
Journal of Hydrology (2007) 333, 109–117
ava i lab le a t www.sc iencedi rec t . com

journal homepage: www.elsevier .com/ locate / jhydrol
Plant water sources in the cold semiarid ecosystem
of the upper Kherlen River catchment in Mongolia:
A stable isotope approach
Sheng-Gong Li a,f,*, Hugo Romero-Saltos b, Maki Tsujimura c,
Atsuko Sugimoto d, Lisa Sasaki c, Gombo Davaa e, Dambaravjaa Oyunbaatar e
a Japan Science and Technology Agency, Kawaguchi, Saitama 332-0012, Japan
b Department of Biology, University of Miami, Coral Gables, FL 33124, USA
c Graduate School of Life and Environmental Sciences, University of Tsukuba, Tsukuba, Ibaraki 305-8572, Japan
d Graduate School of Environmental Earth Science, Hokkaido University, Sapporo 060-0810, Japan
e Institute of Meteorology and Hydrology, Khudaldaany Gudamj-5, Ulaanbaatar 210646, Mongolia
f Institute of Geographical Sciences and Natural Resources Research, Chinese Academy of Sciences, Beijing 100101, PR China
Received 26 August 2005; received in revised form 10 February 2006; accepted 24 July 2006
Summary In the cold semiarid region of northeastern Mongolia, we used stable isotopes (18O
and D) to determine potential plant water sources during the 2003 growing season (June to Sep-
tember) in two habitats: montane forest and an elevation gradient from the forest to Kherlen
river bank. The forest is dominated by larch (Larix sibirica) with patches of cinquefoil shrubs
(Potentilla fruticosa). The latter also grow throughout the elevation gradient, while the larch
grows only on the top slope. Poplar (Populus spp.) and willow (Salix spp.) trees grow only on the
river bank. All plant and soil samples showed isotopic signatures similar to summer precipita-
tion, which is isotopically heavier in summer than winter. In July and August, larch trees in
the forest tended to shift their water uptake to shallow depths in response to recent rainfall,
but during the remaining months (June and September), depths of water uptake were unclear.
Further, both the larch trees and cinquefoil shrubs in the forest used water at similar depths,
suggesting potential competition for water. Plants along the elevation gradient showed differ-
ent patterns of water use: (1) in July, larch used recent rainfall only, but in other months, the
pattern was unclear; (2) cinquefoil depended on rainfall from recent weeks (as in August), but
sometimes used antecedent rainwater from one month prior; and (3) poplar and willow seemed
to use water from the river (as in August) or from precipitation that fell a few weeks prior (as in
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September), but the factors controlling this unusual shift are unknown. This study contributes
to our understanding of plant water use strategies in cold semiarid ecosystems, and provides
baseline data for models designed to understand large-scale hydrological effects of global cli-
mate change.
ª 2006 Elsevier B.V. All rights reserved.
Introduction

Water use strategies of plants and water transport in the
soil–plant–atmosphere continuum are critical to under-
standing ecosystem functioning in arid and semiarid habitats
where plant productivity is often limited by soil moisture
(Noy-Meir, 1973; Webb et al., 1983). Moreover, they are
intrinsically related to precipitation variability (Fischer
and Turner, 1978; Breymeyer et al., 1996). Indeed, because
precipitation is highly dependent on forest evapotranspira-
tion (Salati et al., 1979; Savenije, 1995), deforestation
and land cover changes will likely reduce precipitation,
and thus, increase the risk of regional drought (Eltahir and
Bras, 1994; Wang and Eltahir, 2000).

Isotopic compositions (D and 18O) of different water pools
in an ecosystem (soil, plant and atmospheric) can describe
interactions between these water pools and biological and
hydrological processes (Ehleringer and Dawson, 1992; Gat,
1996; Yakir and Sternberg, 2000; Dawson et al., 2002). For
example, because, in general, plant roots do not discriminate
against specific water isotopes during water uptake (excep-
tion: mangroves; see Lin and Sternberg, 1993), the isotopic
composition of stem water can determine potential plant
water sources (Wershaw et al., 1966; Ehleringer and Dawson,
1992; Brunel et al., 1995). Certain plants are thought to use
different water sources in response to seasonal water avail-
ability (e.g. Ehleringer et al., 1991; Weltzin and McPherson,
1997; Jackson et al., 1999; Stratton et al., 2000), reducing
competition for water and increasing the likelihood of plant
survival during periods of water shortage (Noy-Meir, 1973;
Ehleringer et al., 1991; Peñuelas et al., 2000).

