Plant, Cell and Environment (2006) 29, 535—545 doi: 10.1111/j.1365-3040.2005.01430.x

Adjustments in hydraulic architecture of Pinus palustris
maintain similar stomatal conductance in xeric and
mesic habitats

R.N. ADDINGTON'2, L. A. DONOVAN!, R. . MITCHELL?, J. M. VOSE?, S. D. PECOT?, S. B. JACK?, U. G. HACKE?,
J.S. SPERRY* & R. OREN®

'Department of Plant Biology, University of Georgia, Athens, GA 30602, USA, *Joseph W. Jones Ecological Research Center,
Newton, GA 39870, USA, *USDA Forest Service, South-eastern Forest Experiment Station, Coweeta Hydrologic Laboratory,
Otto, NC 28763, USA, *Department of Biology, University of Utah, Salt Lake City, UT 84112, USA and °Nicholas School of

the Environment and Earth Sciences, Duke University, Durham, NC 27708, USA

ABSTRACT

We investigated relationships between whole-tree hydrau-
lic architecture and stomatal conductance in Pinus palus-
tris Mill. (longleaf pine) across habitats that differed in soil
properties and habitat structure. Trees occupying a xeric
habitat (characterized by sandy, well-drained soils, higher
nitrogen availability and lower overstory tree density) were
shorter in stature and had lower sapwood-to-leaf area ratio
(Ag:A;) than trees in a mesic habitat. The soil-leaf water
potential gradient (¥s— ¥;) and leaf-specific hydraulic
conductance (k;) were similar between sites, as was tissue-
specific hydraulic conductivity (Ks) of roots. Leaf and can-
opy stomatal conductance (gs and Gs, respectively) were
also similar between sites, and they tended to be somewhat
higher at the xeric site during morning hours when vapour
pressure deficit (D) was low. A hydraulic model incorpo-
rating tree height, Ag:A; and ¥ — ¥, accurately described
the observed variation in individual tree Gg.; (Gs at
D =1 kPa) across sites and indicated that tree height was
an important determinant of Gg, across sites. This, com-
bined with a 42% higher root-to-leaf area ratio (Ag:A,) at
the xeric site, suggests that xeric site trees are hydraulically
well equipped to realize equal — and sometimes higher —
potential for conductance compared with trees on mesic
sites. However, a slightly more sensitive stomatal closure
response to increasing D observed in xeric site trees sug-
gests that this potential for higher conductance may only
be reached when D is low and when the capacity of the
hydraulic system to supply water to foliage is not greatly
challenged.
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INTRODUCTION

Stomatal conductance is well-correlated with hydraulic
conductance along the soil to leaf pathway (Sperry, Alder
& Eastlack 1993; Saliendra, Sperry & Comstock 1995;
Bond & Kavanagh 1999; Meinzer et al. 1999; Hubbard et al.
2001). Hydraulic conductance (leaf-specific; &), in turn, is
closely linked to plant hydraulic architecture, including sap-
wood-to-leaf area ratio (As:Ap), root-to-leaf area ratio
(Ar:Ay), tissue-specific hydraulic conductivity (Ks) and
plant stature or height (#) (Andrade et al. 1998; Ewers,
Oren & Sperry 2000; Hacke et al. 2000; Schifer, Oren &
Tenhunen 2000; Maherali & DeLucia 2001; Mencuccini
2003). Increases in ki are correlated with increases in
Ag:Ar, Ar:Ap and K. Furthermore, k. has been shown to
decrease with increasing tree height. Such adjustments in
hydraulic architecture are influenced by environment and
occur to balance k; and leaf gas exchange with avoidance
of xylem dysfunction and hydraulic failure (Sperry et al.
2002; Katul, Leuning & Oren 2003).

A host of environmental variables have been shown to
influence hydraulic architecture. Soil water limitation, for
example, promotes biomass allocation below ground,
thereby increasing standing root crop and Ax:A; (Comeau
& Kimmins 1989; Gower et al. 1994; Albaugh et al. 1998;
Hacke et al. 2000). Plants occupying more arid habitats
maintain higher As:A; than plants growing in areas where
atmospheric moisture is not as limiting (Callaway, DeLucia
& Schlesinger 1994; Mencuccini & Grace 1995). Nitrogen
fertilization has been shown to encourage leaf area produc-
tion (Albaugh ez al. 1998), thereby decreasing both Ag:AL
and Ag:A;. Soil moisture, aridity and nitrogen availability
have all been shown to influence K5 and vulnerability to
xylem cavitation in various ways (Alder, Sperry & Pock-
man 1996; Ewers et al. 2000; Hacke et al. 2000; Maherali &
DeLucia 2000). In addition to resource-related influences,
hydraulic architecture has also been shown to vary accord-
ing to habitat structural influences such as stand density
(Whitehead, Jarvis & Waring 1984). Individual tree leaf
area (Ap), canopy structure, tree height-diameter relation-
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ships and biomass allocation among roots, shoots and
leaves have all been shown to be influenced by stand den-
sity (Pearson, Fahey & Knight 1984; Dean & Long 1986,
1992; Oren et al. 1987). These findings in total indicate that
adjustments in tree form and hydraulic architecture are
made at a variety of scales, from tissues to whole trees to
stands. Furthermore, these studies illustrate that the factors
influencing hydraulic architecture are complex, and under-
standing them and their effects on stomatal conductance
requires consideration of several habitat components,
including resource availability and feedbacks between
resource availability and habitat structure. Few studies,
however, have evaluated hydraulic architecture and its con-
sequence on stomatal conductance in this entire context.

