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Abstract

Variation in the sources of water used by tree species has important ramifications for forest water balances. The fraction of
tree transpiration water derived from the unsaturated soil zone and groundwater in a riparian forest was quaRtfed®r
fremontii Salix gooddingii andProsopis velutinacross a gradient of groundwater depth and streamflow regime on the San
Pedro River in southeastern Arizona, US. The proportion of tree transpiration derived from different potential sources was
determined using oxygei€0) and hydrogensD) stable isotope analysis in conjunction with two- and three-compartment
linear mixing models. Comparisonsa}0 andsD of tree xylem water with that of potential water sources indicated3hbix
gooddingiidid not take up water in the upper soil layers during the summer rainy period, but instead used only groundwater,
even at an ephemeral stream site where depth to groundwater exceededptitas fremontjia dominant ‘phreatophyte’ in
these semi-arid riparian ecosystems, also used mainly groundwater, but at the ephemeral stream site during the summer rainy
season this species derived between 26 and 33% of its transpiration water from upper soil layers. Similarly, at the ephemeral
stream site during the summer rainy periBdysopis velutinalerived a greater fraction of its transpiration water from upper
soil layers, than at a perennial stream site where groundwater depth was less than 2 m. Measurements of transpiration flux
combined with stable isotope data revealed Bogtulus fremontiiranspired a greateuantityof water from upper soil layers
at the ephemeral stream site than at the perennial stream site. These results imply that transpiration from groundwater and
unsaturated soil layers by riparian vegetation may depend on the interaction between site conditions and species assemblage.
© 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction water within riparian ecosystems in arid and semi-arid
regions can place severe constraints on the ability of
Riparian forests in the southwestern US are char- trees to meet transpiration requirements during key
acterized by a mixed assemblage of obligate phreato- periods of the growing season. For example, ground-
phytes (plants that send their roots into or below the water pumping and surface water diversions have
capillary fringe to use groundwater) and facultative produced dramatic changes in stand structure and
phreatophytes (plants that can also survive in upland species composition of riparian areas in this region
environments where groundwater is not available). (Stromberg and Patten, 1990). Successful conserva-
However, extreme spatial and temporal dynamics of tion of these forests will require knowledge on the
dependence of riparian species on groundwater and
* Corresponding author. Fax:1-520-621-8801. conversely, on the feedback between riparian vegeta-
E-mail addressksnyder@ag.arizona.edu (K.A. Snyder). tion and stream and groundwater dynamics. Not all
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woody species in these forests use only groundwater questions still remain about the integrated effects of
for transpiration as the term ‘phreatophyte’ implies. groundwater depth and flow regime on the ability of ri-
Use of growing season precipitation can vary consid- parian trees to take up precipitation during the growing
erably among different woody species in the riparian season. Knowledge of species-specific responses to
environment (Smith et al., 1991; Busch et al., 1992; growing season precipitation and constraints on deep
Thorburn and Walker, 1994; Kolb et al., 1997). How- and shallow root function for water uptake will facili-
ever, many widely used hydrologic models assume tate predictions of how habitat variation and declining
that riparian trees derive water principally from the groundwater affect patterns of transpiration in riparian
saturated zone (McDonald and Harbaugh, 1988), ecosystems.
which is clearly an oversimplification. Characteriza- The upland specieQuercus gambeliiJuniperus
tion of the conditions that promote use of alternative osteospermgaandPinus edulisn the southwestern US
water sources and identification of those species mostderived greater proportions of their transpiration water
likely to use these water sources in riparian forests from summer precipitation as the amount of these rains
is necessary to accurately assess water budgets at thincreased across a broad climatic gradient (Williams
catchment level in semi-arid and arid basins. and Ehleringer, 2000). Intraspecific variation of this
The long-term reliability of groundwater may en- type implies that the distribution of functional roots in
courage riparian trees to develop roots predominantly woody species varies significantly across resource sup-
in the capillary fringe and saturated zone rather than ply gradients. However, the tradeoffs associated with
throughout the soil profile, especially if precipitation this variation have not been addressed. For instance,
during the growing season is unreliable (Ehleringer it is not known if development of roots in one zone of
and Dawson, 1992). Conversely, plants that maintain the rhizosphere comes at the expense of root activity
roots in many soil layers, or that can rapidly deploy elsewhere. Additionally, plants with roots deployed in
roots into moisture-rich patches in the soil, may re- upper soil layers should experience a greater amplitude
spond opportunistically to precipitation. Research on of soil water availability compared to plants that ac-
riparian trees using stable isotope methodology has cess a deep, stable water source. Plant predawn water
provided evidence for both modes of root system func- potential ¢ q), therefore, should be correlated with
tion. In Australia,Eucalyptusspp. used various com-  plant water sources (Dawson and Ehleringer, 1998).
binations of groundwater, rainfall-derived shallow soil A better understanding of the tradeoffs between plant
water, and stream water (Mensforth et al., 1994; Thor- water balance and active rooting depth will help re-
burn and Walker, 1994; Dawson and Pate, 1996; Jolly solve linkages between groundwater, soil water, and
and Walker, 1996). Trees along a perennial, montane transpiration in riparian forests.
stream in California took up water from upper soil The riparian forest sites addressed in the current
layers early in the growing season, then used primar- study receive a high proportion (approximately 60%)
ily groundwater when soil dried (Smith et al., 1991). of annual precipitation from summer ‘monsoon’
In western ArizonalPopulus fremontiandSalix good- storms. Thus, it was predicted that at least some of
dingii used groundwater throughout the entire growing the dominant riparian trees would use summer precip-
season at perennial and ephemeral streams, regardlesitation. As in most riparian environments in semi-arid
of depth to groundwater (Busch et al., 1992). However, regions, the floodplains varied in depth to groundwa-
responses of these trees to precipitation events wereter that may further differentiate shallow soil water
not assessed in this Mojave Desert environment. Simi- use among the dominant riparian species. This study
larly, matureAcer negunddrees in northern Utah used addressed seasonal patterns of water source use by
only groundwater, and did not appear to use peren- dominant riparian tree species at sites with contrast-
nial stream water or shallow soil water (Dawson and ing groundwater depths and streamflow conditions.
Ehleringer, 1991). In contrast, this species did use soil This study was part of the Semi-Arid Land Surface
water from precipitation at ephemeral and perennial Atmosphere (SALSA) program (USDA-ARS, Tuc-
stream reaches in Arizona (Kolb et al., 1997). son, AZ) whose primary aim was to validate models
Although previous studies addressed various com- for basin-wide water balances (Goodrich et al., 2000).
ponents of riparian ecosystems and tree water sources,The specific objectives of this study were to (1)
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determine if riparian tree species along the San Pedro(20-27 September) in 1997. April sampling occurred
River in southeastern Arizona use growing season after Populusexperienced spring leaf-flush. June and
precipitation; (2) assess whether depth to groundwater July sampling periods coincided with the annual dry
influences the capacity for these trees to use precipita-season for this region. Sampling in August was per-
tion and (3) characterize physiological consequencesformed during the height of the growing season and
associated with specific rooting patterns. after a large monsoon precipitation event which did

