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Oxygen isotopic ratios (δ18O) of tree-ring cellulose, grown from 1954 to 2003 in semi-arid Northern China
demonstrate a common inter-annual variability, despite coming from three different species in two distinct
growth environments (an alpine meadow and a rocky ridge). The variability was significantly negative
correlated with precipitation and relative humidity during the growing season. This suggests that the past
summer hydroclimate can be inferred from tree-ring cellulose δ18O from various kinds of trees growing in
semi-arid Northern China. In addition, we evaluated past changes in δ18O of precipitation from the tree-ring
cellulose δ18O and relative humidity using the mechanistic model for tree-ring cellulose δ18O in Roden et al.
(2000). By fixing the species-dependent exchange rate of oxygen between carbohydrate and xylem water for
Larix principis-rupprechtii and Picea koraiensis, we could also reconstruct the variations in precipitation δ18O
from the different tree species, which are similar to the observed δ18O of precipitation during 1985–2002.
Although the reconstructed δ18O of precipitation does not have any significant relation to local temperature or
precipitation during 1954–2003, its long-term variation pattern is similar to that of the Asian summer
monsoon indices and δ18O of stalagmite in the Heshang cave (30°27′N, 110°25′E; Fig. 1), suggesting that δ18O
of precipitation is not controlled by local meteorology but is influenced by large-scale atmospheric circulation.
+81 52 789 3436.
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1. Introduction

Tree rings constitute one of the most important archives in
paleoclimatic research because of their high temporal resolution and
accuracy of dating. In order to obtain more climate signals, various
tree-ring parameters are employed besides tree-ring width. Particu-
larly, the oxygen isotopic ratios of tree rings have an advantage in that
the physiological controls on the isotopic composition are well
understood and relatively simple compared to the many factors that
control tree-ring width (McCarroll and Loader, 2004). The principal
source of water for tree growth is precipitation and its oxygen isotopic
ratio (δ18O) is related to temperature and precipitation amount
(Dansgaard, 1964). Therefore, the tree-ring cellulose δ18O may record
past changes in temperature or precipitation via the δ18O of
precipitation, although an early study suggested that tree-ring
cellulose δ18O mainly reflects mean annual temperature (Burk and
Stuiver, 1981). In addition, relative humidity is considered as the
other important factor controlling tree-ring cellulose δ18O by affecting
the enrichment of δ18O in leaf water through transpiration processes
(Craig and Gordon, 1965; Flanagan and Ehleringer, 1991).

The study of tree-ring cellulose δ18O has developed rapidly over
the last few decades (e.g., Saurer et al., 1997; Robertson et al., 2001;
Anderson et al., 2002; Waterhouse et al., 2002; Roden et al., 2005;
Leavitt et al., 2006; Treydte et al., 2007; Loader et al., 2008). These
studies have demonstrated that δ18O of tree-ring cellulose contains
fruitful climatic information such as the extent of precipitation, the
growth temperature and/or the relative humidity during growth. To
determine the applicability of the mechanistic model of δ18O in tree
rings and assess the potential of paleoclimatic reconstruction by tree-
ring cellulose δ18O to improve our understanding on isotopic
dendroclimatology, it is necessary to work with tree-ring cellulose
δ18O on a large scale. However, there are only a few tree-ring cellulose
δ18O studies in the East Asian monsoon region. These studies mainly
focused on tree-ring cellulose δ18O in arid western China (Liu et al.,
2004, 2008, 2009a) and snowy northern Japan (Nakatsuka et al., 2004;
Tsuji et al., 2006, 2008). A useful test would be to apply this proxy for
assessing past drought occurrences in ecologically fragile regions,
such as semi-arid Northern China, which has experienced dramatic
hydroclimatic variations over the last three decades (Wei et al., 2003;
Huang, 2006). Thus far, most tree-ring cellulose δ18O studies have
been conducted using only a single tree species in each study, except
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for a few studies using more than two species (Nakatsuka et al., 2004;
Tsuji et al., 2006; Marshall andMonserud, 2006; Saurer et al., 2008). It
is currently not well known whether tree-ring cellulose δ18O
chronologies from different species and/or different stand environ-
ments yield similar results in a given semi-arid area, where ring-
width chronologies cannot represent common variations between
different species or sites. Therefore, it is highly desirable not only to
apply this proxy for a single tree species at a single site in Northern
China but also to survey the differences in tree-ring cellulose δ18O
variations between selected species or sites in this region.

On the other hand, the δ18O of precipitation is an important tracer of
the global hydrological cycle, which is closely associated with global
climate dynamics (Rozanski et al., 1997). Stable isotopic ratios of
precipitation have been recorded monthly since 1961 by the GNIP
(Global Network of Isotopes in Precipitation, sponsored by the
International Atomic Energy Agency and the World Meteorological
Organization). Variability of precipitation δ18O observed in the GNIP
database has been attributed to many factors including air temperature
(the temperature effect), amount of precipitation (the amount effect)
and elevation (the altitude effect) (Dansgaard, 1964; Siegenthaler and
Oeschger, 1980; Araguas-Araguas et al., 1998).