Numerous studies have described plant water uptake in
arid and semiarid habitats by applying isotope mixing mod-
els. For example, along the summer monsoon precipitation
gradient in Arizona and Utah, USA, three dominant tree spe-
cies in the pinyon-juniper community are known to use dif-
ferent water sources: Pinus edulis and Juniperus
osteosperma were shown to use a large proportion of mon-
soon precipitation while Quercus gambelii used only deep
soil water even in periods of recent substantial summer pre-
cipitation (Williams and Ehleringer, 2000). Moreover, in the
semiarid Mu-Us desert, Inner Mongolia, China, native Sabina
vulgaris and introduced Salix matsudana trees use relatively
deep soil water as well as groundwater, whereas the shrub
Artemisia ordosica uses shallow soil water only (Ohte
et al., 2003). Afforestation in this desert area with S. matsu-
dana might therefore cause irreversible groundwater loss
because, compared to native plants, this exotic tree has rel-
atively low water use efficiency (Ohte et al., 2003). In sa-
vanna communities, trees, shrubs, and grasses are able to
coexist because, in general, trees and shrubs tend to use
deep water sources while grasses tend to use shallow water;
a pattern certainly related to the different root distribution
patterns of these life forms (Noy-Meir, 1973; Walker et al.,
1981; Sala et al., 1989; Le Roux et al., 1995; Scholes and Ar-
cher, 1997; Weltzin and McPherson, 1997; House et al.,
2003; see Moreira et al., 2000, for an exception to this niche
partitioning hypothesis).

The application of mixing models to estimates of plant
water sources and their relative contributions has received
both support (e.g. Brunel et al., 1995) and criticism (e.g.
Thorburn and Ehleringer, 1995; Snyder and Williams, 2000;
Phillips and Gregg, 2001; Phillips and Koch, 2002; Phillips
and Gregg, 2003). Brunel et al. (1995), in a semiarid field
situation, found that the total error involved in sampling,
extraction and assumptions was <5& for D and <1& for
18O, suggesting that these models are appropriate for deter-
mining potential plant water sources. However, mixing
models do not provide information about the active root
area or depths of plant water uptake; shortcomings recently
overcome by Ogle et al. (2004) who proposed an algorithm
for reconstructing the active root area and water uptake
profiles, and by Romero-Saltos et al. (2005) who developed
a model to estimate potential mean depths of plant water
uptake from isotopic signatures of soil and stem water.

In the cold semiarid environment of northeastern Mongo-
lia, research on water sources of dominant plant species is
just starting. In the Kherlen River catchment area, larch
(Larix sibirica Ledeb.) taiga forest dominates and plays an
important role in the eco-hydrological processes of the en-
tire basin (Li et al., 2005; Sugita et al., this issue). In this
montane forest, Li et al. (2006) showed that during the
growing season, according to 18O signatures of plant and soil
water, larch trees use water from the top 30 cm of the soil
after rainfall events, but water from deeper layers when the
topsoil water becomes scarce. In this paper, we attempt to
confirm this pattern of water use using the model of Ro-
mero-Saltos et al. (2005) to estimate potential mean depths
of water uptake, using soil and stem signatures of not only
18O, but also D. We also determine plant water sources dur-
ing the growing season along an elevation gradient from the
montane larch forest stand to the bank of the Kherlen River.
For this gradient scenario, we test the following two postu-
lates: (1) during the growing season, recently fallen rainwa-
ter is the main source of water for plants growing along the
mountain slope, and (2) river water is the main source of
water for plants growing on the river bank.

Materials and methods

Study area

The study was conducted at Mongonmorit, Tov province,
Mongolia, in the mountain catchment area of the Kherlen
River, near the tower of the Rangelands Atmosphere–
Hydrosphere–Biosphere Interaction Study Experiment
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Figure 1 Precipitation (PPT) as measured at the Mongonmorit
station of the Institute of Meteorology and Hydrology, Mongo-
lia. Error bars denote 1 SD.
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Figure 2 Elevation profile of the study area showing the
relative location of the larch forest, the elevation gradient, and
most common plant species sampled at these sites. The plants
and river are not to scale.
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(RAISE) (48�21.112 0 N, 108�39.260 0 E, 1630 m; Li et al.,
2005; Sugita et al., this issue). The Kherlen River originates
from the Khentii and Khyangan mountains in Mongolia (Tse-
vegmid, 1969). The climate in this area is classified as semi-
arid, cold continental.

