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Seasonal variation in water sources of the riparian tree
species Acer negundo and Betula nigra, southern Appalachian
foothills, USA
Joseph C. White and William K. Smith

Abstract: Determining which water sources a plant accesses throughout a year is an important step in understanding
how changes in source characteristics affect utilization by plants. Water sources of Acer negundo L. and Betula nigra L. of
the foothills of the southern Appalachians Mountains were examined during one full year, including the phenological
stages of leaf bolt, flowering, and leaf senescence and abscission. Source utilization was monitored, comparing the
isotopic composition of water samples from woody tissue with those of possible water sources at the site. Species used
deep ground and shallow soil water, with a greater reliance on deeper sources during the late growing season. Betula
nigra was typically more depleted in �2H than all water sources measured, while values from A. negundo were more
variable throughout the study. Intraspecifically, isotopic values did not vary monthly or seasonally for either species
(P > 0.56), while interspecific values were different for December, January, and July samplings (P < 0.02). Positive
relationships occurred between air temperature and isotopic values of both species (P < 0.04), and may reflect increased
evaporation from the upper soil layers at warmer temperatures, which both species appeared to use. An inability to
sample all sources prevented the application of mixing models and may weaken conclusions.

Key words: deuterium, stream water, phenology, stable isotopes, water uptake.

Résumé : La détermination des sources d’eau auxquelles une plante a accès au cours d’une année constitue une étape
importante pour comprendre comment les changements relatifs aux caractéristiques des sources affectent leur utili-
sation par les végétaux. Les sources d’eau de Acer negundo L. et Betula nigra L. au piémont des Appalaches du sud ont été
examinées durant une année complète, y compris les stades phénologiques de la feuillaison, de la floraison et de la
sénescence et abscission foliaire. L’utilisation de la source a été répertoriée en comparant la composition isotopique des
échantillons d’eau du tissu ligneux à celle des sources d’eau possibles du site. Les espèces utilisaient l’eau souterraine
profonde et l’eau superficielle du sol, avec une plus grande dépendance aux sources profondes tard durant la saison de
croissance. Betula nigra était typiquement davantage dépourvu de �2H que toutes les sources d’eau mesurées, alors que
les valeurs de A. negundo étaient plus variables tout au long de l’étude. Les valeurs isotopiques intraspécifiques ne
variaient pas en fonction du mois ou de la saison pour aucune des espèces (P > 0,56), alors que les valeurs inter-
spécifiques étaient différentes dans les échantillons de décembre, janvier et juillet (P < 0,02). Des relations positives
étaient observées entre la température de l’air et les valeurs isotopiques des deux espèces (P < 0,04), ce qui peut refléter
un accroissement de l’évaporation à partir des couches superficielles de sol à des températures plus chaudes, ce que les
deux espèces semblaient utiliser. Une incapacité à échantillonner toutes les sources a empêché d’appliquer des modèles
de mélanges des fluides et peut affaiblir les conclusions. [Traduit par la Rédaction]

Mots-clés : deutérium, eau de ruisseau, phénologie, isotopes stables, absorption d’eau.

Introduction
Decreased water availability due to lower groundwater

levels, increased evaporation from soils, or meteorological
drought can lead to increased plant water stress and shifts
in water sources (Burgess et al. 2000; Dawson and Pate 1996;
Ehleringer et al. 1991; Nippert et al. 2010; Singer et al. 2012;
Snyder and Williams 2000; Zencich et al. 2002). Alterna-
tively, changes in plant phenology, such as leaf-out, flower-
ing, and fruit production may cause increased water demand

(Phillips and Ehleringer 1995; Snyder and Williams 2007)
and increased water stress when additional water resources
are not available. These factors likely result in a reliance on
dependable water sources that have consistent and ample
availability, even during mild to moderate drought episodes.
Added to these potential stressors are exogenous factors
such as competition for water sources from other vegeta-
tion and anthropomorphic alteration of the natural hy-
drology of a habitat, e.g., channelization of a stream,
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draining of groundwater resources for consumption, and
alterations of flooding regimes by damming (Busch et al.
1992; Dawson 1993b; Smith et al. 1991). These complications
can have significant implications for a species’ water up-
take, and could lead to localized extinction of species that
cannot tolerate alterations in water sources.