In this study, we measured individual tree-ring cellulose δ18O
variations of Larix principis-rupprechtii, Picea koraiensis and Pinus
tabulaeformis growing under different hydrological conditions and
altitudes in semi-arid Northern China. The tree-ring cellulose δ18O
series are first compared among different individuals and different
species to understand whether or not they are affected by ecological
characteristics of individual trees as is the case for tree ring width
(hereafter, TRW). Then, the isotopic data are statistically analyzed to
investigate the relationships between the tree-ring cellulose δ18O and
climatic factors. Local δ18O of precipitation is also reconstructed based
on the function induced by combining a leaf water isotope model
(Craig and Gordon, 1965; Flanagan and Ehleringer, 1991) and an
isotope exchange model between carbohydrate and xylem water
before cellulose synthesis (Roden et al., 2000).

2. Oxygen isotope theory of tree rings

The isotopic composition of leaf water is modified from that of
original xylemwater by transpiration through stomata, which leads to
a consequent enrichment in 18O. This is described by the modified
Craig–Gordon model:

δ18Ol = δ18Ox + ε� + εk + ea = ei δ18OA−εk−δ18Ox

� �
ð1Þ

where δ18Ol, δ18Ox, and δ18OA represent the δ18O in the leaf water,
xylem water and atmospheric water vapor, respectively. ε⁎ (εk) is the
equilibrium (kinetic) isotopic fractionation factor. ea/ei is the ratio of
ambient vapor pressure to intercellular vapor pressure, which can be
assumed to be equal to the relative humidity (h) (Dongmann et al.,
1974). Assuming that atmospheric water vapor is isotopically
equilibrated with precipitation, δ18OA can be equal to δ18Op−ε⁎,
where δ18Op represents the δ18O of precipitation. Because soil water
originates from precipitation without any isotopic fractionation
(White et al., 1985), δ18Ox must be equal to δ18Op. The modified
Craig–Gordon equation can be simplified as:

δ18Ol = δ18Op + ε� + εk
� �

1−hð Þ: ð2Þ

Eq. (2) demonstrates that δ18Ol increases with a decrease in the
relative humidity.

However, recent studies have reported that leaf water is often not
as enriched as predicted by the simplified Craig–Gordon equation (i.e.,
the Péclet effect), especially for a plant living in very arid regions
where the transpiration rate is very high (Barbour and Farquhar,
2000; McCarroll and Loader, 2004; Barbour et al., 2004; Cuntz et al.,
2007; Sternberg, 2009). In this study, the sampling sites are relatively
wet mountainous regions where the Péclet effect does not seem to
influence the leaf water δ18O greatly.

From the leaf water to the stem cellulose, Roden et al. (2000)
summarized the process as expressed in Eq. (3):

δ18Oc = fo δ18Ox + εo
� �

+ 1−foð Þ δ18Ol + 27‰
� �

ð3Þ

where δ18Oc represents the δ18O of tree-ring cellulose, fo is the
exchanged proportion of carbohydrate oxygen with xylem water
(which varies by tree species), εo is the net biological isotopic
fractionation factor between the xylem water and the exchanged
oxygen in the carbohydrate, and +27‰ is the equilibrated isotopic
exchange ratio between leaf water and photosynthesized carbohy-
drate (DeNiro and Epstein, 1979; Yakir and DeNiro, 1990).

Because the equations above suggest that the tree-ring cellulose
δ18O is controlled only by the oxygen isotope ratios of precipitation
and relative humidity, we can infer past changes in the δ18O of
precipitation from measurable tree-ring cellulose δ18O and from the
observed relative humidity. The δ18O of precipitation can be
expressed in Eq. (4) by substituting Eq. (2) for δ18Ol in Eq. (3) as
follows:

δ18Op = δ18Oc− 1−foð Þ 1−hð Þ ε� + εk
� �

−foεo− 1−foð Þ27‰ ð4Þ

which is similar to the expression proposed by Anderson et al. (2002).

3. Sampling sites and local climate

Our sampling sites are located in the Shanxi Province, in Northern
China, which is surrounded by the Gobi desert to the north and the
Loess Plateau in the west (Fig. 1). The sites are located in the semi-arid
zone of China. The topography implies that hydrological conditions in
this region are suffering from threat from increasing drought in
northwestern China (Wei et al., 2003). The growing season for trees
ranges from April to September (Li et al., 2006).