We investigated factors influencing hydraulic architec-
ture, hydraulic conductance and stomatal conductance for
Pinus palustris (Mill.) at extreme ends of a resource avail-
ability and community composition gradient within the
coastal plain region of the south-eastern United States. P
palustris has a wide ecological distribution within this
region, occupying coarse-textured soils that can be
extremely droughty during summer, as well as finer-
textured soils often underlain by clay pans. Changes in
stand structure are concomitant with changes in soil texture
along this gradient. In more mesic habitats, P. palustris is
the dominant overstory species, forming almost monotypic
stands where fire is maintained. Some hardwood species,
Quercus virginiana (Mill.), for example, are also typical in
the midstory (Abrahamson & Hartnett 1990), but their
density is generally low depending on the frequency and
intensity of fire. In more xeric habitats, P. palustris still
dominates the overstory, but the density of drought-
adapted Quercus ssp., primarily Q. laevis (Walt.), Q. marg-
aretta (Ashe) and Q. geminata (Small), increases dramati-
cally in the midstory (Jacqmain, Jones & Mitchell 1999).
Overstory density and leaf area indices in these xeric hab-
itats are still much lower relative to mesic habitats (Mitchell
etal. 1999) and trees in xeric habitats are also shorter in
stature. Per cent soil moisture in the upper soil profile is
consistently lower at the xeric end of the gradient, yet soil
nitrogen mineralization is higher due to higher soil temper-
ature (Wilson et al. 1999, 2002).

For P. palustris occupying xeric and mesic habitats, we
measured the following architectural and physiological
variables: Ag:A;, Ar:A;, tree height, leaf water potential
(Y1), ki, root Ks, leaf stomatal conductance (gs) and sap-
flux-scaled canopy stomatal conductance (Gs). Stomatal
conductance across sites was evaluated in the context of
hydraulic architecture using the hydraulic model of Schifer
etal. (2000). The goal of the study was to characterize
hydraulic and stomatal behaviour under favourable soil
moisture conditions in both habitats. We also provide some
discussion and speculation about the potential role of
drought and soil moisture decline across habitats. We pre-
dicted that xeric site trees would exhibit shifts in hydraulic
architecture aimed at improving leaf water status, but that
stomatal conductance would still be lower in trees occupy-
ing xeric versus mesic habitats.

MATERIALS AND METHODS
Study sites

Sites for this study were established in representative xeric
and mesic P. palustris habitats at the Joseph W. Jones Eco-
logical Research Center in south-west GA, USA (31°N,
84°W). Regional mean daily temperatures range from 21 to
34 °C in summer to 5-17 °C in winter, and mean annual
precipitation is 1310 mm (Goebel et al. 2001). The two sites
are located =5 km from one another and they experience
similar climate. The sites were defined as xeric and mesic
based on the drainage characteristics of their soils and on
the composition of the woody plant community. The xeric
site occurred on an upland sand ridge and had deep, sandy
soils classified as Typic Quartzipsamments, with relatively
low water holding capacity (WHC) (18 cm water per m soil
in the upper 3 m) and no argillic horizon (i.e. no significant
accumulation of clay) within 3 m (Goebel et al. 2001). This
site measured 1.32 ha and contained 71 pine trees and 494
oak trees, the majority of which were Q. laevis. The mesic
site occurred on an upland terrace and had soils classified
as Aquic Arenic Kandiudults, with higher WHC (40 cm
water per m soil in the upper 3 m) and an argillic horizon
within 0.5 m of the soil surface (Goebel et al. 2001). These
soils were sandy loam over sandy clay loam or clay. The site
established in this habitat contained 121 pine trees and no
oaks over an area of 0.53 ha. Soil texture fractions (per cent
sand, silt, clay) for both sites for the upper 1 m soil are
reported in Goebel ef al. (2001) and are shown in Table 1.
Saturated soil hydraulic conductivity (Ks,;) was measured
at three depth intervals (0-40, 41-100 and 101-200 cm) at
three locations per site using a compact constant head per-
meameter (Amoozemeter, Ksat, Inc., Raleigh, NC, USA).
Stand inventory measurements, including stand density,
basal area, mean tree diameter at breast height (DBH),
mean tree height and mean age were made for both sites
prior to the study (Mitchell e al. 1999) and are also pre-
sented in Table 1. Stands at both sites are multi-aged. Scaf-
fold towers were constructed prior to the study, permitting
canopy access to three P. palustris trees on each site. Both
sites were managed using prescribed fire and were burned
in winter 2000 prior to sampling.

A

Tree A, (m*) was estimated for each site using site-specific
allometric equations developed at the beginning of the 2000
growing season. Branch harvests were conducted during
January-February 2000 on 15 and 17 xeric and mesic site
trees, respectively. Trees representing the full range of sizes
present on each site were randomly selected along transects
adjacent to each site. The diameter of every branch in each
tree was measured by climbing the trees, and six branches
per tree (two per crown third) were randomly selected and
cut. Needles from cut branches were collected and dried in
the laboratory to constant mass (g) at 70 °C. Projected A,
(cm?) was measured on a subsample of fresh needles from
each branch using a leaf area meter (LI-3100, Li-Cor
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Table 1. Soil and stand characteristics for xeric and mesic habitats. Soil texture fraction (per cent sand, silt, clay) and WHC represent
means (n =3 measurement locations per site; £1 SE) taken from Goebel ez al. (2001).

