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Summary Acer negundo Sarg. (box elder) isadioecioustree
species that dominates riparian systems at mid elevations
throughout the southwest and Intermountain West of the
United States. Previous studies have shown that female
A. negundo treesoccur at higher frequenciesalong stream mar-
gins, whereasmalesoccur at higher frequenciesindrier micro-
sites. To better understand the adaptive significance of sex ratio
biasesand their impact on the ecohydrol ogy of riparian ecosys-
tems, we examined whole-plant water relations and hydraulic
properties of mature male and female A. negundo trees occur-
ringwithin 1 mof aperennial stream channel. We hypothesized
that (1) femaleswould have significantly greater canopy water
fluxesthan males (particularly during periods of seed produc-
tion: May—June), and (2) xylem in females is more hydrauli-
caly efficient but more vulnerable to cavitation than xylemin
males. M ean sap flux density (Js) during the early growing sea-
son (May and June) was 43% higher in female trees than in
maletrees(n=6and 7 treesrespectively, P < 0.0001). Mean Js
in July and August remained 17% higher in females than in
males (P = 0.0009). Mean canopy stomatal conductance per
unit leaf area (gsjer) in May and June was on average 140%
higher infemal esthanin males(P < 0.0001). Mean ge in July
and August remained 69% higher in fema e treesthanin male
trees (P < 0.0001). Canopy stomatal conductance scaled to
basal areawas 90 and 31% higher in femalesrelative to males
during May—June and July—August, respectively (P < 0.0001
during both periods). Conversely, there were no apparent dif-
ferencesin either branch hydraulic conductance or branch xy-
lem cavitation vulnerability between genders. These results
improve our capacity to describe the adaptive forcesthat shape
the spatia distribution of male and female trees in dioecious
species, and their consequencesfor ecohydrological processes
in riparian ecosystems.

Keywords: dioecy, hydraulic architecture, sap flux, xylemcavi-
tation.

Introduction

Theory suggests that the sexes of dioecious plants have
evolved specialized traitsto maximize growth, survival and re-
production of each gender. Several studies have demonstrated
that divergent physiological traits between genders are consis-
tent with differences in habitat preference that arise so that
each sex can meet different resource requirements (Freeman et
al. 1976, 1980, Bierzychudek and Eckhart 1988, Dawson and
Bliss 1989, Dawson and Ehleringer 1993, Ward et al. 2002).
Females have a higher resource requirement for reproduction
than males across many dioecious taxa, and therefore often
specializein high resource habitats. In water-limited environ-
ments, for example, female plants typically occur in higher
densities than males in wet microsites thereby maximizing
carbon gain and minimizing drought stress (Dawson and Bliss
1989, Dawson and Ehleringer 1993). Sex ratios tend to be
male biased in lessfavorable habitats, likely because of greater
female mortality (Bierzychudek and Eckhart 1988, Dawson
and Ehleringer 1993).

The occurrence of sex ratio biases by habitat in dioecious
plants implies that sexes display strong morphological and
physiological adaptations to environmental gradients. Unfor-
tunately, thereislimited information on the occurrence of sex-
ual dimorphism among most dioecious species, including
those that display sex ratio biases. One exception is the domi-
nant North American riparian tree species Acer negundo Sarg.
(box €elder). In the Intermountain West of the United States,
A. negundo exhibitsastrong sex ratio biasal ong soil water gra-
dients, with the ratio of male to female individuals averaging
about 1.6 away from stream margins versus 0.7 near stream
margins (Dawson and Ehleringer 1993, Ward et a. 2002). At
theleaf level, A. negundo is sexually divergent inwaysthat are
consistent with the observed patterns of habitat preference.
Male A. negundo trees are consistently more conservative in
their water use compared with female trees (Dawson and
Ehleringer 1993, Dawson et al. 2004). Females are apparently
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lesslikely than malesto closetheir stomataeven when they ex-
perience lowered leaf water potentials. As a result, leaf-level
photosynthesis and transpiration are typically lower in males
than in females, whereas the ratio of assimilation to transpira-
tion (i.e., water-use efficiency) is substantially higher in males
than in females. Divergent patterns of leaf-level physiology
may be strongest in wet habitats where females apparently
could maintain a competitive carbon-balance advantage over
co-occurring males. At the whole-plant level, however, the
physiological mechanismsthat underlie the observed sex ratio
patterns are not well understood.

Gender differences in leaf functiona traits across water
availability gradients may be associated with differences in
xylem conductance. Plants may regulate the efficiency of xy-
lem water transport through adjustments in xylem structure
(Sperry and Tyree 1988, Hacke et al. 2000). Consequently, the
higher the xylem transport efficiency the more water can flow
to the canopy, and the greater the potential capacity for net car-
bon uptake. However, there may be a biophysical tradeoff be-
tween xylem transport efficiency and safety from cavitation
and subsequent loss in canopy hydraulic conductance (Carl-
quist 1988, Tyree et a. 1994, Hacke et al. 2001, 2006). If so,
the observed patterns of spatial segregation between the sexes
of A. negundo may reflect differencesin xylem function.

Alternatively, gender-specific water use patterns may be ex-
pressed through differences in hydraulic architecture, specifi-
caly theratio of leaf areaper unit conducting sapwood area or
leaf area per unit absorbing root surface area. Plants that are
adapted to wet environments generally have larger canopies
and greater leaf areato sapwood arearatios (A:As) (Waring et
al 1982, White et al. 1998) or lower absorbing root areato leaf
arearatios (A;:A)) compared with plants adapted to more xeric
environments (Sperry and Hacke 2002). Fast-growing plants
with large sunlit canopies have acompetitive advantagein pro-
ductive habitats, such asaong stream margins, where sunlight
becomes limiting for plant growth and survival. Femae
A. negundo trees occurring along stream margins have more
expansive canopies than co-occurring males (Dawson et al
1993, Ward et al. 2002). However, it isunclear whether gender
differences in leaf-level traits and canopy structure translate
into differences in aboveground hydraulic architecture and
whole-plant water use that may result in gender differencesin
productivity and habitat dominance.