Determination of water source utilization is made pos-
sible through the analysis of the isotopic composition of
all water sources and xylem water extracted from the
woody tissue of the species of interest. The second most
abundant isotopes of water’s atoms (2H and 18O) evapo-
rate at differing rates compared with their more common
counter parts (1H and 16O). This differential evaporation
results in sources (i.e., surface water, soil moisture, or
groundwater) with isotopic compositions distinct from
one another in many ecosystems (Allison et al. 1983;
Allison and Hughes 1983; Gat 1996). Xylem water of the
examined plants should be representative, isotopically,
of the source or combination of sources on which an
individual is relying (Brunel et al. 1991; Dawson and
Ehleringer 1991; Thorburn et al. 1993; Wershaw et al. 1966;
White et al. 1985). Thus, monitoring changes in isotopic
values over longer periods enables determination of fluc-
tuation or changes in the utilization of each source at
different phenological stages.

The use of the stable isotopes of water has been shown
to be a reliable means of tracing water sources, both in
Acer (Dawson 1993a, 1996; Dawson and Ehleringer 1991;
Kolb et al. 1997; Phillips and Ehleringer 1995; Thorburn
and Ehleringer 1995; Ward et al. 2002; White and Smith
2013) and Betula (Dawson and Ehleringer 1993; Roden and
Ehleringer 1999a, 1999b, 2000; Smith et al. 1991; White
and Smith 2013; White 1989). Previous riverine studies
have shown that riparian tree species are often relying
strongly on groundwater resources rather than stream
water throughout the growing season in arid (Dawson
and Ehleringer 1991; Mensforth et al. 1994; Thorburn and
Walker 1993) and temperate (White and Smith 2013) re-
gions. There have been, however, several non-riverine stud-
ies that show surface water utilization (Lin and Sternberg
1994; White et al. 1985), suggesting that the water con-
veyance system may impact water uptake strategies.

The water sources of Acer negundo L., which is widely
distributed across North America, have been examined
in a number of studies, providing a background with
which current findings can be compared (Dawson and
Ehleringer 1991, 1993; Kolb et al. 1997; Thorburn and
Ehleringer 1995; White and Smith 2013). In contrast, Betula
nigra L., most common in the southeastern United States,
has received much less attention (White and Smith 2013).
Both species leaf out during early spring (mid-March–
early April), flower just afterwards, and begin to fruit
in the early summer (late May–early June); however,
A. negundo may not drop its fruit until late fall while
B. nigra sheds its fruit during the summer season. Leaf
senescence occurs as cooler temperatures become fre-

quent and more pronounced in early to mid-fall in both
species.

While there have been a small number of studies that
have determined water source utilization in the south-
eastern United States over relatively short time periods
(e.g., on a single sampling date or over a single growing
season; White et al. 1985; White 1989; White and Smith
2013), there have been few to monitor riparian vegetation
for extended periods. Thus, little is known about how
changes in plant phenology, micrometeorology, or source
availability affect water source usage in this region. The
purpose of the current study was to identify and track
the water sources utilized by two representative riparian
tree species (A. negundo and B. nigra; Radford et al. 1968;
Weakley 2012) during a 12-month period (October 2011–
September 2012) in the Appalachian foothills of western
North Carolina, USA, as well as to relate any variation in
source use to changes in plant water demand and envi-
ronmental conditions. One of the few source utilization
studies, conducted in the southeastern region, suggested
that these species rely significantly on deep ground wa-
ter sources, supplemented with shallower soil water up-
take during the late growing season (June–September)
(White and Smith 2013).

Based on the life history of these species, it was pre-
dicted that both species would utilize a combination of
soil moisture and groundwater throughout the year, us-
ing a greater amount of soil water when it was available
(typically in the spring and fall) and relying more strongly
on groundwater when soil moisture was unable to meet
the plant’s water demands. It was expected that this in-
ability to meet plant demands would occur due to in-
creased water requirements during flowering and fruiting,
or because of reduced soil moisture availability caused by
increased evapotranspiration or competition from shallow-
rooted annuals (Dawson and Pate 1996; Ehleringer et al.
1991; Liu et al. 2010; White and Smith 2013; Zencich et al.
2002).