According to the Mongonmorit meteorological station
(25 km southwest of the RAISE tower) operated by the Insti-
tute of Meteorology and Hydrology, Mongolia, mean annual
precipitation (PPT) is 296 mm, which is very close to the
rainfall accumulated during the study period (299 mm from
October 2002 to September 2003). At Mongonmorit, over
80% (249 mm) of PPT falls during the growing season from
May through September (Fig. 1). In comparison, our RAISE
tower site received 271 mm of rainfall during the growing
season, 8.7% more. In general, monthly PPT distribution
during the study period followed the multiyear pattern, ex-
cept for unusually high rainfall in May 2003. The mean an-
nual air temperature at Mongonmorit is �2.7 �C (1993–
2002 average) with January being the coldest month (mean
daily air temperature: �21.5 �C) and July the hottest (mean
daily air temperature: 13.6 �C).

The mountain forest in this area is dominated by Siberian
larch (L. sibirica Ledeb.) with scattered or patchy areas of
white birch (Betula platyphylla Sukach.). The soil is classi-
fied as spodosol. Mean stand height is about 20 m, while
the projected leaf area index of the canopy vegetation
(larch) is 2.7, as estimated by the litter trap method (Li
et al., 2005). The understory is dense and forms a distinct
layer of grasses (e.g. sedges and Junegrass) and scattered
shrubs, particularly cinquefoil (Potentilla fruticosa L.).
Cinquefoil shrubs also occur along the elevation gradient
from the forest stand to the river bank on the south-facing
slope of the mountain (Fig. 2). This gradient includes a
steppe where larch trees are absent or rare (Fig. 2). On
the riverbank, poplar (Populus spp.) and willow (Salix spp.)
trees are common; these species are immersed in the river
when snow melts in the spring (late March to early May)
and are therefore adapted to survive seasonal water logging.

Precipitation and river water sampling

Precipitation samples were routinely collected by Mon-
gonmorit meteorological station throughout the year. Rain-
water was collected with a funnel attached to a plastic tank
containing a ping-pong ball to prevent evaporation. Snow
was collected with a vat secured on the ground and later
melted in an airtight container at room temperatures. Both
daily rainwater and melted snow water samples were col-
lected and stored in 100-mL plastic bottles. See Yamanaka
et al. (this issue) for a detailed description of precipitation
sampling. In this study, we used data collected by Mon-
gonmorit station from October 2002 to September 2003
(Fig. 1). River water was collected and stored in 100-mL
plastic bottles during the plant and soil sample collection
periods.

Plant and soil sampling

During the 2003 growing season, we sampled representative
plant species of the forest stand (larch and cinquefoil) sur-
rounding the flux tower and along the elevation gradient
from the forest stand to the river bank (larch, cinquefoil,
poplar, and willow) (Fig. 2). Only larch was collected con-
tinuously throughout the growing season (June 16, 19–21
July, 19 August, and 30 September).

Forest stand
For each sampling date (June 16, 19 July, 19 August, and 30
September), we collected a stem fully covered with peri-
derm from each of five randomly selected adult larch trees
(N = 5 stem samples per sampling date, total = 20 stems). In
August and September, we also collected cinquefoil stem
samples (N = 3 stem samples per sampling date, total = 6
stems). The bark of each stem was peeled off and the stem
stored in 30-mL glass vials sealed with Teflon-lined caps. In
order to determine changes in the depth of water uptake by
larch trees during the 2003 growing season, soil samples
from depths of 5, 10, 20, 30, 50, 70, and 100 cm were also
collected on each sampling date by digging a 1 · 1 · 1 m pit.
Soil samples were placed in 100-mL glass vials sealed with
Teflon-lined caps.

Elevation gradient
On 16 June, 21 July and 19 August, larch stem samples were
taken at the forest-steppe transitional region (top of the
slope), where larch trees are widely scattered (Fig. 2).
Cinquefoil stems were collected at the top of the slope on
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19 August and 30 September, and from the middle and foot
of the slope on 19 August only. On the river bank, stems
were collected on 21 July (willow only), 19 August (cinque-
foil, poplar, and willow) and 30 September (cinquefoil, pop-
lar, and willow). Three replicates of each elevation gradient
plant sample were collected (N = 3). No soil samples were
taken along the elevation gradient because the aim was only
to test whether summer rainfall is the main source of water
for plants along the mountain slope, and whether river
water is the main source of water for those on the river bank
(see Section 1).