Xeric Mesic

Soil characteristics
Sand fraction (%) 89.3 (0.8) 63.4 (1.5)
Silt fraction (%) 7.1 (1.1) 243 (3.1)
Clay fraction (%) 3.7 (0.3) 12.4 (4.6)
WHC (cm m™) 18.0 40.0
Ko (cm h™) 0-40 cm 49.8 (8.8) 5.3 (0.9)

41-100 cm 487 (13.7) 32 (1.2)

101-200 cm 43.1 (2.2) 0.2 (0.04)

Stand (characteristics for Pinus palustris)
Density (trees ha™) 54 230
Basal area (m? ha™) 2.7 10.7
Mean DBH (cm) 24.7 (8.6-49.1) 21.8 (7.5-52.9)
Mean age (years) 57 (7-198) 44 (19-166)
Mean height (m) 13.7 (6.9-20.8) 17.7 (8.3-24.2)
SAI (cm? m™) 2.18 7.93
RAI (m’ m™) 0.67 131
LAI (m’>m™) (min—max) 0.22-0.39 0.65-1.11
AgAL (em* m™) 5.6 7.1
Ag:Ap (m? m™) 1.7 12

Saturated soil hydraulic conductivity (Ks.;) was measured at three soil depth intervals at n =3 measurement locations per site. Stand
characteristics are for P. palustris only on each site (Quercus spp. codominate xeric site). Values in parentheses for soil characteristics are * 1
SE. Values in parentheses for the stand characteristics are ranges. Calculation of Ag:A; and Ar:A; used estimates of A, averaged for
November—-December 2000, corresponding to the period when roots were collected.

WHC, water holding capacity; DBH, diameter at breast height; SAI, sapwood area index; LAI, leaf area index; RAI, root area index for

roots < 5 mm in diameter; As:A;, sapwood area to leaf area ratio; Ar:Ay, root area to leaf area ratio.

Instruments, Lincoln, NE, USA). Specific A, (cm? g™') was
then calculated and used to convert bulk needle dry weight
to leaf area for each harvested branch. Log—log relation-
ships between branch diameter and branch leaf area were
developed from harvested branches at each site and used
to predict entire tree A; via branch summation. Log-log
relationships between DBH and A, were then developed
for each site. Site differences in the relationship between
DBH and A; were tested using analysis of covariance
(ANCOVA) to determine if the models could be reduced
across sites. The slope of the DBH-A; relationship was
significantly different between sites (P < 0.001), indicating
that separate models were appropriate. These models are
shown in Table 2 and were used to estimate A; of all other
trees on each site. Leaf area index (LAI, m? projected leaf
surface m™ ground) was determined as the sum of A, for
each site divided by ground area. Regular measurements of
needle elongation and senescence in the tower-accessible
trees on each site by Sheffield et al. (2003) were used to

estimate seasonal changes in A; and LAI as described in
Addington ez al. (2004).

Sapwood area (As)

Ag (cm?) was estimated for each site from increment cores
collected from 16 trees on the xeric site and 18 on the mesic
site during October 2000. Sapwood length was determined
by visual inspection of the core and converted to area based
on the area of a circle, subtracting the area represented by
the heartwood and bark. Log-log relationships between
DBH and Ag were developed for each site separately and
tested as above to determine if the models could be reduced
across sites. In this case, there was no significant difference
between the sites regarding the relationship of DBH to Ag
(P =0.534), indicating that a single model was appropriate
as follows:

logAs = 1.929 - logDBH - 0.1281
(* =097, P < 0.001). (1)

Table 2. Leaf area (A, m?) predictions from DBH (cm) for xeric and mesic site trees determined from pre-growing season branch harvests

Site Y X a b P P (<) n
Xeric logA;. logDBH —-0.908 1.854 0.99 0.001 15
Mesic logAL logDBH -1.192 1.944 0.98 0.001 17

Equations are in the form: Y=a+ b - X.
DBH, diameter at breast height.
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At both sites, Ag for all P. palustris trees was estimated and
summed to sapwood area index (SAI, cm* sapwood area
m~ ground) (Table 1). The Ag:A, presented in Table 1 was
calculated by dividing SAI by LAI, using LAT averaged for
November—-December corresponding to the period when
roots were collected.

Root area and K

Root area index (RAI, m? root surface area m™ ground)
and rooting depth distribution were determined in Novem-
ber-December 2000, by excavating 2-m-deep, 2 x 0.5 m?
pits adjacent to each site (n =35 pits per site). Roots were
collected at 20 cm depth intervals, separated from non-pine
species and sorted into four diameter classes: < 1, 1-2, 2-5
and 5-12mm. The diameter and length of every
root >2 mm (i.e. 2-5- and 5-12-mm-diameter classes) were
measured and the area was calculated based on the area of
cylinder. For finer roots (<1- and 1-2-mm-diameter
classes), total root length was estimated using ratios of root
length per unit dry mass (specific root length, cm g™') deter-
mined for subsamples in each depth class on each site. Area
was then calculated based on the area of a cylinder using
the mid-point of each diameter class. Scaling from the pit
to the stand level was then achieved as follows: a geo-
graphic information system (GIS) calculated the total num-
ber of 2 x 0.5 m” polygons that could be drawn within each
stand and then measured the distance from the centre of
each polygon to the nearest P. palustris tree. ‘Distance to
nearest tree’ classes were then derived based on a fre-
quency distribution, and pit locations were chosen to rep-
resent each of these classes. To estimate RAI, total root
area from each pit was weighted by the proportion of total
polygons represented by each class (i.e. number of polygons
in each class relative to the total number of polygons). Only
roots <5 mm were used to estimate RAI (Ewers et al. 2000;
Hacke et al. 2000). Estimates in Table 1 represent the root
area summed over the 2 m depth profile per unit ground
area. The Agr:A; was calculated by dividing RAI by LAI,
again using LAI averaged for November—-December

Ks (kg m™ s MPa™) was measured on six roots, < 5 mm
in outer diameter, per site. These measurements represent
root xylem axial conductivity. Roots were collected in the
upper 0.2 m soil on each site and Ks was measured for
different xylem cavitation-inducing pressures simulated in
the laboratory via the centrifugal force method described
in Alder et al. (1997) and Hacke et al. (2000).