not produce over-bank flooding. During this single

precipitation event, 27 mm of rainfall was measured
2 Methods at the perennial stream site, which fell during a single
hour; trees were sampled 7, 8, and 10 days after the
rainfall event at the ephemeral, intermittent and peren-
nial stream sites, respectively. September sampling
followed a series of storms that produced over-bank
flooding along the perennial reach at the end of the
growing season.

Stable isotopes of oxygen in xylem water extracted
from twigs were used as natural tracers for deter-
mining the fraction of water taken from groundwater
and unsaturated soil layers (Ehleringer and Dawson,
1992; Brunel et al., 1995). Plant stems of approxi-
mately 0.5cm in diameter were sampled at midday
from sunlit branches and stored in airtight glass vials
for subsequent analysis of hydrogen and oxygen iso-
tope ratios §D and §180). Soils were collected at
each site from 5, 10, 25, 50, and 100 cm depths for
analysis ofsD and 8180 of water and gravimetric
water contentdg). Local floodplain groundwater was

(Goodding willow) as the dominant and sub-dominant collected from wells at each sampling period and at
all sites. At the perennial reach, regional groundwater

overstory species. In this region these species, both

classified as obligate phreatophytes, generally form a vas collected from a deep (11 m) well Iocgted approx-
narrow gallery forest in active floodplains (Stromberg, imately 300m fr.OT“ t.h e stream and outside thg qual
1993a). Prosopis velutina (Velvet mesquite) was floodplain. EreC|pltat|on was co!lected at all S|te.s in

present as a sub-dominant tree and as an under—SFandar.d rain gauges th‘fﬂ contalneqlalayer of mm_eral
story shrub within thePopulug¢Salix gallery forests. .O'I FO minimize evaporation. These integrated precip-

Prosopis velutinais a facultative phreatophyte that ltation samprI]eT V\:jere collected monthr:y tt;roughout

also occurs in xeric upland sites where groundwater 1997. A Scholander-type pressure chamber (PMS,

. . . Corvalis, OR) was used to measure predawn leaf
is unavailable. Hereafter, these taxa will be referred water potentialsw oq) on every sampling date
to asPopulus Salix andProsopis P pd y piing ‘

2.1. Study sites

Three sites were selected to represent a gradient
in streamflow and groundwater availability. All sites
were located within the San Pedro Riparian National
Conservation area at elevations between 1150 and
1250m (ca. 3133N; 110°07W). The San Pedro
River is a low-gradient alluvial drainage that flows
from Sonora, Mexico north to the Gila River in south-
ern Arizona. Mean precipitation at the three sites is
330 mm per year, with 60% of the rain falling in the
summer and most of the remainder falling in winter
months (NOAA, 1996). The hydrologic regime at the
three sites was perennial (Lewis Springs), intermittent
(Boquillas Ranch), and ephemeral (Escapule Wash).
The riparian floodplain vegetation consisted [Bf
fremontii (Fremont cottonwood) an&. gooddingii

