S 0.49 ± 0.009 a 1.89 ± 0.29 2.59 ± 0.43 4.87 ± 0.97 -3.35

F 0.54 ± 0.006 b 2.02 ± 0.35 3.45 ± 0.47 6.90 ± 1.38 -2.00

Hymenaea S 0.72 ± 0.007 a 1.80 ± 0.13 3.59 ± 0.82 6.56 ± 1.74 -3.17

F 0.56 ± 0.010 b 1.46 ± 0.21 2.94 ± 0.80 4.12 ± 1.44 -2.80

Myrsine S 0.52 ± 0.015 a 1.81 ± 0.23 2.00 ± 0.13 a 3.84 ± 0.69 -2.12

F 0.62 ± 0.013 b 1.47 ± 0.16 3.25 ± 0.54 b 4.34 ± 1.14 -3.08

Symplocos S 0.38 ± 0.008 a 2.78 ± 0.59 1.62 ± 0.19 a 4.17 ± 0.85 a -1.50

F 0.48 ± 0.012 b 1.88 ± 0.32 4.78 ± 0.66 b 8.56 ± 1.69 b -1.60

Miconia S 0.53 ± 0.007 a 2.89 ± 0.91 a 4.73 ± 0.88 10.92 ± 2.63 a -3.10

F 0.74 ± 0.004 b 0.75 ± 0.08 b 5.37 ± 0.74 3.44 ± 0.60 b -3.40

Aegiphila S 0.49 ± 0.017 a 1.50 ± 0.17 6.17 ± 1.31 a 8.46 ± 1.49 a –

F 0.41 ± 0.007 b 1.26 ± 0.13 13.78 ± 2.25 b 16.83 ± 2.80 b –

a When tested across all genera, only HV was marginally different between S and F functional types (P = 0.054)
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dry season (Table 4). In Styrax, Symplocos and Miconia,

Wmd was well above p0, whereas in the remaining genera

Wmd was quite close to p0 (Table 4, Fig. 2), suggesting that

different genera had different ‘‘safety margins’’ for avoid-

ing turgor loss. The inferred Kleaf at p0 ranged from about

twofold lower than maximum Kleaf (Fig. 2j) to almost total

loss (Fig. 2d, h, i).

Discussion

Leaf versus stem properties and functional coordination

across tissues and species

Most stem traits including qwood, P50, Ks and Kl did not

differ significantly between savanna and forest species

(Tables 2, 3). Wood density in many tree species from

different ecosystems is correlated with a suite of hydraulic-

related characteristics such as stem water storage capacity,

the efficiency of xylem water transport, regulation of leaf

water status, and avoidance of turgor loss (Meinzer 2003;

Bucci et al. 2004a; Gartner and Meinzer 2005). Sapwood

water storage capacity and resistance to drought-induced

xylem cavitation exhibit opposite trends with variation in

qwood; sapwood water storage capacity decreases as qwood

increases (Stratton et al. 2000; Scholz et al. 2007), but

xylem becomes more resistant to drought-induced cavita-

tion with increasing qwood (Hacke et al. 2001). Due to these

trade-offs, either high or low qwood can be adaptive in a

given environment.

In contrast to stem hydraulic traits, leaf properties such

as maximum Kleaf and C were significantly higher in

savanna trees compared to their forest counterparts, sug-

gesting that the greater leaf hydraulic efficiency may be

more critical than stem hydraulics in adapting to the

drought-prone Cerrado environment. Leaves are a major

bottleneck in the whole-plant hydraulic continuum and

Kleaf is functionally correlated with leaf water flux-related

structural traits and leaf gas exchange (Sack and Holbrook

2006). Maximum Kleaf is highly variable among species

ρwood (g cm-3)

.3

P
05

)a
P

M( 

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

R2 = 0.49 (P = 0.02)

.8.7.6.5.4

Fig. 1 Relationship between wood density (qwood) and the stem

xylem water potential causing 50% loss of hydraulic conductivity

(P50). Each point represents one species (open symbols savanna

species, filled symbols forest species) of the genera Styrax (open
circle, filled circle), Hymenaea (open triangle, filled triangle),

Myrsine (open inverted triangle, filled inverted triangle), Symplocos
(open square, filled square), and Miconia (open diamond, filled
diamond). Error bars show ±1 SE (n = 6)

Table 3 Leaf functional traits of S–F congeneric species. Values

followed by different letters were significantly different between

the two congeneric species at P \ 0.05. LMA Leaf mass per area,

WM/DM leaf water content at full turgor, C leaf capacitance, Kleaf

maximum leaf hydraulic conductance, P50leaf leaf water potential at

50% loss of Kleaf; for other abbreviations, see Table 2

Species LMAa (g m-2) WM/DM (g g-1) Ca (mmol m-2 MPa-1) Maximum Kleaf
b

(mmol m-2 s-1 MPa-1)

