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Abstract The relationship between water transport and

photosynthesis represents the trade-off between carbon

gain and water loss and was used to evaluate potential

differences in water resource utilization among two

dominant vegetation types of south Florida: subtropical

evergreen broad leaf forests (hardwood hammocks) and

pine woodlands (pine rocklands). We found consistent

linear positive relationships between the quantum yield of

photosystem II (/PSII), an index of photosynthetic

capacity, and hydraulic conductivity per sapwood area

(kS) and per leaf area (kL) across all species. The slope of

the /PSII–kS relationship was steeper for hardwood ham-

mock than for pine rockland species. Mean /PSII was

greater in pine rockland species and was greater for a

given kL than in hardwood hammock species. These

results are consistent with previous observations demon-

strating that pine rocklands tend to have better access to

stable water sources than hardwood hammocks. We also

found greater photosynthetic carbon isotope discrimina-

tion with increasing kS and kL in pine rockland species,

but not in hardwood hammock species, suggesting

increased stomatal conductance with increasing kS and kL,

consistent with greater water availability in pine rockland

habitats. Our study thus utilizes relationships between

water transport and photosynthesis to evaluate hydraulic

constraints on physiological function between two con-

trasting vegetation types with contrasting stability of

water sources.

Keywords Carbon stable isotope � Chlorophyll

fluorescence � South Florida � Hydraulic conductivity �
Photosynthetic capacity

Introduction

Plant hydraulic characteristics have recently been shown

to have substantial influence over many aspects of plant

form and function (Brodribb and Feild 2000; Edwards

2006; Sack et al. 2005; Santiago et al. 2004; Sperry

2000). Control of plant function may arise from a fun-

damental tradeoff among woody species between allo-

cation to xylem that resists cavitation, versus a xylem

with high-water transport capacity (Tyree and Ewers

1991). Plant species with low water transport capacity

may also exhibit reduced gas exchange, because rates of

water loss from leaves appear to be limited by stem

hydraulic supply and hydraulic architecture (Brodribb
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and Feild 2000; Campanello et al. 2008; Katul et al.

2003; Santiago et al. 2004), which determine the struc-

ture and water transport properties of the vascular system

and govern the balance between water supply and total

transpiring leaf area (Zimmermann 1978). If hydraulic

capacity limits the supply of water to leaves, we expect

coordination between stem and leaf physiological

capacity such that allocation to photosynthesis will be

reduced. Alternatively, plant species with low capacity to

transport water may simply allocate to fewer leaves per

unit stem area, thus increasing the supply of water per

unit leaf area (Tyree and Ewers 1991; Wright et al.

2006).

We ask whether the potential rate of water supply to

leaves is linked to quantum yield of photosystem II, and

whether this relationship is influenced by vegetation type

in south Florida ecosystems: Subtropical evergreen broad

leaf forests (hardwood hammocks) and pine woodlands

(pine rocklands) (Snyder et al. 1990). Soil is poorly

developed in pine rocklands and tends to accumulate in

limestone pockets. Previous studies have indicated that

predawn water potentials in pine rockland species, as

well as being less negative in the dry season, show less

seasonal variation than hardwood hammock species,

consistent with a more stable water supply (Ewe et al.

1999). In addition, isotopic studies have confirmed that

hardwood hammock species are more dependent on

water resources at the surface layers of the soil profile,

whereas pine rockland species utilize ground water (Ewe

et al. 1999; Ish-Shalom et al. 1992). We hypothesized

that because pine rockland species utilize a more stable

water supply, hydraulic constraints on photosynthesis

would be greater in hardwood hammock species, leading

to a stronger relationship between hydraulic conductivity

and quantum yield among hardwood hammock species

compared to pine rockland species. We do not have a

complete understanding of why some species only occur

in hammocks, some are found only in pine rocklands,

and some are found in both communities. One possible

physiological explanation could be species-specific dif-

ferences in hydraulic architecture and associated traits.

This suite of characteristics can be extremely important

in determining the tolerance of particular species to

drought stress, and is likely to be an important factor in

determining the distribution of species in hardwood

hammocks and pine rocklands. Hydraulic constraints on

physiological performance are also likely to be predictive

of species-specific responses to changes in sea level or

regional climate. Overall, this study provides information

for understanding the contribution of physiological vari-

ation in hydraulic and photosynthetic processes in

structuring the functional diversity of these two adjacent,

but distinct vegetation communities.

Materials and methods

Study sites and species

The study was conducted in two adjacent (\1 km apart)

sites in Everglades National Park, Florida, USA, both near

the Hidden Lake Education Center (25.4�N, 80.6�W).