We measured stem sap flux, canopy conductance, branch
xylem function and aboveground architecture of mature male
and female A. negundo trees occurring in northern Utah, USA.
We focused on trees that occurred in high resource locations,
within 1 m of a perennial stream channel, so that plant water
availability remained seasonally stable. Our goal wasto char-
acterize seasonal patterns of whole-plant water fluxes along
streamside habitatsto gain further insight into the adaptive sig-
nificance of sexual dimorphism in dominant riparian vegeta-
tion. We hypothesized that females express greater whole-
plant water use and contain xylem or hydraulic architecture, or
both that is more efficient in water transport than males. If so,
changesin the population structure of dioeciousriparian vege-

tation may have profound effects on watershed-scale carbon,
water and nutrient cycling.

Materials and methods

Stedescription

Research was conducted during the 2005 growing season in
Red Butte Canyon Research Natural Area, east of Salt Lake
City, Utah, USA. The Red Butte Canyon drainage covers an
area of about 20.8 km?, and contains a well-defined riparian
area that has a free-flowing perennia stream. Climate in Red
Butte Canyon is characterized by hot dry summers and long
cold winters. Mean annua precipitation ranges from about
500 mm at lower elevations to about 900 mm at higher eleva
tions (Ehleringer et al. 1992), with precipitation primarily fall-
ing in winter and spring. Our field site was established in a
4.3 hameadow in Parley’s Fork about 200 m above the conflu-
encewith themain channel (111°79' W, 40°79' N, 1820 mele-
vation), and has previously been described (Dawson and
Ehleringer 1991, 1993). A small perennial stream runs
through the meadow and the overstory is dominated by a
mixed-age stand of A. negundo trees intermixed with Acer
grandidentatum Nutt. and Betula occidentalis Hook. trees.
The meadow is characterized by loamy, moderately perme-
able, well-drained soils (Ehleringer et al. 1992). The meadow
contained 13 mature streamside (< 1 m from stream channel)
A. negundo treesthat were suitablefor study: seven maleswith
diametersranging from 0.188 to 0.469 m, with a mean diame-
ter of 0.258 m, and six female trees with diameters ranging
from 0.177 to 0.429 m, with a mean diameter of 0.298 m. All
thetreeswere dominant, with open canopiesthat received sun-
light throughout the day. L eaf flushinthesetreesgenerally oc-
cursin late April or early May and senescence usually begins
in early September.

Meteorological measurements

Relative humidity, air temperature, photosynthetic active radi-
ation, and wind speed and direction were measured continu-
ously at Parley’s Fork throughout the growing season. Relative
humidity and air temperature were measured with a Vaisala
HMP 45 AC humidity and temperature probe (Vaisala,
Woburn, MA), placed about 2 m above the ground surface.
Photosynthetic active radiation (Q) was measured with an
L1-190SZ quantum sensor (Li-Cor, Lincoln, NE). Wind speed
(u) and direction were measured with aMet One 034B-L wind
set (Met One Instruments, Grants Pass, OR). Micrometeoro-
logical data were measured every 30 s and stored as 10-min
means with a CR10X-2M data logger (Campbell Scientific,
Logan, UT). Measurements of relative humidity and air tem-
perature were used to calculate atmospheric vapor pressure
deficit (D).

Leaf water potential measurements

Leaf water potential measurements were performed on trees
that were instrumented with sap flux sensors. Leaf water po-
tential was measured with a Scholander-type pressure cham-
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ber (PMS Instruments, Corvallis, OR) in mid June, July and
August before sap flux measurements ended. A single shoot
tip from each of the six trees was cut with a sharp razor blade
and water potential measured at predawn (Wyq) between 0200
and 0400 h, and at midday (¥q) between 1100 and 1300 h.

Sap flux, canopy conductance and leaf area measurements

Sap flux density (Js; g H,O m~2 sapwood s™*) was measured
with Granier-type sensors (Granier 1987, 1996). Each sensor
consisted of a pair of 20-mm long, 2-mm diameter stainless
steel probes inserted about 15 cm apart along the hydroactive
xylem (i.e., sapwood). The upper probe was supplied with
constant heat of 200 mW, and the temperature difference be-
tween the heated probe and the lower, unheated reference
probe was converted to sap flux density according to Granier
(1987, 1996). A single sensor was randomly placed axialy in
the main stem of each tree (seven male and six femal e trees) at
about 1.5 m above ground. This sample size has been shown to
result in a coefficient of variation of about 15% in previous
studies of diffuse-porous species (Oren et al. 1999). Datawere
logged every 30 sand stored as 10 min meanswith a Campbell
CR10X-2M data logger. Sap flux measurements were con-
ducted during the 2005 growing season from May 28 to June
29 and from July 22 to August 28.

Daily sap flux density (kg m=2 day™) was calculated to
evaluate the rel ationships between mean daytime D and mean
daytime Q. Mean daytime D was normalized by day length:
day length/24 h (D,) to correct for the effect of day length on
transpiration (Oren et a. 1999). Day length was defined asthe
period when Q was greater or equal to 10 umol m=2s72,

Whole-plant hydraulic conductance (g;) was calculated by
dividing Js by the difference between Wygand Wy Hereweas-
sumethat W4 isequal to soil water potential, although disequi-
librium may occur between these variables (Donovan et al.
1999). In this case, g; would be overestimated, but mean rela-
tive differences between genders would likely be unaffected.

