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1State Key Laboratory of Cryospheric Sciences, Northwest Institute of Eco‐Environment and Resources, Chinese Academy
of Sciences, Lanzhou, China, 2Laboratory of Tree‐Ring Research, University of Arizona, Tucson, AZ, USA, 3School of
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Abstract Understanding varying climate responses in tree‐ring data across tree ages is important, but
little is known about tree‐age effects on climate responses in tree‐ring stable isotopes. To detect whether
age differences in tree‐ring δ13C and δ18O could lead to differing climate responses, we measured tree‐ring
cellulose δ13C and δ18O (1901–2010) from Schrenk spruce (Picea schrenkiana) trees in northwestern China
with ages ranging from 110 to 470 years, which we binned into three age groups. Tree‐ring δ13C
(pin‐corrected) and δ18O exhibited similar year‐to‐year variability between age groups and did not feature
age‐related trends. δ13C series from old trees (270–470 years) showed stronger legacy effects, reflecting
influences from the antecedent period (due to carbohydrate reserves and climate), compared to young trees
(110–125 years). Both tree‐ring δ13C and δ18O values decreased with increasing relative humidity (RH) and
precipitation and with decreasing mean and maximum temperatures during the main growing season
(May–August). δ13C and δ18O exhibited age‐dependent climate responses: Young trees had a stronger
climate response in δ13C but a weaker or similar climate response in δ18O compared to old trees. We
developed multiple growing‐season RH reconstructions based on composite chronologies using δ13C and
δ18O series from different age groups. In particular, we found that including δ13C from young trees improved
the skill of RH reconstructions because of the age‐specific mechanisms driving the δ13C‐climate
relationship, but that caution is warranted with regard to extreme values. We therefore suggest that young
trees should be considered when using stable isotopes, particularly in δ13C, for climate reconstruction.

Plain Language Summary Detecting and understanding age‐related trends and age‐dependent
climatic responses in tree‐ring proxies is important when we reconstruct past climate variability. It is not
fully understood whether age effects are also present in tree‐ring stable carbon and oxygen isotope series. We
explored the climate signals in tree‐ring stable carbon and oxygen isotopes from spruce trees in northwestern
China with ages ranging from 110 to 470 years. We found no age‐related trends in the tree‐ring stable
carbon and oxygen isotopes, but the strength of the climate signals differed between age groups. Specifically,
young trees (110–125 years) had stronger temperature and relative humidity signals compared to old trees
(270–470 years) in their stable carbon isotope series, but slightly weaker or similar signals in their stable
oxygen isotope series. Young trees typically have higher photosynthesis rates, stomatal conductance, and
less carryover effects than old trees, which could result in their tree‐ring stable carbon isotopes recording
stronger climate signals. By compositing tree‐ring stable isotope proxies from young and old trees, we took
advantage of these age‐dependent climate responses to improve the skill of relative humidity reconstructions
in northwestern China.

1. Introduction

Tree‐ring stable carbon (δ13C) and oxygen (δ18O) isotopes from cellulose have been used as proxies to recon-
struct past climate change, such as precipitation (Treydte et al., 2006; Young et al., 2015), relative humidity
(RH) (Liu et al., 2014), sunshine (Loader et al., 2013), and temperature (McCarroll et al., 2003; McCarroll &
Loader, 2004). Tree‐ring δ13C fractionation occurs during the photosynthesis process, and tree‐ring δ13C
therefore provides an integrative record of carbon gain and water loss in trees (Farquhar et al., 1982).
Variation of δ13C is driven by changes in stomatal conductance, and/or in rates of photosynthesis.©2020. American Geophysical Union.
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Stomata will partly close due to restrictions imposed by drought stress (such as under low RH) to limit water
loss, which in turn lowers the carbon supply and results in a lower CO2 concentration in the inner leaf space
(ci), leading to higher δ13C (Farquhar et al., 1982). The Rubisco enzyme has an intrinsically lower reactivity
to 13C and prefers to use 12CO2 in photosynthesis, which leads to heavier 13C remaining in the leaf chamber
(Farquhar et al., 1982). The efficiency of the photosynthetically active Rubisco enzyme increases with
increasing photosynthesis rates and RH (Bunce, 1984; Farquhar et al., 1982). Tree‐ring δ18O, on the other
hand, is mainly dominated by source water δ18O and isotopic enrichment during transpiration (Gessler
et al., 2014; Roden et al., 2000; Treydte et al., 2014), when leaf water is enriched in 18O because the lighter
isotope (16O) evaporates preferentially, leading to higher leaf‐water δ18O values and higher tree‐ring δ18O
values. As a result, tree‐ring δ18O is mainly related to atmospheric vapor pressure deficit (VPD) and RH,
which control the magnitude of transpiration (Roden et al., 2000; Treydte et al., 2014). These main mechan-
istic processes are central to tree‐ring δ13C‐ and δ18O‐based climate reconstruction.

In order to optimize reconstruction length, most stable isotope‐based climate reconstructions primarily use
samples from old trees as opposed to samples from relatively young (but mature) trees. One concern related
to sampling differently aged trees is the presence and removal of the age‐related trend, which has been
shown to impact tree‐ring width‐based climate reconstruction (Cook & Kairiukstis, 1990; Fritts, 1976).
After a juvenile period, tree‐ring δ13C and δ18O are less affected by age‐related trends than tree‐ring width
(Duffy et al., 2017; Gagen et al., 2007, 2008; Shi et al., 2011; Young et al., 2011). Nevertheless, age‐related
trends in tree‐ring δ13C and δ18O have been found in a few studies. For example, spruce and beech from cen-
tral Europe show positive trends in δ13C and δ18O over time due to changes in relative canopy position and
tree size (Klesse et al., 2018). Pine trees in Spain, on the other hand, showed a negative trend in δ13C and a
positive trend in δ18O caused by hydraulic resistance changes (Esper et al., 2010).