2.3. Stable isotope analysis

2.2. Sampling methods

Water was extracted from plant stems and soils

Between five and eleven tree clusters with each of by cryogenic vacuum distillation (Ehleringer and

the three species present were randomly selected atOsmond, 1989). Water samples from plant, soil, pre-
each site. Clusters were not considered blocks in a cipitation stream, and groundwater were analyzed for
statistical sense because species were analyzed sepexygen isotope ratiosst0) on a Finnigan Delta-S
arately. Trees were sampled in spring (19-24 April), isotope ratio mass spectrometer using 2Céuili-
summer (7-11 June, 9-11 July, 8-11 August) and fall bration (University of Arizona Geosciences Stable



230 K.A. Snyder, D.G. Williams/Agricultural and Forest Meteorology 105 (2000) 227-240

Isotope Facility). A subset of samples was also culated §80 differences were linear and normally

analyzed for hydrogen isotope ratio$D) us- distributed with homogenous error variances, thus
ing a chromium reduction furnace (HD-Device, meeting the assumptions of MANOVA.
Finnigan-Mat, Bremen, Germany) to convert liquid In cases where plant180 differed significantly
water to hydrogen gas. from that of local groundwater, the fractiof) 6f total
plant xylem water derived from shallow soil layers
2.4. Data analysis (0-50cm) was calculated using a two-compartment

linear mixing equation of the form
Plants180 values were compared with those of soil 18 18 18
water from different depths and groundwater to deter- & Ot = f(67°0s) + (1 = f)(67"Ogw) 1)
mine sources of plant transpiration water. One-sided | hare 5180, was the measuredil®O of tree xylem
t-tests ¢ = 0.05) were used to determine if mesfO sap, 8180 was a weighted average of the measured
of a species at a given site was more positive (enriched) 5185 \51ues of soils sampled at 5, 10, 25 and 50 cm

18 - .
than §°0 of floodplain groundwater in June, July  genths Soipl80 values were weighted by gravimetric

and August. Norma_lity 08180 data was.deter.mined water contentf(y) at each depth by dividing mea
with the Shapiro-Wilk tessD-$'80 relationships of i aacn depth by the sum 6f at all depthss1%0g,

isotopic values from 10, 25 and 100 cm soil depths, | 1< the measuredl®O value of groundwater. The

extracted plant water, precipitation and groundwater ¢4 ation was solved fdr with f being the fraction of
were used to determine further differences in plantwa- ;| plant water obtained from water in shallow soil

ter source use (Craig, 1961; Clark and Fritz, 1998).
Source waters with similas'®0 or §D values may
have differentsD-5180 relationships due to evapora-

tion conditioqg. two-compartment model was inappropriate because
Althoughs§=*0 and¥pq values are presented forall - ¢ e existence of a third source of plant water.

sampling periods, statistical ar_1alyses. were restricted Therefore, a three-compartment linear mixing model
to June, July and August. This restriction was due \ a5 ysed. This was done using plant and source
to phenological differences among speciBgogopis 5180 andsD to produce two equations for tree water

and Salix were not fully leafed out in April), and g4 ,rce. These two equations, in combination with a
because, large storms produced over-bank flooding atihirq equation (for constraining the sum of the source

the perennial site in September. Over-bank flooding f5ctions to one) produced a system of three equations
percolated through the soil creating simidfO val- and three unknown variables of the form

ues to a depth greater than 1 m. Therefore, it was not

possible to distinguish use of monsoon precipitation §'80; = a(§*%0s1) + b(6180s2) + ¢(6'%0s3)  (2)
from groundwater and floodwater use. Multivariate

analysis of variance (MANOVAx = 0.05) was used 9Dt = a(8Ds1 + b(8Ds2) + ¢(8Dsg) @)

to analyze the effect of site gnd sampling date (June, 1 _ , thte (4)

July and August) on the difference between plant

8180 and groundwates80 for each species (Von  where§80; and sD; are the oxygen and deuterium
Ende, 1993). This difference was used to standard- values of extracted plant water. The subscripts S1, S2,
ize plant response across sites even when there wereS3 are sources 1, 2, and 3, respectivelyb, c are
shifts in local groundwate$80 values. ANOVA the fractions of total plant xylem water derived from
models ¢ = 0.05) were used to compare sites within sources 1, 2, and 3. Equations were solved simul-
sampling dates if MANOVA revealed a significant taneously using algebraic substitution. Results were
interactive effect. Since it was expected that sampling checked using MatLab (MathWorks, Inc., Natwick,
date would produce an effect a1®0, differences  MA).

within a site across dates were not analyzed. Con- To analyze effects of site and date (June, July,
trasts & = 0.05) were used to determine differences August) on¥ 4, MANOVA, ANOVA and contrasts
between sites. Plots of residuals indicated that cal- were used as described above. Data were transformed

layers. Differences between sites were determined for
each species usirtgtests.
At the intermittent stream site, the use of a
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as necessary to meet the assumptions of MANOVA
based on inspection of residual plots. Non-transformed
values are presented in the figures and text. For each
species within a site, linear regression analysis was
used to quantify the relationship betwe#fg and
8180 measured throughout the growing season.

3. Results

Mean depth to groundwater was 1.80, 2.61 and
4.26 m at the perennial, intermittent, and ephemeral
stream sites, respectively (Table 1). Median stream-
flow along the perennial reach of the San Pedro
River measured downstream of our study site at the
Charleston gauge for the period January—October
1997 was 0.2 s L. (Tayadon et al., 1998). Stream-
flow was observed along the intermittent reach for
11 months of 1997, but there was no flow in July.
Flow occurred only briefly during storm events at
the ephemeral stream site. Streamflow was observed
twice in August at this site, but may have occurred
during other storms as well.