P50leaf (MPa)

Styrax S 176.1 ± 8.8 a 1.14 ± 0.03 561.8 ± 58.4 a 48.7 -1.2

F 122.2 ± 2.0 b 1.10 ± 0.02 443.3 ± 55.4 b 57.5 -1.4

Hymenaea S 145.2 ± 4.0 a 1.16 ± 0.05 499.9 ± 71.1 a 55.5 -1.6

F 103.6 ± 2.3 b 0.90 ± 0.02 209.9 ± 32.6 b 28.5 -1.4

Myrsine S 194.1 ± 5.1 a 1.57 ± 0.04 a 1,023.8 ± 120.3 a 75.5 -1.1

F 86.9 ± 7.9b 1.75 ± 0.22 b 489.9 ± 86.2 b 36 -1.0

Symplocos S 145.2 ± 6.4 a 1.56 ± 0.05 a 470.0 ± 7.9 a 15.4 -1.3

F 122.9 ± 4.8 b 1.95 ± 0.07 b 415.7 ± 28.4 b 14.7 -1.3

Miconia S 184.2 ± 6.0 a 1.06 ± 0.02 a 767.2 ± 89.9 a – –

F 96.6 ± 2.0 b 1.23 ± 0.02 b 361.5 ± 57.0 b – –

Aegiphila S 95.6 ± 3.4 a 2.28 ± 0.07 a 1,169.3 ± 113.3 a 34.4 -0.8

F 78.2 ± 3.0 b 2.71 ± 0.11 b 1,683.6 ± 131.4 b 21.7 -1.7

a For comparisons across all genera, significant differences between the two functional types (P \ 0.05)
b For comparisons across all genera, difference was marginal (P = 0.09)
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(Brodribb and Holbrook 2005) and responds to environ-

mental factors such as irradiance (Sack and Frole 2006).

Due to its ecological importance to plant water relations

and its high variability, maximum Kleaf might be one of the

most important traits that explain the differential adaptation

of savanna and forest functional types to drought.

Leaf capacitance is positively correlated with Kleaf in

northern temperate tree and climber species (Sack et al.

2003; Sack and Tyree 2005). Although the water stored in

leaves accounts for only a small fraction of daily

transpiration, it may play an important role in buffering

the change of leaf water potential as transpiration rate and

root water supply fluctuate (Sack and Tyree 2005).

Atmospheric evaporative demand, rather than soil water

availability, tends to dominate patterns of water use in

adult trees in the Cerrado (Meinzer et al. 1999). Thus the

significantly higher C values in savanna species (Table 3)

compared to forest species could be an adaptive trait for

plants growing in Cerrado environments. The significantly

higher calculated time lag (Dt) in savanna species

(Table 4) further suggests that savanna species are more

buffered from rapid changes in leaf water potential,

mainly due to their larger C values. Similar to C, LMA

was also higher in savanna species (Table 3); however,

this trait is probably independent of Kleaf (r2 = 0.35,

P = 0.07) as found in temperate deciduous, Mediterra-

nean, and tropical rainforest species (Tyree et al. 1999;

Nardini 2001; Sack et al. 2003, 2005), and probably it is

more relevant to plant carbon economy, growth, and

nutrients (Hoffmann et al. 2005).

Some traits related to drought resistance, such as those

derived from pressure–volume relations (e.g., p100 and p0),

were shown to be independent of Kleaf (Sack et al. 2003).

Thus, it is not surprising that WM/DM, p100 and p0 were

not significantly different between the two functional types

in this study, while Kleaf was still higher in savanna species.

When growing in savanna environments, forest species

may adjust their osmotic characteristics more readily, but

adjustments in Kleaf are likely to involve changes in the leaf

vasculature that are probably under more rigid genetic

control or have less acclimation capacity, thus imposing

limits on the success of forest species in savanna–forest

boundary environments.