Age‐related differences in tree‐ring proxies are expressed not only in trends but also in differing climate
responses. For instance, age‐dependent climate‐growth relationships have been detected in tree‐ring width
in Schrenk spruce from the Tianshan mountains in China (Jiao et al., 2017; Wu et al., 2013). Progressive
changes with tree age in growth rate, photosynthetic capacity, growing season, and other
tree‐physiological factors may differentiate the influence of climate on old versus young trees for tree‐ring
δ13C and δ18O, resulting in different plant physiological response and long‐term intrinsic water‐use effi-
ciency (iWUE) variability (Esper et al., 2010; Fonti et al., 2018; Wu et al., 2018). For instance, Fonti
et al. (2018) found that tree‐ring δ13C of Scots pine from younger trees was more sensitive to climate com-
pared to older trees in central Siberia. However, other studies have not detected age‐related differences in
climate response (e.g., tree‐ring δ18O in spruce from the Tibetan Plateau; Shi et al., 2011). This may be related
to monthly or seasonal climate variables. Dorado Liñán et al. (2012) found age‐related differences in climate
responses in tree‐ring δ13C and δ18O for monthly climate variables, but not for seasonal climate variables.
More researches are therefore needed on both the presence of an age trend after the juvenile period and
age‐related impacts on climate response in tree‐ring stable isotope series (McCarroll, 2016). Furthermore, lit-
tle is known about how such age‐related climate responses affect the accuracy of climate reconstructions and
whether climate reconstructions can be improved by incorporating this understanding.

In northwestern China, tree‐ring width data are only weakly (r < 0.48 or not significant), if at all, sensitive to
RH variability (Wang et al., 2007; Xu, Liu, Belmecheri, et al., 2018), and other proxies are therefore needed to
reconstruct this climate parameter. RH, VPD, and temperature are important to plant photosynthesis, tran-
spiration, and growth (Farquhar et al., 1982; Restaino et al., 2016). Tree‐ring δ13C and δ18O are driven by
these processes and therefore may be potential proxies for detecting RH variability (Farquhar et al., 1982;
Roden et al., 2000).

In the Tianshan mountains, tree‐ring δ13C and δ18O have been used to study drought variability, iWUE, and
tree growth (Wu et al., 2018; Xu et al., 2015, 2019). Tree‐ring δ13C and δ18O of Schrenk spruce (Picea
schrenkiana) are likely impacted by tree age (Wu et al., 2018): Old trees are more limited by stomatal con-
ductance and hydraulic constraints, whereas young trees benefit from increases in May–July temperature
and iWUE. However, it is not well understood whether climatic signals in tree‐ring δ13C and δ18O change
with tree age and whether such age effects impact stable isotope‐based climate reconstructions. Here, we
measured tree‐ring δ13C and δ18O over the past 101 years (1910–2010 CE) in Schrenk spruce trees that
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span three age groups (110–125, 155–211, and 270–470 years). The aims of this study are (1) to test whether
there is an age‐dependent trend in tree‐ring δ13C and δ18O following the juvenile period; (2) to examine
whether age differences in tree‐ring δ13C and δ18O lead to differing climate responses; and (3) to explore
whether climate reconstructions based on tree‐ring δ13C and δ18O can be improved by including young trees.

2. Data and Methods
2.1. Site, Sampling, and Dating

Our sampling site is located near upper timberline (43.42°N, 81.04°E, 2,600–2,750 m a.s.l.) in the Wusun
mountains of the western Tianshanmountains, in northwestern China. We collected tree‐ring samples from
a pure spruce forest on a chestnut soil on a northwest facing slope with a gradient of approximately 20°. The
sampling site is located in a low‐density and open‐canopy stand (40–50%). The mean height of mature trees
ranged from 17 to 21 m. We collected 87 tree‐ring cores in total, mostly two cores per tree and three cores
from one old tree, from 43 trees without any obvious damage, using 4.5‐ and 12‐mm‐diameter increment
borers (Haglof, Sweden) at breast height (about 1.3 m) in orthogonal directions.

All cores were air‐dried and sanded, and tree‐ring widths were measured and crossdated using LINTAB soft-
ware (LINTAB 6; Rinntech, Heidelberg, Germany). Crossdating was statistically verified with COFECHA
software (Holmes, 1983). We determined tree ages on cores that included piths. For those cores that did
not include the pith but came close, tree ages were estimated by adding 2 to 7 years based on the curvature
of the rings (Clark & Hallgren, 2004; Wu et al., 2013).

2.2. Stable Isotope Analysis and Chronology

We selected four to nine cores (one core per tree) from mature trees in three age groups: young (110–
125 years; five trees), medium‐aged (155–211 years; four trees), and old (270–470 years; nine trees) for stable
isotope analysis (Figure 1). The selected cores showed consistent variability in tree‐ring width with the mas-
ter chronology and had clear boundaries between rings without missing rings (Figure S1 in the supporting
information). Of the trees used for stable isotope analysis, the mean tree‐ring widths over the period 1910–
2010 CE were 1.541 mm (young), 0.783 mm (medium‐aged), and 0.302 mm (old). During the cellulose sam-
ple preparation, we discarded the first 10 to 20 rings of the young trees, to exclude the potential “juvenile
effect” (Duffy et al., 2017; Young et al., 2015). For each age group, we pooled whole wood material from
the same calendar year (Leavitt, 2008). We milled the pooled wood materials into 60 mesh (0.25 mm) and
removed the resin using a solvent extraction procedure (Green, 1963). We extracted α‐cellulose based on
the method of Loader et al. (1997) and removed the hemicellulose in 17% and 10% NaOH solution at room
temperature for 45 min, separately (Liu et al., 2010). The samples were filtered and rinsed thoroughly using
distilled water. Then, we homogenized the α‐cellulose using an ultrasound machine (JY92‐2D, Scents
Industry, Ningbo, China) and vacuum‐freeze‐dried the samples (Xu et al., 2015).

Figure 1. Three age groups of the trees used for tree‐ring δ13C and δ18O analysis. The shaded area indicates the period
over which δ13C and δ18O were measured.
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We loaded 0.16–0.20 mg of tree‐ring α‐cellulose into tin capsules andmeasured δ13C values using an elemen-
tal analyzer (Flash EA 1112, Italy) coupled to a continuous‐flow isotope mass spectrometer (Delta Plus,
Thermo Electron Corporation, Bremen, Germany) at the Key Laboratory of West China's Environmental
System, Ministry of Education, at Lanzhou University. We packed 0.14–0.16 mg of tree‐ring α‐cellulose into
silver capsules and measured δ18O using a High‐Temperature Conversion Elemental Analyzer (TC/EA)
coupled to a Finnigan MAT‐253 mass spectrometer (Thermo Electron Corporation) at the State Key
Laboratory of Cryospheric Sciences, Chinese Academy of Sciences, Lanzhou, China. The analytical uncer-
tainty was below 0.05‰ (1σ for repeated standard reference materials and repeated samples) for δ13C and
below 0.25‰ (1σ for repeated samples) for δ18O, respectively. More details about the stable isotopes mea-
surement and analytical uncertainty estimation can be found in the supporting information and Xu, Liu,
Sun, et al. (2018).