The tree-ring cores were collected at two sites with different
hydrological conditions and different altitudes. The distance between
two sampling sites is about 25 km. One site is located in an alpine
meadow of the Luya Mountains (38°44′N, 111°50′E; 2400–2600 m
above sea level) with slopes from 30° to 60°, where the vegetation is
dense and the aquifer is shallow. The dominant species of L. principis-
rupprechtii (hereafter, larix) were sampled together with minor
species of P. koraiensis (hereafter, picea). The other site is a rocky
ridge of Ningwu (38°50′N, 112°05′E; 1600–2100 m above sea level).
The vegetation is sparse, and the soil is extremely shallow and poor. P.
tabulaeformis (hereafter, pinus) samples were collected at the top of
the ridge. For cross-dating and further studies, 65 cores from 29 larix
trees, 12 cores from 5 picea trees and 37 cores from 17 pinus trees
were sampled at breast height using a 5 mm diameter increment
borer in July 2004 (Li et al., 2006; Yi et al., 2006).

Meteorological data from the Yuanping station (38°45′N, 112°42′
E; 836 m above sea level, records from 1954 to 2003), which is located
about 75 km from the sampling sites, are used to assess the climate at
the sampling sites. The mean annual precipitation is 428 mm during
the observation period. The highest precipitation appears during July–
August, which accounts for more than half of the annual total
precipitation. The mean annual temperature is 8.9 °C, and the mean
monthly temperature ranges from−7.9 °C (January) to 23.3 °C (July).
The mean monthly relative humidity reaches its peak in August
(73.3%). A detailed illustration is shown in Fig. 2a. In addition, inter-
annual variations of mean temperature, total precipitation and
relative humidity during the growing season (April to September)
are illustrated in Fig. 2b. The temperature in the study area exhibited a



Fig. 1. Map showing the location of study area (solid triangle). Also shown are locations of other tree-ring cellulose δ18O studies (hollow triangles) in China, δ18O of stalagmite
(hollow circle) from the Heshang cave and nearby GNIP stations (hollow drops).
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rapidly increasing trend, especially since the late 1970s. Inverse
trends between temperature and precipitation (r=−0.342, pb0.01),
and between temperature and relative humidity (r=−0.548,
pb0.0001) have also been detected. It is obvious that relative
humidity varies synchronously with precipitation (r=0.708,
pb0.0001).

4. Methods

4.1. Cross-dating

It is well known that some growth rings are often missing in trees
from arid or semi-arid regions because of critical hydrological
conditions. In order to obtain the exact calendar year of our samples,
cross-dating was performed using the Skeleton Plot method (Stokes
and Smiley, 1968). TRW was measured using a ring-width measure-
ment system by LINTAB with a precision of 0.01 mm. Quality control
was carried out using the COFECHA program (Holmes, 1983).

4.2. Sample preparation and cellulose extraction

Tree-ring cores, namely, larix 11C and larix 25C, picea 02A and picea
03B, and pinus 03C and pinus 13C, were selected for this study. The
growth periods of the samples are as follows: larix 11C 1821–2003,
larix 25C 1875–2003, picea 02A 1887–2003, picea 03B 1779–2003,
pinus 03C 1874–2003 and pinus 13C 1758–2003. To avoid possible
juvenile effects (McCarroll and Loader, 2004; Treydte et al., 2006) and
investigate the relationship between tree-ring cellulose δ18O and
climate, the last 50 years of rings (from 1954 to 2003), without any
missing rings, were separated from each tree-ring core. The width of
most of the rings is very narrow, and many rings have indistinct
latewood. To avoid separation errors, we used whole annual rings,
including earlywood and latewood, for the isotopic analyses. The
annual sample was cut carefully with a razor blade under a binocular
microscope. The segment of the annual ring was thenmounted on top
of a small aluminum cylinder using synthetic glue, which can be easily
removed with an organic solvent (acetone) during the following
cellulose extraction process (Nakatsuka et al., 2004). Once fixed, each
ringwas sliced into 20 μmthin sections along thefibrous direction by a
rotary microtome to make chemical reagents easily absorb into the
wood tissues. α-Cellulose was extracted from mixed thin sections of
the same ring by amodified Jayme–Wisemethod (Green, 1963; Leavitt
and Danzer, 1993; Loader et al., 1997).

We loaded 0.13–0.17 mg of homogeneous α-cellulose into a silver
capsule (in duplicate for each sample) and then determined the
cellulose δ18O with a continuous flow system with a pyrolysis-type
elemental analyzer (ThermoQuest TCEA) and an isotope ratio mass
spectrometer (ThermoQuest Delta plus XL) (Sharp et al., 2001;
Nakatsuka et al., 2004; Tsuji et al., 2006). Cellulose δ18O values were
calculated by a comparison with an isotope ratio that was prede-
termined using commercial cellulose (Merck KGaA, Darmstadt,
Germany) which was inserted frequently during the measuring
process. The oxygen isotope ratios were expressed as δ18O, which
represents the per mil deviation relative to the Vienna StandardMean
Ocean Water (VSMOW). The value of the oxygen isotope ratios was
obtained as an average of the duplicate analyses on an annual tree-
ring cellulose sample. The analytical uncertainties for repeated
measurements of the commercial cellulose and the tree-ring samples
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Fig. 2. The monthly mean precipitation, temperature and relative humidity (a) and
inter-annual variations of total precipitation, mean temperature and relative humidity
during the growing season (April–September) (b) at the Yuanping meteorological
station from 1954 to 2003.
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and pinus (c); correlation coefficients of intra-species are represented as r.
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were about 0.15‰ and 0.2‰ (1σ), respectively, reflecting the lower
homogeneity of the sample as compared with the commercial
cellulose. However, it does not seem to influence the discussion in
this paper because the inter-annual variations in the tree-ring
cellulose δ18O are much larger than 0.2‰.

