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Abstract. Riparian cottonwood/willow forest assemblages are highly valued in the 
southwestern United States for their wildlife habitat, biodiversity, and watershed protection.
Yet these forests are under considerable threat from climate change impacts on water 
resources and land-use activities to support human enterprise. Stream diversions, groundwater 
pumping, and extended drought have resulted in the decline of cottonwood/willow forests 
along many riparian corridors in the Southwest and. in many cases, the replacement o f these 
forests with less desirable invasive shrubs and trees. Nevertheless, ecophysiological responses 
of cottonwood and willow, along with associated ecohydrological feedbacks of soil water 
depletion, are not well understood. Ecophysiological processes of mature Fremont 
cottonwood and coyote willow stands were examined over four consecutive growing seasons 
(2004-2007) near Salt Lake City. Utah. USA. The tree stands occurred near the inlet of a 
reservoir that was drained in the spring of 2005 and remained empty until mid-summer of
2006. effectively removing the primary water source for most of two growing seasons. Stem 
sap flux density (,/s) in cottonwood was highly correlated with volumetric soil moisture (0 ) in 
the upper 60 cm and decreased sevenfold as soil moisture dropped from 12% to 7% after the 
reservoir was drained. Conversely. ,/s in willow was marginally correlated with 0 and decreased 
by only 25% during the same period. Opposite patterns emerged during the following growing 
season: willow had a lower whole-plant conductance (At) in June and higher leaf carbon 
isotope ratios (S,3C) than cottonwood in August, whereas k l and S,3C were otherwise similar 
between species. W ater relations in both species recovered quickly from soil water depletion, 
with the exception that sapwood area to stem area (.4s:.4sl) was significantly lower in both 
species after the 2007 growing season compared to 2004. Results suggest that cottonwood has 
a greater sensitivity to interannual reductions in water availability, while willow is more 
sensitive to longer periods o f soil water depletion. These data shed light on the linkage between 
soil water deficits and ecophysiological processes of threatened riparian forests given potential 
land-use and long-term drought impacts on freshwater resources.

Key words: coyote willow: drought recovery: ecohydrology: Fremont cottonwood: leaf oJJC: Populus 
fremontii: Red Butte Canyon Research Natural Area, Utah, USA: riparian ecology: Salix exigua: stem sap 
flux: tree rings.

Introduction

Cottonwood (Populus) and willow (Salix) trees 
collectively make up the most widespread native riparian 
forest type in the southwestern United States. They are 
highly valued for their wildlife habitat, biodiversity, 
watershed protection, and recreation in otherwise 
unproductive arid regions of the Southwest (Patten 
1998). However, global change impacts, including land- 
use change, climate change, and species invasions, 
threaten to alter the current composition of cotton­
wood/willow forests. In fact, cottonwood/willow forests 
along many major watersheds are considered among the 
most threatened forest types in the United States 
(Stromberg 1993. Webb et al. 2007).
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Cottonwood and willow are drought-intolerant tree 
species that rely on shallow groundwater and/or high 
shallow soil water availability for establishment, growth, 
and reproduction (Smith et al. 1991. Busch et al. 1992. 
Stromberg 1993. Snyder and Williams 2000. Rood et al.
2003. Lite and Stromberg 2005). Therefore, they are 
typically restricted to local flood plains o f rivers, 
streams, and dry washes that support shallow aquifers 
(Stromberg 1998. Schaeffer et al. 2000. Snyder and 
Williams 2000. Lite and Stromberg 2005). W ater 
diversions, river damming, and groundwater pumping 
have brought substantial alterations to hydrologic 
systems in western riparian areas. Declines in cotton­
wood/willow populations, in response to changes in 
riparian ecosystem hydrology, have been well docu­
mented (Stromberg 1993. Rood et al. 2003. Lite and 
Stromberg 2005). Changes in stream regulation, ground­
water pumping, and irrigation have also been cited as 
causes for conversion of native riparian woodlands to
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invasive shrublands. including the expansion of the 
invasive shrub, tamarisk ( Tamarix spp.; Cleverly et al. 
1997. Horton et al. 2001a). There is also evidence that, 
as climate has changed, annual snowpack and subse­
quent snowmelt that results in spring runoff and soil 
water recharge of many western U.S. watersheds is 
declining (McCabe and Clark 2005. Mote et al. 2005). 
The result is a potential decline in the water availability 
that supports native riparian vegetation. Combined with 
warmer and drier growing-season temperatures that are 
forecasted for the Southwest, climate change is expected 
to pose a considerable threat to the current composition 
of these forests.

Cottonwood and willow species may have different 
sensitivities to changes in stream regulation, climate, and 
groundwater depth. Riparian willow species are obligate 
phreatophytes (Snyder and Williams 2000); their root 
systems extract nearly all of their water for transpiration 
from the water table. Riparian willows, therefore are 
typically restricted to immediate stream margins or 
where groundwater is shallow and temporally reliable. 
Cottonwood species, on the other hand, are more 
facultative, and extract some water from shallower 
unsaturated zones within the soil profile in locations 
where groundwater is less dependent (Snyder and 
Williams 2000. Butler et al. 2007). This allows cotton­
wood trees to occupy areas where groundwater is 
spatially and temporally less reliable.

The rate in which plants extract and transpire water 
from the soil has direct consequences on plant perfor­
mance and productivity. N ot only is the amount of 
water used by plants directly proportional to carbon 
uptake (Enquist 2002). transpiration varies considerably 
depending on plant responses to disturbance, land-use 
change, and climate change. M ature cottonwood/willow 
trees require high rates o f transpiration to support their 
large canopies and the fast growth necessary to compete 
in highly productive environments (Schaeffer et al. 2000. 
Hultine et al. 2007a. Nagler et al. 2007). Measurements 
of transpiration fluxes have previously been used to 
gauge the sensitivity of cottonwood/willow stands to 
changes in streamflow and groundwater depth 
(Schaeffer et al. 2000. Horton et al. 2001a. Baird et al. 
2005. Gazal et al. 2006). Relative to other co-occurring 
tree species, including tamarisk, transpiration rates of 
both cottonwood and willow have been shown to decline 
spatially with soil water availability (Horton et al. 
2 0 0 1 a). and intra-annually from wet years to dry years 
(Horton et al. 2001a). Moreover, large amounts of 
canopy dieback in riparian cottonwood and willow have 
been correlated with steep declines in leaf-level transpi­
ration during a single dry year (Scott et al. 1999. Horton 
et al. 2001a. Cooper et al. 2003). Nevertheless, there is 
still a considerable lack of information on how water use 
and productivity of mature cottonwood and willow 
stands respond to rapid declines and recovery of soil 
water availability over multiple years.

In this paper, we report results from a four-year study 
(2004-2007) conducted on m ature co-occurring 
Fremont cottonwood (Popuhis frem ontii) and coyote 
willow (Salix exigua) trees occurring near Salt Lake 
City. Utah. USA. The trees were located on a delta on 
the inlet of a dammed reservoir in the Red Butte Canyon 
Research N atural Area along the front range of the 
W asatch Mountains. During the spring of 2005. the 
reservoir was drained to reconstruct the dam  that 
supports the reservoir and remained empty until mid­
summer of 2006. The reconstruction of the dam 
effectively removed the primary water source for the 
trees for nearly all of one growing season (2005) and 
most of the following growing season (2006). Although 
community- and population-level responses of cotton­
wood/willow forests to water diversions and drought 
have been well documented, few studies have compre­
hensively investigated the associated physiological re­
sponse of these forests to soil water depletion. Our goal 
was to take advantage of the dam reconstruction and 
subsequent draining of the reservoir to ( 1) investigate 
the physiological response of Fremont cottonwood and 
coyote willow to severe declines in available soil 
moisture over two consecutive growing seasons and to 
(2 ) investigate the physiological recovery of both  
cottonwood and willow during a full growing season 
(2007) after the refilling of the reservoir. We measured 
stem sap flux, leaf carbon isotope ratios and chemistry, 
leaf water potentials, and tree ring widths to gauge 
species responses to long-term soil water loss and 
drought recovery potential.