We reported isotope values in the delta (δ) notation for the tree‐ring stable carbon and oxygen values relative
to the international standard, which is VPDB (Vienna Pee Dee Belemnite) for δ13C and VSMOW (Vienna
Standard Mean Ocean Water) for δ18O.

δ ¼ Rsample=Rstandard–1
� �

;

where Rsample and Rstandard are the molar fractions of 13C/12C and 18O/16O for the sample and the stan-
dard, respectively.

Measured tree‐ring δ13C series (δ13Craw series) were corrected for the decreasing trend caused by depletion
in atmospheric δ13C due to increases in carbon emissions from fossil fuels and deforestation since the indus-
trialization period, also called the “Suess effect” (Keeling, 1979; McCarroll et al., 2009). Herein, we used the
“pin” correction method (McCarroll, 2010; McCarroll et al., 2009), which considers both the Suess effect and
simultaneous physiological responses of trees to rising atmospheric CO2 concentrations (ca). The “pin” cor-
rection has been widely used to detect the climatic and environmental signals in tree‐ring δ13C (Wu
et al., 2018; Young et al., 2011) and involves first a correction of δ13Craw series by adding the difference of
δ13C in atmospheric CO2 since 1850 (McCarroll et al., 2009). This series is referred to as δ13Ccor. The δ

13C
in atmospheric CO2 is taken fromMcCarroll and Loader (2004) from 1850 to 2003 and from NOAA observa-
tional data at the Mauna Loa station (https://www.esrl.noaa.gov/gmd/ccgg/trends/data.html) after 2003.
Second, the δ13Ccor series are adjusted for the likely physical response to rising ca based on two logical con-
straints: a passive response and an active response to rising ca (McCarroll et al., 2009). The “pin” correction
was completed using Matlab code (McCarroll, 2010; McCarroll et al., 2009). We refer to the pin‐corrected
chronology as δ13CPin.

2.3. Meteorological Data

We used climate data from the Zhaosu meteorological station (43.15°N, 81.13°E, 1,854.6 m a.s.l.; 1954–
2010 CE), which is located approximately 60 km from the sampling site. Climatic data were provided by
the Chinese meteorological data service center (http://data.cma.cn/). Climatic parameters include monthly
mean, maximum, and minimum temperatures, monthly precipitation, and monthly mean RH. Monthly
VPD is estimated using monthly mean temperature and RH (Bolton, 1980).

The mean annual temperature at Zhaosu is 3.4°C; December is the coldest month (−11.4°C), and July is the
warmest month (15°C) (Figure 2a). The annual precipitation is 508 mm, 75% of which falls during the grow-
ing season (May to September). VPD ranges from 0.43 to 0.66 kPa during the growing season and the mean
temperature, RH, and VPD are 12.6°C, 64%, and 0.53 kPa, respectively (Figure 2a). We estimated climate
trends using the nonparametric Modified Mann Kendall (MMK) test by “bbsmk” function from
R‐package “modifiedmk” taking autocorrelation into account (Patakamuri & O'Brien, 2019). The growing
season temperature significantly increased by approximately 0.034°C per year (p < 0.001) over the period
1954 to 2010 CE. Growing season precipitation and RH showed no significant trend (Figure 2b).

2.4. Statistical Analysis and Climate Response

We also performed nonparametric MMK tests to detect trends (Sen's slope) in the stable isotopic chronolo-
gies from the three age groups. We used a one‐way analysis of variance (ANOVA) F test (Yandell, 1997) to
detect significant differences in mean values of δ13C and δ18O between age groups for the period 1910 to
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2010. When the ANOVA results were significant (p < 0.05), we further conducted a Tukey's honest
significant difference (HSD) post hoc test to compare the difference between group mean at p = 0.05
significance level (Yandell, 1997) using the R “TukeyHSD” function. Relationships of δ13C (δ18O) between
age groups were analyzed by calculating Pearson correlation coefficients for annual and first differenced
(current year minus previous year) data from 1910 to 2010. The first differenced data were used to explore
year‐to‐year variability between series while avoiding correlations caused by long‐term trends (Cook
& Kairiukstis, 1990).

We assessed potential legacy effects—influences from antecedent years related to carbohydrate reserves and
climate (Peltier et al., 2016; Timofeeva et al., 2017)—in the tree‐ring stable isotope chronologies using auto-
correlation analysis. Autocorrelations in tree‐ring data reflect carryover influences from previous years or
the lagged physiological effects persisting longer than the current year (Lamarche & Stockton, 1974;
Monserud & Marshall, 2001), which may arise from ecosystem, moisture variability, and physiological fac-
tors (e.g., previous synthesis carbohydrates) (McCarroll et al., 2017; Szejner et al., 2018). High autocorrela-
tion in tree‐ring δ13C can indicate a strong legacy effect derived from the carbohydrate reserves
(Timofeeva et al., 2017).

To detect the relationships between tree‐ring stable isotope chronologies and climatic parameters, we calcu-
lated Pearson correlations based on a boot‐strapped (n = 1,000) resampling method using the R package

Figure 2. Climates at the Zhaosu meteorological station. (a) Monthly mean temperature, precipitation, relative humidity
(RH), and vapor pressure deficit (VPD). (b) Temporal variability (1954–2010) of May–September temperature,
precipitation, and RH. The dashed line indicates a significant trend based on the non‐parametric Modified Mann Kendall
(MMK) test.
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“treeclim” (Zang & Biondi, 2015). We used the nonparametric Kruskal‐Wallis test to detect significant differ-
ences in correlation between climatic parameters and tree‐ring δ13C (δ18O) from different age groups at
p = 0.05 level. In addition, we assessed the climate response of tree‐ring stable isotope chronologies after
removing autocorrelation (in the supporting information).