Mean annual precipitation and temperature at the site are

1,470 mm and 24�C, respectively. South Florida has a

subtropical to tropical climate with a wet season (May–

October) related to tropical cyclones and thunderstorms in

which 75% of annual precipitation is received. Approxi-

mately 25% of annual precipitation falls during the dry

season (November–April), and is usually caused by cold

fronts.

Both sites were located on limestone outcrops in an

area that contains a mix of hardwood hammocks and pine

rocklands. Hardwood hammocks are evergreen, closed

canopy broad-leaved forests with a tree community mostly

derived from Caribbean island flora together with an

intermixture of temperate genera like Celtis, Morus and

Quercus, whereas pine rockland is a fire-maintained open

forest community with a diverse understory of tropical and

temperate shrubs, palms, and herbs (Snyder et al. 1990).

Measurements were performed on eight tree species that

ranged from 5 to 15 m in height in hardwood hammock

and seven tree species that ranged from 3 to 15 m in

height from pine rocklands for a total of 15 of the most

dominant species at the sites that also vary widely in

overall morphology (Table 1). All measurements were

performed between July and August 2002, when leaves

were ca. 3–5 months old.

Chlorophyll fluorescence

The quantum yield of photosystem II in the light (/PSII)

was measured with a portable photosynthesis yield ana-

lyzer (MINI-PAM; Waltz, Effeltrich, Germany) which

determined the increase in chlorophyll fluorescence during

a single saturating flash of light applied for 0.8 s at an

intensity of 3,500 lmol m-2 s-1 under natural field con-

ditions (Bilger et al. 1995; Brodribb and Feild 2000). We

calculated /PSII as (F0m - F)/F0m, where F is the fluores-

cence yield of the light adapted leaf and F0m is the maxi-

mum fluorescence yield of the light adapted leaf (Bilger

et al. 1995). Leaf temperature during measurements varied

naturally from 28 to 33�C. Leaves were induced with an

external halogen light source at a photosynthetic photon

flux density (PPFD) of 800 lmol m-2 s-1 for approxi-

mately 5 min before application of the saturating pulse. All

measurements were made between 1100 hours and

1300 hours on clear days with saturating irradiance

([500 lmol m-2 s-1 PPFD). Measurements of /PSII were
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made on 3–5 leaves from 3 to 8 individuals of each species.

We accessed canopy branches using a ladder and selected

the youngest fully expanded leaves for measurement of

/PSII.

The use of fluorescence for evaluating photosynthetic

electron transport and CO2 assimilation has been limited in

C3 plants due to uncertainty in the relationship between

electron transport and CO2 uptake (Bilger et al. 1995;

Brodribb and Feild 2000; Genty et al. 1989), because

chlorophyll fluorescence measures the reduction state of

PSII and therefore cannot distinguish among electrons used

for carboxylation versus oxygenation of Ribulose 1,6 bi-

phosphate, and other non-assimilatory electron transport

pathways (Brodribb and Feild 2000; Edwards and Baker

1993; Fryer et al. 1998). Nonetheless, good agreement

between photosynthetic CO2 assimilation determined with

infrared gas analysis and that estimated by /PSII has been

shown under a range of temperature, light and humidity,

among C3 species (He and Edwards 1996). In this study,

we use /PSII as a relative index of maximum photosyn-

thetic CO2 assimilation under similar, non-limiting condi-

tions of temperature, light, and water. Under such

conditions, which were achieved by measuring only can-

opy leaves on clear days during the summer thunderstorm

season, differences in photorespiration should be small

(Brodribb and Feild 2000). Furthermore, a previous

investigation of a diverse group of conifers using similar

fluorescence measurements has shown very reliable

correlation with maximum CO2 assimilation rates (Brodribb

and Hill 1997).

Hydraulic conductivity

Hydraulic conductivity (kH) was measured on 5–10 excised

stems with leaves on which chlorophyll fluorescence has

been previously measured, from 3 to 6 individuals of each

species. Early in the morning, upper crown branches 1.5–

2 m were detached from the tree and re-cut under filtered

water (0.2 lm) to prevent xylem embolism and transported

to the laboratory in opaque plastic bags. Vessel lengths

were determined by the air pressure technique (Ewers and

Fisher 1989), and mean and maximum lengths ranged from

19–130 cm to 21–157 cm, respectively. Thus, excised

branches were longer than the measured maximum vessel

lengths. While immersed in water the cut ends of

un-branched stem segments 6–10 cm in length, 4–8 mm in

diameter were shaved with Teflon coated razor blades and

subsequently connected to a hydraulic conductivity appa-

ratus. The hydraulic conductivity apparatus consisted of a

beaker supplying degassed and filtered water under gravi-

tational pressure to the stem. Flow rates were determined

volumetrically. Native kH was estimated as the rate of

water flow (J, kg s-1) in a stem when a small (approx.