M a te r ia ls  an d  M ethods 

Study area

Research was conducted from July 2004 through 
September 2007 in the Red Butte Canyon Research 
Natural Area (RBC) east of Salt Lake City. Utah. USA. 
The research area was near the inlet of an artificial 
reservoir constructed near the mouth of Red Butte 
Canyon (40o46 '45.0r' N. 111°48'29.73" W. elevation 
1640 m). Extensive flooding from spring runoff during 
the 1983 and 1984 El Nino years caused upstream 
erosion that resulted in the development of a large delta 
composed of sandy loam soils at the inlet of the reservoir 
where stands of Fremont cottonwood (Populus fremontii 
Wats.) and coyote willow (Salix exigua Nutt.) quickly 
established. The reservoir is fed by a perennial stream 
that flows —30 m south of the cottonwood/willow stand. 
The reservoir was temporarily drained in the spring of 
2005 by the Central U tah W ater Conservation District. 
Draining commenced in mid-April before cottonwood/ 
willow leaf flush and was completed in late June. 
Construction of the dam was completed the following 
summer and the reservoir was completely refilled to 
previous levels by mid-August 2006.

Ten mature Fremont cottonwood and coyote willow 
trees were selected for study. Each tree was dominant or 
codominant within the stand and had little or no visible
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signs of canopy dieback. Diameters at breast height 
(dbh) at the beginning of the study ranged from 14.2 to 
25.4 cm (m ean=  18.6 cm) for cottonwood trees and 9.0 
to 16.6 cm (mean =  12.3 cm) for willow trees.

Meteorological and volumetric soil 
moisture measurements

Climate within RBC is characterized by hot, dry 
summers and long, cold winters. M ost precipitation falls 
during the winter and spring with some precipitation 
falling during the summer m onsoon season (July- 
September). Mean annual precipitation at the mouth 
of the canyon is —500 mm (Ehleringer et al. 1992). Mean 
monthly air temperature at the mouth of the canyon 
ranges from about —2°C in January to ~25°C in July 
(Ehleringer et al. 1992). Relative humidity, air temper­
ature, and photosynthetic active radiation were mea­
sured continuously at the reservoir over the duration of 
the investigation. Relative humidity and air temperature 
were measured with a Vaisala HM P 45 AC humidity and 
temperature probe (Vaisala, Woburn, Massachusetts, 
USA) placed —2 m above the ground surface. 
Photosynthetic active radiation (O) was measured with 
a LI-COR LI-190SZ quantum sensor (LI-COR, Lincoln, 
Nebraska, USA). Micrometeorological data were mea­
sured every 30 s and stored as 10-min means with a 
Campbell CR10X-2M data logger (Campbell Scientific, 
Logan, U tah, USA). Measurements o f relative humidity 
and air temperature were used to calculate atmospheric 
vapor pressure deficit (vpd).

A  frequency domain capacitance probe (Paltineanu 
and Starr 1997) was used to monitor volumetric soil 
moisture (0) at four depths concurrently from June 2005 
through September 2006. The probes contained four 
annular capacitance sensors (Sentek PTY, Adelaide, 
Australia) mounted on a single plastic manifold, and 
were placed in a weatherproof PVC access tube installed 
in the center o f the cottonwood/willow stand. The 
sensors were mounted at depths of 10, 20, 40, and 60 cm 
within the soil profile. Measurements were recorded 
every 30 s and stored as 30-min means with a Campbell 
CR10X-2M data logger. Each sensor was calibrated in 
the laboratory to locate the air and water frequency 
reading endpoints for determination of the normalized 
frequency. A t the conclusion of the study, the sensors 
were calibrated at multiple volumetric soil moistures 
using soil from the field site.

Sap flux density and sapwood area measurements

Granier-type sensors (Granier 1987, Hultine et al. 
2007ft) were constructed in the laboratory to measure 
sap flux density, Jh (grams of water per square meter of 
sapwood per second). Each sensor consisted of a pair of 
20  mm long, 2 mm diameter stainless steel probes 
inserted —15 cm apart along the axis of the hydroactive 
xylem (i.e., sapwood). A  single sensor was inserted in 
each tree at —1.5 m above the ground. Azimuth 
direction of each sensor was randomly selected to

eliminate potential biases due to nonuniformity in sap 
flux around the stem. The upper probe (i.e., toward the 
canopy) was supplied with constant power of 200 mW, 
and the temperature difference between the heated 
(powered) probe and the lower, unheated reference 
probe was converted to sap flux density according to 
Granier (1987):

/, = 0 .0 1 1 9 ( ^ - l )  (1)

where A T  is the temperature difference between the 
heated and unheated probes and AT0 is the temperature 
difference obtained under 0 flow conditions. We 
assumed that 0  flow only occurred at night when vpd 
was at or near 0. A t the conclusion of each growing 
season, the sensors were removed and new sensors were 
installed the following spring at different locations on 
the stem. Sap flux was measured in 2004 from 18 July 
(DOY 199) through 1 September (DOY 244), and in 
2005, 2006, and 2007 from late May through 1 
September. (Cottonwood and willow trees in RBC both 
show signs of senescence in early September.)

Discrete measurement periods were used to compare 
patterns of sap flux before and after the reservoir was 
drained. Sap flux measured in May and June of 2005 
was compared with measurements conducted in May 
and June of 2007 to gauge the recovery of tree water use 
during the early growing season. Sap flux measured in 
August 2004 was compared to measurements conducted 
in August of 2007 to gauge the recovery of tree water use 
during later periods of the growing season (sap flux in 
August 2005 and 2006 was likely affected by reservoir 
draining). Mean daytime sap flux density was calculated 
in order to correlate with mean daytime vpd, O, and 0 . 
Daytime hours were defined by the period when O was 
> 1 0  |imol-irT2-s_1.

Sapwood area was measured for each tree in 2004 and 
in 2007 by determining the relationship between stem 
diameter (D) at 1.5 m above the ground and sapwood 
area. Sapwood area (A J  was obtained from two cores 
per tree by first determining the inside bark diameter, 
then determining the depth of hydroactive xylem by 
measuring the length of translucence of each core 
(Pataki et al. 2000, Hultine et al. 2007ft), then 
subtracting the sapwood area from the total stem 
cross-sectional area. Sapwood area to stem diameter 
relationships were determined using a power function:

As = b , X  Db- (2)

where b\ and b2 are fitting parameters.

Xylem water potential measurements

Xylem water potential measurements were performed 
on trees that were instrumented with sap flux sensors. 
Leaf water potential (*P) was measured using a 
Scholander-type pressure chamber (PMS Instruments, 
Corvallis, Oregon, USA) in mid June, July, and August 
of 2005, 2006, and 2007. A  single shoot tip from each of
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the six trees was cut with a sharp razor blade and 
measured at predawn ('Fpd) between 02:00 and 04:00 
hours and at midday (lFmd) between 11:00 and 13:00 
hours.