We explored whether the skills of various climate reconstructions are related to tree age by comparing the
amount of climate variance explained by various composite chronologies including various combinations
of tree‐ring δ13C and δ18O from the three age groups. We included five types of combinations in the analysis:
(1) a single tree‐ring δ13C or δ18O chronology from one age group (old or young); (2) tree‐ring δ13C or δ18O
chronologies from all age groups (δ13C‐all or δ18O‐all); (3) combined tree‐ring δ13C and δ18O chronologies
from one age group (old or young); (4) tree‐ring δ13C chronology from young trees combined with δ18O
chronology from old trees; and (5) combined tree‐ring δ13C chronologies and δ18O chronologies from all
age groups (δ13C‐all + δ18O‐all). First, we scaled the tree‐ring δ13C and δ18O series using z scores for the per-
iod 1910 to 2010 and used the arithmetical mean values of these series to develop a composite chronology
(i.e., δ13C‐all + δ18O‐all). We then established a linear model (Cook & Kairiukstis, 1990) using the climate
target as an independent variable and the composite chronology as a dependent variable. The validity of
the regression model was evaluated by the split‐cross calibration and verification method (Cook &
Kairiukstis, 1990), in which climate time series are split into two groups based on periods of equal length
(1954–1982 and 1983–2010) and used as calibration and verification data sets. Reconstruction skill statistics
included adjusted explained variance (R2

adj), root mean square error (RMSE), Akaike's Information
Criterion (AIC), reduction of error (RE), and coefficient of efficiency (CE) (Cook & Kairiukstis, 1990). We
also compared the variability of reconstructions at low frequency using a 20‐year low‐pass spline filter.

3. Results
3.1. Stable Isotope Variability and Long‐Term Trends

Despite the applied correction, the δ13Ccor series showed a decreasing trend from 1910 to 2010 for all age
groups (Figure 3a), suggesting that the δ13Ccor correction may not fully correct the tree‐ring δ13C decrease
by only considering the difference of atmospheric δ13C depletion (McCarroll et al., 2009). The trend was
stronger for old trees (−0.11‰/decade) than for young and medium‐aged trees (≈−0.07‰/decade). This
trend was reversed, however, after pin correction, with similar statistically significant (p < 0.05) positive
rates of ~0.037–0.043‰/decade for the young, medium‐aged, and old trees (Figure 3b). Tree‐ring δ18O
chronologies showed no significant trend for any of the age groups (Figure 3c).

3.2. ANOVA Tests of Tree‐Ring Stable Isotopes

Themean values of both δ13C and δ18O differed between young and old trees. The mean values of δ13C (both
δ13Ccor and δ13Cpin) were significantly (p < 0.05) more negative in young trees (δ13Ccor = −22.32‰,
δ13Cpin = −21.94‰) compared to medium‐aged (δ13Ccor = −21.91‰, δ13Cpin = −21.57‰) and old
(δ13Ccor = −21.83‰, δ13Cpin = −21.27‰) trees from 1910 to 2010 (Figures 3d and 3e). Medium‐aged and
old trees had similar δ13Ccor mean values. Standard deviations in tree‐ring δ13C (0.35–0.51‰) were similar
between age groups. Young trees had a larger range (maximum minus minimum) of δ13Cpin values
(2.93‰) compared to medium‐aged (1.75‰) and old (1.57‰) trees (Figures 3d and 3e). Mean δ18O values,
on the other hand, were significantly lower in old trees (31.41‰) compared to medium‐aged (32.88‰)
and young trees (32.99‰) (Figure 3f). The standard deviations (mean standard deviation: 0.82‰) and ranges
(3.40–4.10‰) of the δ18O values were similar across age groups and were higher than those in the tree‐ring
δ13Cpin series.

3.3. Coherent Variability of the Tree‐Ring Stable Isotopes Across Age Groups

Tree‐ring stable isotope (δ13Cpin or δ
18O) showed coherent variability between age groups (Figures 3, 4a, and

4b). The tree‐ring δ13Cpin chronologies were significantly positively correlated (r = 0.42 to 0.66; p < 0.01)
with each other. The first differenced δ13Cpin series also showed significant positive correlations (r = 0.22
to 0.64; p < 0.01), except for the correlation between old and medium‐aged trees (Figure 4b). All of the
tree‐ring δ18O chronologies were strongly significantly correlatedwith each other at the annual (rmean = 0.79;
p < 0.01) and first differenced (rmean = 0.76; p < 0.01) data scales (Figures 4a and 4b).
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The tree‐ring δ13Cpin from old trees showed significant autocorrelations extending to a lag of 9 years,
whereas autocorrelations in young trees were much more limited in time, with significant autocorrelations
extending to a lag of only 1 year (Figure 4c). Tree‐ring δ18O time series were autocorrelated with a lag of
1 year for both young and old trees (Figure 4d). However, the autocorrelations were weak in the
medium‐aged trees for either stable isotope proxy.

3.4. Climate Response of Stable Isotope Series From Different Age Groups

Tree‐ring δ13Cpin series showed similar climate correlation patterns across age groups (Figure 5). The
tree‐ring δ13Cpin chronologies were significantly (p < 0.05) positively correlated with mean and maximum
temperatures in May (r = 0.35 to 0.45), July (r = 0.32 to 0.60), August (r = 0.42 to 0.61), and May–August
(r = 0.52 to 0.69), whereas they were negatively correlated with RH in the same months (May: r = −0.33
to −0.39; July: r = −0.36 to −0.77; August: r = −0.37 to −0.66; and May–August: r = 0.44 to 0.78)
(Figure 5). However, the strength of the climate response differed between age groups. Whereas young
and medium‐aged tree‐ring δ13Cpin time series were significantly negatively correlated with precipitation
in July (r = −0.50 for young and −0.36 for medium‐aged) and August (r = −0.38 for young and −0.41 for
medium‐aged), δ13Cpin time series of old trees were not significantly correlated with precipitation in July
and August (Figure 5). Mean and maximum temperatures in March and June were significantly correlated
with δ13Cpin for young trees (r = 0.32 to 0.43), but not for the other age groups (Figure 5). Of all the climatic
parameters, correlations with monthly minimum temperature in March showed the largest difference in

Figure 3. Tree‐ring δ13Ccor (a), δ
13Cpin (b), and δ18O (c) variability with the calendar year for three tree‐age groups. The

equations and dashed lines are significant (p < 0.05) trends based on the MMK test. The distribution and ANOVA test of
the tree‐ring δ13C (d, δ13Ccor, and e, δ13Cpin) and δ18O (f) from three tree‐age groups covering 1910–2010. The violin
patterns show the distribution of the tree‐ring δ13C and δ18O data. The boxplot shows the minimum, maximum, and
quartile values, and the dots indicate the outliers. The diamonds indicate the mean values. The capital letters indicate the
statistical difference in mean value across different age groups based on Tukey's HSD post hoc test.
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strength between age groups (Figure S2). In addition, the tree‐ring δ13Cpin in old trees showed significant
positive correlations with climate parameters of the previous year, such as August (r = 0.40) and
September (r = 0.33) mean temperature (Figure 5), but these correlations between δ13Cpin and climate
from the previous year were not significant after removing autocorrelations (Figure S3).