5. Results and discussion

5.1. Intra-species and Inter-species variations of the tree-ring cellulose
δ18O in larix, picea and pinus

Inter-annual variations of individual tree-ring cellulose δ18O from
1954 to 2003 are shown in Fig. 3. An increasing trend is observed in all
of the individual series, and calculated by a linear regression as 0.25‰/
decade (larix 11C and larix 25C), 0.38‰/decade (picea 02A), 0.32‰/
decade (picea 03B), 0.43‰/decade (pinus 03C) and 0.32‰/decade
(pinus 13C).

The signal strength using the Expressed Population Signal (EPS) is
calculated according to Wigley et al. (1984). The EPSs are 0.96, 0.94
and 0.82 for the two samples of larix, picea and pinus, respectively. The
EPS of larix and picea is higher than the guide threshold value of 0.85,
above which one can infer that the averaged time-series actually
represents the common regional signals, whereas that of pinus is
slightly lower than that of the guide threshold value. When we
combine all six samples, the calculated EPS is very high: 0.94. These
results suggest that the two trees of larix and picea or the six trees
including pinus are enough to reflect the species or regional signals in
this region.
The correlation coefficients (r) of intra-species δ18O variations
between two larix, picea and pinus are 0.916 (pb0.0001, n=50), 0.886
(pb0.0001, n=50) and 0.692 (pb0.0001, n=50), respectively.
Although the significantly high correlation coefficients of the intra-
species δ18O variations in larix and picea suggest that these two trees
for each species have been living under a common environmental
condition, the slightly lower coherency between the two pinus trees
may suggest the presence of inhomogeneous soil water isotope ratios
in the rocky ridge area with very poor soil covers that are easily
suffering from evaporation.

To detect inter-species differences in the tree-ring cellulose δ18O,we
averaged the δ18O values of two individuals from the same species.
Similar decadal-scale variations for three species are also observed
during 1954–2003. The mean tree-ring cellulose δ18O values and their
standarddeviations (1σ) are: 25.2±1.5‰, 26.7±1.3‰ and30.2±1.4‰
for larix, picea and pinus, respectively. The average δ18O time-series and
correlation coefficients (r) among them are shown in Fig. 4a. The
correlation analysis suggests that the three species have a significant
positive correlation in their tree-ring cellulose δ18O over the period of
1954–2003, despite growing at different sites with diverse hydrological
conditions.

In addition to the tree-ring cellulose δ18O, the TRW are also
compared among larix 11C, larix 25C, picea 02A, picea 03B, pinus 03C
and pinus 13C. The TRW among different individuals (r=0.457 for
larix, r=0.397 for picea and r=0.444 for pinus) show much lower
intra-species correlations than those of the tree-ring cellulose δ18O.

To investigate the inter-species correlations of the TRW, the
composite standardized TRW indices from all of the collected tree-
ring cores in the sampling sites are examined, as shown in Fig. 4b (Li et
al., 2006; Yi et al., 2006). The correlation coefficients (r) among the
three TRW indices are much lower than those of the tree-ring
cellulose δ18O (Fig. 4b). It is notable that the TRW indices from the two
sampling sites represent a negative correlation. Even within the same
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site, a relatively low correlation of TRW indices between larix and
picea can be found. Some studies have reported that tree-ring isotopes
are not affected greatly by the site conditions, and the number of
samples can be relatively small in comparison with those of TRW
(Treydte et al., 2001; Gagen et al., 2004; Kirdyanov et al., 2008). This
conclusion can also be supported in Northern China with our study. In
addition, no matter how different the growing environment is or the
tree species are, the tree-ring cellulose δ18O series show very high
coincidence, reflecting the common regional climate variations.

Themean δ18O value of pinus in the dry site is about 5–6.5‰ higher
than the value of larix and picea at the wet site. We can infer that the
following reasons cause this difference. Firstly, the drier conditions of
the pinus site must make the δ18O of the leaf water higher in pinus
than in larix and picea, reflecting the lower relative humidity there
(Eq. (2)). Secondly, due to the lower altitude of the pinus site (see
Section 3. Sampling sites), precipitation δ18O may be more enriched at
the pinus site than at the larix and picea sites, reflecting the altitude
effect of precipitation δ18O. Thirdly, there may be some large
physiological differences, such as differences in the proportion of
isotope exchange between xylemwater and carbohydrate oxygen (fo)
and/or the net biological fractionation factor between the two (εo),
affecting the isotopic fractionation processes of oxygen between pinus
and the two other tree species, which is similar to the process
between larix and picea discussed below.