0.18 kPa) pressure gradient (dP/dx, MPa m-1) is applied

across the stem according to the following equation:

kH = J/(dP/dx). It was assumed that the entire xylem area

Table 1 Tree species found in hardwood hammock and pine rockland vegetation types in Everglades National Park, Florida, USA

Species (Family) kS kL 9 10-4 /PSII d13C AL:AS

Hardwood hammock

Ardisia elliptica (Myrsinaceae) 1.81 ± 0.37 3.33 ± 0.46 0.11 ± 0.02 -30.92 0.52 ± 0.04

Ardisia escallonoides (Myrsinaceae) 2.79 ± 0.45 6.12 ± 1.12 0.12 ± 0.01 -30.14 0.47 ± 0.04

Bursera simaruba (Burseraceae) 3.86 ± 1.01 4.47 ± 0.90 0.16 ± 0.02 -29.91 0.84 ± 0.07

Coccoloba diversifolia (Polygonaceae) 2.41 ± 0.22 4.64 ± 0.48 0.13 ± 0.03 -33.10 0.54 ± 0.05

Eugenia axillaris (Myrtaceae) 2.39 ± 0.19 4.68 ± 0.45 0.10 ± 0.02 -27.10 0.54 ± 0.05

Lysiloma latisiquum (Fabaceae) 2.53 ± 0.32 12.52 ± 4.83 0.22 ± 0.02 -29.40 0.37 ± 0.07

Quercus virginiana (Fagaceae) 5.36 ± 0.60 16.16 ± 1.75 0.22 ± 0.01 -29.68 0.35 ± 0.04

Tetrazyigia bicolor (Melastomataceae) 2.73 ± 0.19 4.26 ± 0.26 0.12 ± 0.01 -29.90 0.64 ± 0.02

Pine rockland

Citharexylum fruticosum (Verbenaceae) 4.15 ± 0.38 7.66 ± 0.89 0.17 ± 0.01 -29.12 0.59 ± 0.10

Guettarda scabra (Rubiaceae) 2.69 ± 0.24 7.69 ± 0.90 0.19 ± 0.01 -30.17 0.44 ± 0.03

Ilex krugiana (Aquifoliaceae) 1.97 ± 0.39 4.01 ± 0.64 0.17 ± 0.01 -29.11 0.53 ± 0.10

Myrica cerifera (Myricaceae) 3.50 ± 0.32 8.13 ± 1.81 0.15 ± 0.01 -30.19 0.52 ± 0.07

Pinus elliottii (Pinaceae) 1.81 ± 0.30 3.87 ± 0.91 0.18 ± 0.01 -28.20 0.65 ± 0.07

Rhus copallina (Anacardiaceae) 8.64 ± 1.74 13.30 ± 3.10 0.24 ± 0.02 -29.68 0.61 ± 1.12

Schinus terebinthefolius (Anacardiaceae) 6.65 ± 0.47 13.97 ± 1.47 0.22 ± 0.00 -30.66 0.51 ± 0.09

Values are means (±1 SE) for sapwood-specific hydraulic conductivity (kS; kg m-1 s-1 MPa-1; n = 3–6 individuals per species), leaf-specific

hydraulic conductivity (kL; kg m-1 s-1 MPa-1; n = 3–6 individuals per species), quantum yield of photosystem II (/PSII; n = 3–8 individuals

per species), leaf carbon isotopic composition (d13C; %; n = 1 composite sample per species), and leaf area-to-sapwood area ratio (AL:AS; cm2

leaf m-2 sapwood; n = 3–6 individuals per species)
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was conductive based on low percent loss in conductivity

(\20%) after a high-pressure flush, verification with dye in

some species, and age of material. Sapwood-specific

hydraulic conductivity (kS) was calculated as kH per sap-

wood area of the sample stem. The sapwood area was

calculated using measurements of xylem diameter, sub-

tracting pith if present. Leaf-specific conductivity (kL) was

calculated from the ratio of kH and leaf surface area distal

to the stem section used for kH measurement. Leaf area was

measured with a leaf area meter (LI-3100, Li-Cor Biosci-

ences, Lincoln, NE, USA). Leaf area-to-sapwood area ratio

(AL:AS) was calculated as the quotient of leaf area-to-sap-

wood area for each sample stem.