We also detected significant differences in the strength of climate responses between age groups at the sea-
sonal (May–August) level, particularly for mean and maximum temperatures, RH, and precipitation
(Figure 5). Overall, compared to δ13Cpin in old trees, δ13Cpin in young trees was more strongly correlated
with mean and maximum temperatures, precipitation, and RH at monthly and seasonal levels (Figure 5).

Like δ13Cpin, climate response patterns in tree‐ring δ18O were similar across age groups (Figure 5), but age
groups differed in the strength of climate response. Tree‐ring δ18O in all age groups was significantly
(p < 0.05) positively correlated with mean and maximum temperatures in May (r = 0.36 to 0.54) and
May–August (r = 0.30 to 0.62), negatively correlated with RH from April to August (r = −0.29 to −0.52)
and May–August (r = −0.51 to −0.60), and negatively correlated with precipitation in January (r = −0.30
to −0.43) and May–August (r = −0.42 to −0.49) (Figure 5).

Significant differences in tree‐ring δ18O climate response between old and young trees were detected for
mean and maximum temperature, and RH at monthly and seasonal levels, except for May–August RH
(Figure 5). Correlations were weaker after removing autocorrelation (Figure S3). Most of the correlation

Figure 4. Cross correlations between tree‐ring δ13C and/or δ18O chronologies from three age groups for (a) yearly data
and (b) first differenced data. The × indicates an insignificant correlation. The filled circles above the diagonal are
Pearson's correlation coefficients, where size and color indicate correlation magnitude and sign. The “Pin” and “oxy”
represent the tree‐ring δ13Cpin and δ18O series, respectively. The “O” represents the old group, the “M” represents the
medium‐aged group, and the “Y” represents the young group. Autocorrelation coefficients in tree‐ring (c) δ13Cpin and (d)
δ18O chronologies from three tree‐age groups from 1910 to 2010. The dashed lines in panel c and d indicate the p = 0.05
significance levels. The bars that extend outside these lines represent statistically significant correlations.
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Figure 5. Climate responses of tree‐ring δ13Cpin (left panel) and δ18O (right panel) from the different tree‐age groups. Climate parameters include (a) monthly
mean temperature (T‐mean), (b) monthly mean maximum temperature (T‐max), (c) monthly total precipitation (Pre), and (d) monthly mean relative humidity
(RH). The Pearson correlations between each climate parameter and tree‐ring δ13Cpin and δ18O were calculated based on a bootstrap resampling method
(n = 1,000). We show the mean (square) and p = 0.05 interval values (whiskers) of the correlation coefficients. Colors indicate age groups: red for young, green for
medium‐aged, and blue for old. The horizontal dashed lines are p = 0.05 significance levels. The squares that extend outside these lines represent statistically
significant correlations. The shapes indicate significant differences (p < 0.05) in the correlation coefficients between climatic parameters and tree‐ring stable
isotope chronology based on the nonparametric Kruskal‐Wallis test between tree‐age groups: circles for young and medium‐aged trees, triangles for medium‐aged
and old trees, and asterisks for young and old trees. The initial letter on the x axis represents the month. The lowercase letter indicates the month of the previous
year and the uppercase letter represents the month of the current year. M‐A represents the month combination from May to August.

10.1029/2019JG005513Journal of Geophysical Research: Biogeosciences

XU ET AL. 9 of 18



coefficients between climate and tree‐ring δ18O were slightly higher for old trees compared to other age
groups at the monthly and seasonal levels (Figure 5). These results suggest that tree‐ring δ18O from old
trees likely has a slightly stronger climate response than that from medium‐aged and young trees.

3.5. Climate Reconstruction From Composite Chronologies

Tree‐ring δ13Cpin and δ18O from all age groups were negatively correlated with May–August RH (Figures 5;
S4); therefore, we selected this climate parameter as a potential target for reconstruction. Ten May–August
RH reconstructions based on composite chronologies of combinations of tree‐ring isotope proxies (δ13Cpin

and δ18O) and age groups (young, medium‐aged, and old) showed good reconstruction skills, with positive
RE (0.19 to 0.67) and CE (0.09 to 0.64) values for the calibration and verification periods and a range of
adjusted explained variance (R2

adj) from 19% to 60% for the whole period (Figure 6; Table 1). The May–
August RH reconstruction based on δ13Cpin from old trees explained 19% of the total variance, and based
on δ18O from old trees explained 34%, whereas the reconstruction based on δ13Cpin from young trees
explained 60% of the total variance, and based on δ18O from young trees explained 35% for the whole instru-
mental period with positive RE and CE values (Table 1). The RH reconstruction from the composite chron-
ology of δ13C from all age groups (R2

adj = 60%) explained 40%more variance compared to the reconstruction

Figure 6. May–August RH variability from observation and reconstructions based on different composite chronologies
combining tree‐ring δ13C and δ18O series from different age groups. The composite chronologies include (a) tree‐ring
δ13C from young, old, and all tree‐age groups; (b) tree‐ring δ18O from young, old, and all tree‐age groups, and (c)
tree‐ring δ13C and tree‐ring δ18O from young, old, and from all tree‐age groups, as well as tree‐ring δ13C from young
group and tree‐ring δ18O from old group. The thick line is low frequency using the 20‐year low‐pass spline filter.
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only including δ13C from old trees (R2adj = 19%). Likewise, the reconstruction using δ13C from young trees
and δ18O from old trees (R2adj = 60%) explained 19% more variance compared to the reconstruction only
using δ13C and δ18O from old trees (R2

adj = 41%) (Table 1). Five reconstructions explained ≥59% of May–
August RH variance: (1) δ13Cpin from young trees only, (2) a composite chronology using all of the δ13Cpin