There is about a 1.5‰ difference in the mean tree-ring cellulose
δ18O between larix and picea, although they are located in the same
environment. We consider that the difference may be derived from
differences in some physiological parameters that depend on the tree
species, such as the proportion of isotope exchange between the
xylem water and carbohydrate oxygen (fo) and/or the net biological
fractionation factor between them (εo), which will be discussed and
calculated in Section 5.3. Furthermore, the Péclet effect may play a
role in the isotopic enrichment of leaf water, which is a possible cause
of the different values of tree-ring cellulose δ18O in larix and picea.

5.2. Climatic correlation of the cellulose δ18O

Correlation analyses were carried out between the tree-ring
cellulose δ18O of the three species in correlation with climatic factors
(Fig. 5). The monthly mean temperature, monthly precipitation and
monthlymean relative humidity are employed from the records at the
Yuanping Meteorological station. All of the data are used during
common period of 1954–2003. The relatively high correlation
coefficients of the combined months are listed in Table 1.

During the investigated period (1954–2003), the correlation
between the summer temperature and tree-ring cellulose δ18O is
low, except for picea. Significant negative correlations between the
tree-ring cellulose δ18O and precipitation/relative humidity are



Table 1
Correlation coefficients between tree-ring cellulose δ18O and temperature (T),
precipitation (P) and relative humidity (RH) in combined months.

Period Tree-ring cellulose δ18O

larix picea pinus

T (June–August) 1954–2003 0.322 0.406* 0.191
1954–1978 0.580* 0.576* 0.442
1979–2003 0.110 0.212 −0.158

P (June–August) 1954–2003 −0.409* −0.408* −0.380*
1954–1978 −0.425 −0.507* −0.297
1979–2003 −0.397 −0.272 −0.419

RH (July–August) 1954–2003 −0.551** −0.488** −0.411*
1954–1978 −0.590* −0.475 −0.421
1979–2003 −0.545* −0.506* −0.389

*pb0.01; **pb0.001.
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detected during the summer months. For combined months, the
highest correlations between precipitation/relative humidity and
tree-ring δ18O are found during June–August/July–August,
respectively.

Previous climate studies have shown that there has been a rapid
warming since the late 1970s (Zhai et al., 1999; Qian and Zhu, 2001;
Qian et al., 2007), which was also observed in our study area (Fig. 2
(b)). To assess whether rapid warming affects the climatic response of
tree-ring cellulose δ18O, we have investigated the relationship among
tree-ring cellulose δ18O and summer temperature, precipitation and
relative humidity during two periods (1954–1978 and 1979–2003).
The correlation coefficients for the two periods are shown in Table 1.

Compared with the rapidly warming period during 1979–2003,
the correlation between temperature and tree-ring cellulose δ18O is
higher during the period of 1954–1978 during which there is no
predominant warming trend. The different correlation coefficients for
the two periods prove that temperature does not influence tree-ring
cellulose δ18O value directly. The results show that correlation
coefficients during the two periods are almost the same for
precipitation and relative humidity (Table 1), suggesting that the
correlations between precipitation/relative humidity and the tree-
ring cellulose δ18O are not influenced by recent rapid warming.

The Palmer Drought Severity Index (PDSI; Palmer, 1965) incorpo-
rates monthly precipitation, temperature, moisture supply, and
moisture demand into a hydrological accounting system (Dai et al.,
2004). Positive PDSI values indicate wetter conditions, whereas
negative values indicate dry conditions. The PDSI in the nearest grid
station (38°45′N, 111°15′E) is extracted from Dai et al. (2004).
Summer PDSI shows a significantly negative correlation with the tree-
ring cellulose δ18O in this region (Fig. 5).

These results suggest the usefulness of the tree-ring cellulose δ18O
in the sampling sites for indicating past changes in summer
hydroclimate. To evaluate the regional representative of the tree-
ring cellulose δ18O, we employ spatial correlation analysis to
investigate how large-scale hydroclimate can be represented by the
averaged tree-ring cellulose δ18O from three species. As mentioned
above, relative humidity is an important factor controlling the
cellulose δ18O. Due to the absence of gridded relative humidity data,
we use the CRU TS3.0 (http://badc.nerc.ac.uk/data/cru/) vapor
pressure dataset to replace it. Additionally, the CRU TS3.0 precipita-
tion dataset is also employed. The results are illustrated in Fig. 6,
which suggests that tree-ring cellulose δ18O can represent the
regional hydroclimate in Northern China.