Monsoon rains had80 values ranging from 2%
to —3.96 (Fig. 1), while winter precipitation had more
negatives180 values ranging from-4.4%. to —8. %o
(data not shown)i180 values of groundwater sampled
from the local floodplain did not vary much over the
growing season at the perennial and ephemeral reach
averaging—8.3+0.2%. (+1 S.E.) and-8.4 &+ 0.2%.,
respectively (Fig. 1). In late September, after a

Table 1
Depth to groundwater (m) from the ground surface at the three
study sites along the San Pedro River, Arizona in £997

Month Perennial Intermittent Ephemeral
February — 2.28 3.86

March 0.95 2.27 3.90

April 1.98 - 4.21

June 1.42 2.61 4.43

July 2.43 3.32 4.69
August 2.08 2.67 4.48
September 1.91 2.53 4.31
Average 1.8 2.61 4.26

aData were obtained from a single well that penetrated the
local floodplain groundwater at the perennial and intermittent site.
Data at the ephemeral study site are an average of two wells. All
wells were located within 10 m of the stream channel.
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Fig. 1. Means*®0 values ofSalix gooddingii, Populus fremontii

and Prosopis velutinaregional groundwater, floodplain ground-
water, and precipitation during the 1997 growing season along
perennial, intermittent and ephemeral reaches of the San Pedro
River in southeastern Arizona. Vertical bars represehtS.E. of

the mean.

particularly large series of storms, groundwater at
the ephemeral reach was enriched (more positive)
(8180 = —7.8%) relative to previous sampling pe-
riods. 8180 of local floodplain groundwater at the
intermittent stream site varied substantially (Fig. 1).
During April, June, and July, the local floodplain
groundwater {180 = —7.8%.) isotopically resembled
8180 of winter precipitation £6.1 + 0.35%c) at the
intermittent stream site. However, during the summer
rainy season in response to storm and flow events,
8180 of local floodplain groundwater at this site was
substantially enriched—+{4.9 &+ 0.07%.) and reflected
8180 of monsoon precipitation and recent streamflow.
Isotopic composition of regional groundwater was
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stable throughout the growing season, with m&&o
of —9.7 £ 0.07%.. Stream water was tightly linked
with groundwater in these reaches, @80 values of
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than that of floodplain groundwater at the intermittent
site (two-sided-tests;p < 0.03).

stream water (data not shown) were generally related 3.1.3. Prosopis velutina

to those of floodplain groundwater; therefore, stream
water was not treated as a separate source.

3.1. 8180 of tree xylem water

3.1.1. Salix gooddingii
Salix (willow) exhibited little variation in water-

Similar to Populus water sources ofProsopis
(mesquite) varied seasonally in response to monsoon
rain events (Fig. 1)5180 values ofProsopiswere
affected by the interaction between site and sampling
date (p = 0.04). During the dry season (June and
July), means180 of Prosopiswas similar to flood-
plain groundwaters > 0.12) except at the ephemeral

source use over the growing season among the stream site in July£ = 0.04). Prosopiss'®0 values
three sites and relied predominantly on groundwater were enriched relative to floodplain groundwater in

(Fig. 1). 8180 values of this species were not signif-

August at the intermittent and ephemeral site €

icantly enriched above those of groundwater at any 0.02) indicating use of monsoon-derived shallow soil

site or any sampling periog(> 0.13). 5180 values

of Salix were not different among sites or sampling
periods p > 0.07), and this species did not appear
to use significant amounts of precipitation at any site,
even in August after a significant precipitation event.
Although 8180 values ofSalix increased at the inter-

water. Prosopis$80 did not differ from floodplain
groundwater at the perennial stream site in August
(p = 0.11). However, there was considerable vari-
ation amongs'®0 values of individual trees at the
perennial stream site that indicated some trees used
groundwater while others used a combination of shal-

mittent and ephemeral stream sites in August, theselow soil water and groundwater. This was reflected

shifts mirrored changes in groundwat#f0 within
the floodplain.

3.1.2. Populus fremontii
8180 values of xylem water irPopulus (cotton-

in the difference between plaat®0 and groundwa-
ter §180. These data indicated that®O values of
Prosopis were similarly enriched relative to flood-
plain groundwater in June and August at the inter-
mittent and perennial stream sitgs ¢ 0.11). How-

wood) varied seasonally and apparently responded toever, trees at the ephemeral site were more enriched

monsoon precipitation events (Fig. Populusrelied

relative to groundwater than at the other two sites

on groundwater during the rainless period in June and (p < 0.01).