Canopy conductance (g.) was cal culated from sap flux mea-
surements by a simplified form of the Penman—Monteith
equation (Monteith and Unsworth 1990):

YA A 1)

%=06D A

where y is the psychrometric constant (kPa K™), A is latent
heat of vaporization (Jkg™), p isdensity of moist air (kg m~3)
and ¢, is the specific heat of air at constant pressure (J kg™
K ~1). Sapwood area (As) was cal cul ated for each tree by evalu-
ating the relationship between sapwood area and basal area
(Ap). Two cores were taken from each tree instrumented with
sap flux sensors. Sapwood areawas obtained by first determin-
ing the inside bark diameter, then determining the depth of
hydroactive xylem of each core by its translucence, and then
subtracting the sapwood area from the total stem cross-sec-
tional area (i.e., basal area). Sapwood area to stem basal area
rel ationships were determined with the power function:

A =b(A)"™ 2

where b; and b, are fitting parameters.

Leaf area (A)) was estimated by finding an allometric rela-
tionship between A/ and branch diameter, and by measuring
the diameter of all leaf-bearing branches extending from the
main stem of each tree measured for J.. Allometric relation-
ships were calculated for each gender by collecting leaves
from branches from other streamside A. negundo treesin Red
Butte Canyon ranging in diameter from 20 to 150 mm; cover-
ing the range of branch diameters measured on the sap flux
trees measured for Js. Thirteen branches were collected per
gender, the leaves were removed and specific leaf area (SLA;
m? g~*) was measured on a subset of leaves. Total one-sided
leaf areaper branch was estimated by multiplying SLA by the
total mass of leaves from each branch. The relationship be-
tween A and branch diameter was determined with the power
function given in Equation 2.

Relative seasonal changes in leaf area were estimated by
measuring leaf areaindex (LAI) in June, July and August with
aLi-Cor, LAl 2000 plant canopy analyzer. A single value of
LAl was calculated by averaging the individua estimates of
LAl at five points under the canopy of each tree.

To calculate g, from measurements of Js, Asand A, two im-
portant assumptions must first be met. First, sap flux measured
in the stem isequal to the rate of water leaving the canopy via
transpiration. In other words, the depletion and replenishment
of stem water storage is small. Second, conductance of leaf
boundary layer (gy) is large relative to canopy stomatal con-
ductance (gs). To test thefirst assumption, |ag times between Jg
and D of 0-2 h were evaluated for each gender. The highest
correlations were found between zero and 0.5 h, and we there-
fore assumed that stem capacitance had a negligible influence
on the relationship between Js and D. The second assumption,
that gy is greater than gs is not aways true for broad-leaved
canopies such as A. negundo (Meinzer et a. 1997). We there-
fore calculated gy to compare with calculated values of gs
(shown below) for both genders. Boundary layer conductance
was calculated according to Jones (1992):

gy =306.7 \E ®3)
1

where d, isthe characteristic leaf dimension (Jones 1992) and
U is mean canopy wind speed. Mean u, (m s™) was estimated
from measurements of u recorded at 3 m above ground in an
open meadow and by multiplying u, by u, where u, isthe can-
opy frictional velocity (m s™). Canopy frictional velocity was
solved according to Campbell and Norman (1998):

u, = & (4)

[z—-dO
In0——Q
0z, O

where z is the approximate canopy height, in this case 15 m,
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d is the zero plane displacement (m), z, is roughness length
(m) (Campbell and Norman 1998) and 0.4 is the von Karman
constant. Canopy stomatal conductance was calculated as:

1_1 1
S=--t (5)
gs gc gbl

The sensitivity of transpiration to changesin g, was evalu-
ated based on the dimensionless decoupling coefficient (Q)
described by Jarvis and McNaughton (1986) and later modi-
fied by Martin (1989) that takes radiative coupling between
leaves and the atmosphere into account:

g+2+ 9
Q= gbl (6)
c+2+ 9 t9 . 9
Os i

where € is the change in latent heat to the change in sensible
heat of saturated air and g; is the long-wave radiative transfer
conductance. By definition, Q approachesits upper limit (1.0)
as stomatal control over transpiration becomes progressively
weaker.

In some cases, Js varies considerably with sapwood depth
(Granier et a. 1994, Schéfer et al. 2000, Ewers et al. 2002,
Ford et al. 2004), and often declines from the outer 20 mm of
sapwood (i.e., the length of our sap flux probes) to the heart-
wood:sapwood transition. To evaluate the potential impor-
tance of radia trends in sap flux on our estimates of canopy
conductance, we performed a sensitivity analysis of the poten-
tial declinein Js relative to sapwood depth. First, we assumed
that Js remained uniform with depth as shown with other dif-
fuse-porous riparian species (Lambs and Muller 2002). Then
we reduced Js in the region of the sapwood not measured by
our probes by 50 and 100%. Changes in transpiration associ-
ated with potential declinesin Js at mean sapwood depth were
determined separately for male and female trees at our field
site. Thisalowed us to apply a sensitivity analysis of g..