¥ and gs

Y. (MPa) and gs (mmolm?s™) were measured in the
upper canopy thirds of the three tower-accessible trees on
each site throughout the growing season, March-October
2000. Pre-dawn, midmorning and midday measurements of
¥, were made approximately every 2 weeks using a pres-
sure chamber (Model 1002, PMS Instruments, Corvallis,
OR, USA). Mid-morning and midday measurements of gg
were made every 4-5 weeks using a portable infrared gas

analyser (IRGA) equipped with an artificial light source
(Model LI-6400, Li-Cor Instruments). To isolate the influ-
ence of hydraulic architecture on gs, the influence of envi-
ronmental variables on gs had to be removed. This was
done by holding photon flux density at a constant
1000 umol m~ s inside the chamber, and maintaining CO,
concentration at 350 umol. Needle temperature and rela-
tive humidity (RH), however, were allowed to vary with
atmospheric conditions so that data would be collected
over a range of vapour pressure deficit (D). The D range
was 0.99-4.67 kPa on the xeric site (median = 2.41 kPa) and
1.18-4.45 kPa on the mesic site (median=2.65kPa). A
boundary line analysis was done at the end of the season
to depict the upper boundary of the response of gs to D for
each tree (Schifer et al. 2000). This analysis removed the
influence of all other environmental variables on the
response of gs to D, including effects of a drought that
occurred early in the growing season (Addington et al.
2004). A reference gs (gs.r), defined as gs at 1 kPa D, was
then generated by fitting the data to the functional form:

gs=b-m-InD, 2

where the y-intercept represents gs at 1 kPa D, and the
slope of the relationship between gs and InD (-dgs/dInD),
represents the sensitivity of the stomatal response to D
(Oren et al. 1999). Measurements of gs were made on both
previous- and current-year needles once new needles
reached at least 50% of total elongation. This occurred in
August 2000. All measurements of gs are reported on a leaf
area basis, determined by measuring needle radius using
digital calipers and calculating all-sided leaf area inside the
chamber assuming a cylindrical needle shape (Svenson &
Davies 1992).

Gs and k.

Gs (mmol H,O m™s™) was calculated from measurements
of sap flux density (Js, g m™?s™') made in the xylem of seven
trees on each site during September 2000. Trees were
selected to represent the range of tree sizes present on each
site and included the three tower-accessible trees on each
site (Table 3). Xeric site measurements took place on 24,
8-14 and 29 September while mesic site measurements
were conducted on 3,9, 12-14 and 26-29 September. Ther-
mal dissipation probes (TDPs) (Model TDP30, Dynamax,
Inc., Houston, TX, USA) were used to measure Js based on
the technique of Granier (1987). Probes were installed in
the outer 30 mm of hydroactive xylem at a stem height of
1.3 m on the north side of all trees. Variation in Jg with
radial depth was evaluated for the three tower trees on each
site by installing north-facing TDPs at 30-60 mm sapwood
depth. These measurements were made on 28-30 August,
prior to the September measurements. To scale Js across the
entire radial profile, the per cent of hydroactive xylem rep-
resented by 0-30 and 30-60 mm sapwood depths were plot-
ted against per cent flux measured at these depths (Ford
et al. 2004a). Per cent flux beyond 60 mm sapwood depth
was then determined based on per cent of hydroactive
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Table 3. Response of stomatal conductance at leaf (gs) and canopy (Gs) scales to vapour pressure deficit (D) in xeric and mesic site trees
of various DBH, tree heights (ht) and ages.

7

2

Site DBH (cm) Ht (m) Age (year) gsref -dgs/dInD n Giser -dG/dInD r n

Xeric 16.0 11.1 52 86.15 56.19 0.95 17
20.3 13.6 53 99.48 61.79 0.95 20
223 14.9 55 61.14 43.77 0.91 18
27.3% 17.0 47 135.10 76.45 0.83 14 31.25 19.38 0.93 16
30.0% 17.9 44 131.21 69.94 0.78 13 45.96 37.94 0.98 12
32.6% 20.1 34 130.29 75.45 0.86 16 37.53 26.21 0.95 17
36.2 17.7 63 74.30 55.92 0.93 17

Mesic 17.5 17.6 46 75.27 65.23 0.97 11
223 18.5 37 66.12 49.42 0.96 14
26.9 21.0 52 57.68 36.71 0.95 15
294 18.1 57 39.05 33.84 0.97 11
37.2% 25.7 73 110.27 53.40 0.80 13 30.62 16.09 0.96 07
39.6%* 26.6 70 124.83 69.70 0.77 13 44.64 26.35 0.94 15
39.8% 24.1 69 119.93 67.17 0.79 14 20.85 12.06 0.97 10

Data were evaluated by fitting the upper boundary of the gs and Gs response to D to the functional form: gs=b —m - InD. This analysis
generates a reference stomatal conductance (gs,; and Gs,.¢ in mmol m™s™) equal to gs and Gs at 1 kPa D, and a corresponding sensitivity
to increasing D equal to the slope of the gs and Gs response to D (-dgs/dlnD and -dGg/dInD in mmol m?s™' kPa™). Leaf data represent
measurements made approximately monthly from March-October 2000, while canopy data on each site is for several days in September
2000. The number of points in each regression relationship is shown in the column labelled n. Trees accessible by canopy scaffold towers

are denoted by an asterisk (*).
DBH, diameter at breast height.