July, but showed evidence of water use from shallow
soil during the rainy season. Tl&80 values ofPop-
ulus did not differ from that of floodplain groundwa-
ter in June and July at any of the three sitps
0.19). However, use of water from shallow soil layers
during the summer rainy period (August) developed
differently among the three riparian habitats studied.
These habitat-related differencesstO of Populus
were reflected statistically in a significant interaction
between sampling date and site £ 0.05). Specifi-
cally, the difference betweet80 of Populusand that

of floodplain groundwater varied between all sites in
August (p < 0.0025).580 values ofPopuluswere
0.4% more positive than that of floodplain ground-
water at the perennial stream site & 0.01), and
showed the greatest difference.1%.) above flood-
plain groundwater at the ephemeral stream site<(
0.0001). Howevers180 of Populuswas more negative

3.2. D-$180 plots

Isotope values oPopulus Salix andProsopiswa-
ter in sD-8180 space plotted near groundwater and
soil water from 100 cm depth at the perennial stream
site (Fig. 2). At the intermittent stream site, values
for Populusand Salix were between local floodplain
groundwater (sampled in July and August) and water
from the 100 cm depth, buRrosopisplotted between
soil water from the 10, 25 and 100 cm deptBalix
values were similar to those of groundwater at the
ephemeral stream site ambpulusvalues were be-
tween those of groundwater and 100 cm soil demon-
strating potential use of shallow soil wat€rosopis
plotted with soil water from the 25 and 100 cm at the
ephemeral stream site.
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ﬂa%o&m intermittent stream sites, respectively. Changeggin

O Salix gooddinggii L cm

& Populus fremontii o 25cm at the 25, 50, a_m_d 100 cm depths betvv_een Jur_1e and

O Prosopis velutina & 100cm August were minimal along the perennial and inter-
5 Erecipitation mittent reachesdq increased slightly over the same

period at the 25 and 50 cm depths along the ephemeral
reach. Soil wates'0 values were more positive in
upper than in lower layers (Fig. 3), and became more

Perennial

-20
_ negative with depths80 values at 100 cm—~8.(%o)
g -40 were similar to those of groundwater at the perennial
Q 0 site, howevers'0 values at the same depth were ap-

proximately—6.0%. at the ephemeral and intermittent
reachess®0 values of soil water in the upper 25cm
of soil resembled80 of summer monsoon rainfall

(Fig. 1).

3.4. Fraction of transpiration water derived from
shallow soil

3D (%o)

8180 of Salix did not differ from groundwater at
any period and therefore the fraction of water derived
from shallow unsaturated soil layers was assumed to
be zero. Whe'®0 of ProsopisandPopulusdiffered
from groundwater at the perennial and ephemeral

Ephemeral

-20 n " stream sites, the percentage of shallow (0-50 cm) soil
- water use was calculated from the two-compartment
ég, 40 mixing model (Eg. (1) and Table 2). Initially, the per-
g 60 i centage of transpiration water derived from shallow

soil was calculated using2O of floodplain ground-

-12-10 8 6 4 -2 0 2 4 Table 2
51°0 (%o) Percentage of xylem watee-( S.E.) derived from shallow soil

layers in August after a monsoon rain event

Fig. 2. sD-$180 values from trees, soil, groundwater, and rain-  Species Perennial stream site  Ephemeral stream site
fall in August 1997 along perennial and intermittent reaches and
an ephemeral tributary of the San Pedro River in southeastern

June July August June July August

Arizona. Fitted line is the global meteoric water line (GMWL)  ggix 0 0 0 0 0 0
(8D = 8.315%80 + 10.8) (Clark and Fritz, 1998). Soil water was gooddingii
extracted from 10, 25, and 100 cm depths. Populus 0 0 8+8a 0 0 26£7 b
fremontii 16+2 & 33+7 1P
Prosopis 0 0 0 0 52+ 5
3.3. 5180 and gravimetric content of soil water velutina 57+ 7P

] ] ] apercent shallow soil water was calculated with a
The large rainfall event in August caused gravi- two-compartment mixing model (Eq. (1)). Normal type indicates
metric water content%) in the shallow soil |ayer3 the percent of water derived from shallow soil layers with local

to increase at all sites (Fig. 3) increased from 5% floodplain groundwater as an end member of the model. Differ-
g ent letters indicate significant differences between the ephemeral

: o i
n June_ t0 18% in August in the, upper 1,0 cm at the tributary and the perennial reach of the San Pedro River, Arizona.
perennial reach, wheredg at this depth increased bndicates an estimate based on an average of regional ground-
from 2 to 6% and from 2 to 8% at the ephemeral and water and local floodplain water.
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Fig. 3. Gravimetric soil water contentd) and soil waters180 at 5, 10, 25, 50, and 100cm depths in June prior to the onset of the
summer ‘monsoon’ rainy season, and August after a large precipitation event. The arré®#Oaplots indicate the*®0 values of local
floodplain groundwater in June (open arrow) and August (closed arrow). Soils were sampled in 1997 along a perennial and intermittent
reach and an ephemeral tributary of the San Pedro River in southeastern, Arizona. Horizontal bars refr&Entof the mean and are
presented when possible with the exception of 84f0 values sampled in June.

water. However, trees at all sites appeared to have In August after a summer rainfall everRppulus
access to a source of water that was more negative inderived 8-16% of its transpiration from shallow soil
8180 than local floodplain groundwater, such as re- layers at the perennial stream site and between 26
gional groundwater. This produced negative values for and 33% from soil water at the ephemeral stream site
soil water use for three trees, which were set to zero. (Table 2). The proportion dPopulustranspiration wa-
Therefore, the average of local floodplain ground- ter from shallow soil layers at the perennial site was
water and regional groundwatét®0 was used for  significantly less than that at the ephemeral stream
comparison, which may overstate the percentage of site (p < 0.03). After the August rain event, shallow
soil water used byopulusandProsopis The average  soil water comprised 53-57% of transpiration water
difference between the two models was 7%. of Prosopisat the ephemeral stream site. (Table 2).
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; ; Table 3
Prosopiswas not different from groundwatep (=
P 9 ?7( Percentage of xylem watet-( S.E.) derived from shallow soil