Xylem cavitation measurements and specific conductivities

Vulnerability curveswere measured in six current-year branch
segments per gender to quantify the response of hydraulic con-
ductivity to negative xylem pressure. Segments, 70 to 100 cm
in length, were collected from sun-exposed branches in July.
L eavesfrom each segment wereimmediately removed and the
segments and leaves were transported to the lab in a sealed
plastic bag containing a moist paper towel to avoid desicca-
tion. In the lab, all segments were recut under water and
trimmed with asharp razor bladeto astandard length of 14 cm.
The segments were flushed with filtered (2 pm) 20 mM KCl at
0.1 MPato remove al native embolisms. Flushed stems were
centrifuged in a custom-built rotor (Pockman et al. 1995, Al-
der et al. 1997) to progressively more negative pressures.
The hydraulic conductivity (K) was measured between each
centrifugation by fitting the segment with tubing filled with
filtered KCI solution, and applying agravity-induced pressure

gradient acrossthe stem. The pressure gradient allowed the so-
Iution to flow through the stem and into areservoir standing on
an electronic balance. The flow rate was divided by the pres-
sure gradient to obtain a conductivity value. A Weibull func-
tion (Neufeld et a. 1992) was fitted to the conductivity versus
negative pressure relationship for each segment and the pres-
sure inducing 50% (Pso) and 95% (Pgs) 10ss in conductivities
was calculated.

Loss of conductivity via cavitation was expressed on a sap-
wood specific areaand leaf specific areabasis. Sapwood spe-
cific conductivity (K,) was determined by dividing K by the
cross-sectional sapwood area of each segment. Cross-sec-
tional sapwood areawas assumed to equal al the areabeneath
the bark, unless heartwood was evident on visual examination.
Cross-sectional areawas measured with calipers. Leaf specific
conductivity (K;) was calculated by dividing K by the one-
sided leaf area supplied by the stem segment.

Wood density

Wood density is a widely recognized determinant of xylem
water transport properties and whole-plant water relations.
Wood density was therefore measured on stem cores and
branch segments from each gender. Segments, 25-mm long,
were cut from fresh stem cores and current-year branches. An
additional longitudinal cut was made on branch segments and
the pith and bark were removed with arazor blade. Fresh vol-
ume of each segment was determined by Archimedes' princi-
ple. Displacement mass was measured to the nearest 0.01 g
and was converted to sample volume by the formula: displace-
ment mass/0.998, where 0.998 mg mm™3isthe density of wa-
ter at 20 °C. Segments were then oven-dried at 90 °C for 48 h,
and their dry mass measured. Wood density was calculated as
dry mass per volume. We analyzed two cores and one branch
segment per tree (n = 12 male and 12 female trees).

Statistics

Regression analysis was performed to relate Js and gs of each
gender to D and Q. Gender and microsite differences were an-
alyzed by analysis of covariance (ANCOVA). Mean gender
differences in Js, gs and leaf water potentials during discrete
measurement periods were analyzed by a Student'st test. Dif-
ferences in the seasonal course of J;, gs and leaf water poten-
tials were assessed by repeated measures analysis of variance
(MANOVA) where multiple measurements (three measure-
ment periods per tree) on agiven plant constituted the repeated
variables (Potvin et al. 1990). In each analysis, the main effect
of gender was tested as a between-subjects effect. Gender dif-
ferences in Psy and Pgs were analyzed with a Student's t test.

Results

Aboveground biomass allocation

The predicted A from branch diameter (BD) was 0.195(BD)**?
(R?=0.89) for female trees and 0.415(BD)*® (R? = 0.87) for
male trees. Canopy LAI did not change significantly through-
out the growing season in either male or female trees. There-
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fore, leaf area values determined from leaf and branch allo-
metry were used for the entire measurement period. Maletrees
had a 30% higher leaf areato sapwood arearatio (Ai:Ag) than
female trees: 0.229 versus 0.176 m? cm~2 (Table 1), although
the differences were not statistically significant (P = 0.21).
Conversely, the mean sapwood area to basal arearatio (AsAp)
was 33% greater in femal e treesrelative to co-occurring males
(t =0.0006; Table 1), indicating femal e trees had more hydro-
active xylem area per unit stem area than co-occurring male
trees. The amount of leaf area per unit basal area (A:A,) was
similar between genders (0.97 and 0.91 for male and female
trees, respectively; Table 1).

Sap flux measurements

In habitats where soil water is nonlimiting (i.e., along stream-
sides), patterns of plant water use result largely from atmo-
spheric driverssuch asvapor pressure deficit and sunlight. The
relationship between Js and D, was nonlinear, and was there-
fore fitted with an exponentia saturation model:

J=h(1-e ™) )

where b, and b, are fitting parameters. Early in the growing
season (May 28 to June 29), the model explained 86 and 88%
of the variability in Js in male and female trees, respectively
(Figure 1a). From July 22 to August 28 (late growing season),
themodel explained 62 and 78% of thevariability in Jsinmale
and female trees, respectively (Figure 1b). Sap flux density
was significantly higher in females than in males during the
early growing season (Figure 1a). On average, compared with
males, Js was 43% higher in femalesin May and June, and re-
mained 17% higher in July and August (Figure 1).
Differencesin the response of Js to climate drivers D and Q
between male and femal e populations were tested by analysis
of covariance. In May and June, Js was highly correlated
with D (F = 84.45, P <0.0001) and moderately correlated with
Q (F=10.62, P =0.0012), whereas in July and August, Js re-
mained moderately correlated with D (F = 11.23, P = 0.0009),
but Q had no apparent effect on Js (P = 0.52; Table 2). Thein-
teraction between D and Q had no effect on Js during either pe-
riod of the growing season (Table 2). There were significant
gender differences in the response of Js to the model parame-
ters during both periods of the growing season (Table 2). Dif-

Table 1. Mean (+ standard error) leaf area to sapwood area ratio
(A:As; m? m~2), sapwood areato basal arearatio (AsAp; m? m~2) and
leaf areato basal arearatio (A:Ay; m? m~2) of maturemaleand female
Acer negundo trees in Red Butte Canyon, near Salt Lake City, UT.
Probability values (P) of gender differences in aboveground aloca
tion are shown.