Methods
The possible water sources identified in this system

were stream water, soil water, and groundwater. Water
extracted from woody tissue and soil samples, along with
water collections, underwent isotopic analyses. Hydro-
logical and microclimate factors, including temperature
and rainfall, as well as xylem water potentials (�) were
also monitored in an attempt to document any relation-
ships between fluctuations in these variables and varia-
tions in water source. Collections of woody tissue from
each species, soil, and water were made once each month
during the study period (October 2011–September 2012).

Study site and species
The current study was conducted in an intact and

largely undisturbed riparian corridor along the Jacob
Fork River in Newton, North Carolina, USA. This zone is
part of a 40.5 ha parcel located at 35.6299°N, 81.3101°W,
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that has been preserved as a city park. The site has un-
dergone minor development, and features an intake for
the municipal water supply, which includes a small dam
downstream from the study site, increasing stream depth
and width along the site. Adjacent to the corridor under
study, the stream is approximately 3 m deep and up to
12 m wide with a sediment-covered bottom. The stream
banks along the study site are sharply eroded and rise
0.3–2 m above the stream while those on the adjacent
side slope gradually to the water. Nearly the entire park
area falls into the 100-year floodplain (State of North
Carolina 2011).

Soils are classified as Ronda loamy sand, a well-drained,
deep soil found in floodplains and riparian zones of the
foothills of North Carolina and Virginia. These soils feature
relatively low total plant available water at ca. 10.75 cm·m−1

(UC Davis Soil Resource Laboratory 2014). Vegetation at the
site is typical of riparian zones of the region, including
A. negundo, B. nigra, Quercus spp., Platanus occidentalis L., and
Smilax spp. among others. There is moderate undergrowth
in this system, made up of both native and invasive species
(Radford et al. 1968; Weakley 2012).

The year was divided into three major study seasons,
based on plant phenology. The dormancy period ranged
from October to February, from the time of leaf drop to
leaf bolt. The early growing season lasted from March to
May and included leaf-out, flowering, and up to fruiting,
while the late growing season was from June to September,
during fruiting and up to leaf abscission. The phenological
stage of each species was documented qualitatively during
each field visit. The foothills of the southern Appalachians
experience moderately cold, dry winters (December–
early March); moist springs with warmer temperatures
(March–May); hot, wet summers (though periods of drought
are characteristic) (June–early September); and mild, moist
falls (September–November).

Site microclimate
Environmental variables were measured onsite through-

out the study period. Air temperature and relative hu-
midity were monitored using a HOBO Pro V2 sensor
(model U23-001; Onset, Bourne, Massachusetts, USA) shielded
from direct sunlight and nighttime sky exposure. Onset’s
tipping-bucket rain gauge (RG1) and data logger (H07-022-04;
Onset) were used to monitor rainfall at the site; however,
due to consistent insect infestation that prevented accurate
collection of precipitation, rainfall data were taken from
those reported at a regional airport (Hickory Regional Air-
port, KHKY) less than 15 km from the site. Reliable rainfall
measurements from the study site were similar to those
reported at the airport.

Sample collection
To determine water source utilization, water samples

from each potential source were collected. Stream-water
samples were taken from an undisturbed, but well mixed
location at an approximate depth of 20 cm. Groundwater

samples were syphoned from a self-installed well located
about 5 m from the stream. The well was created using a
Hoffco Inc. PH 980 post-hole drill with a 2== earth bit to
drill to a depth of ca. 3 m (where soil was saturated), and
was fitted with a 2== PVC pipe with numerous holes
drilled into the lower metre. The pipe was capped and
soil taken from the drilling was used to backfill around
the well, measures to prevent precipitation and runoff
from leaking around the pipe and potentially contami-
nating the isotopic composition of groundwater. The
well was bailed upon arrival on each collection date, and
would typically refill by noon when samples were col-
lected. Precipitation was not sampled for isotopic analy-
sis at the site, as previous studies have shown that the
time gap between the precipitation event and plant up-
take likely allows for evaporative enrichment (Allison
et al. 1983; White et al. 1985). For this reason, shallow soil
samples were assumed to be representative of the precip-
itation available for plant uptake. Data from previous
projects (unpublished data) demonstrate that the isoto-
pic ratios of precipitation of the region fall closely along
the global meteoric water line (GMWL).