0.11) at the perenn'al site therefore mixing was as- layers in August after a monsoon rain event for trees along an
sumed to be zero. In July at the ephemeral stream site,intermittent reach of the San Pedro River, Arizna

8180 of Prosopiswas significantly enriched relative to
floodplain groundwater, but since shallow soil water
content was low €2%) at this time, this source was

Species Intermittent stream reach

Shallow soil Deep ground- Shallow ground-

. . . . 0, 0, 0,
unlikely to have contributed to plant transpiration. water (%) water (%) _ water (%)

The fraction of transpiration water derived Poffgl;‘zm" 9+4 97+16 —5+13
from shallow saoll Iay_er_s was calculated with the Prosopis 304 14 3427 67+ 40
three-compartment mixing model (Egs. (2)—(4)) at  velutina

. . . 8 . .

the intermittent S'Fe' G_roundwaté'l O at _'[hIS S't_e aPercent soil water was calculated with a three-compartment
changed substantially in August from prior periods linear mixing model (Eq. (3)) for species whose mé4$0 values
(Fig. 1), yet many trees in August had8o val- were significantly different than that of groundwater € 0.05).

ues comparable to floodplain groundwater sampled
in June and July. It appears that the August runoff
moving through the stream channel flowed laterally
through the gravelly substrate at this site, creating a

saturated zone of water that was above the floodplain

groundwater and had more positi#0 values than ulus were .high (betweePrOjS and—0.25 MPa) and
the underlying aquifer. Thereforé280 values from changed little over the growing season (Fig. 5). These

three sources were used in the model: shallow soil Y/0 SPecies apparently haq access to groundwater even
at the ephemeral stream site, where groundwater depth

averaged 4m. In June, when stream flow was still
present and groundwater tables were less than 3m
deep at the intermittent site (Table 1), the effect of site
(p < 0.045) on¥ 4 was consistent across all species.
During June¥ g values did not differ between the
perennial and intermittent reacheg & 0.12) and
trees at these sites exhibited higher water potentials

3.5. Predawn water potential

Predawn water potential®{g) in Salix and Pop-

water in August; shallow groundwater sampled in
August; and deeper floodplain groundwater sampled
in July. If $180 of a species differed significantly
from 8180 of shallow groundwater sampled in Au-
gust then the three-compartment mixing model was
applied. 8180 of Prosopiswas enriched relative to
August groundwater{ = 0.02). However,s180 of
Populuswas more negative than August groundwater
(p = 0.03). 8180 of Salixdid not differ from August

groundwater, and therefore shallow soil water use was 60

assumed to be zerBrosopisused 67% of the shallow —O— Salix gooddingii
August groundwater, 30% shallow soil water, and 2% B SO e

of the deeper floodplain groundwater sampled in July g 40

(Table 3).Populusused—5% of the shallow August g 30

groundwater, 9% shallow soil water, and 97% of the 3

deeper floodplain groundwater (Table 3). Negative ‘g 20

percentages are an artifact produced by inherent ma- % 10

trix sensitivity. The three-compartment mixing model %

had high matrix sensitivity, which produced large ® 0

standard errors (Table 3). This was likely due to the . . .
limited variation in the isotopic composition of water 1 2 3 4 5
sources. To synthesize two- and three-compartment Depth to Groundwater (m)

model results and provide a conceptual interpreta-

tion of root function in this system, the fraction of - . :

transpiration water derived from shallow soil wa- percentage of plant transpiration water derived from shallow soil
p water in August after a monsoon rain event galix gooddingii

ter was plotted in relation to groundwater depth populus fremontji and Prosopis velutinasampled along the San
(Fig. 4). Pedro River in Arizona.

Fig. 4. The relationship between depth to groundwater and the
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e site (p = 0.27). In July,Prosopisalong these reaches

Salix gooddingii . :
05 | gzy’é\, | had lower water potentials than at the perennial reach
e (p = 0.0005).

©

< 10! | The relationship betweew pq and 8180 of xylem

E —@— Perennial water during the growing season was evaluated for

>* sl v— Intermittent | trees at the perennial and ephemeral stream sites. Mean

: —w— Ephemeral . . .
values at each sampling period are shown (Fig. 6),

2.0 however, regression analyses were based on all obser-
0.0 vations. There were no significant relationships be-

tween these variables at either of the two siteSatix

(p > 0.09). ¥pq and 5180 likewise were not corre-
lated in Populusand Prosopisat the perennial stream
site. However, at the ephemeral stream site, seasonal
changes in water source availability that produced en-

Populus fremontii

¥, (MPa)
o

157 1 richeds80 values of plant were accompanied by less
negativey pq values for bothPopulus(p = 0.0091,;
-2.0 Wpg = —0.14 + 0.045180, r? = 0.15) andProsopis
0.0 (p = 0.0007;¥pq = 0.02+ 0.175180, r2 = 0.43).
Prosopis velutina
__ 05
a 4. Discussion
2 10t
> Reed (1988) classified these dominant species
87 of low-elevation riparian ecosystems in southern
Arizona as obligate wetland@lix gooddingi, facul-
2.0 ; . .
A M J J A S 0 tative wetland Populus fremont)i and facultative
Month upland Prosopis velutinpbased on their probability
_ _ _ of occurrence within the heterogeneous floodplain
Fig. 5. Mean predawn leaf water potentiaty) of Salix good-  anyironment. This study provides new insight into

dingii, Populus fremontji and Prosopis velutinaalong perennial belowaround responses of these species across sites
and intermittent reaches, and an ephemeral tributary of the San wgrou P peci !