Gender AAs AsAy AA,
Male 2285 (271) 0.397 (0.023) 969 (147)
Female 1758 (283) 0.529 (0.012) 905 (142)
P 0.21 0.0006 0.76
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Figure 1. Relationship between mean stem sap flux density (Js) and
mean daytimevapor pressure deficit normalized for day length (D) in
mature streamside male (@) and female (O) Acer negundo trees. Data
were collected from (a) May 28 to June 29 and (b) July 22 to Au-
gust 28, 2005 near Salt Lake City, UT. Error bars represent + 1 stan-
dard error of the mean.

ferenceswere particularly strong during the early growing sea-
son (F = 87.00, P < 0.0001), and are clearly visible in Fig-
ure la

Canopy stomatal conductance

We used nonlinear regression techniquesto fit gsto D accord-
ing to Oren et al. (1999) and Wullschleger et a. (2002):

Table 2. Probability valuesfrom analysisof covariance (ANCOVA) of
sap flux density (Js) against mean daytime vapor pressure deficit, nor-
malized for day length (D; kPa) total daily photosynthetic active radi-
ation (Q; mol m~? s™%) and gender in mature male and female Acer
negundo trees occurring in Red Butte Canyon near Salt Lake City, UT.

D, Q D, xQ Gender
May—-June < 0.0001 0.0012 0.26 < 0.0001
July—August 0.0009 0.52 0.97 0.0100
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gs = b-mInD (8)

where b isthe intercept (i.e., thevalue of gsat D = 1 kPain a
log—linear relationship), and m describes the stomatal sensi-
tivity to D (i.e., the slope of the regression fit).

In May and June, mean daily gs, normalized for leaf area
(9sjexr) Was highly correlated with InD inboth male and female
trees (R*> = 0.78 and 0.85 for male and female trees, respec-
tively; Figure 28). Differences in gs e between genders over
the measured range of InD were highly significant (F = 157.2,
P < 0.0001), with females having a 140% higher gses than
males. There was no interaction between gender and InD
(F=2.23,P=0.14). In July and August, gsex Was again well
correlated with mean daytime D (R? = 0.61 and 0.78 for male
and female trees, respectively; Figure 2c). Female trees had
69% higher gse¢ than male trees and gender differences were
again highly significant (F =92.5, P <0.0001). Theinteraction
term gender x InD was correlated with gsjer (F = 3.95,
P =0.0474), suggesting that the slopes of the responsesto InD
were gender specific.

Mean daily canopy stomatal conductance normalized for
basal area (Qspes) Was well correlated with InD in May and
June (R? = 0.78 and 0.86 for males and females, respectively;
Figure 2b). Gender differencesin gspss Were highly significant
(F = 171.6, P < 0.0001), with females having 90% higher
mean gspas than males during May and June. There was asig-
nificant interaction between gender and InD (F = 7.36, P =
0.007). The relationships between gspss and InD in July and
August were slightly less robust than in May and June (R? =
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0.52 and 0.72 in male and female trees, respectively). Never-
theless, there was still a large difference between gendersin
Ospes (F = 43.5, P < 0.0001), with females showing a 31%
higher gspss than males. Therewas no interaction between gen-
der and InD in July and August (F = 0.60, P = 0.44).

Seasonal patterns of plant water relations

Seasonal patterns of plant water relations were investigated
during three discrete periods of the growing season: mid-June
(Day 166), mid-July (Day 205), and mid-August (Day 237).
Mean daytime D on these days ranged from 1.15 kPa on
Day 166 to 1.75 kPa on Day 237 (Figure 3). However, al
three days were nearly cloudless resulting in almost identical
total daily Q (Figure 3).

Mean W, was highest in June, but never fell below
—0.55 MPain either male or femaletrees (Figure 4a), suggest-
ing that neither gender was subjected to significant soil water
limitations during the growing season. Mean W4 was highest
in June and was about —1.50 MPafor both genders. For males,
Wq reached a low of —2.25 MPa in August, and a low of
—2.00 MPain femalesin July and August (Figure 4a). There
wereno seasonal differences between gendersfor either Wyq or
W4 (Table 3). Leaf water potential measurements were com-
bined with midday measurements of Js to g;. Sap flux density
measured between 1100 and 1300 h did not differ between
genders over the growing season (P = 0.27; Table 3), although
Js was higher in females in June (F = 5.32, P = 0.0416; Fig-
ure 4b). Consequently, there were only marginal seasonal dif-
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Figure 2. Relationship between mean can-
opy stomatal conductance (gs) and mean
120 daytime vapor pressure deficit (D) in ma-
ture streamside male (@) and female (O)
Acer negundo trees near Salt Lake City,
80 UT. Canopy stomatal conductance per unit
leaf area (gsjear) Measured from (a) May
28 to June 29 and (b) July 22 to August
40 28, 2005. Canopy stomatal conductance
per unit basal area (gspas) Measured from
(c) May 28 to June 29 and (d) July 22 to

0.0 0.5 1.0 1.5 20 25 0.0 0.5 1.0 1.5

August 28. Error bars represent + 1 stan-
dard error of the mean.
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Figure 3. Mean daytime vapor pressure deficit (D) and total daily
photosynthetic activeradiation (Q) for daysinwhich |eaf water poten-
tialswere measured. Days include June 15, (day of year (DOY') 166),
July 24 (DOY 205) and August 25 (DOY 237), 2005.

ferencesin g, between genders (P = 0.09; Table 3), although g;
in June was 56% higher in females than in males (F = 5.4944,
P = 0.0389; Figure 4c). In females, g; showed a seasonal de-
cline, whereasin males, g, was constant throughout the season
(Figure 4c).