Hydraulic conductance from the soil to the leaves (At) 
was calculated by dividing by the water potential 
difference between 'Fpj and 'Fmd. Here we assume that 
'Fpd is equal to soil water potential, although disequi­
librium may occur between both variables (Donovan et 
al. 1999). In this case, A, would be overestimated.

Leaf<)L'C. and leaf nitrogen

Leaf carbon isotope ratios (SI3C, %>) were measured 
to assess the relative balance between the supply of CO2 

via leaf conductance and the demand for CO 2 by 
photosynthetic enzymes. Specifically, decreases 111 sto- 
matal conductance and/or increases 111 photosynthetic 
capacity (from increased leaf N  content) will result 111 

reduced fractionation against l3C and less negative 
values of leaf 8 I3C (Eiileringer 1991). Leaf carbon 
isotope ratios o f bulk leaf tissue (SI3C, %0), and leaf 
nitrogen content per unit leaf mass (Nmilss, mg/g) were 
measured 111 leaves collected from each tree 111 August of
2004, and June, July and August of 2005, 2006, and 
2007. The most recent fully expanded sun leaves were 
collected from the south side of the canopy from 4 m 
heights with a pole pruner. Leaves were then oven dried 
for 72 hours at 70°C, ground to a fine powder, and 
analyzed for nitrogen content and carbon isotope ratios 
using an elemental analyzer (Carlo Erba, Model 1108, 
M ilano, Italy) coupled with a Finiiigan MAT delta S 
isotope ratio mass spectrometer (San Jose, California, 
USA) at the Stable Isotope Ratio Facility for 
Environmental Research (SIRFER) Lab, at the 
University o f U tah (Salt Lake City, U tah, USA). 
Carbon isotope ratios were calculated using 8 notation:

8 =  ( ^ 3 1 -  A  X 10 0 0  (3 )

where R  is the ratio o f the heavy isotope (l3C) to the 
lighter isotope (l2C), and the standard was Vienna Pee 
Dee belemnite (V-PDB). The instrument error (twice the 
standard deviation) associated with each observation 
was ± 0 . 1%,,.

Tree ring width measurements

Tree ring widths were measured to assess radial 
growth variations 111 response to mean growing season 
(May-September) vapor pressure deficit and groundwa­
ter removal from draining of the reservoir. A single core 
was extracted from the south side of each tree at breast 
height using a 12 mm diameter increment borer. The 
cores were placed 111 a coin envelop and dried for 72 
hours at 70°C. The cores were sawed 111 half with a band 
saw then sanded with sand paper. The half cores were 
scanned 011 a flatbed scanner (Epson Perfection 2400 
Photo, Epson America, Long Beach, California, USA). 
Scanned images were imported into NIH  Image J v l .351

(available online) for measurement o f individual widths. 2 

Cores were cross-dated to account for any false rings, 
and whole ring widths (early wood plus latewood) were 
measured to the nearest 0 .1  mm.

Statistics

Regression analysis was performed to relate Jh o f each 
species to vpd, Q, and 0. Intra-annual variance 111 Jh 
response to vpd, Q, and 0 were analyzed using analysis 
o f covariance (ANCOVA), where vpd, Q and 0, and 
vpdxQ were used as independent variables 111 the 
regression equation for each species. Iiiterannual vari­
ance o f Jh response to vpd was analyzed using 
ANCOVA, where year, vpd, and yearXvpd were used 
as independent variables 111 the regression equations for 
each species. Iiiterannual differences between and D 
were tested for each species using ANCOVA, where 
year, D, and yearXD  were used as independent variables. 
Iiiterannual differences 111 leaf water potential, A:t, 8 I3C, 
and N milss were analyzed for each sampling period and 
for each species using least square differences (LSD) 
tests. Species differences 111 J„ response to changes 111 

mean 0 was tested using ANCOVA, where species, 0, 
and speciesXO were used as independent variables. 
Species differences 111 At, 8 I3C, N milss, and tree ring 
widths were assessed by repeated-measures analysis of 
variance (MANOVA) where multiple measurements 011 

a given plant constituted the repeated variables (Potvin 
et al. 1990). I11 each analysis the main effect o f species 
was tested as a between-subjects effect. Species differ­
ences 111 At, 8 I3C, and N milss, and ring widths during 
individual sampling periods were tested using Student’s t 
tests. JM P 7.0 (SAS institute, Cary, N orth Carolina, 
USA) was used for all statistical analysis, with P <  0.05 
as the significance level.

R esults

Volumetric soil moisture and leaf water potentials

M easurements o f volumetric soil moisture com ­
menced 011 14 June 2005 (DOY 165). By this time, 
volumetric soil moisture (0) was rapidly declining 111 

response to the draining of the reservoir (Fig. la). Mean 
0 from all depths decreased from a high of 15.8% 011 

June 14 to 7.7%; 011 1 September (DOY 244), about the 
time leaves o f both cottonwood and willow trees began 
to senesce. Mean volumetric soil moisture (0) recovered 
111 the following spring (2006) from snowmelt before 
reaching a low of 8.7% 011 July 30 (Fig. lb). The 
reservoir was refilled 111 late July and 0 at 20, 40, and 60 
cm depths subsequently recovered to pre-drained levels 
by mid-August (Fig. lb).

Leaf water potential at predawn ('FPd) of both species 
were higher (less negative) 111 June 2005 than at any 
other time during the investigation: —0.18 ± 0.04 and 
-0 .20  ± 0.03 MPa (mean ± SE) for cottonwood and

2 (http://rsb .info .n ih .gov/ij/)

http://rsb.info.nih.gov/ij/
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l 'ia . 1. Volumetric soil water content (0) measured during 
the 2005 and 2006 growing seasons near the inlet of the Red 
Butte Canyon reservoir, near Salt Lake City. Utah. USA. Day 1 
of the year is 1 January. A frequency domain capacitance probe 
containing four annular capacitance sensors (Sentek PTY. 
Adelaide. Australia) was used to measure 0 at 10. 20. 40. and 60 
cm depths. Soil moisture progressively declined during the 2005 
growing season in response to the reservoir draining. Soil 
moisture recovered in 2006 after the reservoir was refilled to 
previous levels on about day 220.

willow, respectively. At this time, mean 0 in the upper 60
14.6%. M ean 'Pp,, ofcm o f the soil profile was 

cottonwood dropped to —0.55 ±  0.04 MPa in July and
— 1.00 ±  0.08 MPa (mean ±  SE) in August 2005 (Fig. 2).

M ean 'Pp,, in July 2005 was significantly lower than 'Pp,, 
in July 2007 (P =  0.0037: Table 1), while August 2005 
values were much lower than either 2006 (P  < 0.0001) or 
2007 (P < 0.0001), periods after the reservoir was 
refilled. In contrast to cottonwood, willow did not show 
a steep decline in mean 'Pp,, in response to reservoir 
draining (Fig. 2), although 'Pp,, in July 2005 and 2006 
were lower than in 2007 (P =  0.0046 for 2005-2007 and 
P  =  and 0.0011 for 2006-2007: Table 1). There were no 
dillerences detected among the three years in August 
(Fig. 2, Table 1). Mean 'Pp,, in 2005 was significantly 
lower in cottonwood than willow in July (P  =  0.0056) 
and August (P  <  0.0001). M ean water potential at 
midday ('Pn„,) remained static in both species through­
out the investigation, with the exception that 'Pn„, o f 
cottonwood was slightly lower in August 2006 than in
2005 (P =  0.013: Fig. 2, Table 1).