Carbon isotope composition

Leaf carbon isotopic composition (d13C) was measured on

one composite sample per species, in which all of the /PSII

measurement leaves were combined. Leaves were dried at

50�C to constant mass, ground with a Wiley Mill, and the

CO2 liberated after combustion with a CuO catalyst at

850�C in a sealed glass tube was isolated on vacuum lines

and analyzed for 13C/12C ratios in an isotope ratio mass

spectrometer (VG Isogas, Middlebury, UK). d13C was

calculated relative to the Pee Dee Belemnite standard using

the relationship (Ehleringer and Osmond 1989):

d13Cð&Þ ¼
½ð13C=12

C in sampleÞ=ð13C=12
C in standardÞ � 1� � 1; 000:

Statistical analyses

Comparisons of kS, kL, /PSII, AL:AS, and d13C, between

hardwood hammock and pine rockland species were per-

formed with t test in SAS version 8.02. Bivariate rela-

tionships between measures of hydraulic conductivity and

/PSII were analyzed with type II least-squares regression.

We first analyzed the relationship among all species in one

regression model. We then tested for differences in slope

among species from hardwood hammock versus pine

rockland vegetation types using likelihood ratios. If no

significant difference in slope was detected, tests for dif-

ferences in elevation (y-intercept) were performed using

randomization routines that are analogous to ANCOVA

with (S)MATR ver. 1.0 software (Falster et al. 2003).

Significance was evaluated at a = 0.1.

Results

Mean sapwood-specific hydraulic conductivity (kS) ranged

from 1.8 kg m-1 s-1 MPa-1 in Ardisia elliptica and Pinus

elliottii to 8.64 kg m-1 s-1 MPa-1 in Rhus copallina

(Table 1). Mean leaf-specific hydraulic conductivity (kL)

ranged from 3.3 9 10-4 kg m-1 s-1 MPa-1 in A. elliptica

to 16.2 9 10-4 kg m-1 s-1 MPa-1 in Quercus virginiana.

Mean quantum yield of photosystem II (/PSII) was lowest

in Eugenia axillaris (0.10) and highest in R. copallina

(0.24). Leaf carbon isotopic composition (d13C) ranged

from -33.1% in Coccoloba diversiflolia to -27.1% in

E. axillaris, and leaf area-to-sapwood area ratio (AL:AS)

ranged from 0.35 cm2 m-2 in Q. virginiana to

0.84 cm2 m-2 in Bursera simaruba (Table 1). The only

physiological trait that showed variation between vegeta-

tion types was /PSII, which was significantly greater in pine

rockland species (Table 2).

We measured a significant positive relationship between

kS and /PSII across all species (r2 = 0.45, P B 0.01),

within hardwood hammock species (r2 = 0.45, P B 0.1),

and among pine rockland species (r2 = 0.66, P B 0.05;

Fig. 1). We also measured a significantly greater slope for

the /PSII–kS relationship in hardwood hammock species

compared to pine rockland species (P = 0.005), but the

pine rockland species exhibited an overall greater range

and greater values in kS (Fig. 1).

There was also a significant positive relationship

between kL and /PSII across all species (r2 = 0.68,

P B 0.0005), within hardwood hammock species

(r2 = 0.85, P B 0.001), and within pine rockland species

(r2 = 0.57, P B 0.05; Fig. 2). The slopes of the regression

lines were similar between hardwood hammock and pine

rockland species for the kL–/PSII relationship (P = 0.38),

but there was a significantly greater y-intercept among the

pine rockland species compared to the hardwood hammock

species (P = 0.02), indicating greater /PSII for a given kL

in pine rockland species.

In the relationship between kL and AL:AS, we measured a

significant negative relationship across all species

(r2 = 0.27, P B 0.05), and a significant negative relation-

ship among hardwood hammock species (r2 = 0.49,

P B 0.05), but not among pine rockland species (r2 = 0.02,

Table 2 Mean (±1 SE) for physiological traits of trees in hardwood

hammock (n = 8) and pine rockland (n = 7) vegetation types in

Everglades National Park, Florida, USA

Variable Hardwood

hammock

Pine rockland t
Statistic

P
value

kS 2.99 ± 0.42 4.20 ± 0.90 –1.16 0.278

kL 9 10-4 7.02 ± 1.77 8.38 ± 1.41 –0.60 0.561

/PSII 0.148 ± 0.018 0.189 ± 0.011 –2.06 0.062

AL:AS 0.533 ± 0.590 0.550 ± 0.024203 –0.27 0.791

d13C -30.02 ± 0.63 -29.74 ± 0.36 –0.39 0.704

Significant differences (p B 0.10) between means are indicated in

bold type. Units as in Table 1
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P [ 0.5; Fig. 3). The pine rockland species showed a low

range of AL:AS relative to the hardwood hammock species

(Fig. 3). Statistical differences between relationships

among hardwood hammock species and pine rockland

species were not analyzed in this case due to lack of sig-

nificance in the relationship among pine rockland species.