Lab analysis

Plant and soil samples were frozen and then thawed over-
night before water was extracted using the cryogenic vac-
uum distillation method (Ehleringer and Osmond, 1989).
The D and 18O content of the stem, soil, precipitation and
river water was measured using a Finnigan MAT252 isotope
ratio mass spectrometer at the University of Tsukuba, Ja-
pan. 18O content was determined with the H2O–CO2 equili-
bration method (Socki et al., 1999), while D content was
determined with the gaseous H2–H2O equilibration tech-
nique (Coplen et al., 1991). Overall analytical precision of
the spectrometer was ±0.1& for d18O and ±1& for dD.

Data analysis

The 18O and D content of a water sample (dsample) was ex-
pressed in delta notation (&) relative to the V-SMOW stan-
dard (Vienna Standard Mean Ocean Water):

dsample ¼
Rsample

RSMOW
� 1

� �
� 1000; ð1Þ

where R represents the heavy-to-light isotope ratio (18O/16O
or D/H). (18O/16O)SMOW = (2005.20 ± 0.45) · 10�6 (Baertschi,
1976) and (D/H)SMOW = (155.95 ± 0.08) · 10�6 (De Wit et al.,
1980).

Isotopic composition of precipitation
The isotopic composition of precipitation was analyzed by
plotting monthly dD values against d18O values during the
year of study (October 2002 to September 2003). Because
this relationship tends to be linear, it is usually analyzed
with linear regression (Craig, 1961). The best-fit line of this
regression is the local meteoric water line (LMWL), which
can be compared to the global meteoric water line (GMWL),
the average of many LMWL across the world (Craig, 1961;
Rozanski et al., 1993). In this study, the LMWL also helped
distinguish the isotopic signatures of precipitation in the
growing season (May to September, i.e. mid-spring to the
beginning of fall) from those of the non-growing season.

Depth of water uptake by larch trees in the forest stand
Depth of water uptake by larch trees in the forest surround-
ing the flux tower (see Fig. 1) was obtained using the model
developed by Romero-Saltos et al. (2005), which relates the
soil isotopic concentrations at various depths with the isoto-
pic concentration of the stem. The model is based on the
axiom that the isotopic composition of stem water is equal
to the sum of the isotopic composition of soil water ab-
sorbed at all depths used by the roots, weighted by the
amount of water absorbed at these depths. To define the
amount of water absorbed at different depths, the model
assumes that water is absorbed from a vertical soil segment
of a given length (defined by the user), following a normal
distribution. The single value (depth of water uptake) acting
as the model output is that at the center of the normal dis-
tribution, i.e., the mean (l). Because in reality a plant does
not uptake water from a single segment of soil following a
normal distribution, the depth of water uptake produced
by the model actually represents a potentialmean (l) depth
of water uptake.

Depending on the length of the soil segment used and
how convoluted the soil isotopic profile is, the model might
sometimes, for a given plant at a given sampling date, pro-
duce no solution at all or multiple solutions (i.e., multiple
potential depths of water uptake) (Romero-Saltos et al.,
2005). In this case, it is up to the user to decide how to treat
such data. In this study, we decided to first calculate the po-
tential mean depths of water uptake for soil segments of
different length (10, 25, 50, 75 and 100 cm), and then com-
pare the solutions obtained, basically looking for consis-
tency among solutions obtained with different soil
segment lengths. In case of multiple solutions at a given soil
segment length (for a given tree at a given sampling date),
we found the most probable value of depth of water uptake
by: (1) selecting the value that was most similar to unique
values obtained when larger soil segments were analyzed;
(2) when this was not possible, by calculating an average va-
lue for those solutions that were the most consistent when
compared to other values obtained with different lengths of
soil segment; and (3) when multiple solutions occurred only
once (i.e., using only a given length of soil segment, and no
solutions using other lengths), by selecting the value most
similar to that obtained for a different larch tree on the
same sampling date.