Table 4 Predawn leaf water potential (Wpd) and midday leaf water

potential (Wmd), leaf osmotic potential at full turgor (p100), turgor loss

point (p0), and calculated time lag (Dt) for leaf water potential to drop

from the value equal to Wpd to a critical value under a given value of

transpiration rate. Values followed by different letters were signif-

icantly different between the two congeneric species at P \ 0.05. For

other abbreviations, see Table 2

Species Wpd
a (MPa) Wmd (MPa) p100 (MPa) p0 (MPa) Dta (s)

Styrax S -0.44 ± 0.03 a -1.41 ± 0.08 a -2.12 ± 0.07 -2.49 ± 0.06 143

F -0.70 ± 0.04 b -1.73 ± 0.13 b -2.07 ± 0.07 -2.46 ± 0.15 103

Hymenaea S -0.17 ± 0.05 a -2.13 ± 0.12 a -2.35 ± 0.20 -2.64 ± 0.17 233

F -0.66 ± 0.09 b -2.31 ± 0.13 b -2.03 ± 0.14 -2.32 ± 0.13 52

Myrsine S -0.36 ± 0.02 a -1.54 ± 0.04 a -1.53 ± 0.10 -1.76 ± 0.11 253

F -0.60 ± 0.05 b -1.22 ± 0.04 b -1.63 ± 0.08 -1.79 ± 0.08 66

Symplocos S -0.25 ± 0.03 a -1.18 ± 0.07 a -1.29 ± 0.07 a -1.45 ± 0.11 a 164

F -0.27 ± 0.03 a -1.18 ± 0.05 a -1.68 ± 0.09 b -1.95 ± 0.10 b 143

Miconia S -0.44 ± 0.03 a -1.42 ± 0.07 a -1.42 ± 0.08 a -1.75 ± 0.08 a 568

F -0.53 ± 0.04 b -1.14 ± 0.04 b -2.23 ± 0.15 b -2.66 ± 0.18 b 146

Aegiphila S -0.45 ± 0.04 a -1.04 ± 0.08 a -1.05 ± 0.07 -1.25 ± 0.08 292

F -0.76 ± 0.05 b -1.33 ± 0.06 b -1.08 ± 0.05 -1.20 ± 0.06 274

a For comparisons across all genera, significant differences between the two functional types (P \ 0.05)

Table 5 Fraction of total interspecific variance (r2) that is explained

by phylogeny (Genus) and by functional type (S vs. F). For other

abbreviations and superscripts see Tables 2, 3 and 4

Stem and leaf traits Factor

Functional type Genus

qwood 0.03 0.62

HVb 0.31 0.27

Ks 0.12 0.69

Kl 0.02 0.54

P50 0.003 0.69

LMAa 0.53 0.29

WM/DM 0.02 0.93

Ca 0.03 0.79

Maximum Kleaf
b 0.14 0.65

P50leaf 0.10 0.31

Wpd
a 0.43 0.39

Wmd 0.001 0.93

p100 0.03 0.79

p0 0.03 0.80

Dta 0.37 0.42
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In both savanna and forest species, leaves were more

vulnerable to drought-induced loss of hydraulic function

than stems, with P50leaf being substantially higher than

P50 of stems in all species (Tables 2, 3). The greater

hydraulic vulnerability of leaves compared to stems is

consistent with results from other studies, which showed

that Kleaf can be depressed by moderate environmental

stresses, such as high irradiance and low relative humidity

at midday (Brodribb and Holbrook 2004). Based on the leaf

vulnerability curves, predicted midday Kleaf values were

much lower than the maximum values in each species

(Fig. 2). Although other mechanisms may be involved, the

decrease in Kleaf at midday was probably caused by

embolism within the leaf xylem. In that case, embolism

repair should occur in leaves of both savanna and forest

species in order for them to recover from midday minimum

Kleaf values, perhaps by a mechanism similar to the one

suggested by Bucci et al. (2003) involving the production

of osmotically active solutes, which would result in a

transient pressure imbalance inside leaf petioles, leading to

radial water movement and refilling of embolized vessels.

However, direct measurement of the daily course of Kleaf is

needed to further demonstrate the diurnal dynamic of

embolism formation and repair processes in leaves.

To test whether the various leaf and stem hydraulic traits

are functionally correlated as found in previous studies

(Bucci et al. 2004a), we did all pairwise correlation anal-

ysis between functional traits and some were found to be

significantly correlated. The negative correlation between

P50 and wood density (Fig. 1) that has also been found in

plants of other ecosystems may indicate a trade-off

between hydraulic safety and efficiency (Hacke et al. 2001;

Jacobsen et al. 2005). The coordination between p0 and

leaf water content (Fig. 3) suggests that leaves with lower

water content had an increased ability to tolerate lower

water potentials without losing turgor, while leaves with

higher water content had greater ability to maintain higher

water potentials.