Leaf d13C was not significantly related to kS across all

species (r2 = 0.06, P = 0.38) or within hardwood ham-

mock species (r2 = 0.02, P = 0.76), but showed a signif-

icant negative relationship as a function of kS within pine

rockland species (r2 = 0.58, P B 0.05; Fig. 4c). The rela-

tionship between d13C and kL was not significant across all

species (r2 = 0.02, P = 0.66) or within hardwood ham-

mock species (r2 = 0.03, P = 0.70), but showed a signif-

icant negative relationship as a function of kL within pine

rockland species (r2 = 0.75, P = 0.01; Fig 4d). Relation-

ships between d13C and AL:AS, /PSII and d13C, and /PSII

and AL:AS were not statistically significant when evaluated

across all species or within either vegetation type

(P [ 0.1).

Discussion

The relationship between photosynthetic capacity and

hydraulic conductivity represents the physiological coor-

dination between water supply and carbon gain potential.

Plants only allocate resources to photosynthesis that can be

utilized given the limitations placed on carbon gain through

stress and resource availability (Field 1991). Therefore,

variation in water source utilization by contrasting vege-

tation types should be manifested in hydraulic–photosyn-

thesis relationships reflecting the tradeoff between carbon

gain and water loss, and constraints imposed on carbon

gain by water availability (Cowan 1982; Schulze and Hall

1982; Taylor and Eamus 2008). We detected a general

positive relationship between photosynthesis and hydraulic

supply to leaves across all species (Brodribb and Feild

2000; Edwards 2006; Santiago et al. 2004), as well as

variation in regression parameters between species from

hardwood hammock and pine rockland vegetation types.

As expected if pine rockland species have better access to
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Fig. 1 Relationship between sapwood-specific hydraulic conductiv-

ity (kS) and quantum yield of photosystem II (/PSII) of leaves from

south Florida tree species growing in a hardwood hammock

(/PSII = 0.042kS ? 0.024; r2 = 0.45, P B 0.1) and b pine rockland

(/PSII = 0.012kS ? 0.141; r2 = 0.66, P B 0.05) vegetation types in

Everglades National Park, Florida, USA. Values are mean ± SE
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Fig. 2 Relationship between leaf-specific hydraulic conductivity (kL)

and quantum yield of photosystem II (/PSII) of leaves from tree

species in a hardwood hammock (/PSII = 99.9kL ? 0.078;
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Florida, USA. Values are mean ± SE
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stable water sources than hardwood hammock species

during the dry season (Ewe et al. 1999; Ish-Shalom et al.

1992; Ross et al. 1994), pine rockland species exhibited a

greater overall range of values for kS, greater quantum

yield, and evidence of greater carbon isotope discrimina-

tion during photosynthesis with increasing hydraulic sup-

ply. Greater quantum yield for a given kL in pine rockland

species is also in line with maximizing allocation to carbon

gain potential when a relatively stable water source is

available. Overall, the consistency of relationships among

leaf and branch traits indicates coordination among branch

and leaf function, whereas the variation in relationships

between leaf and branch traits among vegetation types

demonstrates the potential for site resource availability to

mediate the scaling of these relationships.

We used the relationship between photosynthesis and

hydraulic supply to compare how trees in two vegetation

types with contrasting water supply hydraulically regulate

photosynthetic capacity (Meinzer et al. 2008a). This

approach is analogous to investigations of leaf trait rela-

tionships among sites (Reich et al. 1997; Reich et al. 1999;

Santiago and Mulkey 2005; Wright et al. 2005) that can

reveal how resources are allocated to maximize carbon

gain under a particular resource regime. Evidence is

mounting that woody species generally share a positive

relationship between hydraulic supply and photosynthetic

capacity (Brodribb and Feild 2000; Brodribb et al. 2002;

Bucci et al. 2004; Edwards 2006; Meinzer et al. 2008b;

Santiago et al. 2004). Yet, species in adjacent vegetation

types may not occupy the entire range of bivariate trait

relationships and may instead specialize in ranges of the

trade-off spectrum where trait values maximize carbon

gain potential (Santiago and Wright 2007). The greater

slope for hardwood hammock species compared to pine

rockland species found in the /PSII–kS relationship is likely

a result of a occupying a lower range of kS, where there is a

greater increase in /PSII for a given increase in kS (Fig. 1).
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Fig. 3 Leaf-specific hydraulic conductivity (kL) as a function of leaf

area-to-sapwood area ratio (AL:AS) for south Florida tree species in a
hardwood hammock (kL = -0.0030AL:AS ? 0.002; r2 = 0.49,