Finally, for each tree at a given sampling date, the ‘‘sin-
gle’’ solutions obtained with each length of soil segment
analyzed were averaged to obtain a potential depth of
water uptake. For each sampling date, the values obtained
for different trees were further averaged and a standard
deviation calculated. Although we sampled five larch trees
every month, the real number of replicates (depths of water
uptake values) varied every month either because no solu-
tion was obtained at any length of soil segment (38% of
cases for both the dD and d18O datasets) or because water
could not be extracted successfully from the stem sample
in the first place (seven unsuccessful water extractions
out of 20 stem samples analyzed in total). In this study,
we independently analyzed the dD and d18O datasets to
see if the patterns of depth of water uptake obtained were
similar independent of the stable isotope used.

Water sources along the elevation gradient
In any given month, potential water sources of the species
growing along the elevation gradient were determined by
the closeness of their average dD–d18O signatures to those
of the potential water sources (river water or precipita-
tion). This visual comparison is done through a scatter plot
of dD values against d18O values (Ehleringer et al., 1991;
Ehleringer and Dawson, 1992; Brunel et al., 1995). The
d18O values of PPT (d18OPPT) were weighted by the amount
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of each PPT >1.5 mm (i.e., d18OPPT ¼
P

PPTi � d18OPPTi=P
PPTiÞ over the sampling intervals (May 14–June 15, June

19–July 17, July 22–August 16, and August 20–September
29). This is based on the assumption that plant water use
is connected to rainwater that fell before sample collection
or during the intersampling period rather than thereafter.

Results and discussion

Isotopic composition of precipitation

There was strong seasonal variation in the oxygen isotopic
composition of precipitation (d18OPPT), ranging from
�27.8& in January (winter) to �7.8& in June (summer)
(Fig. 3). Correspondingly, the hydrogen isotopic composi-
tion of precipitation (dDPPT) ranged from �201.2& in Janu-
ary to �59.9& in June (Fig. 3). Therefore, precipitation
during the winter and fall (ca. October to March) is signifi-
cantly more depleted of heavy isotopes (more negative
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d18OPPT and dDPPT values) compared to spring and summer
precipitation (ca. May to September, the growing season).
The variation in the isotopic composition of precipitation
in eastern Mongolia is discussed in Yamanaka et al. (this is-
sue). The findings clearly define the variation in isotopic
precipitation signatures throughout the year, facilitating
identification of those plants that use precipitation as their
main water source, either as recently fallen rainfall or as
melted winter snow (Li et al., 2006).

Despite the large complexity of global hydrological pro-
cesses, Craig (1961) found that stable isotope ratios of
hydrogen and oxygen in monthly precipitation correlate on
a global scale by a linear relationship known as the global
meteoric water line (GMWL): dDPPT = 8 · d18OPPT + 10.
Rozanski et al. (1993) refined the GMWL as: dDPPT =
8.17 · d18OPPT + 10.35. On a local scale, both the slope
and intercept of this linear relationship vary depending on
seasonal and geographical variability in local climatic condi-
tions (Gibson et al., 2002). The local meteoric water line
(LMWL) at Mongonmorit is described as:
dDPPT = (7.23 ± 0.12) · d18OPPT � (1.29 ± 2.23) (N = 12, ad-
justed r2 = 0.997, P < 0.001). Therefore, the slope and inter-
cept of the LMWL were about 12% and 112% lower,
respectively, than those of the refined GMWL (Rozanski
et al., 1993). This deviation from the GMWL is mainly due
to evaporation-induced kinetic fractionation effects (Merli-
vat and Jouzel, 1979; Jacob and Sonntag, 1991; Zimmer-
mann et al., 1967) and Rayleigh fractionation in the
closed system (Jouzel et al., 1997; Kendall and Caldwell,
1998).

Monthly variation in depths of water uptake by
larch trees in the forest stand

The isotopic content of soil water at different depths chan-
ged abruptly from month to month (Fig. 4), reflecting a very
dynamic process of soil evaporation and rainfall percolation
(see Li et al., 2006, for a detailed description and probable
explanations of this process). The commonly observed pat-
tern of accumulation of heavy isotopes in the topsoil as a re-
sult of soil evaporation was observed in June, July and
September, but not August (Fig. 4). This peculiar August
-8

-60-70-80-90-100-110-120

δD (‰)

e growing period in the larch forest stand (1630 m altitude, see
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pattern could be explained by the large amount of rainfall
that fell during the July–August intersampling period,
which probably diminished the soil evaporative enrichment
process (Li et al., 2006).