Pedro River in southeastern Arizona in 1997. Horizontal bars rep- With very different patterns of groundwater avail-
resent+1 S.E. of the mean. ability and within a climatic region that receives a
substantial input of precipitation late in the grow-
ing season from the regional monsoon. Within this
relative to those at the ephemeral stream sjte<( setting, substantial variation among species and pop-
0.02). ¥ g of SalixandPopulusdid not vary between  ulations was found for fractional use of soil water
sites in July p > 0.10). In AugustSalixandPopulus derived from these late summer storms. Sites where
Wpd values were similar at the ephemeral and peren- groundwater was deep and streamflow duration was
nial reaches jf > 0.73), but both species exhibited intermittent or ephemeral promoted greater fractional
slightly higher water potentials along the intermittent use of soil water byPopulusand Prosopis but not
reach compared to those measured at the other twoSalix This study, as well as others (Dawson and
sites (p < 0.05). ¥q of Prosopisshowed consider-  Ehleringer, 1991; Smith et al., 1991; Busch et al.,
able seasonal variation (Fig. 5). The lowgsty val- 1992; Mensforth et al., 1994; Thorburn and Walker,
ues (between-1.0 and—1.75 MPa) were observed in  1994; Dawson and Pate, 1996; Jolly and Walker,
July just before the onset of the summer rainy period. 1996; Kolb et al., 1997), confirms that ‘phreatophytes’
The lowest pq values inProsopisduring the dry sea- ~ encompass a wide spectrum of functional types that
son were observed at the intermittent stream site, but respond uniquely to spatial and temporal variation in
did not differ significantly from those at the ephemeral the distribution of available water in the rhizosphere.
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0.0

02 Perennial Ephemeral
O— D —OH —O0—
04 b AT T O i
06| THER " %
E -0.8
E ol g TR
o
5 12
1.4 . —
O  Salix gooddingii
-1.6 A Populus fremontii
18 O Prosopis velutina
2.0 : : - : . . . ‘ .
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5'%0 (%) 5180 (%o)

Fig. 6. Relationship between meahfO and mean predawn leaf water potentiglpg) at each sampling period over the 1997 growing
season forSalix gooddingii Populus fremontji and Prosopis velutinaat a perennial reach and an ephemeral tributary of the San Pedro
River in southeastern Arizona. Horizontal and vertical bars repres@ns.E. of the mean. Fitted lines are the statistically significant
regression relationships for a given species=0.05).

Salixappeared to be most critically tied to ground- when depth to groundwater exceeded 4Ropulus
water among the three species examined at our sitespotentially exhibits a threshold response in contrast to
within the San Pedro River drainage system. Predawn the linear response observedRmosopis In contrast,
leaf water potentials in this species were high and Busch etal., (1992) observed no shallow soil water use
did not change in response to seasonal inputs of pre-by Populuson the Lower Colorado and Bill Williams
cipitation, and isotopic composition of xylem water Rivers in western Arizona. Our sites in southeastern
mirrored that of groundwater in the local floodplain Arizona receive summer precipitation inputs substan-
aquifer. Salix apparently used water only from the tially greater than in the arid Mojave Desert, where
saturated zone or capillary fringe above the water ta- Busch et al., conducted their study. Leffler and Evans
ble (Figs. 1 and 2), and therefore did not respond to (1999) found that aduRopulusalong the Rio Grande
precipitation, even at the ephemeral stream site whereRiver floodplain in central New Mexico responded
groundwater depth was greater than 43alix appar- photosynthetically to growing season precipitation in
ently develops roots for water uptake only in the cap- years when streamflow along the river was low, but
illary fringe or saturated zone in these alluvial soils. not when streamflow was high. Temporal variation