Sap flux density, sapwood area, and whole-plant 
hydraulic conductance

The relationship between sap flux density (Js) and 
mean weighted (weighted mean of all depths) 0 was 
nonlinear, and therefore J s was fitted against ln(0). 
Cross-correlation analysis was performed to test the 
sensitivity of J s to 0 for both cottonwood and willow 
independently. Sap flux o f cottonwood trees was best 
coupled to soil moisture when 0 dropped below 1 2 %, 
while Js of willow was best correlated with soil moisture 
when 0 dropped below 13%. M ean daytime Js o f 
cottonwood dropped sharply when mean 0 fell below 
12% (R 2 =  0.85, F\ 52 =  340.0, P  <  0.0001: Fig. 3). In 
fact, Js fell by a factor o f seven from —70 to 10 g-m 2-s 1 

(Fig. 3) as mean 0 fell from 12% to 7%. On the other 
hand, willow was far less sensitive to soil moisture 
depletion than cottonwood (i.e., the interaction species 
X 0: F |. i 24  =  188.24, P  <  0.0001): J ,  of willow only fell 

•s_l when 0 dropped from 13% to 
= 29.4, P  <  0.0001: Fig. 3).

from 35 to —25 g-m 
1% (R 2 =  0.31, F,.62:

1-kj. 2. Predawn (1P p(i) and midday ( ‘P,,,,]! leaf water potential of m ature Fremont cottonwood (Populus fremontii: n = 6) and 
mature coyote willow (Salix exigua; n = 6) for trees occurring near the inlet of the Red Butte Canyon reservoir. Data points 
represent mean ±  SE. Leaf water potentials were measured in mid June. July, and August o f each year. 2005-2007 (a-c). Shaded 
blocks represent periods when volumetric soil moisture (0) fell below 12% in response to the removal of the reservoir.
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T able 1. Monthly probability values from least square difference tests of plant traits measured during three consecutive growing 
seasons on Femont cottonwood (Poputus fremontii) and covote willow (Scilix extern) in Red Butte Canvon Research Natural 
Area. Utah. USA.

Tree species, date H'pd H'md H'pd -  H'md ky 8,3C N111 mass

Cottonw'ood
June

2005 2006 0.13 0.09 0.32 0.29 0.19 0.73
2005-2007 0.0290* 0.64 0.69 0.09 0.16 0.10
2006 2007 0.43 0.20 0.17 0.0104* 0.91 0.0483*

Julv
2005 2006 0.82 0.88 1.00 0.0147* 0.0215* 0.6
2005-2007 0.0037** 0.67 0.23 0.47 0.58 0.79
2006 2007 0.0023** 0.56 0.23 0.07 0.0058** 0.43

August
2005 2006 <0.0001*** 0.013* <0.0001*** 0.09 0.08 0.26
2005-2007 <0.0001*** 0.12 0.0002*** 0.80 0.0018** 0.0062**
2006 2007 0.0085** 0.27 0.0482* 0.0393* 0.119 0.08

Willow
June

2005 2006 0.0124* 0.26 0.68 0.08 0.13 0.25
2005-2007 0.40 0.59 0.76 0.93 0.71 0.63
2006 2007 0.07 0.55 0.92 0.0454* 0.23 0.48

Julv
2005 2006 0.49 0.91 0.95 0.0025** 0.87 0.85
2005-2007 0.0046** 0.74 0.60 0.83 0.09 0.61
2006 2007 0.0011** 0.66 0.56 0.0034** 0.06 0.47

August
2005 2006 0.10 0.96 0.55 0.10 0.50 0.63
2005-2007 1.00 0.26 0.18 0.06 0.06 0.11
2006 2007 0.10 0.28 0.06 0.0010*** 0.0128* 0.26

Notes: Measurements include predawn leaf water potential (Vpd). midday leaf water potential (Vmj). predawn leaf water 
potential minus midday leaf water potential (V pj  -  Vmj). w'hole-plant hydraulic conductance (ky). bulk leaf carbon isotope ratios 
(8k'C). and leaf nitrogen per unit mass (N m.iss).

* P < 0.05; ** P < 0.01; *** P < 0.001.

Gray bars in Fig. 4 show periods during the 2005 and
2006 growing seasons when mean 0 fell below 1 2 % in 
response to reservoir removal. A  depression in ,/s was 
clearly visible in cottonwood during the 2005 and 2006 
growing seasons in response to reservoir draining (Fig. 
4). No obvious pattern emerged in willow during 
periods of reduced soil moisture (Fig. 4). However, 
mean daytime ,/s o f willow during May and June (days 
147-181) was on average 14% lower in 2006 than in 2005 
(Fig. 4), despite a 29% higher mean daytime vpd during 
this period in 2006 compared to 2005 (data not shown).

We used a multivariate model (ANCOVA) to test the 
sensitivity of ,/s to abiotic variables 0, vpd, Q, and 
vpdx£> during the 2005 and 2006 growing seasons. Sap 
flux of cottonwood in 2005 was well correlated with both 
soil moisture (F\^> =  50.97, P <  0.0001) and atm o­
spheric vpd (F uy) =  19.68, P <  0.0001), and was 
marginally correlated with photosynthetic active radia­
tion (F j ,59 =  3.45, P =  0.068), and the interaction vpdx£> 
( ^ , 5 9  =  6.02, P =  0.0173; Table 2). In other words, 0 had 
the greatest influence on ,/s, but soil moisture depletion 
did not completely decouple ,/s from atmospheric drivers 
vpd and Q. Conversely, cottonwood ,/s was completely 
decoupled from vpd in 2006 (F h95 =  1.11, P =  0.29), 
while it was tightly coupled to 0 ( Fi95 =  80.37, P < 
0.0001; Table 2). Soil moisture in 2005 had no effect on 
willow ,/s (Fu ,3 =  0.38, P =  0.54). Instead, ,/s was coupled

80

o ------ 1------ 1------ 1------ 1------ 1------ 1------ 1------
6 7 8 9 10 11 12 13 14

Volumetric soil moisture (cm3/cm3)

Fig. 3. Stem sap flux density (Js) of Fremont cottonwood 
trees (n = 10) and coyote willow trees (n = 10) in relation to 
volumetric soil moisture (0) during the 2005 growing season. A 
sensitivity analysis showed that Js of cottonwood was best 
coupled to soil moisture when 0 was below' 12% ( R1 = 0.85. P < 
0.0001). while willow was best coupled to 0 below' 13% (R~ = 
0.31. P < 0.0001). At higher soil moistures. of both species 
W'as primarily coupled to atmospheric vapor pressure deficit 
(vpd). F.rror bars represent ±SF..
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Fia. 4. (Top row) Mean davlimc atmospheric vapor pressure deficit (vpd), (middle row) mean daytime stem sap flux density 
( / s) of mature Fremont cottonwood trees ( n— 10 trees), and (bottom  row) mean daytime sap flux density of coyote willow trees (n — 
10 trees) occurring near the inlet of the Red Butte Canyon reservoir near Salt Lake City, Utah, USA. Shaded blocks represent 
periods when 0 fell below' 12% in response to the removal o f the reservoir. Error bars represent ±SF..

to atmospheric drivers vpd =  9.01. P = 0.0039) and 
Q (Fl bi = 6.82, P = 0.0! I; Table 2). In 2006, willow / ,  
was coupled to 0 (F i .s5 =  8.I9, P = 0.0052), but was still 
more highly correlated with vpd (Fi.as =  15.45, P = 
0.0002) and Q (Fl35 = 13.95, P = 0.0003).