According to Eq. (2), it is easy to understand the significantly
negative correlation between the tree-ring cellulose δ18O and the
relative humidity. On the other hand, the tree-ring cellulose δ18O is
also expected to be controlled by the δ18O of precipitation during the
growing season due to the poor soil and shallow roots of larix, picea
and pinus in the studied areas (Li et al., 2006; Sakai et al., 2007).
Therefore, the negative correlation between the tree-ring cellulose
δ18O and precipitation can be explained by the following two
mechanisms. Firstly, high precipitation induces high relative humidity
(observed r=0.708, n=50, pb0.0001); consequently less 18O
enrichment in leaf water will occur. Secondly, the common negative
correlation between the δ18O of precipitation and the precipitation
amount, namely, the amount effect plays a role. The former
mechanism must be important because of the observed high inter-
annual variability of relative humidity during the growing season. The
latter mechanism is usually very difficult to distinguish in China
because of the scarce historical data on precipitation δ18O in the
region (Araguas-Araguas et al., 1998; Liu et al., 2010). Therefore, in
this study, we try to reconstruct past changes in precipitation δ18O
from tree-ring cellulose δ18O during the last 50 years and discuss its
climatic implications instead of comparing the tree-ring cellulose δ18O
with the observed precipitation δ18O directly.

5.3. The δ18O of precipitation reconstructed by the tree-ring cellulose δ18O

At the sampling sites, the water source for the trees from which
tree-ring samples were collected is precipitation from the current
year because the relatively high altitude makes the land surface steep
and well-drained such that the shallow root systems in the larix, picea
and pinus genera (Sakai et al., 2007) cannot tap the deep soil water.
Additionally, the sparse and poor soil layer cannot store precipitated
water from previous years. These characteristics are beneficial
premises for reconstructing the δ18O record of precipitation from
the tree-ring cellulose δ18O.

5.3.1. Model parameters
A new approach for reconstructing the δ18O of precipitation was

shown in Eq. (4). The equilibrium fractionation factor (ε⁎) and the
kinetic fractionation factor (εk) are regarded as being relatively

http://badc.nerc.ac.uk/data/cru/
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Fig. 7. Comparison between the reconstructed δ18O of precipitation (δ18Op) based on
the tree-ring cellulose δ18O of larix and picea, and weighted summer (June–August)
precipitation δ18O in the Shijiazhuang station of GNIP.

Table 2
Correlation coefficients between June–August temperature (T)/precipitation (P) and
the reconstructed precipitationδ18O (δ18Op) based on the tree-ring cellulose δ18O of
larix and picea.

Period δ18Op (larix) δ18Op (picea)

T (June–August) 1954–2003 −0.082 −0.190
1954–1978 −0.054 −0.281
1979–2003 −0.180 −0.260

P (June–August) 1954–2003 −0.010 0.195
1954–1978 0.122 −0.055
1979–2003 −0.079 −0.065
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constant, and they are reported to be approximately 9‰ and 29‰,
respectively (Allison et al., 1985). However, fo (the proportion of
isotope exchange between xylem water and carbohydrate oxygen)
and εo (the net biological fractionation factor) may differ depending
on the tree species. Sternberg (2009) summarized the different
fractionation effects (εo) that occur at different stages and with
oxygen attached to different positions of the glucose moiety during
the synthesis of cellulose. Nevertheless, the weighted average
biological fractionation factor in the whole cellulose molecule was
well within the range of the reported biological fractionations for
cellulose synthesis (Sternbergm et al., 2006). Therefore, we adopt the
previously reported 27‰ as the εo value for calculation purposes
(Anderson et al., 2002).

Due to the low correlation between individual pinus trees, as
shown in Fig. 3, we only reconstruct the δ18O of precipitation based on
larix and picea. The two species of larix and piceamay have different fo,
which will cause different δ18O for the tree-ring cellulose. The
weighted mean summer δ18O of precipitation in the nearest GNIP
station of Taiyuan (37°47′N, 112°33′E; 778 m above sea level) is
reported as −7.1‰ (Araguas-Araguas et al., 1998). Liu et al. (2010)
suggested that the δ18O of precipitation in Northern China was mainly
influenced by the altitude effect as −0.2‰/100 m based on the
observed data of the Chinese Network of Isotopes in Precipitation. We
therefore estimate the summer δ18O value of precipitation as−10.3‰
in the larix and picea sites (2400 m above sea level). The value of
−10.3‰ is an estimation, which does not influence the final
discussion because we focus more on the temporal variability rather
than on the absolute value of the precipitation δ18O. To determine the
fo values for larix and picea, we substituted the averaged tree-ring
cellulose δ18O values, the averaged summer (June–August) relative
humidity and other parameters into Eq. (4). As a result, fo values are
calculated as 0.36 and 0.25 for larix and picea, respectively, when the
reconstructed multi-year mean summer δ18O of precipitation is equal
to about −10.3‰. Because the relative humidity in Eq. (4) is an
average value including both daytime and nighttime data, and the
sampling sites are located at about 800–1800 m higher in elevation
than the meteorological observatory, there are some essential
uncertainties in the relative humidity depending on the actual
amount of photosynthetic hours for each species and/or the altitude
effect on relative humidity. Therefore, the reconstructed precipitation
δ18O must be significant only for its temporal variability, and the
absolute values, including the fo values, still contain large
uncertainties.