series, (3) a composite chronology using δ13Cpin from young trees and δ18O from old trees, (4) a composite
chronology using δ13Cpin from young trees and δ18O from young trees, and (5) a composite chronology
using δ13Cpin from all age groups and δ18O from all age groups. All five reconstructions incorporated
δ13Cpin series from young trees and had similar values of AIC (296.2–297.3) and RMSE (≈ 3.1) and similar
variability at low frequency (Figure 6; Table 1). However, slightly higher RE (0.17–0.22) and CE (0.19–
0.25) values during the 1983–2010 verification period were found for three reconstructions based on
composite chronologies including δ13Cpin from young trees compared to the reconstruction based on
δ13Cpin from young trees only (Table 1). The reconstruction based on δ13Cpin from young trees
overestimates the most extreme peaks, whereas the δ13Cpin from all groups or δ13Cpin combined with
δ18O chronologies are more moderated/accurate (Figure 6). We further found that the reconstruction
based on δ13Cpin from young trees showed a larger difference (0.26) between R2 and CE values over the
1954–1982 calibration period compared to reconstructions based on δ13Cpin from all trees (0.21) or
δ13Cpin‐all combined δ18O‐all chronologies (0) (Table 1).

4. Discussion
4.1. Tree‐Ring δ13C and δ18O From Different Age Groups

Tree‐ring δ13C values showed consistent year‐to‐year variability between age groups (Figures 3 and 4), but
mean values were significantly more negative in young trees compared to old trees (Figures 3d and 3e),
which may be related to higher photosynthetic assimilation rate and stomatal density in younger trees
(Niinemets, 2002; Ryan et al., 2006; Yoder et al., 1994). Specifically, young trees typically have higher photo-
synthesis rates (Ryan & Yoder, 1997) and higher cell production (Rossi et al., 2008). Tree‐ring δ13C is affected
by the intercellular CO2 concentration (ci) and by stomatal conductance. According to the Farquhar model
(Farquhar et al., 1982), an increase in photosynthetic rate leads to high carbon demand, when photosyn-
thetic activity is directly affected by leaf metabolism, which would result in a decrease in ci/ca, as well as
an increase in δ13C. On the other hand, low stomatal conductance limits the CO2 supply, resulting in
decreases in ci and ci/ca, as well as an increase in δ13C. At a water‐limited site, δ13C is primarily modulated
by stomatal conductance rather than photosynthetic rate (Comstock & Ehleringer, 1992; Farquhar
et al., 1982). The stomatal conductance is also determined by the foliar morphology and physiological char-
acteristics (i.e., leaf area/sapwood, stomatal density, needle age, and leaf age) of different age trees and
decreases with age (Day et al., 2001; Köstner et al., 2002). Old spruce trees also have a lower crown stomatal
conductance (Wieser et al., 2000) and higher hydraulic resistance (Yoder et al., 1994). Old trees, such as Picea
and Pinus trees (Niinemets, 2002; Zhou et al., 2012), may therefore reduce their stomatal density compared

Table 1
Calibration and Verification Statistics for Each Reconstruction, Including Adjusted Explained Variance (R2adj), Reduction
of Error (RE), Coefficient Efficiency (CE), Akaike's Information Criterion (AIC), and Root Mean Square Error (RMSE)

Calibration
Verification

Calibration
Verification Whole period

(1954–1982)
(1983–2010)

(1983–2010)
(1954–1982) (1954–2010)

R2adj RE CE R2adj RE CE R2adj AIC RMSE

δ13C‐young 0.63 0.44 0.37 0.62 0.58 0.54 0.6 296.4 3.10
δ13C‐old 0.22 0.19 0.09 0.08 0.3 0.23 0.19 336.3 4.39
δ13C‐all 0.66 0.51 0.45 0.49 0.67 0.64 0.59 297.3 3.12
δ18O‐young 0.32 0.37 0.3 0.37 0.33 0.26 0.35 324.1 3.94
δ18O‐old 0.25 0.46 0.39 0.39 0.33 0.27 0.34 324.7 3.96
δ18O‐all 0.35 0.4 0.33 0.39 0.36 0.3 0.37 321.9 3.86
δ13C‐young + δ18O‐young 0.54 0.66 0.62 0.65 0.57 0.52 0.6 296.7 3.10
δ13C‐old + δ18O‐old 0.38 0.47 0.41 0.39 0.45 0.4 0.41 318.6 3.75
δ13C‐young + δ18O‐old 0.55 0.61 0.56 0.66 0.57 0.53 0.6 296.2 3.08
δ13C‐all + δ18O‐all 0.59 0.63 0.59 0.58 0.62 0.58 0.6 296.6 3.10
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to young trees under similar environmental conditions (Raim et al., 2012; Yoder et al., 1994). Compared to
young trees, old trees close their stomata earlier in the day (Ryan et al., 2006; Yoder et al., 1994) and have
lower stomatal conductance (Day et al., 2001; Köstner et al., 2002), which may result in low ci and high
δ13C values. Stomatal conductance is negatively affected by VPD and shows a strong decrease at
VPD > 2 kPa (Day, 2000). Young trees may use more topsoil water because of their widespread root in the
topsoil (Børja et al., 2008), but at our site they may not dramatically decrease their stomatal conductance
under low VPD (0.53 kPa for mean growing season, 0.48 ~ 0.66 kPa for summer). Furthermore, young trees
have high water transportation efficiency (Ryan et al., 2006), which can buffer potential drought stress and
as a result, tree‐ring δ13C values in young trees are lower than in old trees (Figure 3). In addition, old trees
rely more heavily on the use of carbon reserves of previous years, which can have higher δ13C values
(McCarroll et al., 2017; Timofeeva et al., 2017), resulting in higher tree‐ring δ13C in old trees. The strong
autocorrelations we found in tree‐ring δ13C and the response to climate in the previous year support this
hypothesis (Figures 4 and 5). Similarly, 0.3–0.9‰ lower tree‐ring δ13C values in very young trees (20 years)
compared to medium‐aged trees (200 years) have been reported for pine in central Siberia (Fonti et al., 2018).

The δ13C chronologies from young trees have a larger variability and range compared to old trees (Figure 3).
This result is confirmed by intra‐annual δ13C patterns of tree rings from pine in Siberia (Fonti et al., 2018).
The larger variability in δ13C from young trees may be caused by the stronger response to RH and tempera-
ture during the growing season (Figure 5), because RH and temperature are strongly linked to stomatal con-
ductance and photosynthetic rates (Bunce, 1984; Farquhar et al., 1982). However, the difference in the
number of sampled trees may cause different ranges between age groups. More sampled trees in the old trees
(nine trees) may reduce the range of δ13C values.