The reservoir was refilled in August 2006, and 0 was 
restored to pre-drained levels before the end of the 
growing season (Fig. I). We therefore set out to test if 
there were any residual effects in 2007 from soil moisture 
depletion the previous two years by measuring the 
relationship between and vpd before and after 
reservoir water removal. The relationship between sap 
flux density (/,)  and vpd was nonlinear and was

therefore fitted with an exponential saturation model:

Jh = b]( 1 — e A’vpd) (4)

where hi and b2 are fitting parameters. The relationship 
between vpd and mean / ,  during June 2007 did not vary 
in either species from the relationship measured in June 
2005, before soil moisture depletion (P = 0.64 for 
cottonwood, and P =  0.33 for willow; Fig. 5). Mean / ,  in 
both species was well correlated to vpd during both 
months (Fig. 5). For cottonwood, R2 = 0.70 in 2005 
(P <  0.0001) and R2 = 0.72 in 2007 (P <  0.0001). In 
willow, R2 = 0 .81 in 2005 (P <  0.0001) and R2 = 0.75 in 
2007 (P <  0.0001).

T abi f 2. F values from ANCOVA of mean daytime sap flux density ( / s) against volumetric soil 
moisture (0), mean daytime atmospheric vapor pressure deficit (vpd), mean daytime 
photosvnthctic active radiation ( 0 ,  and vpd X Q.

Tree species, year 0 vpd Q vpd X Q df

Cottonwood
2005 50.97*** 19.68*** 3.45 6.02* 1, 59
2006 80.37*** 0.29 13.43** 0.90 1, 95

Willow
2005 0.38 9.01* 6.82* 0.05 1, 63
2006 8.19* 15.45** 13.94** 0.01 1, 95

* P < 0.05: ** P < 0.001: *** P < 0.0001.
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F ig. 5. Stem sap flux density («/„) in relation to atmospheric 
vapor pressure deficit (vpd) during late May and June 2005 and 
2007 for (a) mature Frem ont cottonwood trees (n — 10) and (b) 
mature coyote willow trees (n — 10). Error bars represent ±SE.

On the other hand, late-season differences were 
detected between years when J s in August 2004 was 
compared to August 2007 (Fig. 6 ). M ean Js in 
cottonwood was actually higher in 2007 than in 2004 
(F i ,52 =  221.68, P <  0.0001), Moreover, the interaction 
vpdXyr was significant (FLS2 = 4.11, P =  0.0482), 
meaning that the slopes varied between the two years 
(Fig. 6 a). Unlike the early growing season in June, mean 
Js in August was only moderately correlated to vpd: R2 = 
0.29 (P = 0.004) and R2 = 0.36 (P = 0.001) for 2004 and
2007, respectively. Mean J s in willow was also different 
between years, but in this case, fluxes were slightly higher 
in 2004 (P =  0.039; Fig. 6 b). The model yielded a weak 
correlation between Js and the interaction vpdXyr (P = 
0.030). M ean J s in 2004 was moderately correlated with 
vpd: R2 =  0.46 (P = 0.001; Fig. 6 b). However there was 
no significant relationship between mean Js and vpd in
2007 ( R2 = 0.003, P = 0.77; Fig. 6 b).

Seasonal and interannual patterns of whole-plant 
hydraulic conductance (A|) were highly variable in both 
species. Whole-plant conductance was highest in both 
species in July 2005 and was lowest in August of 2006 
(Fig. 7). There were no differences in k i between 
measurements in June 2005 and June 2007 for either 
species (see Fig. 7d), suggesting that the hydraulic 
pathways of both species recovered after two seasons of 
decreased soil water levels. Both species had similar 
whole-plant conductance at the onset and conclusion of 
the investigation (P = 0.60 and P = 0.83 for June 2005 
and August 2007, respectively). However, species 
differences were detected during June 2006; cottonwood 
had 48% higher k , than willow (P = 0.006; Fig. 7b).

There was a significant decrease in the am ount of 
sapwood area to per unit stem diameter from 2004 to 
2007 in both cottonwood (F , J9  =  135.5, P = 0.0001; 
Fig. 8a) and willow (F u 9  =  71.9, P < 0.0001; Fig. 8b). 
Likewise, the ratio of sapwood area to cross-sectional 
stem area (/ls:.'lsl) was significantly lower in 2007 than in

a) Cottonwood

£
CD 

>■ 0
c  b) Willow
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F ig. 6. Stem sap flux density (/,)  in relation to atmospheric 
vapor pressure deficit (vpd) during August of 2004 and 2007 for 
(a) mature Fremont cottonwood trees (n — 10) and (b) mature 
coyote willow trees (n — 10). Error bars represent ±SE.
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Fia. 7. Whole-plant hydraulic conductance (At) o f mature Fremont cottonwood (n = 6) and mature coyote willow (n = 6) trees 
occurring near the inlet o f the Red Butte Canyon reservoir near Salt Lake City. Utah. USA. Hydraulic conductance was measured 
in mid June. July, and August o f  each year. 2005-2007 (a-c). (d) Direct comparison of hydraulic conductance in June 2005. before 
the reservoir was drained (solid bars), and hydraulic conductance in June 2007. after the reservoir was refilled (open bars), for both 
cottonwood (PF-) and willow (SE). Error bars represent ±SE.

2004 for both species (FU9 = 20.30. P = 0.0003 for 
cottonwood; F U9 = 6.61. P = 0.0192 for willow; Table 
3). The lower sapwood area suggested that the stem 
conductance (A\.) may have declined in both species 
during decreased soil water levels.

Leaf'8J3C. leaf nitrogen, and tree ring widths

M ean 8 I3C of leaves from both species showed intra- 
and interannual variation. M ean 8 I3C generally in­
creased in 2005 and 2006 before values progressively 
decreased in 2007 (F2J1 = 18.29. P < 0.0001. repeated 
measures of 2007 data; Fig. 9). In cottonwood, for 
example. 8 I3C was significantly higher (less negative) in 
July of 2006 than either July 2005 or 2007 (Table 1). and 
was higher than any other period, indicating that these 
leaves experienced the greatest drought stress during the 
investigation (Fig. 9). Willow also had higher leaf 8 I3C 
values throughout 2006. before decreasing in 2007.

There was no relationship between 8 ' C and leaf 
nitrogen per unit mass (NmajJ  of cottonwood leaves 
(Fi.88 =  1.08. P =  0.30. data not shown), indicating that 
seasonal and interannual variation in 8 I3C was primarily 
caused by changes in stomatal conductance and not 
changes in photosynthetic capacity. 8 I3C was weakly 
correlated with N mâ  in willow (Fx Ss =  4.65. P =  0.034. 
data not shown). However. N ma^  did not vary 
throughout the experiment (Table 1). suggesting that 
interannual variation in 8 I3C was also driven by 
variation in plant water status.