5.3.2. Reconstruction of precipitation δ18O
Inter-annual variations in the δ18O of precipitation during the

summer period (June–August) from 1954 to 2003 are reconstructed
using Eq. (4) based on the tree-ring cellulose δ18O of two species (larix
and picea) and the relative humidity. The correlation coefficient
between the two reconstructions is 0.828 (n=50, pb0.0001). To
confirm the reliability of the reconstruction, we compared the
variations in the reconstructed precipitation δ18O with that observed
at the Shijiazhuang station of GNIP (80 m above sea level), about
240 km away from our study area, where the longest δ18O record of
precipitation (1985–2002 with absent data from September, 1992 to
July, 1995) in Northern China is found, as shown in Fig. 7. The results
show that the variations are similar, not only between the two
calculations for larix and picea, but also among the reconstructed and
observed precipitation δ18O, and suggest that the dominating water
vapor source is almost the same during the summer between our
study area and Shijiazhuang. The different amplitudes of δ18O
variations may be due to the difference in the location between the
sampling site and Shijiazhuang. The location of the sampling site is
more inland and drier than Shijiazhuang, making the amplitude of the
variation larger as a result of the large isotopic fractionation effects.
On the other hand, the water vapor source may be more complex for
our sampling sites, which also causes the high variability in the δ18O of
the precipitation. These explanations agree with Araguas-Araguas et
al. (1998).

We attempted to assess the relationship between the recon-
structed δ18O of precipitation and the local climate parameters;
however, we could not find any significant correlation with summer
temperature or precipitation (Table 2). This was the case not only for
the summer, but also for the other seasons. In contrast to the high
correlations between the tree-ring cellulose δ18O and the local climate
parameters, the very low correlation coefficients in Table 2 are
surprising, and a possible explanation is given below. Indeed, there
may be not obvious relationship between the δ18O of precipitation
and the local climate parameters in this region. Because precipitation
and temperature are closely related to relative humidity, which
directly controls the tree-ring cellulose δ18O, the information on
precipitation and temperature can be recorded in the tree-ring
cellulose δ18O, as shown in Fig. 5. However, that information is
completely erased by subtracting the effect of relative humidity using
Eq. (4) during the reconstruction of the precipitation δ18O.

In contrast to our results, Liu et al. (2004) found a positive
correlation between δ18O of precipitation and precipitation amount
(i.e., the inverse amount effect) from tree-ring cellulose δ18O of P.
tabulaeformis in the Helan Mountains (38°27′N, 105°45′E; 2170–
2500 m above sea level) of Northwestern China. In the Qilian
Mountains (38°31′N, 100°15′E; 2929–3040 m above sea level) at the
northeastern edge of the Qinghai–Tibetan Plateau, tree-ring cellulose
δ18O of Picea crassifolia shows a significant positive correlation with
the mean temperature from the previous November to the present
month of February, which could be explained by the observed
temperature effect in this region (Liu et al., 2009a). Our study area is
closer to the water vapor source (ocean) than the study areas found in
Liu et al. (2004, 2009a), such that the precipitation δ18O is usually
affected by a mixture of both the normal amount effect and the
temperature effect. Therefore, the apparent correlation coefficients
between precipitation δ18O and local climate parameters may become
lower in this study area. As for the inverse amount effect detected in
Liu et al. (2004), it may not represent actual variations in the
precipitation δ18O because they did not reconstruct the precipitation
δ18O itself due to the absence of data for relative humidity, and instead
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only discussed the tree-ring cellulose δ18O. On the other hand, the
temperature effect detected by Liu et al. (2009a)must reflect an actual
relationship between the precipitation δ18O and temperature in the
Qinghai–Tibetan Plateau, because it has been verified by local GNIP
record, meteorological studies and ice core studies (Yao et al., 1996;
Tian et al., 2003; Yu et al., 2008). In addition, the tree-ring cellulose
δ18O in Liu et al. (2009a) reflected a negative correlation with local
relative humidity only in May (r=−0.32, pb0.05), which may be
caused by a higher exchanged proportion (fo) of carbohydrate oxygen
with xylem water in P. crassifolia.