Soil samples were taken at each end of the site (n = 2)
within 2 m of trees selected for isotopic analyses. Collec-
tions were taken from soil layers at two depths, 30 cm
(shallow soil) and 1 m (deep soil). Sampling at these
depths, along with groundwater, should have provided
collection of water sources available to both species
based on their dimorphic rooting habits, with shallow
lateral roots running parallel to the soil surface in the
upper 30 cm and, in deeper moist soils, tap roots at least
capable of reaching the capillary fringe (Green 1934;
Maeglin and Ohmann 1973).

Three healthy, mature individuals of both A. negundo
and B. nigra of similar age and size, which were within
reach of the stream (up to 5 m), were selected for woody
tissue sampling. Consistent with several previous studies
(Lambs et al. 2003; Mensforth et al. 1994; Thorburn and
Walker 1994), three stem segments, 0.5–1 cm in diameter
and up to 0.5 m in length, were taken randomly from
each individual. Stems were cut from the tree, leaves and
loose bark were removed, and segments were cut into
lengths short enough to be placed in a collection vial.

All samples were placed in screw-top glass vials and
sealed with Parafilm M to prevent any evaporation and
potential fractionation of isotopic compositions. Sam-
ples were kept in a chilled cooler until returned to the
lab where they were frozen until being shipped for iso-
topic analyses.

Isotopic analysis
Samples were shipped frozen to the Stable Isotope Ratio

Facility for Environmental Research (SIRFER) at the Uni-
versity of Utah for isotopic analyses. Water was extracted
from woody tissue and soil via cryogenic vacuum distil-
lation that, when completed, preserves the isotopic ra-
tios of the water sample (West et al. 2006). Four replicates

White and Smith 521

Published by NRC Research Press

B
ot

an
y 

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

W
A

K
E

 F
O

R
E

ST
 U

N
IV

E
R

SI
T

Y
 o

n 
08

/0
4/

15
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



for each sample were injected into a wavelength-scanned
cavity ring-down spectrometer water analyzer (model
L1102-I; Picarro, Sunnyvale, California, USA). Hydrogen
and oxygen isotopic ratios reported were the mean of
the 3rd and 4th injection and were reported as �-values
(in per mil) relative to the Vienna Standard Mean Ocean
Water. Precision of analysis was ±3.8‰ for �2H and
±0.4‰ for �18O. It is worth noting that this method of
analysis of isotopic composition can be affected by con-
tamination by secondary compounds in plant tissue and
soil water (Schmidt et al. 2012; West et al. 2010). However,
because all samples were analyzed in this way and be-
cause previous studies have found only small deviations
between results from isotope ratio mass spectrometry
and isotope ratio infrared spectroscopy in related species
of both Acer and Betula (Schmidt et al. 2012; Schultz et al.
2011; West et al. 2010, 2011), it was assumed that any
errors due to contamination were likely to be minor and
similar between species. Additionally, because the isoto-
pic values of both plant and soil waters from this study
were very near those of the GMWL and shared a similar
slope, it seems unlikely that organic contamination was
a significant complication.

Plant water status
Xylem water potentials (�) were taken at midday on

each collection day (once per month). Water potentials
were measured from multiple individuals of both species
(n = 6 per species), including those selected for isotopic
analyses. Samples of terminal stems were removed from
random locations of similar height (>5–8 m), sealed in a
zip-top bag, and kept in a cool, dark bag until measure-
ments were taken using a Scholander-type pressure
chamber (Model 1000; PMS Instrument Co., Corvallis, Or-

egon, USA). Water potentials were measured during the
afternoon because this period often reflects highest daily
water stress, especially for species accessing shallower
water sources.

Statistics
Normality of each data set was analyzed using Shapiro–

Wilk tests. One-way ANOVAs and Kruskal–Wallis one-
way ANOVA on ranks, for nonparametric data, were used
to compare differences between months for each spe-
cies. Tukey’s tests were then performed to identify sig-
nificant differences in the data set. T tests, and Mann–
Whitney U tests when data were non-normal, were used
to compare interspecific differences for each month. Re-
lationships between woody tissue values and environ-
mental variables were analyzed using linear regressions.