Both species exhibited similar leaf 8 I3C values 
throughout the investigation (FXM =  0.16. P =  0.69 
from repeated measures), although the interaction time 
X species was significant (Faj  i =  3.27. P =  0.0363. from 
repeated measures). Species differences were only 
detectable in August 2006. where 8 I3C in willow was 
0.9%o less negative than cottonwood (P =  0.0453).
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Fig. 8. Sapwood area (A,) in relation to stem diameter (D) 
o f (a) mature Frem ont cottonwood (n = 10) and (b) mature 
coyote willow (n = 10) trees occurring near the inlet o f the Red 
Butte Canyon reservoir near Salt Lake City, Utah, USA. 
Relationships were determined from stem cores collected at the 
end of the 2004 and 2007 growing seasons.

indicating that willow experienced greater drought stress 
in late 2006 than cottonwood.

Tree ring growth

Mean annual tree ring growth was substantially 
higher in cottonwood than in willow ( F | j 7 =  13.44, 
P =  0.0002, from repeated measures; Fig. 10), although 
annual patterns of mean tree ring growth were similar 
between species (F} , )5 =  1.89, P =  0.17, from repeated 
measures). Whole-wood tree ring growth in both

cottonwood and willow was substantially reduced 
during the 2005 and 2006 growing seasons compared 
to the previous year (Fig. 10), even though mean vapor 
pressure deficit during the growing seasons (M ay- 
September) were similar during the three years (data 
not shown). Radial growth in cottonwood was 7.7 ± 
1.12 and 7.8 ± 0.95 mm in 2005 and 2006, respectively, 
while radial growth in 2004 was 11.3 ± 1.04 mm (mean 
± SE, for all data shown). Despite the steep drop in
2005 and 2006, mean radial growth rebounded in 2007 
to 11.0 ± 1.05 mm, while growing season vpd was 
actually 8-30% higher in 2007 than either o f the 
previous three years. Mean tree ring growth in willow 
was 3.2 ±  1.06 and 3.1 ± 0.90 mm in 2005 and 2006, 
respectively, down from 5.1 ± 0.99 mm the previous 
year (Fig. 10). Mean radial growth in 2007 rebounded to 
4.0 ± 0.99 mm in willow, slightly lower than in 2004 
(Fig. 10).

D iscussion

Riparian cottonwood/willow (in this case Freemont 
cottonwood [Populus fremontii] and coyote willow [Salix 
exigua]) forests are among the most threatened forest 
types in the United States (Stromberg 1993, Webb et al. 
2007). Accordingly, intensive research has been con­
ducted on the sensitivity of cottonwood and willow to 
multiple global change processes including climate 
change, land-use change, and exotic species invasions. 
Above all, changes in soil water availability appear to 
have had, or continue to have the greatest negative 
impact on cottonwood/willow growth, survival, and 
fitness (Mahoney and Rood 1992, Stromberg 1993, 
Patten 1998, Scott et al. 1999, Shafroth et al. 2000, 
Horton et al. 2001a, b, Lite and Stromberg 2005). 
Despite the wealth of literature on this subject, there is 
still a considerable lack of information on the whole- 
plant physiological responses of cottonwood and willow 
to interannual and intra-annual declines and recovery of 
water availability (but see H orton et al. 2001a, b). The 
temporary removal of water from the reservoir described 
in the present study was analogous to soil water deficits 
caused by human groundwater pumping, stream diver­
sion, or from long-term drought. Results from this 
investigation build on previous research of cottonwood 
and willow sensitivity to soil water deficits, and greatly

Table 3. Sapwood depth (Ls), ratio of cross-sectional sapwood area to cross-sectional stem area (y(s:/(sl), and regression 
coefficients for predictions o f cross-sectional sapwood area generated from tree diameters (/)).

'Tree species, year D (cm) L„ (cm) Az.An (c im cirr) h, hi R-

Cottonwood
2004 12.20 25.40 5.75 (0.33) 0.77 (0.01) 0.82 1.90 0.98
2007 18.75 33.50 4.94 (0.25) 0.61 (0.03) 1.47 1.64 0.90

Willow
2004 8.80 16.60 3.14 (0.29) 0.65 (0.03) 0.46 2.04 0.97
2007 10.90 21.75 2.62 (0.30) 0.53 (0.04) 0.54 1.90 0.85

Notes: Tree depth and area measurements are means (with Sli in parentheses). The range of tree diameters, measured 1.5 m 
above the ground, is given. For each year and species, n =  10 trees. See liqs. 2 and 4 for details on regression.
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F ig. 9. Bulk leaf carbon isotope ratios (8 '€ )  of mature Fremont cottonwood (n — 10) and mature coyote willow (n — 10) trees 
occurring near the inlet of the Red Butte Canyon reservoir near Salt Lake City. Utah. USA. Ratios were measured from leaves 
collected in mid June. July, and August o f each year. 2005 2007 (a c). Error bars represent ±SE.

improve our ability to predict global changc impacts on 
water cycling and productivity of dominant riparian 
vegetation. Moreover, this investigation sheds light on 
the potential ccohydrological feedbacks associated with 
temporal variation o f plant water availability in riparian 
habitats.

Species response to reservoir water removal

As expected, both species demonstrated a significant 
negative response to reservoir water removal. However, 
drying in the upper soil layers initially had a much larger 
negative impact on cottonwood than on willow (Figs. 3 
and 4). Results arc consistent with previous reports 
showing that under certain conditions, cottonwood 
functions as a facultative phrcatophytc. meaning it often 
acquires at least some of its water for transpiration from 
shallow, sometimes un-saturatcd soil layers (Snyder and 
Williams 2000. Pataki ct al. 2005). On the other hand, 
riparian willow species arc obligate phrcatophytcs that 
typically only use groundwater even when shallow soil 
moisture is available (Snyder and Williams 2000).

Leaf water potential measured in 2005 also suggested 
that cottonwood was initially more negatively impacted 
by reservoir removal than willow. In June, when 0 in 
shallow soils was still above 14%. mean water potential 
predawn (lFrd) was about —0.2 M Pa for both species. In 
July, mean 'Fpd of cottonwood fell to —0.55 M Pa and in 
August. —1.00 M Pa (sec Plate 1). Conversely, mean 'Fpd 
o f willow never fell below —0.42 MPa. suggesting that 
enough moisture was stored in the deep soil to maintain 
a relatively favorable water balance throughout the 2005 
growing season.

On the other hand, willow appeared to be more 
negatively affected than cottonwood during the second 
growing season (2006) of reservoir removal, even though 
'Fpd values in 2006 were similar between species. For 
example. k t in June 2006 was 48% lower in willow than

in cottonwood despite having similar values during the 
same period in 2005. Likewise. 8 UC was 1%> higher in 
willow leaves in August compared to cottonwood leaves. 
Taken together, these results indicate that resistance 
along the soil-plant hydraulic pathway was higher in 
willow than cottonwood throughout much of the 2006 
growing season. The delayed negative response of 
willow suggests that the water table was significantly 
lower during the second year o f reservoir water removal. 
Although depth to groundwater was not measured, it is 
reasonable to assume that the water table declined while 
the reservoir was drained given that the height o f Red 
Butte Creek is —3 m lower as it flows through the delta 
than the height o f the reservoir when filled. The 
apparent partitioning o f cottonwood and willow root 
systems suggests that cottonwood has a greater sensi­
tivity to intcrannual changes in shallow soil moisture, 
while willow may be more sensitive to fluctuations in the 
depth to groundwater.