The tree‐ring δ13Cpin series showed slight but significantly positive trends from 1910 to 2010 CE across all
age groups (Figure 3). This indicates that our tree‐ring δ13Cpin series were influenced by a common factor,
which may be related to an increase in growing season temperature (Figure 2b). Another potential reason
for the positive trendmay be the tree's response to rising ca despite the pin correction (McCarroll et al., 2009).

We further found that young and medium‐aged trees have higher (1.5‰) mean tree‐ring δ18O values com-
pared to old trees (Figure 3f). This difference might result from the fraction of the soil source water δ18O used
by trees from different soil depths (Labuhn et al., 2014). As a shallow‐rooted species and as long as there is
sufficient moisture, spruce mainly uses shallow soil water (0–40 cm and some from depth 50–60 cm)
(Brinkmann et al., 2018), because it requires less energy to extract the water and nutrients. Young and
medium‐aged spruce trees may have different root structures and root depths than old trees (Børja
et al., 2008). In the upper soil, young and old spruce trees do not differ greatly, but old trees often have more
large roots and an extensive rooting system in deeper soil (20–60 cm) (Børja et al., 2008), and as a result, old
trees and young trees may have different source water. Old trees likely use a higher proportion of deep‐soil
water compared to young trees (Amin et al., 2020; Børja et al., 2008), and deep soil water typically has lower
δ18O than the topsoil layer because of lower evaporation fractionation and lower δ18O in water reserves
(Amin et al., 2020; Labuhn et al., 2014). As a result, the tree‐ring δ18O series are offset between age groups
(Figure 3). A similar result was reported for oak tree‐ring δ18O in France, with slightly (0.8‰) higher δ18O
values in young trees (145 years) than in old trees (310–405 years) (Labuhn et al., 2014). The magnitude of
the difference in tree‐ring δ18O between young and old trees is larger at our site, which may be caused by
strong enrichment during the growing season at our site compared to the mesic site in France.

Another main process modifying xylem water δ18O is leaf enrichment, which is strongly linked to RH varia-
bility (with the assumption that leaf temperature equals air temperature) (Roden et al., 2000; Treydte
et al., 2014). Old trees show higher hydraulic limitations (i.e., higher hydraulic resistance and a longer water
transport path) (Ryan et al., 2006; Yoder et al., 1994), which could lead to stronger enrichment in leaf water
δ18O compared to young trees. On the other hand, young trees usually display higher stomatal conductance
and leaf area index (Köstner et al., 2002; Ryan et al., 2006; Wieser et al., 2000), which results in a higher tran-
spiration rate and thus higher enrichment in leaf water δ18O. These two opposite effects may decrease the
offset of δ18O enrichment at leaf level between young and old trees. Furthermore, the differences in mean
tree‐ring δ18O that resulted from evaporation enrichment at leaf level may be overridden by the difference
in source water δ18O. Because the evaporation enrichment at the leaf level is strongly controlled by RH
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(Roden et al., 2000), similar RH under other similar climatic conditions (i.e, temperature and precipitation)
may result in limited differences in mean leaf δ18O enrichment between old and young trees from the same
site. An additional driver of this age difference is the timing and duration of the xylem formation of
differently‐aged trees (Rossi et al., 2008). The growing season of old trees (200–350 years) is approximately
2 or 3 weeks shorter, and the onset of cambial activity is delayed compared to young trees (50–80 years)
(Rossi et al., 2008). As a consequence, old trees may avoid the negative effect of low water availability during
the early spring (Figure 2).

The coherent variability (Figure 4) and the lack of significant trends (Figure 3) in tree‐ring δ18O series of old
and young trees indicate that there are no age‐related trends in tree‐ring δ18O. We can expect that our trees
do not experience a long‐term change in water source over the past 101 years and that differently aged trees
may have similar climate signals at low frequencies. This is in line with results reported for tree‐ring δ18O
from oak trees in central England (Duffy et al., 2017) and juniper in Tibetan Plateau, China (Xu et al., 2017).

4.2. Climate Response and its Age‐Dependence

Negative correlations between tree‐ring δ13Cpin and growing season precipitation and RH (Figures 5; S3)
indicate that variation in atmospheric moisture is the main factor determining δ13C fractionation during
the growing season. Lower RH results in a decrease in stomatal conductance to reduce water loss. In turn,
lower stomatal conductance leads to lower ci and depletion of 12C, and thus to high tree‐ring δ13C values
(Farquhar et al., 1982; Leavitt, 2007). Low RH also results in lower photosynthesis rates (Bunce, 1984),
and a higher proportion of 13CO2 fixed (Farquhar et al., 1982), leading to higher δ

13C in leaves and tree rings.
Negative relationships between tree‐ring δ13C in conifers and water availability conditions (e.g., precipita-
tion and RH) have been reported for many arid regions (Leavitt, 2007; Szejner et al., 2018; Wu et al., 2018;
Xu et al., 2014). We found that tree‐ring δ13C was positively related to growing season temperatures (max-
imum, minimum, and mean), which suggests that growing season temperatures may affect δ13C fractiona-
tion by stimulating evaporation (Dorado Liñán et al., 2012; Xu et al., 2014).

Negative correlations between tree‐ring δ18O and growing season RH and precipitation (Figure 5) suggest
that variability in RH controls the δ18O fractionation in tree rings. This result is consistent with our previous
results that tree‐ring δ18O variations in our study area mainly reflect water availability conditions before and
during the growing season (Xu et al., 2015, 2019). RH controls the transpiration enrichment of δ18O at the
leaf level and thus tree‐ring δ18O (Roden et al., 2000). Low RH and precipitation cause a high
vapor‐pressure gradient between intercellular air spaces of leaf and leaf surface, resulting in enrichment
in leaf water δ18O (Cernusak & Kahmen, 2013; Roden et al., 2000; Treydte et al., 2014). Leaf water δ18O
enrichment is also related to soil water availability andVPD (Cernusak&Kahmen, 2013; Treydte et al., 2014),
which determines the magnitude of transpiration. At our site, summer maximum and mean temperatures
affect water availability conditions by promoting evaporation (Xu et al., 2015). The higher temperatures
and lower RH lead to tree‐ring δ18O enrichment, and as a result, tree‐ring δ18O is positively related to tem-
peratures (Figure 5). In addition, the δ18O variability in precipitation and soil water positively covaries with
temperature in water‐limited regions, including our site (Amin et al., 2020; Liu et al., 2009). As a result,
tree‐ring δ18O variability reflects temperature variability. Positive correlations between tree‐ring δ18O and
temperatures have previously been reported for various tree species (i.e., spruce, juniper, and larch) in var-
ious locations (McCarroll & Loader, 2004; Saurer et al., 2008; Treydte et al., 2006; Xu et al., 2019). The posi-
tive influence of growing season temperatures and the negative influence of precipitation and RH on both
tree‐ring δ13C and δ18O suggest that tree‐ring stable carbon and oxygen isotopes at our site are mainly regu-
lated by water availability during the growing season.