The depth of water uptake can easily be estimated when
stem water has an isotopic concentration that matches the
unique isotopic concentration of soil water at a given depth.
However, for every month of the growing season (June–
September), soil water isotopic signatures of very different
depths were very similar (Fig. 4), making it complicated to
determine a single potential depth of water uptake for a gi-
ven stem sample. Analysis of soil water content (SWC) at
different depths might help overcome this problem if it is
assumed that most water is absorbed from depths of rela-
tively high SWC (as in Li et al., 2006). In other words, of
depths with a similar isotopic content, those that show a
relatively low SWC are excluded as potential depths of
water uptake. This approach assumes that root function
parallels SWC distribution (i.e., more functional roots where
the SWC is high), which is probably true most of the time. In
this study, however, we did not assume any SWC-root func-
tionality correlation, but simply analyzed the depth of
water uptake solutions obtained by the model of Romero-
Saltos et al. (2005). Details on how these solutions were
analyzed are explained in Section 2.5.2.
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Figure 5 Potential mean depths of water uptake (±1 SD) by
the larch trees in the forest stand during the 2003 growing
season according to the dD and d18O isotopic content of soil
water and larch stem water. Depths were calculated using the
model of Romero-Saltos et al. (2005). Numbers below error bars
indicate the actual sample size (i.e., number of solutions
obtained by the model out of 3–5 water stem samples analyzed
each month).

Table 1 Average (±1 SD) d18O and dD values of stem water from
and September 2003

Species d18O d18O
August September

Larch �13.2 ± 0.2 �10.5 ± 0.
(N = 3) (N = 5)

Cinquefoil �12.7 ± 0.4 �10.4 ± 1.
(N = 3) (N = 3)

P value 0.400 1.000

Sample sizes (# water samples extracted and analyzed) are shown in
showed that during the whole study period, no statistically significant d
cinquefoil stem water at a significance level of a = 0.05.
With the same sample, the depth of water uptake model
often calculated different solutions depending on the iso-
tope or parameters used (i.e., length of soil segment, see
Section 2.5.2). In fact, for a given sampling date, some
dD–d18O paired values differed from the typical linear rela-
tionship described by the rest of the samples. Despite these
drawbacks, it is clear that during July and August, months
with large precipitation input (Fig. 1), larch trees used
water from the top 30 cm of soil, according to both 18O
and D signatures (Fig. 5). This confirms the conclusions ob-
tained by Li et al. (2006) who visually compared soil and
stem 18O isotopic data together with SWC and detailed rain-
fall data from the intersampling periods. According to the
18O signatures, larch trees in June used water from a depth
below 30 cm, while in September no depth of water uptake
solution was obtained by the model. This also coincides with
the conclusions of Li et al. (2006), although they noted that
the d 18O stem signatures in September closely matched the
d18O signature of a small rainfall event (2 mm) a few days
before the sampling date. This is evidence that during the
growing season larch trees in this forest apparently respond
quickly to recent rainfall events, which increase the SWC in
the topsoil from where water is then absorbed. Similarly,
Sugimoto et al. (2002) found that Larix gmelinii, another
species of larch, in east Siberia mainly used recent precipi-
tation water during a wet summer but could use thawing
permafrost water during a drought summer. The D-based re-
sults of June and September do not coincide with those of Li
et al. (2006) using 18O. This could be an artifact of the data
analysis procedure (see Section 2.5.2) or related to natural
processes we cannot explain with the data collected. To
solve these inconsistencies, we suggest a deuterium pulse-
chase experiment, in which a label of deuterium-enriched
water is irrigated around the trees at the beginning of the
growing season, and then periodically followed in the soil
and stem water throughout the growing season (see Ro-
mero-Saltos et al., 2005). For further detailed discussion
on how rainfall during the intersampling periods affected
depth of water uptake patterns by larch trees during the
2003 growing season, please refer to Li et al. (2006).

Cinquefoil shrubs were also sampled in the forest stand in
August and September. In both months, they showed aver-
age d18O and dD values similar to the average isotopic com-
position of adult larch trees (Table 1). This suggests
potential competition for water between these two plant
species; the competition effect is probably stronger with
larch trees and cinquefoil shrubs in the forest stand in August

dD dD
August September

5 �113.3 ± 5.5 �73.6 ± 12.1
(N = 3) (N = 5)

2 �91 ± 13.5 �80.7 ± 9.1
(N = 3) (N = 5)
0.111 0.556

parentheses. The Mann–Whitney U-test (Sokal and Rohlf, 1995)
ifferences were found between the isotopic signatures of larch and
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larch seedlings, which need plenty of water to establish.
Competition among these species has probably been inten-
sified in the last decade because this forest has been fre-
quently lumbered, and thus, subjected to significant
recruitment of pioneer shrubs (incl. cinquefoil) and grasses.
Indeed, during the study period, we found no larch seedlings
in the forest. Another possible explanation for the absence
of larch seedlings could be non-optimal light conditions for
seedling recruitment, which is also related to the frequent
logging activities in this forest.