Results

Site microclimate
Average daily temperature was lowest in the winter

months (the dormant period) and highest in the late
growing season; more specifically, January 2012 had the
coldest daily temperatures at 5.02 °C and July 2012 had
the hottest temperatures at 24.65 °C (Fig. 1). Mean daily
highs and lows followed similar patterns. Alternatively,
humidity was highest during the summer and early fall,
and lowest during the late fall and spring (data not
shown). Rainfall during the study was slightly lower than
average (�1200 mm) at 1048 mm (Fig. 1). The late growing
season (June–September) experienced alternating months
of high and low rainfall, but still had the greatest cumu-
lative rainfall of any period (453.90 mm), with the high-
est monthly rainfall in July 2012 (168.15 mm). The
dormant period saw the lowest rainfall totals per month,

Fig. 1. Mean air temperature (line) and precipitation (bars) during the 12-month study. The dark gray section highlights the
dormant period, while the light gray section indicates the early growing season, and the white section shows the late growing
season.
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with February being the driest month at 40.13 mm of
precipitation.

Identification of water sources
Isotopic compositions of plant water from both spe-

cies were often more depleted in deuterium (2H) than all
possible sources during the study period (October 2011–
September 2012; Fig. 2). While water extracted from
woody tissue and sources were similarly depleted in
oxygen-18 (18O) over the same period, there were clear
differences in �2H between sources and plant water.
Shallow and deep soil water values fell between those of
groundwater and stream water and those of plant water
(Fig. 2). During each season, soil moisture laid nearest the
GMWL, while groundwater and stream water were more
enriched in �2H, indicating evaporative enrichment.
Source �2H and �18O were similar over the study period,
with no differences, in any source, between seasons
(P > 0.37).

While water extracted from B. nigra was typically more
depleted in �2H than all collected sources, values from
A. negundo were more variable throughout the study pe-
riod (Fig. 3 and 4a). Excepting three sampling periods,
B. nigra values were isotopically lighter than all sources
analyzed. Only relationships between A. negundo with
shallow soil water (P = 0.04, r2 = 0.82) and stream water
(P = 0.04, r2 = 0.80) during the dormancy period were
significant. There were no other significant relationships
between isotopic values of water extracted from woody
tissue of either species and analyzed sources on an an-
nual or seasonal scale (P > 0.05). An important note: Fig. 2

also shows that a source, more depleted in �2H than all
others, was not collected at any point in the year.

Isotopic values did not vary seasonally for either spe-
cies (P > 0.56), and similarly, woody tissue values were
consistent on a monthly scale. Interspecific values also
showed consistency, with differences only at December,
January, and July samplings (P < 0.02; Fig. 4a). While
there were fluctuations in the values for both species
throughout the study, they were most consistently alike
during the June–September period.

To further elucidate patterns of source usage, deute-
rium excess (d-excess) values were calculated using �2H
and �18O for woody tissue and possible sources (d-excess =
�2H – (8 × �18O); Dansgaard 1964; Dawson and Simonin
2011). With annual means ± SE of –4.78 ± 0.82 and –1.97 ±
0.81 for A. negundo and B. nigra, respectively, there were
no differences between species on seasonal or full-year
scales (P > 0.18). Additionally, there were no meaningful
relationships between either species and the collected
water sources during any season (P > 0.09). D-excess val-
ues of plant water were consistently more similar to soil
sources (shallow soil = 8.15 ± 1.15, deep soil = 9.30 ± 1.66)
than those of water collected from the installed well
(18.09 ± 0.49) or stream water (17.18 ± 0.38) throughout
the study.

Environmental influence
There were few notable relationships between woody

tissue isotopic composition and environmental vari-
ables. However, there were significant relationships be-
tween average daily air temperature and both species