In many cases, broadleaf canopies such as A. negundo are
not well coupled to the atmosphere. Therefore, it may beinap-
propriate to assume that g, closely approximates gs. Conse-
quently gy, and subsequent gs, were calculated with Equa-
tion 5. Representative values of gy, g., gs and Q for days on
which leaf W was measured are shown in Table 4. Canopy de-
coupling on these days was low ranging from 0.09 to 0.12 in
males and 0.16 to 0.25 in females, indicating that g. did not
vary substantially from gs.

Mean g e Was higher in femal esrel ative to mal es through-
out theyear (P =0.0437; Table5, Figure 5a). Differenceswere
most apparent in June when g Was 161% higher in females
than in males (Figure 5a). Likewise, gspes Was considerably
lower in male trees than in female trees (P = 0.08; Table 5)
with the largest differences again being detected in June (Fig-
ure 5b).

Branch xylem cavitation vulnerability, specific conductivities
and wood density

Gender differences in canopy fluxes and aboveground alloca
tion patterns did not appear to be caused by differencesin xy-
lem function. Mean maximum sapwood area specific conduc-
tivity (Ky) and leaf specific conductivity (K;) did not vary be-
tween genders (cf. interceptsat 0 MPain Figures 6aand 6b, re-
spectively). Moreover, percent loss of K, and K; from xylem
embolismdid not vary between genders acrosstherange of xy-
lem pressures in which K > 0 (0 to —4 MPa). Mean Ps, was
—2.1 MPafor both genders (F = 0.01, P = 0.93), and mean Pgs
was—3.6 and —4.1 MPafor male and femal e branches, respec-
tively, but gender differences were not significant (F = 2.10,
P =0.18).

Mean stem wood density was 0.47 mg mm~ (SE + 0.01) in
streamside maletrees and 0.44 + 0.01 mg mm~2 in streamside
femal e trees. Mean differences between genders were margin-
ally significant (F = 4.00, P = 0.059). Mean branch wood den-
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Figure4. Leaf water potential (W), stem sap flux density (Js) and total
whole-plant hydraulic conductance (g;) of mature streamside male
(@) and female (O) Acer negundo trees on June 15, (day of year
(DQY) 166), July 24 (DOY 205) and August 25 (DQOY 237), 2005. (a)
Predawn (Wpq) and midday (Wnq) leaf water potentials measured be-
tween 0200 and 0400 h, and between 1100 and 1300 h respectively.
(b) Mean stem sap flux density measured during daylight hours (Q >
10 umol m~2 s7Y). (c) Mean total whole-plant conductance, calcu-
lated as midday Js, measured between 1100 and 1300 h divided by the
difference between W,,q and Wpq. Error barsrepresent + 1 standard er-
ror of the mean.

sity did not vary between genders (F = 0.02, P = 0.88), and was
0.49 + 0.02 mg mm~2for all branch segments.

Discussion

We observed significant differencesin aboveground hydraulic
architecture that resulted in large differences in water fluxes
between the genders of streamside A. negundo trees occurring
innorthern Utah. M ature femal e trees maintained much higher
water use and canopy stomatal conductance per unit leaf area
and basal area than mature male trees. Gender differencesin
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Table 3. Probability values from repeated measures (MANOVA)
analysisof predawn |eaf water potential (Wpq; MPa), midday leaf wa-
ter potential (Wmng; MPa), whole-plant hydraulic conductance (g;;
g m~2 st MPa™) and sap flux density (Js; g m~2 s™%) of mature
streamside male and female Acer negundo trees. Whole-plant conduc-
tivity was calculated by dividing stem sap flux density by the differ-
ence between Wpq and W

qud qud Ot Js
Gender 0.88 0.82 0.09 0.27
Month <0.0001 <0.0001 0.0095 0.0025
Gender x Month 0.57 0.29 0.80 0.06

resource allocation and resource acquisition likely reflect the
4- to 6-fold higher resource cost of reproduction in female
A. negundo versus males (Dawson and Ehleringer 1993), and
the observed pattern of female biased sex-ratios along stream
margins (Dawson and Ehleringer 1993, Ward et al. 2002). Our
study together with previous investigations provide insight
into the adaptive significance of sex-ratio biases along envi-
ronmental gradients, and identify the morphological and phys-
iological mechanisms underlying the observed sex ratios. Fur-
thermore, our results highlight the consequencesthat sex ratio
biases in dominant riparian vegetation may have on important
ecohydrological processes including ecosystem water bal-
ance, stream flow, and carbon and nutrient cycling.

Whole-plant water use and aboveground hydraulic
architecture

Gender differences in gs have previously been identified in
streamside A. negundo trees from leaf gas exchange studies
(Dawson and Ehleringer 1993, Dawson et a. 2004). Mean g
measured during three separate yearsin June, July and August
was on average 100% higher in femal e trees than in co-occur-
ring maes (Dawson et al. 2004). Similarly, Dawson and
Ehleringer (1993) reported that streamside female A. negundo
trees have 70% higher maximum g in July relative to co-oc-
curring males. In our study, whole-plant gs was calculated by
combining measurements of stem sap flux with measurements
of AgA, and As:A,. The whole-plant approach yielded similar
differences between genders. mean daytime gsje averaged
over June, July and August was 107% higher in female trees
than in male trees. Likewise, mean daytime gses Mmeasured in
July was 72% higher in females than in males, similar to the

Table5. Probability valuesfrom repeated measures(MANOVA) anal-
ysis of stomatal conductance per unit leaf area (gsef; mmol m-2s7t
kPa™1) and stomatal conductance per unit basal area (gspas; mol m=2
s~ kPa™'). Data were collected on June 15, July 24 and August 25,
2005.