Precipitation, river water or a mixture of both?
Water sources along the elevation gradient

Average d18O and dD signatures of stem water along the ele-
vation gradient (top slope, mid-slope, mountain foot and
river bank) during the growing season (June–September)
were, in general, located along the LMWL (Fig. 6), providing
evidence that summer precipitation is readily used by these
plants. Note that, because of logistic limitations in the field,
not all plant species were sampled every month and the riv-
er water (consistently depleted of heavy isotopes compared
to rainfall or stem water) was not sampled in June. It is also
important to realize that while larch only occurred on the
top slope and poplar and willow grew only on the river bank,
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Figure 6 The relationship between dD and d18O in stem water
of various species growing along the elevation gradient (larch,
cinquefoil, poplar, and willow, see Fig. 2), and their potential
water sources (precipitation and river water, in italics) during
the 2003 growing season (June–September). The d18O values of
precipitation were weighted by the amount of precipitation
(see Section 2.5.3). Because of logistic reasons, not all plant
species were sampled every month and river water was not
sampled in June. Each point represents the average isotopic
content (see Section 2.3). Because cinquefoil is widely distrib-
uted, a letter was assigned to identify the habitat of origin: T
for top slope, M for mid-slope, F for mountain foot and R for
river bank. To increase readability, error bars (±1 SD) have been
drawn with different designs, only on one side of the x and y
axes (not as crosses) and only if greater than the relative size of
the symbol. The LWML for the growing season is shown for
reference (see Fig. 3). Encircled are those cases where the
water source used of the plants could be more or less visibly
determined.
cinquefoil was widely distributed in all habitats (see Section
2.1).

Although there was considerable monthly variation in
average isotopic signatures of stem water of the different
plant species examined, we were still able to distinguish
some obvious patterns regarding their potential water
sources during the growing season (Fig. 6): (1) in July, larch
trees (on the top slope) clearly used that month’s rainfall;
(2) in August, cinquefoil shrubs along the elevation gradient
and on the river bank used that month’s rainfall or a mixture
of July and August’s precipitation; (3) also in August, poplar
and willow trees on the river bank used river water only,
suggesting that changes in water table depth (varying con-
comitantly with the river level) might affect growth of these
trees; (4) in September, cinquefoil shrubs on the river bank
continued to use current precipitation only, but those on
the top slope possibly continued to use August precipitation
(by this time, probably at relatively deeper soil levels be-
cause of percolation); and (5) also in September, poplar
and willow trees on the river bank stopped using river water
(September’s river water signature was not near that of any
of the plant samples collected) and apparently started using
precipitation with an isotopic signature similar to August
rainfall, an interesting phenomenon that we cannot easily
explain at present. Indeed, to better explain the observed
water use patterns, future studies should describe the root
structure of the different plant species, characterize the
physical characteristics of the soil (e.g., water percolation
rates), monitor changes in the water table, and intensify
the sampling frequency of both soil and plant species in
the different habitats.

Conclusions

This study had two main objectives. First, to confirm the
monthly variation in depths of water uptake by larch trees
growing in the mountain forest originally described by Li
et al. (2006), using not only 18O (as Li et al. did) but also
D signatures in a model for estimating potential depths of
water uptake (Romero-Saltos et al., 2005). Second, to iden-
tify water sources during the growing season along an eleva-
tion gradient from the forest stand to the bank of the
Kherlen River, assuming that plants along the mountain
slope would use recently fallen summer rain, and that those
on the river bank would mostly use river water. In general,
we confirmed the depth of water uptake patterns originally
described by Li et al. (2006); however, regarding water
sources along the elevation gradient, we concluded that
they vary temporally and spatially. A number of environ-
mental factors not characterized in this study are necessary
to explain the water use patterns at a given time. Neverthe-
less, the data provided is likely to be useful input for hydro-
logical models designed to determine the large-scale effect
of climate change on the sensitive semiarid ecosystem of
northeastern Mongolia.
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