P B 0.05) and b pine rockland (r2 = 0.02, P [ 0.5) vegetation types

in Everglades National Park, Florida, USA. Values are mean ± SE
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composition (d13C) as a
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specific hydraulic conductivity

(kS) and b, d leaf-specific

hydraulic conductivity (kL) for

south Florida tree species from

two vegetation types in

Everglades National Park,

Florida, USA. Regressions:

c d13C = -0.404kL - 28.04;

r2 = 0.58; P B 0.05 and

d d13C = -2581kL - 27.57;

r2 = 0.75; P B 0.01. Values for

d13C represent composite

samples per species and kS and

kL represent site means per

species
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The lower slope of the /PSII–kS relationship in pine rock-

land species suggests that there may be diminishing returns

for /PSII with increasing kS. To the extent that the lower

range in kS values, as well as lower /PSII for a given kL in

hardwood hammock species (Fig. 2) reduces the risk of

cavitation, hardwood hammock species with low rates of kS

would be less vulnerable to drought-induced cavitation and

better prepared to rely on less consistent water sources than

pine rockland species.

We also employed the ratio of leaf surface area per unit

of sapwood area (leaf area/sapwood area; AL:AS) as an

index of potential transpirational demand relative to water

transport capacity (Meinzer 2002; Santiago et al. 2000),

because plant species with contrasting photosynthetic and

hydraulic strategies can maintain a high kL through varia-

tion in kS and/or AL:AS. There is strong evidence that

species share a positive relationship between kL and max-

imum photosynthesis per leaf area (Hubbard et al. 2001;

Santiago et al. 2004), thus the nature of where species fall

on this axis of covariation is determined by the combined

effects of variation in kS and AL:AS. Our interspecific

negative relationship of kL as a function of AL:AS across all

species is consistent with other studies demonstrating a

tendency for species with relatively low leaf area per unit

sapwood area to be supplied with high-water transport per

leaf area (Meinzer et al. 2008a). The negative relationship

between kL and AL:AS in hardwood hammocks indicates

greater regulation of leaf-specific hydraulic conductivity by

hydraulic architecture in hardwood hammock tree species.

We did not observe a significant kL–AL:AS relationship

within pine rockland species in this study (Fig. 2b). In the

case of pine rockland, species with a high AL:AS are also

able to maintain a relatively high kL in accordance with

greater water availability in pine rocklands.

We also found lower d13C with increasing kS and kL in

pine rockland species, but not in hardwood hammock

species (Fig. 4). Discrimination against 13C during photo-

synthesis reflects the balance between the demand for CO2

at the site of carboxylation against the diffusive supply

through stomata (Farquhar et al. 1989). Our data indicating

decreasing leaf d13C with increasing kS and kL in pine

rockland species signifies increasing discrimination against
13C with increasing hydraulic supply. Because pine rock-

land species with greater kS and kL also exhibit greater

photosynthesis which would otherwise lower internal CO2

concentration (ci) and discrimination against 13C during

photosynthesis thus increasing d13C, it appears that

increased stomatal conductance also accompanies greater

kS and kL in pine rockland species and more than com-

pensates for higher photosynthesis by increasing ci and thus

reducing leaf d13C (Fig. 4). The increased stomatal con-

ductance suggested by low d13C at high kS and kL is con-

sistent with greater water availability in pine rockland

habitats and illustrates the coordinated allocation of leaf

and stem hydraulic capacities that reflect variation in water

availability in hardwood hammock and pine rockland

vegetation types.

Several studies have underscored the coordination

between photosynthesis and water transport capacity

(Brodribb and Feild 2000; Edwards 2006; Hubbard et al.

2001; Katul et al. 2003; Santiago et al. 2004; Sperry 2000).

Several studies have also highlighted that plants with low

hydraulic capacity can sometimes increase photosynthetic

capacity by increasing allocation to foliar nitrogen (Taylor

and Eamus 2008; Wright et al. 2003), thus emphasizing the

importance of resource substitution in the coordination of

plant hydraulic supply and photosynthetic gas exchange.

Studies that incorporate allocation to leaf nitrogen and its

role in branch-to-leaf hydraulic relations are likely to

increase our understanding of variation in interspecific

regulation of carbon gain potential (Meinzer et al. 2008a).

Our study draws attention to the use of the relationship

between water transport and photosynthesis to ascertain the

constraints on physiological function in contrasting vege-

tation types. We demonstrate that relationships among

physiological parameters give us information regarding the

efficient utilization of resources to produce the strategies

that determine the functional diversity of plant

communities.