Os leaf Os bas
Gender 0.0437 0.08
Month 0.17 0.0433
Gender x Month 0.0087 0.0093

magnitude of gender difference that Dawson and Ehleringer
(1993) reported based on leaf gas exchange measurements.
Our resultsdemonstrate that previously reported differencesin
leaf-level gs between genders scale to the whole plant.

Measurements of gs were also scaled to basal area (i.e.,
Ospas)- Although basal area measurements are of little use in
scaling fluxes to the ecosystem or watershed level, they pro-
vide ametric for identifying population differences in above-
ground allocation and resource uptake. Both genders had
about the same leaf area per unit basal area. Consequently,
gender differences in gse4 Were maintained when scaled to
Ospas: Thus, a female A. negundo tree would be expected to
transpire about 70% more water during the growing season
than a co-occurring male tree having a similar basal diameter.
The large difference between genders in resource acquisition
may explain the observed sex ratio biases in streamside habi-
tats.

Differences in water use between male and female trees
weresubstantially higher in May and Junethanin July and Au-
gust (cf. Figures 1, 2, 4 and 6). A possible explanation for the
seasonal patternsin resource uptake isthe timing of flowering
which differs between genders. At our field site, mae
A. negundo trees generally flower in April before leaf flush,
whereas female A. negundo trees flower from mid May to mid
June, well after the onset of leaf emergence. Males therefore
draw on stored carbohydrates from previous-years photosyn-
thate. Females, in contrast, likely offset some of the high re-
source costs of reproduction by drawing on photosynthate ac-
cumulated during flowering and subsequent seed develop-
ment, thereby requiring enhanced resource acquisition early in
the growing season. Unfortunately, there is little information
on the seasona course of resource uptake in female versus

Table 4. Wind speed (u; m? s™1) measured 3 m above the ground surface in an open meadow and mean (+ standard error) boundary layer conduc-
tance (g, ; mmol m~2s7%), canopy conductance (ge; mmol m~2s™2), canopy stomatal conductance (gs; mmol m~2s™%) per unit leaf areaand mean
canopy decoupling coefficient (Q) for maturemale and femal e Acer negundo trees. Datawere collected on June 15, July 24 and August 25, 2005.

Daytimeu Ol Oc Os Q
Male Female Male Female Male Female Male Female
June 0.99 962 919 41.8(7.1) 101.1 (19.4) 43.8(7.7) 114.3(24.7) 0.10 0.22
July 0.98 954 912 52.3(10.3) 87.1(18.1) 55.7 (11.5) 97.0(22.7) 0.12 0.25
August 1.16 1130 1079 459 (7.7) 79.0 (15.3) 48.0 (8.4) 85.6 (17.8) 0.09 0.16
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Figure 5. Canopy stomatal conductance (gs) measured in mature
streamside male (@) and female (O) Acer negundo trees on days | eaf
water potentialswere measured. Data were collected on June 15 (day
of year (DOY) 166), July 24 (DOY 205) and August 25 (DOY 237),
2005. (a) Canopy stomatal conductance calculated per unit leaf area
(0sjear)- (b) Canopy stomatal conductance calculated per unit basal
area (gspas)- Error barsrepresent + 1 standard error of the mean.

male plants that might explain the timing of flowering and
fruit set. However, within asingle plant, leaves adjacent to fe-
mal e reproductive structures often have higher photosynthetic
rates than leaves distant from female reproductive structures
(de Jong 1986, Reekieand Bazzaz 1987a, 1987b, McDowell et
al. 2000). Spatial patterns of resource uptake observed in
monoecious plants may be analogous to the temporal patterns
observed in A. negundo, where large gender differencesin re-
source acquisition during the early growing season likely re-
sulted from the strong sink strength of female reproductive
structures.

Estimates of canopy stomatal conductance depended
heavily on sap-flux-scaled estimates of transpiration. Sap flux
density isoften overestimated in cases where the depth of con-
ducting sapwood is substantially greater than the length of the
sap flux probe (Ford et al. 2002). For exampl e, thermal sensors
similar to those we used yielded a 67% mean error in sap flux
when measured on trees that had aradial mean sapwood depth
six times greater than the length of the sap flux sensors (Ford
et al. 2004). We assumed that Js remained constant throughout
the sapwood profile, as shown for other riparian hardwood
species (Lambs and Muller 2002). However, mean sapwood
depth ranged from 43.1 mm (SE + 1.69) in males to 56.3 £
0.82 mm in females, leaving 48 and 58%, respectively, of the
total sapwood area unmeasured by our 20-mm-long probes. If
we assume that Js declined in both genders by 50% from the
outer 20 mm to the heartwood:sapwood transition, females
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Figure 6. (a) Decreasesin sapwood specific conductivity (K3) and (b)
leaf specific conductivity (K;) caused by pressure-induced xylem cav-
itation. Measurements were conducted on current-year sun-exposed
branches collected from mature streamside male (@) and female (O)
Acer negundo trees during the 2005 growing season. Error barsrepre-
sent + 1 standard error of the mean.

would have maintained a 151% higher gse, than males in
June (Table 6). Mean differencesin gs e between genders for
the whole growing season would have changed only dlightly
from 104 to 94%. If we assume that Js ceased completely in
both gendersfrom the outer 20 mm to the heartwood: sapwood
transition (which isunlikely), females would have maintained
a137% higher gse than malesin June (Table 6). Mean differ-
encesin gsje Over the whole growing season would decrease
to 84%.