xylem beyond 60 mm using a 3-parameter Gaussian func-
tion (Ford et al. 2004a). Radial profiles for trees on which
Js was measured only in the outer 30 mm xylem were sim-
ilarly obtained using the Gaussian function to predict radial
decline based on per cent of hydroactive xylem measured
in each tree. Because radial variation tended to change
according to driving force and maximum flux, midday aver-
ages were used, corresponding to the time period when Jg
was relatively stable and when stored water was less likely
to have a large influence on Jg (Oren et al. 1998; Ewers &
Oren 2000; Ford et al. 2004a,b). All probes were insulated
from solar radiation using reflective shielding and Js was
recorded every minute and averaged over a 30 min interval
using dataloggers (Model CR-10, Campbell Scientific, Inc.,
Logan, UT, USA). Neither site had a continuous power
source, so dataloggers were powered by battery. The mea-
surement dates listed above appear sporadic because days
in which batteries were not fully charged were removed
from the analysis.

Transpiration per unit leaf area (E, kg m™?leaf s™') was
estimated by multiplying whole-tree Js by As:A; deter-
mined for each tree. ki (kg m™leaf h™ MPa™) was calcu-
lated for the three tower-accessible trees on each site on
two of the measurement days (13-14 September), corre-
sponding to days when ¥} was measured. Midday E; was
divided by the midday water potential gradient (¥s— ¥ —
hpg), using pre-dawn ¥, as a proxy for ¥s and correcting
for gravitational effects on the water column of height &
and density p (hpg). Gs was calculated for all seven trees
on each site using the following equation derived from
Whitehead & Jarvis (1981):

Gs = (G, T.pEL)/D, 3)

where G, is the universal gas constant adjusted for water
vapour (0.462 m® kPa K™ kg™), T, is the air temperature in
degrees K and p is the density of water (998 kg m™). The
Tetens formula (Murray 1967) was used to calculate D from
canopy 7 and RH. This calculation substituted 7 for leaf
temperature based on the assumption that the canopy and
surrounding atmosphere are closely coupled due to the
open nature and roughness of the coniferous canopy on
both study sites. Both 7, and RH were measured using 7's-
RH sensors (Model H8, HOBO Computer Corp., Bourne,
MA, USA) affixed to each tower in the upper canopy third.
Solar radiation was measured at a weather station located
between the sites using a pyranometer (Model LI-200S, Li-
Cor Instruments).

Statistical and model analysis

Analysis of covariance (ANCOVA) was employed for testing
differences between sites for most variables, including the
relationship between DBH and tree height, DBH and A,
DBH and Ag, soil depth and Ag, D and pre-dawn ¥, D
and gs, and D and Gs. In cases where these relationships
were non-linear, variables were log-transformed to meet
the assumption of linearity in ANCOVA. Differences among
slope coefficients were tested first and if there was no sig-
nificant difference, tests for differences between intercepts
were carried out. All analyses were conducted using indi-
vidual trees (or pits in the case of root area analyses) within
each site and were performed using the general linear
model (GLM) procedure in SAS version 8.1 (SAS Institute,
Cary, NC, USA). All linear and non-linear curve-fits were
made using SigmaPlot software (SigmaPlot v5.0; SPSS, Chi-
cago, IL, USA).
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To facilitate comparison of G between sites, a boundary
line analysis that incorporated solar radiation and D was
performed and a reference Gs (Gys,.) Was determined for
each tree, as described for leaf-level gs measurements. Data
where D <0.60 kPa were removed from this analysis to
minimize any errors associated with calculating Gs at low
D (Ewers & Oren 2000). The range of D over which data
was collected and used in this analysis was 0.60-2.51 kPa
on the xeric site (median = 1.26 kPa) and 0.60-2.30 kPa on
the mesic site (median=1.07 kPa). The influence of
hydraulic architecture on stomatal conductance across sites
was then evaluated using Gs,; and the hydraulic model of
Schiifer et al. (2000):

Gyeroc Ep o< (1/h) - (AsiAy) - (s — W — hpg). (4)

The model assumes that k; is proportional to the term
(1/h) - (As:AL), that is, k; is inversely proportional to /4 or
the path length over which water must travel and is directly
proportional to As or the conducting area. The proportion-
ality to As implicitly assumes that the sapwood-area-
specific conductivity of the plant trunk does not vary
between sites or with age. The bases for these assumptions
are described more comprehensively by Schifer efal.
(2000). Although we measured Kj in roots and found sim-
ilarity between sites (see below), these estimates were not
included in the model because they represent only the root
portion of soil-leaf conductivity. For modelling purposes,
Ag:Ap was estimated from 4 using the relationship between
Ag:Ap and h presented in Fig. 2. The pooled average ¥ —
Y, across sites was used for the term ¥s— ¥ —hpg, and
this term was allowed to vary with changes in hpg. The
model predicted a relative change in G, expected across
trees based on relative changes in each of the input vari-
ables. Each input variable was normalized by its average
across trees to derive this relative change. The relative vari-
ation in Gy, predicted by the model for each tree was then
multiplied by the average actual G, across trees to gener-
ate the dashed line in Fig. 8.

Pinus palustis
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Figure 1. Tree height versus tree diameter at breast height
(DBH) for trees on xeric and mesic sites.
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Figure 2. Increase in sapwood to leaf area ratio (As:A,) with
increasing tree height for trees occupying xeric and mesic sites.