F ig . 10. Whole-tree ring widths o f m ature Frem ont 
cottonwood (n — 9) and mature coyote willow (n — 10) trees 
occurring near the inlet o f the Red Butte Canyon reservoir near 
Salt Lake City. Utah. USA. Error bars represent ±SE.
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Pi a t f  I. Photos of a mature cottonwood tree taken on 1 September 2005 (photo on left) and 1 September 2006 (photo on 
right). The cottonwood tree occurred at the inlet of a reservoir near Salt Lake City. Utah. USA. that was drained in the spring of 
2005 and remained empty until early August 2006. Total leaf area was noticeably lower in 2005. when the reservoir was drained and 
predawn leaf water potentials were at their lowest during the study, compared to 2006. when the reservoir was refilled and predawn 
leaf water potentials were significantly higher than in 2005. Photo credit: K. R. Hultine.

T h e  sim ilar 'P pd in  w illow  be tw een  2005 and  2006 are 
so m ew h at su rp ris in g  given th e  large  d ro p  in  k x in  2006 
re la tive  to  2005. O ne possib le  e x p la n a tio n  is th a t a sm all 
f ra c tio n  o f  w illow  ro o ts  w as still eq u ilib ra tin g  to  a 
red u ced  v o lu m e  o f  sa tu ra te d  soil in  2006. U n d e r  
h y d ro s ta tic  co n d itio n s , xylem  w ater p o ten tia l cou ld  
eq u ilib ra te  to  th e  w ettest soil layer even if  on ly  20%  o f  
th e  ro o t system  is loca ted  in  th e  w ettest layer (A m eglio 
et al. 1999). I f  a sm all frac tio n  o f  ro o ts  w ere still tap p ed  
in to  w et soils, th en  it is p lausib le  th a t  k ,  w ould  decrease  
w ith o u t a m easu rab le  d ro p  in  *Ppd.

W h o le -w o o d  tree rin g  analysis (early  p lus la tew o o d ) 
rev ea led  th a t  ra d ia l  g ro w th  w as 22 -3 0 %  less in  
c o tto n w o o d  an d  32 -4 0 %  less in  w illow  in  2005 and
2006 co m p ared  to  2004, th e  y ear p r io r  to  reservo ir 
d ra in in g , d esp ite  m o re  fa v o rab le  c lim ate  c o n d itio n s in
2005 an d  2006. S p rin g  ru n o ff  fro m  R ed  B u tte  C reek , a n  
estim a te  o f  snow  p ack , w as 77% , and  175% h ig h er in
2005 an d  2006, respectively , co m p ared  to  2004. M ean  
grow ing  seaso n  v a p o r  p ressu re  deficit (vpd) in  2005 was 
a b o u t the  sam e as 2004: 1.35 an d  1.32 M P a  fo r 2004 and
2005, respectively. T ak e n  to g eth e r, these d a ta  show  th a t 
re se rv o ir w a te r rem o v a l h a d  a s ign ifican t n eg ative

im p ac t o n  the  p ro d u c tiv ity  o f  b o th  c o tto n w o o d  and  
willow.

S p e c ie s  re co very  f r o m  re servo ir  w a te r re m o v a l

R ip a ria n  co tto n w o o d  and  w illow  species a re  h ighly 
suscep tib le  to  w ater-stress induced  xylem  cav ita tio n  
(P o c k m an  an d  S p erry  2000). M o reo v er, they  b o th  have  
d iffu se -p o ro u s  w o o d  a n a to m y . T h e  sign ificance  o f  
d if fu se -p o ro u s  w ood  is th a t  m u ltip le  g ro w th  rings 
c o n tr ib u te  to  th e  tra n sp o r t  o f  w a ter f ro m  th e  ro o t 
system  to  th e  can o p y . In  cases w here d ro u g h t- in to le ra n t, 
d iffu se -p o ro u s species a re  exposed to  significant w ater 
deficits, xylem  em bolism  m ay  accu m u la te  in  p rev ious 
y ea r 's  g ro w th  rings, th ereb y  in h ib itin g  w a ter tra n sp o rt 
th a t  w ou ld  o th e rw ise  o c cu r th ro u g h  th e  xylem . 
A lte rn a tiv e ly , xylem  em b o lism  m ay  be p a rtia lly  o r 
co m p le te ly  rev ersed  by refilling  o f  xy lem  c o n d u its  
d ep en d in g  o n  h y d ro sta tic  co n d itio n s  over seasonal o r 
d iu rn a l tim e scales (Salleo et al. 1996, H o lb ro o k  and  
Zw ieniecki 1999, T yree  et al. 1999). W e there fo re , set ou t 
to  test w hether c o tto n w o o d  an d  w illow  h a d  a p h y sio ­
logical “ m em o ry "  in  2007 o f  soil w a ter deficits d u rin g  
th e  tw o p rev io u s g row ing  seasons.
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W e fo u n d  no  evidence o f  low er m ean  d u rin g  the  
early  g ro w in g  season  (M a y -Ju n e )  in  2007 co m p ared  to
2005 fo r  e ith e r species. W illow  expressed  a m o d est 
decrease  in la te -g ro w in g  season  ,/s (A u g u st) in 2004 
co m p ared  to  2007, w hile la te -g row ing  seaso n  ,/s in 
c o tto n w o o d  w as actu a lly  h ig h er in  2007 co m p ared  to  
2004. T hese  d a ta  suggest th a t  lo n g -te rm  w a te r deficits 
did n o t resu lt in  significant seasonal changes in  s to m ata l 
co n tro l in  e ith e r species. L ikew ise, th ere  was no  evidence 
o f  low er rad ia l g ro w th  fo llow ing  reservo ir refilling. 
A g a in  co tto n w o o d  h ad  m ean  rad ia l g ro w th  in  2007 th a t  
w as equal to  ra d ia l g ro w th  in  2004, desp ite  2007 hav in g  
less th a n  h a lf  the  sp ring  ru n o f f  th a n  2004, and  m ean  
grow ing  seaso n  vpd th a t  w as 27% h ig h er th a n  in  2004.

C onverse ly , sapw ood  a rea  pe r stem  d iam e te r declined 
in b o th  species in  2007 re la tive  to  in itial m easu rem en ts  in
2004. R educed  sapw ood  m ay  be a fu n c tio n  o f  xylem  
cav ita tio n  in o ld er vessels o f  th e  sap w o o d . F o r  exam ple, 
o ld er vessels o f  Populus tremuloides n ear th e  b o u n d a ry  
o f  th e  h ea rtw o o d  h av e  th e  g rea tes t vu ln erab ility  w ith in  
th e  c ro ss-sec tional sapw ood  m atrix  to  cav ita tio n  (Sperry  
et al. 1991). T h e  occu rren ce  o f  xylem  c av ita tio n  and  
su b seq u en t em bo lism  m ay  in itia te  h e a rtw o o d  fo rm a tio n  
in w oo d y  stem s. W h eth er differences in a rea  o f  sapw ood  
to  a rea  o f  stem  (/I.,:/!.,,) in  the  p resen t s tu d y  w ere re la ted  
to  tw o  years o f  reserv o ir w a ter rem oval o r  changes in 
a llo m etry  d u rin g  stem  rad ia l g ro w th  are  unclear. W h at 
is c lear is th a t  a la rg e r cross-sec tiona l A s perm its a h igher 
stem  k  an d  th u s  m ain ten an ce  o f  a la rger le a f  a rea  per 
u n it stem  d iam e te r (G a rtn e r  1995).