Xylem cavitation and hydraulic conductivity

In general, plants with high maximum water fluxes tend to
have xylem that is highly efficient at transporting water to
the canopy relative to plants with lower maximum fluxes
(Pockman and Sperry 2000, Martinez-Vilalta et a. 2002).
However, xylem efficiency appears to be accompanied by the
tradeoff of reduced safety from xylem cavitation (Carlquest
1988, Tyree et al. 1994, Hacke et al. 2006). Given that female
A. negundo trees occur at higher frequencies along stream
sides and maintained higher Js than males, we hypothesized
that the branches of female plants have a higher maximum K,
and K, at the possible expense of having lessresistanceto cavi-
tation. We found no differences between gendersin any of the
xylem parameters measured. However, g, was 56% higher in
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Table 6. Predicted decrease in canopy stomatal conductance (gs)es) if Sap flux density (Js) declined from a constant rate throughout the sapwood
profileto 50 and 100% from the outer 20 mm of sapwood to the heartwood:sapwood transition. Data are from male and female Acer negundo trees

occurring in Red Butte Canyon, near Salt Lake City, UT.

June July August

Male Female % Diff Male Female % Diff Male Female % Diff
Constant Jg 44.0 116.7 165 56.1 98.7 76 48.2 86.7 80
50% Decline 37.6 94.3 151 47.8 80.1 68 41.2 70.8 72
100% Decline 30.8 731 137 39.0 62.3 60 33.8 55.4 64

females than in males during early stages of the growing sea-
son, suggesting that femal es were more efficient at delivering
water to the canopy during the early part of the growing sea-
son. In addition, females showed declines in hydraulic con-
ductance during the season (Figure 4c), suggesting that high
stomatal conductance resulted in progressive seasonal cavita-
tion. One possibility is that xylem hydraulic conductivity of
theroot system or main stem, or both, was substantially higher
in female trees than in male trees. Although we have no direct
evidencethat root or stem hydraulic function differed between
genders, wood density of the main stem, animportant determi-
nant of plant hydraulic function (Hacke et a. 2001, Meinzer
2003), was 6% lower in female trees than in male trees. Small
changes in wood density could be related to large changesin
0. For example, a 5-fold increase in g; was correlated with a
30% decrease in wood density in Hawaiian dry forest species
(Stratton et al. 2000). Therefore, it is plausible that xylem
structure and the function of the main stem differ between gen-
ders. Further work is needed to better gauge the hydraulic con-
straints and long-distance water transport in male and female
A. negundo.

Dioecy impacts on ecohydrology

Giventhat female A. negundo trees have higher water userates
per unit leaf area and basal area compared with co-occurring
male trees, the spatial segregation of the sexes could have im-
portant ramifications on several ecohydrologic processesinri-
parian systems. Treesthat occur along stream marginsremove
water stored in and around stream banks and shallow water ta-
bles (Scott 1999). Therefore, females, because of their higher
transpiration rates, may have asignificantly greater impact on
stream discharge and groundwater recharge than males. Fe-
male A. negundo trees have higher sap flux rates per unit sap-
wood area than other co-occurring tree species that dominate
mid-elevation riparian zones in the intermountain western
USA including, A. grandidentatum, Betula occidentalis and
Populusangustifolia James (Hultineet a. 2007a). Conversely,
male A. negundo trees have sap flux rates that are comparable
with other co-occurring species (Hultine et al. 2007a). More-
over, if higher water useratesin femalestreesresult in greater
carbon acquisition and productivity (Dawson and Ehleringer
1993, Ward et al. 2002), it is plausible that a higher frequency
of femal e versus mal e treeswoul d have measurableimpactson
carbon and nutrient cyclesat large spatial and temporal scales.
Alternatively, because of their higher resource demands,

global change processes such as land use and climate change
may have alarger negative impact on streamside female trees
than on maletrees. If substantial increasesin stream diversions
and groundwater extractions are met with greater incidence of
drought, rapid shiftsin the sex ratio of riparian A. negundo will
likely occur. Furthermore, the spatial segregation of the sexes
has been correlated with resource uptake in other dioeciousri-
parian tree species including Populus fremontii S. Watson
(Hultine et al. 2007b), suggesting that the fitness of dioecious
riparian tree species may be particularly sensitive to global
change processes.

In conclusion, we found clear differencesin sap-flux-scaled
transpiration, canopy stomatal conductance, and carbon up-
take between the genders of A. negundo occurring along a pe-
rennial stream in the Intermountain West of the USA. Females
had a substantially greater acquisition of water (and presum-
ably carbon) than males, suggesting that physiological traitsin
femalesare selected for in highly competitive streamside habi-
tats. Differencesin sap fluxes between genders were most ap-
parent early in the growing season and appeared to coincide
with the timing of flowering and seed development in female
trees. Disparate patterns of physiology between genders may
improve our understanding of the adaptive significance of the
observed sex ratios of A. negundo, whereby females occur
at higher frequencies than males along streamside habitats.
Changes in sex ratio patterns may have significant effects on
many ecohydrological processes including evapotranspiration,
streamflow, and carbon and nutrient cycling. Furthermore,
patterns of gender-specific resource acquisition in A. negundo
may reflect larger scale occurrences of gender effects on eco-
hydrology given that other dominant riparian tree species are
also dioecious, including Populus spp. and Salix spp.
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