RESULTS

Maximum pine LAI occurred in September for both sites
and was nearly a third at the xeric relative to the mesic site,
reflecting the lower density of pine at the xeric site
(Table 1). Leaf area per tree at a given DBH was signifi-
cantly higher at the xeric site (P < 0.001), but sapwood area
per DBH was similar (P =0.534), leading to lower As:A;
for xeric site trees compared to those on the mesic site
(Table 1). Tree height for a given DBH was significantly
lower on the xeric site (P < 0.001; Fig. 1), and the increase
in Ags:A; from the xeric to the mesic site was positively,
though weakly, correlated with the increase in tree height
across stands (7= 0.26, P <0.01; Fig. 2). The relationship
between Ag:A; and tree height was more obvious within the
xeric stand than within the mesic stand (Fig. 2).

Pine RAI was lower on the xeric site, again reflecting the
lower pine density on this site, but this is likewise compen-
sated for by a higher amount of mean root area per indi-
vidual tree (Table 1). The analysis revealed no site by soil
depth interaction (P = 0.187), indicating that the stands had
similar root distribution with depth (Fig. 3). Although both
total root and leaf areas were lower at the xeric site, Ag:AL
was 42% higher on this site relative to the mesic site
(Table 1). There was no significant difference between sites
in the response of K of roots to xylem pressure (P = 0.771),
and no significant difference in maximum K at a given
xylem pressure (P = 0.324), though mean maximum K was
slightly higher on the xeric site (Fig. 4).

Y, varied with D, but no site differences were observed
in the relationship between ¥; and D (P =0.441). ¥, at a
given D was similar at both sites (P =0.231), though ¥,
tended to be slightly less negative on the xeric site, partic-
ularly before dawn when D was low (Fig.5). Mean pre-
dawn Y| over the course of the measurement period was
—0.49 and —0.58 MPa for the xeric and mesic sites, respec-
tively. Mean mid-morning ¥ was —1.06 and —1.12 MPa, and
mean midday ¥, was —1.58 and —1.67 MPa for xeric and
mesic, respectively. The soil-leaf water potential gradient
(¥s — W) was likewise similar between the sites (1.08 and
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Figure 3. Root area index (RAI) of Pinus palustris roots < 5 mm
diameter at 0.2 m depth intervals for xeric and mesic sites. Values
represent the mean of n =5 excavation pits per site (+ 1 SE).

1.09 MPa for xeric and mesic, respectively). Incorporating
the effect of gravity on the ¥s— ¥, — hpg (using 0.01 MPa
per m tree height), however, showed that xeric site trees
had a slightly higher average driving force for water flow
owing to their shorter stature (0.90 and 0.84 MPa for xeric
and mesic, respectively). ki was similar between the sites
(t-test, P =0.232; Fig. 6)

The response of gs to D was also similar between sites
(slopes comparison, P = 0.239), and there was no significant
difference in gs at a given D (intercepts comparison,
P =0158; Fig. 7). Again, however, gs tended to be higher at
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Figure 4. Response of tissue specific hydraulic conductivity (Ks)

of roots < 5 mm diameter to increasingly negative root xylem
pressure for n =6 (means + 1 SE) xeric and mesic site roots.
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Figure 5. Leaf water potential (¥,) at a given vapour pressure
deficit (D) for xeric and mesic sites measured biweekly, March—
October 2000. Values represent mean of n =3 trees per site
(£1SE).

low D on the xeric site and showed a somewhat more
sensitive stomatal response to increasing D. At the refer-
ence D (D =1 kPa), g5 averaged 13% higher on the xeric
site compared to the mesic site (132.20 versus 117.67), and
the average slope of the gs to InD response (-dgs/dInD) was
73.97 and 63.42 for the xeric and mesic sites, respectively
(Table 3). There was no significant difference between nee-
dle-age classes (current- versus previous-year needles) in
the response of gs to D for either site (minimum P = 0.106).

Patterns in gs and response to D observed between sites
at the leaf level were similar at the canopy level. Gs at the
xeric site showed a slightly more sensitive stomatal
response to increasing D, though there was no significant
difference in the overall response of G to D between sites
(P =0.651). The average slope of the G5 response to InD
(-dGs/dInD) was 43.03 and 34.24 for the xeric and mesic
sites, respectively (Table 3). At 1 kPa D, Gs (= Gg,;) Was an
average 30% higher on the xeric site compared to the mesic
site (62.26 versus 47.75), yet there was no statistically sig-
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Figure 6. Leaf specific hydraulic conductance (k) for xeric and
mesic sites. Values represent n =3 trees per site (means + 1 SE)
averaged for 13-14 September 2000.
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Figure 7. Response of gs to increasing vapour pressure deficit
(D) for previous-year needles on xeric and mesic sites measured
monthly, March—October 2000. Values represent mean of n =3
trees per site (£ 1 SE), and regression curves represent the upper
boundary of the response on both sites.

nificant difference in Gg,; between sites (P =0.499). The
higher mean Gs, observed on the xeric site appeared
largely attributable to differences in tree height. A decline
in G, With increasing tree height was observed across sites
(=0.52, P=0.018; Fig.8), implying that a single G
tree-height relationship explains the data well across the
sites. The predicted decline in Gg,s With increasing tree
height based on the hydraulic model in Eqn 4 is shown as
the dashed line in Fig. 8. Model output closely follows the
least square fit to the actual data.