Fig. 2. �2H vs. �18O of woody tissue of Acer negundo (filled circles, bold solid line) and Betula nigra (filled triangles, bold dashed
line) with all possible sources (open symbols, regular lines), plus the regression lines for each set of points for the full
12-month study. The bolded dotted line shows the global meteoric water line (GMWL). Means with greatest SE (�18O, �2H) for
each data set: A. negundo, –6.36 ± 0.84 (May), –44.55 ± 5.49 (May); B. nigra, –3.03 ± 0.65 (January), –40.78 ± 3.83 (December);
shallow soil water, –5.84 ± 2.80 (August), –44.26 ± 17.36 (August); deep soil water, –7.07 ± 1.93 (March), –42.53 ± 12.09 (March);
groundwater, –5.44 ± 0.26 (March), –24.45 ± 3.77 (March); stream water, –5.88 ± 0.08 (April), –30.70 ± 1.08 (March).
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during the late growing season (A. negundo, P = 0.01, r2 =
0.98; B. nigra, P = 0.04, r2 = 0.92) and with A. negundo
during the dormant period (P = 0.001, r2 = 0.93).

Plant water status
No relationships existed between midday water poten-

tials with �2H of water extracted from woody tissue of
either species on a monthly scale (P > 0.06, Fig. 4b). There
were no notable intraspecific differences in � for either
species during the study, but the two species did differ
for the October, February, August, and September (P < 0.02)
measurements, with A. negundo being more water-stressed

in the dormant period and B. nigra more stressed during
the late growing season.

Discussion

Identification of water sources
Water sampled from the installed well and shallow

soil water were consistently the most enriched in deute-
rium, followed closely by stream water and deep soil
moisture (Fig. 2). The regression lines of �2H for water
extracted from the woody tissue of both species run
lower than those of all analyzed sources — an important
complication. While similar findings have been reported
previously (Brunel 2009; Horton et al. 2003; Jackson et al.
1995; Snyder and Williams 2000, 2007; Walker and
Richardson 1991), there is no good explanation for this
finding. After carefully examining the collection meth-
odology and isotopic reports, the best explanation is that
there was a failure to accurately collect all water sources
available to vegetation at this site. Because xylem water,
on an annual scale, was more depleted in deuterium
than the collected water sources, and because water
from the installed well was among the most enriched
sources, it seems likely that the error occurred in the
collection of groundwater sources. While groundwater
supplies can be affected by local inputs (e.g., stream wa-
ter), in most cases, it is the isotopically lightest water
source because it is highly conserved and experiences
the least evaporation (Allison et al. 1983; Allison and
Hughes 1983; Gat 1996). Due to the proximity to the
stream and the similarity in isotopic values, it appears
that the installed well accessed a hyporheic flowpath
where there was mixing of groundwater and stream wa-
ter, or possibly the capillary fringe associated with the
stream, instead of solely groundwater. Additionally, be-
cause of the depletion in �2H of water sampled from
woody tissues, it is likely that the unsampled source is of
some ground water origin. Because of the above compli-
cations, it can only be said that some “deep ground water”
source consistently contributed to plant water through-
out the year. The analysis of d-excess of plant water and
collected sources seemed to support this conclusion,
with plant water values often being lower and more sim-
ilar to soil water sources than the higher values of water
samples from the installed well and stream water.

Both species began the dormant period depleted in
deuterium relative to sources collected, but as the last
leaves fell in November, isotopic values of the species
diverged, with values of A. negundo increasing through-
out this period (Fig. 3a). These interspecific differences in
mean �2H are likely due to differing periods of inactivity,
with A. negundo entering its dormant period a few weeks
after B. nigra, and utilizing enriched shallow soil mois-
ture in the interim, as indicated by the similarity in �2H
values in this span. These differences are unlikely due to
a change in source utilization, as it is unusual for a tree to
cycle through significant amounts of water during this

Fig. 3. Mean �2H for woody tissue of Acer negundo (filled
circles) and Betula nigra (filled triangles) and all possible
sources (open symbols) during (a) the dormant period,
(b) the early growing season, and (c) the late growing
season.
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period (Phillips and Ehleringer 1995). As suggested by the
stability in isotopic values, it appears that B. nigra en-
tered dormancy between the October and November
measurements, while A. negundo did not appear to go
into the dormancy phase until the following month, De-
cember. Each species’ dormant period, however, lasted
about 3 months, with the apparent flush of new water in
February for B. nigra and in March for A. negundo.