Most interestingly, the positive correlation found

between Kl of stems and C probably reflects the coordi-

nation between stem and leaf hydraulics (Fig. 4). Recent

studies have shown that there is a strong positive correla-

tion between C and Kleaf (Sack and Tyree 2005), and leaves

with high Kleaf tend to close stomata relatively slowly after

excision (Aasamaa et al. 2001). Thus, under the savanna

environment, leaves with high C should be more likely to

have higher stomatal conductance, transpiration rate and

Kleaf than congeneric forest species. Correspondingly,

higher rates of transpiration in species of higher leaf
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capacitance require terminal branches with higher Kl to

support the higher rate of water use. These results suggest a

strong selective pressure for hydraulic coordination

between different plant organs.

No significant correlations were found either between

stem hydraulic parameters (Ks or Kl) and Kleaf or between

P50 of terminal branches and P50leaf. Although this is

surprising at first sight, these results are consistent with our

finding that leaves are much more vulnerable to loss of

hydraulic function than stems. The P50leaf in each species

is relatively high regardless of the stem P50 values, which

may have resulted in the weak correlation between these

two parameters. It is suggested in the literature that the

resistance to water transport in leaves is ‘‘disproportion-

ately’’ high compared to other plant organs (Sack et al.

2003). In other words, leaves are the bottleneck in the plant

water transport pathway, which may be responsible for the

independence of Kleaf and Kh.

Comparison between savanna and forest species

It seems that the savanna and forest species growing in the

Cerrado environment differ mainly in leaf hydraulic

properties rather than stem traits. Furthermore, differences

in rooting depth and hydraulic architecture are likely to be

important in determining the relative success of savanna

over forest species in the Cerrado environments.

Cerrado woody plants have the ability to access deeper

water resources relative to forest species (Hoffmann et al.

2004). The less negative Wpds found in savanna species

compared to their congeneric forest counterparts (Table 4)

were consistent with the prediction that savanna species

have deeper roots, enabling them to access moister soil at

depth. It is possible that Wpd may not reflect the weighted

average soil water potentials due to soil–plant water

potential disequilibrium resulting from nocturnal transpi-

ration (Bucci et al. 2004b). However, as the differences in

Wpd were relatively large in most genera, it is reasonable to

expect that differences in Wpd among congeneric pairs

largely reflect differences in their patterns of water uptake

and rooting depth. It has been hypothesized that root:shoot

ratio and LMA can evolve relatively quickly apparently

requiring few genetic changes (Chapin et al. 1993). The

observation that these traits are evolutionarily labile is

consistent with our findings that LMA and Wpd were two of

the traits that were least conserved within genera (Table 5).

The higher HV of savanna compared to forest species

(P = 0.054) indicates that savanna species have more

sapwood to transport water per unit leaf area. In Cerrado

environments with potentially high transpirational demand,

higher HV can help in maintaining water balance during

the dry season (Bucci et al. 2005). The high HV of savanna

species is consistent with the low leaf area index observed

in Cerrado ecosystems (Hoffmann et al. 2005). The dif-

ference in HV between the two groups of species growing

in similar environmental conditions suggests that the

divergence in hydraulic architecture is determined by

genetic differences, rather than by environment.

Phylogenetic inertia

Contrary to our predictions, most of the stem traits and

many leaf traits were not significantly different between

savanna and forest tree species. Most of the interspecific

variances in these functional traits can be attributable to

phylogeny (genus) rather than to functional type (savanna

or forest trees) (Table 5), despite the large differences in

the physical environments where savanna and forest spe-

cies typically occur, indicating high levels of phylogenetic

inertia in closely related savanna and forest species. These

findings are consistent with a previous study by Hoffmann

and Franco (2003) examining seedling characteristics such

as seed mass, relative growth rate, and leaf area ratio.

Conclusion

The main mechanistic findings of this comparative study

were that leaves across all genera are more vulnerable to

drought-induced loss of hydraulic function compared to

stems, and that leaf hydraulic characteristics differ more

consistently between savanna and forest species than stem

hydraulic characteristics. We suggest that in the Cerrado

environment with high evaporative demand and potentially

low soil water availability, leaf hydraulic traits are under
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stronger selective pressure than are stem hydraulic traits.

Higher Kleaf and leaf capacitance in savanna species may

thus be the most important traits that enable these species

to succeed in the Cerrado environment. An electric circuit

analog model predicted that compared to forest species,

savanna species took longer for their leaf water potentials

to drop from predawn values to critical values, suggesting

that savanna species were more buffered from changes in

leaf water potentials. Besides stems and leaves, roots are

also likely to play an important role in the hydraulics of the

whole plant and need to be addressed in future investiga-

tions. Although the differences between savanna and forest

species were significant with regard to some important

hydraulic traits, variation among genera still accounted for

a large proportion of the total variance, which suggests the

prevalence of phylogenetic conservatism in many plant

hydraulic traits.
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