DISCUSSION

To successfully extract and use water, plants that exist
across a range of habitats must make adjustments in
hydraulic architecture that maintain hydraulic compatibil-
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Figure 8. Decline in canopy stomatal conductance at a reference
vapour pressure deficit (Gs,., D = 1 kPa) with increasing tree
height across xeric and mesic sites measured for several days in
September 2000. Solid line represents least square fit to the data
(=0.52, P=0.0177), while dashed line shows the expected
decline across sites based on observed hydraulic architectural
adjustments and the hydraulic model (Eqn 4).

ity between plant and environment (Sperry et al. 1998,
Hacke et al. 2000; Maherali & DeLucia 2001; Sperry et al.
2002). In the south-eastern United States, P. palustris is a
species that can be found across a range of habitats, from
xeric pine-oak sandhills to more mesic pine-dominated
loamhills. We predicted that hydraulically favourable
adjustments in architecture would be evident in xeric site
trees, but hypothesized that stomatal conductance would be
lower in trees occupying xeric versus mesic sites even under
favourable soil moisture conditions at both sites. Instead we
found that trees at the xeric site supported a mean stomatal
conductance equal to and in some cases higher than that
measured on the mesic site at both leaf and canopy scales.
Thus, the physiological data presented here failed to show
the xeric site as obviously more xeric; rather, trees occupy-
ing the xeric site exhibited shifts in hydraulic architecture
that enabled them to function physiologically similar to
their mesic site counterparts.

Differences in hydraulic architecture between the sites
likely originate as a result of habitat differences in soil
properties and habitat structure (Aber, Pastor & Mellilo
1982). Relationships between stand density and individual
tree leaf area, canopy structure and tree form are well
documented in the literature. For instance, individual tree
leaf area and crown volume tend to increase with decreas-
ing stand density (Pearson efal. 1984; Whitehead et al.
1984; Oren et al. 1987), and the formation and ultimate size
of trees is dictated by what is required to satisfy mechanical
constraints associated with a given tree leaf area and
canopy structure (Dean & Long 1986, 1992). Tree height—
diameter relationships also follow mechanical-buckling
constraints and bending stress (Dean & Long 1986; Osler,
West & Downes 1996). Overstory pine density in this study
was much lower on the xeric site compared to the mesic site
and trees on the xeric site were shorter in stature. Although
there was a significant oak component on the xeric site,
these species were confined to the midstory and P. palustris
occupied the overstory without noticeable competition for
light. Trees on the xeric site also had longer and wider
crowns compared to trees on the mesic site. For the trees
in Table 3, live crown ratio and crown width were an aver-
age 28 and 17% greater, respectively, on the xeric site
(crown data not shown). Individual tree leaf area at a given
stem diameter was also higher on the xeric site compared
to the mesic site, likely owing to greater crown volume. The
trends we observed are consistent with the studies above,
but we note that our data are limited to one stand replicate
across habitats and would benefit from inclusion of more
stand replicates to better understand interactions between
stands and individual trees across site types.

Because A was similar at both sites, Ag:A; was lower for
individual trees on the xeric site. This ratio adjusts consid-
erably within a species to ensure adequate supply of water
to the leaves; it increases as the gap between soil water
availability and atmospheric demand for moisture
increases, as in arid habitats (Callaway ez al. 1994; Mencuc-
cini & Grace 1995; Maherali & DeLucia 2001), and as the
resistance to soil-leaf water flow increases, as in tall trees
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(Ryan et al. 2000; Schifer et al. 2000). In our study, differ-
ences in Ag:A; across sites appeared to be due primarily to
differences in the height distribution of trees. Consistent
with other studies (Schifer efal. 2000; McDowell et al.
2002), we observed an increase in Ag:A; with increasing
tree height across sites (Fig.2). Our use of the hydraulic
model (Eqn4) showed that tree height and As:A; influ-
enced water transport and stomatal conductance in coun-
teracting ways. To illustrate this, the hydraulic model can
be modified to represent a predicted ratio of Gg,; between
sites (Gx/Gy xeric/mesic) based on ratios of input variables
as follows:

Gx/Gy o< (hwlhx) - (AxlAy) - (APx/APy), ®)

where hy/hy is the xeric/mesic inverse height ratio, Ax/Ay
is the ratio of Ag:A; and A¥x/AYy is the ratio ¥s— ¥,
between sites, adjusted for gravity. Using the values in
Table 1, hy/hx equals 1.29, meaning that in isolation the
reduced path length afforded by shorter trees on the xeric
site would translate to 29% higher conductance in xeric site
trees versus those in the mesic site. The term Ax/Ay equals
0.79, which would result in a similar proportion of stomatal
conductance. Combining these two factors in Eqn 5 shows
that the effect on mean stomatal conductance of higher
Ag:Ap in the mesic stand nearly exactly compensated for
the effect of greater tree height (i.e. predicted Gx/Gy is
1.29%0.79 = 1.02). We interpret these results to mean that
the site-to-site difference in soil texture and WHC did not
affect As:A; directly, but rather indirectly through its effect
on stand structure and tree height.

Site differences in soil properties appeared to have no
direct effect on W5 — ¥, across sites either. In fact, the dif-
ferences in ¥s — ¥, — hpg between the sites appeared to be
mostly driven by the differences in tree height and associ-
ated effects of gravity. Applied at a stand level, there was
an estimated enhancement of conductance of 3% (i.e. A¥x/
AW, =1.03) at the xeric site. This, together with the com-
bined effect of the differences in height and As:A;, would
result in a xeric site conductance predicted to be 1.05 that
of mesic site trees. The fact that a single relationship
between Gy, and tree height in Fig. 8 explains the data well
across sites further suggests that the variation we did
observe in Gy, is largely attributable to the differences in
tree height distribution across sites.