During the early growing season, as the trees bolted
and entered the leaf growth phase, �2H values for B. nigra
remained similar to those at the end of the dormant
period (February), while those of A. negundo trended to-
ward depletion. This notable decline in A. negundo values,
shown in Fig. 3b, may be due to a change in source or
cycling of fresh water from deeper soil moisture as leaves
flushed. Isotopic values for both species continued to
become more depleted throughout the early growing
season and into the summer. This evidence suggests that

the trees moved to a greater reliance on a deep ground
water source, with a smaller amount of surface soil water
making contributions to these plants. While rainfall was
greater during the late growing season (Fig. 1), the in-
creased water demands from transpiration of a fully-leafed
tree, maintenance of remaining fruit, and increased evap-
oration from upper soil layers due to an increased vapor
pressure deficit, may have overcome rainfall inputs, forc-
ing a shift to a stronger reliance on groundwater. The
isotopic values of both species were similar in the late
growing season, but the more variable A. negundo �2H
values had minor fluctuations during this period and �2H
of both species peaked in July, both likely responses to
rainfall events (Chimner and Cooper 2004; Ehleringer
et al. 1991). As the growing season ended, �2H for both
species declined to near those of the October 2011 mea-
surements, suggesting an annual pattern of a decline in
�2H values at the onset of dormancy.

Fig. 4. (a) Mean �2H for woody tissue and (b) xylem water potentials of Acer negundo (filled circles) and Betula nigra (filled
triangles) over the duration of the study (dark gray section, dormant period; light gray section, early growing season; white
section, late growing season). * significant interspecific differences (P < 0.02). Error bars show ±1 SE.
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Overall, both species appear to have similar source
utilization strategies by season, with the few interspe-
cific differences in �2H possibly due to use of the same
sources in slightly different proportions. Based on the
relationships shown in Fig. 2 and Fig. 3, as well as
d-excess values, it appears that throughout the year, xy-
lem water of both species was a combination of water
from deep ground water sources, shallower soil layers,
and possibly stream water, with a greater reliance on
deeper sources during the late growing season. These
patterns may be due to increased water demand after
leaf flush and during flowering and fruiting when shal-
low soil moisture cannot keep up with higher transpira-
tion levels (Hultine et al. 2007; Phillips and Ehleringer
1995; Schilling and Jacobson 2009), but are unlikely to be
caused by desiccation of upper soil layers as seen in pre-
vious studies (Dawson and Pate 1996; Ehleringer et al.
1991), as indicated by the increased rainfall in this period.

Environmental influence
The strong positive relationships between air tempera-

ture and isotopic values of both species (A. negundo in the
dormant period and both species during the late growing
season) revealed an increase in �2H with increases in air
temperature likely due to increased evaporation of mois-
ture, associated with higher temperatures, from the upper
soil layers. This relationship indicates that this source was
used to some degree by both species most of the year.

Plant water status
Xylem water potentials between species were signifi-

cantly different at seemingly random points during the
year. Interestingly, three of the differences (at October,
August, and September measurements) occur at periods
where �2H of the species are among the closest measured
during the study (Fig. 4). This implies differing water de-
mands at a given water availability, and may explain the
apparently slight difference in water source use strategies.
There was no statistical relationship between � for either
species and rainfall, as seen in several previous water utili-
zation studies (Burgess et al. 2000; Chimner and Cooper
2004; Ehleringer et al. 1991; Snyder and Williams 2000;
White et al. 1985; Williams and Ehleringer 2000).

Summary and conclusions
Although apparent failure to sample all water sources

available at this site (likely due to possible mixing be-
tween compartments sampled within the installed well)
limits the conclusiveness of this study, there is ample
evidence that the interpretation is accurate. The cumu-
lative results including isotopic data (Fig. 2 and Fig. 3),
d-excess values, and the strong positive relationships be-
tween �2H of both species and temperature (Fig. 1 and
Fig. 4) indicate that both A. negundo and B. nigra are using
a deep ground water source and shallow soil water (fed
by rainfall) throughout the year, though likely in differ-
ing amounts. The greatest differences in water source

utilization occurred during the dormant period, with
very similar source usage throughout both segments of
the growing season. The shift towards greater deep water
reliance in the late growing season occurred at a time
when rainfall was the highest, indicating that increased
water demand due to biotic and abiotic processes (i.e.,
transpiration, fruiting, and increased evaporation from
upper soil layers) may have overcome the additional pre-
cipitation inputs.
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