Acknowledgments We are thankful to Everglades National Park

for access to field sites, the University of Miami, Department of

Biology for logistical support, Dr. Sharon Ewe for advice on mea-

surements, and Dr. Leonel Sternberg for isotopic analyses. Partial

support for this research was provided to Louis Santiago by NSF 07-

06813.

Open Access This article is distributed under the terms of the

Creative Commons Attribution Noncommercial License which per-

mits any noncommercial use, distribution, and reproduction in any

medium, provided the original author(s) and source are credited.

References

Bilger W, Schreiber U, Bock M (1995) Determination of the quantum

efficiency of photosystem-II and of nonphotochemical quench-

ing of chlorophyll fluorescence in the field. Oecologia 102:425–

432

Brodribb TJ, Feild TS (2000) Stem hydraulic supply is linked to leaf

photosynthetic capacity: evidence from New Caledonian and

Tasmanian rainforests. Plant Cell Environ 23:1381–1388

Brodribb T, Hill RS (1997) Light response characteristics of a

morphologically diverse group of southern hemisphere coni-

fers as measured by chlorophyll fluorescence. Oecologia 110:

10–17

Brodribb TJ, Holbrook NM, Gutiérrez MV (2002) Hydraulic and

photosynthetic co-ordination in seasonally dry tropical forest

trees. Plant Cell Environ 25:1435–1444

Bucci SJ, Goldstein G, Meinzer FC, Scholz FG, Franco AC,

Bustamante M (2004) Functional convergence in hydraulic

Trees (2010) 24:471–478 477

123



architecture and water relations of tropical savanna trees: from

leaf to whole plant. Tree Physiol 24:891–899

Campanello PI, Gatti MG, Goldstein G (2008) Coordination between

water-transport efficiency and photosynthetic capacity in canopy

tree species at different growth irradiances. Tree Physiol 28:85–94

Cowan IR (1982) Regulation of water use in relation to carbon gain in

higher plants. In: Lange OL, Nobel PS, Osmond CB, Ziegler H

(eds) Encyclopedia of plant physiology, vol 2. Springer, New

York, pp 589–613

Edwards EJ (2006) Correlated evolution of stem and leaf hydraulic

traits in Pereskia (Cactaceae). New Phytol 172:479–489

Edwards GE, Baker NR (1993) Can CO2 assimilation in maize leaves

be predicted accurately from chlorophyll fluorescence analysis?

Photosynth Res 37:89–102

Ehleringer JR, Osmond CB (1989) Stable isotopes. In: Pearcy RW,

Ehleringer J, Mooney HA, Rundel PW (eds) Plant physiological

ecology. Chapman & Hall, London, pp 255–280

Ewe SML, Sternberg LDL, Busch DE (1999) Water-use patterns of

woody species in pineland and hammock communities of South

Florida. For Ecol Manag 118:139–148

Ewers FW, Fisher JB (1989) Techniques for measuring vessel lengths

and diameters in stems of woody plants. Am J Bot 76:645–656

Falster DS, Warton DI, Wright IJ (2003) User’s guide to (S)MATR:

Standardised Major Axis Tests and Routines version 1.0, Sydney

Farquhar GD, Ehleringer JR, Hubick KT (1989) Carbon isotope

discrimination and photosynthesis. Annu Rev Plant Physiol Plant

Mol Biol 40:503–537

Field CB (1991) Ecological scaling of carbon gain to stress and

resource availability. In: Mooney HA, Winner WE, Pell EJ (eds)

Response of plants to multiple stresses. Academic Press, New

York, pp 35–65

Fryer MJ, Andrews JR, Oxborough K, Blowers DA, Baker NR (1998)

Relationship between CO2 assimilation, photosynthetic electron

transport, and active O2 metabolism in leaves of maize in the

field during periods of low temperature. Plant Physiol 116:571–

580

Genty B, Briantais JM, Baker NR (1989) The relationship between

the quantum yield of photosynthetic electron-transport and

quenching of chlorophyll fluorescence. Biochim Biophys Acta

990:87–92

He D, Edwards GE (1996) Evaluation of the potential to measure

photosynthetic rates in C3 plants (Flaveria pringlei and Oryza
sativa) by combining chlorophyll fluorescence analysis and a

stomatal conductance model. Plant Cell Environ 19:1272–1280

Hubbard RM, Ryan MG, Stiller V, Sperry JS (2001) Stomatal

conductance and photosynthesis vary linearly with plant hydrau-

lic conductance in ponderosa pine. Plant Cell Environ 24:113–

121

Ish-Shalom N, Sternberg LDL, Ross M, O’brien J, Flynn L (1992)