Our sampling sites were located at the margin of the East Asian
Summer Monsoon (EASM) region (Li et al., 2006; Tang et al., 2007).
Vuille et al. (2005) suggested that the δ18O of precipitation in the
Asian monsoon region was sensitive to fluctuations in the Asian
monsoon intensity. We consider that the EASM may be one of the
essential factors triggering the same variations in the precipitation
δ18O in our study area and in Shijiazhuang. On the other hand, the
South Asian Summer Monsoon (SASM, or India monsoon) also plays
an important role in influencing the moisture in China, especially in
Northern China (Kripalani and Kulkarni, 2001; Ding and Wang, 2005;
Huang and Wang, 2007; Ding et al., 2008). Liu and Ding (2008) and
Ding et al. (2008) have explained that thewater vapor from the Indian
Ocean extends northward and eastward during a strong SASM year,
which converges with the water vapor originating from the western
North Pacific in Northern China, bringing a large amount of water
vapor with it. Weak SASM and EASM lead to the southward shift of
moisture, causing an insufficient supply of water vapor in Northern
China. Therefore, SASM may impact the δ18O of precipitation in
Northern China as well. In addition, some other factors (e.g., altitude,
latitude) also influence the δ18O of precipitation in this region (Liu et al.,
2009b).

The EASM and SASM indices that were calculatedmeteorologically
in previous reports (Li and Zeng, 2005; Han and Wang, 2007) are
employed to assess whether the reconstructed δ18O of precipitation in
this study records EASM and SASM signals (Fig. 8c and d). In addition,
δ18O of stalagmite is also a known proxy for the EASM/SASM intensity
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Fig. 8. Smoothed variations in the δ18O of precipitation reconstructed by the δ18O of
larix (solid line) and picea (dotted line) (a), δ18O of stalagmite from the Heshang cave
(b), EASM index (c) and SASM index (d); all series are smoothed using 9-year cubic
splines.
in the Asian monsoon region in so far as it reflects past changes in the
precipitation δ18O (Burns et al., 2002; Hu et al., 2008; Tan, 2009). The
δ18O variation of stalagmite from the Heshang cave (30°27′N, 110°25′
E; 294 m above sea level) is also shown in Fig. 8b. (Hu et al., 2008).
Fig. 8 reveals a similar trend between the reconstructed δ18O of
precipitation in this study and the δ18O of stalagmite, although there
are some differences in the details because of different resolutions and
locations between the tree rings and the stalagmite. We noted that all
of the series in Fig. 8 underwent a decade-scale trend change in the
1980s. This may be attributed to the westward extension of the
Western Pacific Subtropical High since the early 1980s; this alters the
circulation patterns over East Asia, and hence the water vapor and
monsoon strength vary (Zhou et al., 2009). These results suggest that
it is effective to combine multi-proxy δ18O for detecting large-scale
atmospheric circulations.

The reconstructed δ18O of precipitation in this study has a
significantly negative correlation with the EASM/SASM index (Fig. 8
and Table 3), which is coincidentwith themodeled result by Vuille et al.
(2005). Thismay imply that thewater vapor inNorthern Chinahas been
transported by EASM and SASM synchronously since 1954. The
reconstruction of precipitation δ18O from tree-ring cellulose δ18O may
be a useful approach for understanding the dynamics of water vapor
transport separately from the local climatic changes.

In this study, the reconstructed δ18O of precipitation is obtained by
eliminating the effect of relative humidity from the tree-ring cellulose
δ18O, because relative humidity and δ18O of precipitation are only
climate factors determining cellulose δ18O for the physiological
mechanism (Roden et al., 2000; Nakatsuka et al., 2004). Although
δ18O of stalagmite records precipitation δ18O directly, there are
several advantages for the reconstruction of precipitation δ18O based
on tree-ring cellulose δ18O. For example, tree rings are widespread as
compared with the sparse distribution of stalagmites, and can be
accurately dated by using cross-dating method. Additionally, the
temporal resolution of tree rings is high (annual year). Therefore, an
absolutely dated precipitation δ18O chronology with annual resolu-
tion can be obtained by tree-ring cellulose δ18O series for large parts of
land. The above-mentioned advantages are beneficial for discussing
the high-frequency and large-scale signals of hydroclimatic variability
or monsoon variations based on the reconstructed precipitation δ18O.

6. Conclusions

Six time-series of tree-ring cellulose δ18O demonstrated a high
coherence in variability among different growing environments and
tree species, indicating that tree-ring cellulose δ18O can be applied for
some new fields of dendrochronology, such as regional past hydro-
climate reconstruction and tree-ring cellulose δ18O networking to
assess large-scale atmospheric dynamics. This studyfirst demonstrated
that tree-ring cellulose δ18O can be a proxy for summer precipitation
and relative humidity in large areas of Northern China where
hydrological conditions are critical. In addition, the reconstructed
δ18O of precipitation from tree-ring cellulose δ18O correlates well with
the two sub-systems of the Asian monsoon, suggesting that tree-ring
cellulose δ18O has potential not only for inferring the conditions of the
past local hydroclimate, but also for investigating water vapor sources
as influenced by large-scale atmospheric circulations.
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