The ratio Ar:A; also greatly affects the amount of water
that can be extracted from the soil (Sperry et al. 1998).
When stands reach a stage of development in which their
leaf and root areas are at maximum, the ratio Ag:A; at this
quasi steady state is highly dependent on soil texture,
increasing with increasing sand fraction. Consistent with its
sandy texture, xeric site Ar:Ap was 42% higher than the
mesic site (Table 1). While this adjustment in Ag:A; is much
less than the five-fold adjustment observed in a similar
study in Pinus taeda (L) (Hacke et al. 2000), it still likely
improved water uptake efficiency at the xeric site consider-
ably. It is not possible to assess entirely the effect of higher
Ag:Ap on the water economy of P palustris without
accounting for water consumption by the oak component

also occupying this site. Nevertheless, our results show that
at a reference D (=1 kPa), mean gs,; and Gg,; were similar
at both sites, or perhaps even higher (13 and 30% for g
and Gy, respectively; Table 3) at the xeric site. The com-
bined above-ground hydraulic adjustments at the xeric site
(1.05 that of the mesic site) may not be sufficient to explain
the somewhat higher conductance on the xeric site at low
D, indicating that below-ground adjustments in hydraulic
architecture likely contributed as well. Such below-ground
adjustment is consistent with the slightly higher (16%)
mean K of small roots at the xeric site.

We also assumed that xeric site trees would be deeper
rooted than mesic site trees and that proportionately, more
root biomass would be found at depth on the xeric site. We
found no evidence for this in our 2 m depth pit samples. Yet
P, palustris is a species known to extend a taproot deep into
the soil profile, particularly on sandy sites (Heyward 1933).
While we feel our sampling strategy was reasonable for
quantifying fine roots within the 2 m depth profile, it was
less well suited for determining the depth distribution of
the entire rooting profile. Maximum rooting depth is rele-
vant to the current study because of its consequence on
hydraulic architecture and water transport; deep rooting
may reach additional water resources, but it also increases
the path length over which water must be transported.
More information is needed to address this issue.

While it appears that P, palustris occupying xeric sites are
confronted with greater challenges regarding water acqui-
sition relative to trees occupying more mesic sites, adjust-
ments in hydraulic architecture have enabled individual
trees on xeric sites to realize equal — and sometimes higher
— potential for conductance. The potential for higher con-
ductance at xeric sites may, however, only be reached dur-
ing times in which D is low and when soil moisture across
sites is favourable and does not limit the capacity of the
hydraulic system to supply water to foliage. Consistent with
this scenario is the observation in this study that as D
increased, both gs and G showed a steeper decline in xeric
site trees (Table 3). This pattern implies a slightly more
sensitive stomatal conductance response to increasing D in
xeric site trees, likely necessary to regulate ¥; and avoid
xylem cavitation (Oren et al. 1999). It appears that trees on
the xeric site are hydraulically best suited to taking advan-
tage of periods when water is available, but the trade-off is
that they may have smaller margins of safety from hydrau-
lic failure during drought and are thus required to show a
more sensitive stomatal closure response to increasing soil
water limitation (Sperry et al. 1998). Future work should
parameterize the model of Sperry et al. (1998) to evaluate
response to declining soil moisture and how changes in
hydraulic architecture across sites may influence site water
use envelopes and predicted cavitation-inducing transpira-
tion rates (E.; ). Differences in root radial resistance across
sites should also be considered here. We present results
only for root axial resistance, yet root radial resistance can
be orders of magnitude greater than axial resistance (Steu-
dle & Peterson 1998). For large woody plants, however, the
relative importance of root radial and axial resistance in

© 2005 Blackwell Publishing Ltd, Plant, Cell and Environment, 29, 535-545



544 R. N. Addington et al.

limiting transpiration is not well understood due to path
length effects. The length over which water must flow radi-
ally is much less than the axial length, therefore, the impor-
tance of axial resistance should increase with plant size
(Sperry et al. 2002). Hacke et al. (2000) also demonstrate
good agreement between whole-plant water use and axial
conductivity during water stress, suggesting that differences
in root radial resistance across sites and during drought are
either negligible or parallel the change in axial resistance.

Lastly, the influence of the oak component on pine
hydraulic architecture should be investigated, as these spe-
cies not only alter stand structure but also nutrient avail-
ability. Higher nitrogen availability and mineralization has
been reported for the xeric site, believed to be a result of
higher quality leaf litter return provided by the oaks, oak
root turnover, and higher soil temperatures for mineraliza-
tion (Wilson et al. 2002). By altering nutrient availability
relative to the mesic site, oaks on the xeric site may provide
a fertilizing effect, encouraging leaf area production in the
pines and therefore decreasing Ag:A;. In this situation,
xeric site P. palustris may in fact be more sensitive to
drought, consistent with the findings of Ewers et al. (2000)
in P. taeda that nitrogen-fertilized stands had smaller mar-
gins of safety from predicted hydraulic failure during mod-
elled drought compared to non-fertilized stands. The
frequency of drought therefore may be greater for the xeric
site relative to the mesic site in this study, meaning that
trees on the xeric site may spend proportionately more time
in a state of drought relative to mesic site trees. A limited
data set collected on these sites during a drought that
occurred earlier in the growing season suggests this pattern
(Addington 2001), and may explain why longer-term water-
use efficiency estimates for these sites indicate that xeric
site trees are more water-use efficient compared to mesic
site trees (Addington 2001; see also Ford 2004).

The patterns of stomatal behaviour observed in this study
suggest that whole-plant architectural and leaf physiologi-
cal adjustments are well coordinated with one another and
with environment and habitat structure. Other studies have
demonstrated integration among hydraulic architecture
and water transport efficiency to maintain homeostasis
(Whitehead et al. 1984; Meinzer, Woodruff & Shaw 2004).
Our results are consistent with these studies and suggest
that interactions among soil properties and stand-level fac-
tors such as tree density are important determinants of
individual tree form and height, and that hydraulic adjust-
ments across these scales ensure similar site-to-site sto-
matal capability.
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