Water utilization of tropical hardwood hammocks of the lower

Florida keys. Oecologia 92:108–112

Katul G, Leuning R, Oren R (2003) Relationship between plant

hydraulic and biochemical properties derived from a steady-state

coupled water and carbon transport model. Plant Cell Environ

26:339–350

Meinzer FC (2002) Co-ordination of vapour and liquid phase water

transport properties in plants. Plant Cell Environ 25:265–274

Meinzer FC, Campanello PI, Domec J-C, Gatti MG, Goldstein G,

Villalobos-Vega R, Woodruff DR (2008a) Constraints on

physiological function associated with branch architecture and

wood density in tropical forest trees. Tree Physiol 28:1609–1617

Meinzer FC, Woodruff DR, Domec JC, Goldstein G, Campanello PI,

Gatti MG, Villalobos-Vega R (2008b) Coordination of leaf and

stem water transport properties in tropical forest trees. Oecologia

156:31–41

Reich PB, Walters MB, Ellsworth DS (1997) From tropics to tundra:

global convergence in plant functioning. Proc Natl Acad Sci

USA 94:13730–13734

Reich PB, Ellsworth DS, Walters MB, Vose JM, Gresham C, Volin

JC, Bowman WD (1999) Generality of leaf trait relationships: a

test across six biomes. Ecology 80:1955–1969

Ross MS, Obrien JJ, Sternberg LDL (1994) Sea-level rise and the

reduction in pine forests in the Florida keys. Ecol Appl 4:144–

156

Sack L, Tyree MT, Holbrook NM (2005) Leaf hydraulic architecture

correlates with regeneration irradiance in tropical rainforest

trees. New Phytologist 167:403–413

Santiago LS, Mulkey SS (2005) Leaf productivity along a precipi-

tation gradient in lowland Panama: patterns from leaf to

ecosystem. Trees 19:349–356

Santiago LS, Wright SJ (2007) Leaf functional traits of tropical forest

plants in relation to growth form. Funct Ecol 21:19–27

Santiago LS, Goldstein G, Meinzer FC, Fownes J, Mueller-Dombois

D (2000) Transpiration and forest structure in relation to soil

waterlogging in a Hawaiian montane cloud forest. Tree Physiol

20:673–681

Santiago LS, Goldstein G, Meinzer FC, Fisher JB, Machado K,

Woodruff D, Jones T (2004) Leaf photosynthetic traits scale with

hydraulic conductivity and wood density in Panamanian forest

canopy trees. Oecologia 140:543–550

Schulze E-D, Hall AE (1982) Stomatal responses, water loss and CO2

assimilation rates of plants in contrasting environments. In:

Lange OL, Nobel PS, Osmond CB, Ziegler H (eds) Encyclopedia

of plant physiology, vol 2. Springer, New York, pp 181–230

Snyder JR, Herndon A, William B, Robertson J (1990) South Florida

rockland. In: Meyers RL, Ewel JJ (eds) Ecosystems of Florida.

University of Central Florida Press, Orlando, pp 230–277

Sperry JS (2000) Hydraulic constraints on plant gas exchange. Agric

For Meteorol 104:13–23

Taylor D, Eamus D (2008) Coordinating leaf functional traits with

branch hydraulic conductivity: resource substitution and impli-

cations for carbon gain. Tree Physiol 28:1169–1177

Tyree MT, Ewers FW (1991) The hydraulic architecture of trees and

other woody plants. New Phytol 119:345–360

Wright IJ, Reich PB, Westoby M (2003) Least-cost input mixtures of

water and nitrogen for photosynthesis. Am Nat 161:98–111

Wright IJ, Reich PB, Cornelissen JHC, Falster DS, Garnier E,

Hikosaka K, Lamont BB, Lee W, Oleksyn J, Osada N, Poorter H,

Villar R, Warton DI, Westoby M (2005) Assessing the generality

of global leaf trait relationships. New Phytol 166:485–496

Wright IJ, Falster DS, Pickup M, Westoby M (2006) Cross-species

patterns in the coordination between leaf and stem traits, and

their implications for plant hydraulics. Physiol Plant 127:445–

456

Zimmermann MH (1978) Hydraulic architecture of some diffuse-

porous trees. Can J Bot 56:2286–2295

478 Trees (2010) 24:471–478

123


	Hydraulic constraints on photosynthesis in subtropical evergreen broad leaf forest and pine woodland trees of the Florida Everglades
	Abstract
	Introduction
	Materials and methods
	Study sites and species
	Chlorophyll fluorescence
	Hydraulic conductivity
	Carbon isotope composition
	Statistical analyses

	Results
	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