Populus and Prosopis exhibited greater flexibil-  for precipitation use irPopulusobserved in the Rio
ity for use of precipitation than di&alix along the Grande study apparently was similar to the spatial
San Pedro River. Use of monsoon precipitation may variation that was observed along the San Pedro River.
have reduced water stress as evidenced by the rela- Prosopis exhibited substantial use of soil water
tionship between?,q and 8180 in these species at  during the summer rainy period at the intermittent and
the ephemeral stream site (Fig. 6). Greater depth to ephemeral stream sites (Fig. 8p—5180 plots (Fig. 2)
groundwater was associated with greater fractional from ephemeral and intermittent stream reaches indi-
use of soil water during the monsoon season for these cated that soil water from the 10, 25 and 100 cm depths
species (Fig. 4). Thus, groundwater depth may be a were important sources of transpiration water for this
good predictor of fractional water source use in this species. Along the perennial reach the amount of shal-
ecosystemProsopis exhibited a linear response in  low soil water use was assumed to be zero because
the proportion of soil water used for transpiration 880 was not different than that of floodplain ground-
along a gradient of greater depth to groundwater. water (Fig. 4). This was likely due to the high vari-
The response oPopulusindicated that this species ability in §180 values ofProsopisat this site, which
used shallow soil water at all sites, but used a greater indicated that some individual trees were using shal-
proportion of soil water at the ephemeral stream reach low soil water (up to 54%), while several trees relied
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solely on groundwateProsopisapparently is highly  the perennial and ephemeral reach, respectively. Total
flexible in its use of various water sourcéxosopis water use was similar, but the amount of water from
predawn water potentials (Fig. 5) declined abruptly in shallow soil layers was greater, while the amount
July when water table levels dropped and stream flow from groundwater was less at the ephemeral reach rel-
ceased at the intermittent site (see also Strombergative to the perennial reach. Root excavation studies
et al., 1993). However, monsoon rains quickly ame- of Populustrees along the Mojave River in southern
liorated water stress in this species at all sites. These California (Lines, 1999) revealed a greater percentage
data suggest th&rosopismay not develop extensive (between 10 and 50%) of roots in the upper meter of
roots into saturated zones within the soil profile and soil at sites where groundwater levels were more than

likely uses water from the capillary fringe. 3m in depth, compared to sites where groundwater
The amount of summer rainfall in southeastern was only 1.5m deep. Taken together, these data sug-
Arizona is enough to promote soil water usePopu- gest that there may be allocation tradeoffs associated

lus. While the proportion of soil water use was higher with deploying roots in a particular soil layer. Ex-
at sites with greater depth to groundwater, isotopic ploitation of groundwater may come at the expense of
data do not indicate whether thenountof soil water water use from other sources, or, alternatively, when
extracted by these trees differed between sites. Thisgroundwater becomes deep or unreliable, trees may
is an important distinction because the amount of wa- develop more shallow roots to exploit other water
ter gained from a soil compartment by root systems sources.

illustrates the potential constraints and allocation  Declining groundwater in the San Pedro River sys-
tradeoffs that may explain root system dynamics in tem will have a strong negative impact on the survival
these heterogeneous environments. The amount ofof Salix because water sources appear to be limited
water moving througlPopulustrees from shallow soil  to groundwater. If maturopulusis able to continue
layers was calculated by multiplying the fraction of deep root growth during groundwater recession by
xylem water from this source and maximum sap flux augmenting transpiration needs with precipitation
in August at the perennial and ephemeral stream sites.taken up by shallow lateral roots, this species may be
Sap flux data were obtained from Schaeffer et al. able to tolerate some recession of groundwater depth.
(2000) using the same trees that were sampled for However, it appears th&®opulusmust keep roots in
water sources. Three trees of similar size (0.5-0.8 m the saturated zone to maintain high predawn water
stem diameter) were selected at each site to minimize potentials. Therefore, persistent long-term declines in
tree size effects. The total amount of transpiration flux groundwater levels will likely limit this species as well
derived from soil water based on this calculation was (see also Stromberg et al., 199€)osopisis highly

2.8 and 10.5gcm? sapwood areatt at the peren-  flexible in its use of water sources and is likely to be-
nial and ephemeral stream sites, respectively. Basedcome more dominant in the riparian landscape if de-
on this simple calculation, nearly four times as much clining groundwater levels persist. Howeverpsopis
water moving through the sapwood Bbpulustrees tree growth may be limited in stature relative to his-
was coming from shallow soil at the ephemeral stream toric riparian mesquite woodlands if groundwater is
site compared to that at the perennial stream site. limited (Stromberg et al., 1993; Stromberg, 1993b).
However, maximum sap flux was approximately the  In conclusion, some riparian trees, even those com-
same at the perennial and ephemeral stream reachesnonly associated with shallow groundwater, can use
(35.0 and 40.7 g c? sapwood area per day, respec- substantial amounts of precipitation to meet transpi-
tively). Total daily transpiration was compared by ration requirements. One of the main goals of the
selecting days with similar solar radiation and vapor SALSA program is to estimate and model transfer
pressure deficit. Total transpiration flux was 415.9 and of groundwater via riparian evapotranspiration on a
458.9 g cnm? sapwood area per day at the perennial at basin-wide scale (see Goodrich et al., 2000). These
ephemeral stream sites, respectively. Hence, 382.7 anddata suggest that species composition in riparian
338.9 g cnt2 sapwood area per day was derived from forests (abundances &alix, Populus and Prosopig
groundwater, and 33.2 and 119.1 gcinsapwood together with habitat conditions (depth to ground-
area per day were derived from shallow soil water at water) will interactively determine the fraction of
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transpiration derived from groundwater at the stand
level. Integrated over a large area, the contribution
of soil water to transpiration in these forests can be
substantial, yet easily misrepresented in scaling al-
gorithms. Results of this study indicate that water
balance calculations in riparian forests from semi-
arid regions should take into consideration species-

environment responses within the heterogeneous

floodplain ecosystem.
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