W e did n o t tes t fo r  in tra -a n n u a l changes in  le a f  a rea  
d ue  to  th e  difficulty  o f  estim a tin g  le a f  a rea  o f  ind iv idual 
can op ies w ith o u t destru c tiv e  h a rv esting . N o r  did we 
explicitly  test fo r  in tra -a n n u a l differences in  sap  flow  due  
to  p o ten tia l changes in  ra d ia l ./s a t  sap w o o d  dep th s 
b e y o n d  th e  d e p th  o f  o u r  th e rm o m e tr ic  senso rs . 
H ow ever, i f  we assum e th a t ./s w as c o n s ta n t w ith  
sapw ood  d ep th , as p rev iously  rep o rted  in c o tto n w o o d s 
(L am b s an d  M u ller 2002), th en  changes in cou ld  
h av e  a m e a su ra b le  im p a c t o n  p la n t t ra n s p ira tio n . 
P o ten tia l d ifferences in  tra n sp ira tio n  a re  show n  fo r  b o th  
species in F ig . 11, w here  sap  flux density , m easu red  in 
Ju n e  2005 and  2007, w as d iv ided by  th e  ra tio  o f  
sa p w o o d  a re a  to  s tem  a rea  (./S:[^4S:^4S,]: T ab le  3), 
m ea su re d  in  th e  fa ll o f  2004 a n d  fa ll o f  2007, 
respectively. A nalysis o f  co v arian ce  revealed th a t  m ean  

n o rm alized  fo r  A S:A, d iffered  be tw een  years in 
c o tto n w o o d  ( F u>2 =  7.23, P =  0 .0093), an d  willow 
( ^ 1,66 =  47.33, P  <  0.0001). U sing  th e  reg ression  fro m  
E q. 4 ( R 2 =  0.78 an d  R 2 =  0.73 fo r co tto n w o o d  in 2005 
and  2007, respectively . F ig . 1 la :  and  R 2 =  0 .82 an d  R 2 =  
0.79 fo r w illow  in  2005 and  2007, respectively: F ig . 1 lb ) , 
norm alized  ./s a t  a m ean  day tim e  vpd o f  1.5 (a typ ical 
value  fo r  th e  reservo ir in  Ju n e) w ould  be  16% and  19% 
low er in  2007 fo r  c o tto n w o o d  and  w illow , respectively. 
W h eth er these  red u ctio n s a re  en o u g h  to  resu lt in low er 
lea f a rea , p ro d u c tiv ity , a n d /o r  fitness is a n  o p en  q u estio n  
th a t w a rran ts  fu r th e r  investiga tion .

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Vapor pressure deficit (kPa)
Fig. II. Stem sap flux density (/„). normalized by the ratio of 

cross-sectional sapwood area to cross-sectional stem area (/ls:/lst) 
in relation to atmospheric vapor pressure deficit (vpd) during late 
May and June 2005 and 2007. Sap flux data in 2005 were 
normalized by A s:Asl measured in the fall of 2004. and sap flux 
data in 2007 W'ere normalized by measured in the fall of 
2007. (a) J„ of mature Fremont cottomvood trees (n — 10). (b) J„ 
of mature coyote willow trees (n — 10). Error bars represent ±SE.

im p lic a tio n s  o f  s tr e a m fio w  a lte ra tio n  
on  c o tto m v o o d  a n d  w illow

C lim ate  change  coup led  w ith  increased  w a te r d e ­
m an d s to  su p p o rt ex p an d in g  h u m an  en te rp rise  in  the  
w este rn  U n ited  S ta tes  is expected  to  in crease  th e  
seasonal va riab ility  o f  s tre am  d ischarge  and  reduce 
m ean  a n n u a l s tream  flow. S tream fiow  m ay  have  larger 
consequences on  th e  success o f  co tto n w o o d  and  w illow  
th a n  an y  o th e r  single h y d ro lo g ic  p a ram ete r, g iven its 
linkage  to  b o th  sha llow  soil m o is tu re  and  g ro u n d w a te r 
stab ility . F o r  exam ple, re liab le  stream fiow  h a d  a g rea te r 
positive  im p ac t o n  c o tto n w o o d  an d  w illow  ab u n d an c e  
a lo n g  th e  San  P ed ro  R iver in  so u th e as te rn  A rizo n a , 
U S A  th a n  an y  o th e r  h y d ro lo g ic  p a ram ete r, includ ing  
iiite ran n u a l g ro u n d w a te r  flu c tu a tio n s and  g ro u n d w a te r 
d e p th  (L ite  and  S tro m b erg  2005). L ikew ise, tree  ring
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8UC  ra tio s  and  su b seq u en t physio log ica l p e rfo rm an ce  
o f  m a tu re  c o tto n w o o d  trees  hav e  b e en  lin k ed  to  
stream flow  regim es (L effler an d  E v an s 1999. P o tts  and 
W illiam s 2004). R esu lts  f ro m  the  p re sen t study  show ed 
th a t  tw o consecu tive  years o f  ad jacen t su rface  w a ter 
rem o v a l had  a significant negative  im p ac t o n  c o tto n ­
w o o d  a n d  w illow  p ro d u c tiv ity  a n d  p h y sio lo g y . 
N everthe less , b o th  species ap p a re n tly  recovered , a l­
th o u g h  w ith  reduced  th a t  m ay resu lt in  low er 
w h o le -p lan t w a te r use and  c a rb o n  u p tak e  even  d u rin g  
p e rio d s  o f  h ig h  w a te r  availab ility . T h e  s tro n g  linkage 
b e tw een  surface  m o is tu re  and  tree ecophysio logy  and 
w a te r use suggests th a t  a lte ra tio n s  in  stream flow  will 
likely have  cascad in g  im p ac ts  o n  r ip a r ia n  ecosystem  
cycling o f  w ater, c a rb o n , and  n u trie n ts  (S chade e t al. 
2002. S co tt e t al. 2004. 2006. H u x m an  et al. 2005. 
W illiam s e t al. 2006). even i f  the  p o p u la tio n  s tru c tu re  o f  
c o tto n w o o d /w illo w  forests rem ains static .

R esu lts fro m  th is in v es tig a tio n  show  a c lear p h y s io ­
log ical response  o f  F re m o n t co tto n w o o d  an d  coyo te  
w illow  to  lo n g -te rm  soil w a te r rem oval an d  recovery. 
C o n v e rg en t p a tte rn s  o f  sap  flux, lea f  8 UC . w h o le -p lan t 
c o n d u c ta n c e , a n d  ra d ia l  g ro w th  em erg ed  b e tw een  
species. H ow ever, c o tto n w o o d  w as in  genera l m ore 
sensitive to  shallow  soil w a te r  d ep le tio n  o ver sh o rt 
tim escales (days to  w eeks), w hile w illow  show ed a 
g rea te r sensitivity  to  m u ltip le -y ear d ep le tio n  in  soil 
w a ter. B o th  species d e m o n s tra ted  the  p o te n tia l fo r 
recovery  in  response  to  lo n g -te rm  soil w a te r  deficits. 
T hese  d a ta  shed ligh t o n  th e  linkage be tw een  hydro logy  
an d  ecophysio log ica l p rocesses o f  th rea ten ed  r ip a rian  
fo rests given p o te n tia l  land  use an d  c lim ate  change  
im p ac ts  o n  fresh w ate r resources.
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