The strength of the climate response in tree‐ring width (Wu et al., 2013), δ13C, and δ18O in Schrenk spruce is
age‐dependent and young trees have a stronger climate response in δ13C than other age groups (Figures 5
and S3). Our stable isotope results are supported by a previous study of pine trees in Spain (Dorado Liñán
et al., 2012) that reported an age‐dependent climate response in tree‐ring δ13C and δ18O, even though the
climate response in tree‐ring width was consistent across age groups. Unlike Dorado Liñán et al. (2012),
we found significant differences in the strength of climate response of tree‐ring δ13C at the seasonal scale
(Figure 5). Such discrepancies between studies may arise from differences in microclimate conditions, tree
species, and elevation. For example, microclimate related to elevation and climate gradient can affect tree
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growth and tree‐ring δ13C variability, as well as their climatic response (Poulos et al., 2012; Wu et al., 2015).
Different tree species have differences in hydraulic capacity, morphological leaf traits, onset and duration of
xylogenesis, and experience different drought legacy effects (Peltier et al., 2016; Rossi et al., 2008; Sala
et al., 2012), all of which can explain the differences in climate response of tree‐ring δ13C and δ18O
between studies.

We found a stronger response to growing season RH and temperature in tree‐ring δ13C from young trees, but
a little weaker response to temperature in tree‐ring δ18O in young trees (Figure 5). Such age‐related differ-
ences in climate response may be related to differences in photosynthetic rates, stomatal conductance, ratios
of leaf area to sapwood, timing and duration of xylogenesis, and hydraulic capacity in old versus young trees
(Farquhar et al., 1982; McCarroll & Loader, 2004; Rossi et al., 2008). Specifically, young trees have higher
photosynthesis rates and stomatal conductance (Ryan et al., 2006; Ryan & Yoder, 1997), which results in
their tree‐ring δ13C being more closely coupled with photosynthesis rates and stomatal conductance com-
pared to old trees exposed to the same climate conditions (Fonti et al., 2018; see also section 4.1).

Both tree‐ring δ13C and δ18O are influenced by growing season RH (Figure 5). Compared to young trees,
older trees experience more hydraulic limitations due to their higher hydraulic resistance, longer water
transportation path, and earlier closure of stomata (Ryan & Yoder, 1997), hence more drought stress from
the previous year (Figure 5), and lower photosynthetic capacities (Ryan et al., 2006; Ryan & Yoder, 1997).
As a consequence, the tree‐ring δ18O enrichment (especially leaf water δ18O enrichment) in old trees is
related to RH variations, particularly during the dry summer months (Figure 5). Tree‐ring δ18O can also
be affected by other factors that are not directly related to climate (i.e., source water and oxygen atom
exchanges between materials) (Gessler et al., 2014). As a result, the differences in climate responses in
tree‐ring δ18O are not as strong as those from tree‐ring δ13C (Figure 5). In our study region, water availability
is low at the beginning and end of the growing season (Figure 2), and young trees have an earlier onset and
longer duration of xylogenesis (Rossi et al., 2008), which makes young trees more vulnerable to drought
stress during these two periods compared to old trees. The RH signals at the beginning and end of the grow-
ing season are therefore higher for tree‐ring δ13C and δ18O in young trees compared to old trees (Figure 5).

Old trees have a stronger legacy effect than young trees, reflected in the autocorrelation in their tree‐ring
δ13C and δ18O series and response to climate in the previous year. This legacy effect was particularly strong
in δ13C in old trees, where it lasted up to 5 years, compared to 1 year in δ18O (Figures 4c and 4d). Szejner
et al. (2018) found similar significant multiyear (7–10 years) autocorrelation effects in tree‐ring δ13C and
δ18O in the southwest USA and attributed it to a long‐term climatic trend. At our site, mean temperature sig-
nificantly increased, and mean and minimum temperatures showed significant autocorrelations lasting 6
and 10 years (Figures 2 and S5), which can partly explain the autocorrelation in tree‐ring δ13C of old trees
(Figure 4). Long‐term climatic trends, lag responses to drought stress, and response to increasing ca may
cause multiyear autocorrelation periods (Cook et al., 1997; Lamarche & Stockton, 1974). Temperature of
the previous year has been shown to affect the photosynthetic potential in the following years due to health
conditions of the needles, nutrient status, and bud hormone behavior (Lamarche & Stockton, 1974).
Additionally, rising ca and previous years' drought stress also showed long‐term and lagged responses in tree
growth and tree‐ring δ13C (Timofeeva et al., 2017; Wu et al., 2018). In water‐limited conditions, warming
temperatures (Figure 1) gradually result in low water availability by stimulating evaporation under nearly
constant precipitation (Xu et al., 2014) and thus lead to multiyear autocorrelation in tree‐ring δ13C
(Figure 4c). The shorter‐term autocorrelation in the tree‐ring δ13C and δ18O series may be related to nutrient
availability, photosynthesis materials, and soil water pools from previous years (McCarroll et al., 2017;
Szejner et al., 2018). Under poor growing conditions, trees may use previous years' reserves and stored non-
structural carbohydrates to maintain tree growth, respiration, and root growth and to buffer hydraulic trans-
port stress (McCarroll et al., 2017; Sala et al., 2012; Timofeeva et al., 2017). Old trees may havemore access to
photosynthesis materials and nonstructural carbohydrates from antecedent years, which could mitigate the
influence of hydraulic limitations and meet metabolic needs under similar drought stress (Hartmann &
Trumbore, 2016; McCarroll et al., 2017; Sala et al., 2012). This combination of factors can lead to a strong
legacy effect of the previous year's growing conditions on current year growth (Figure 4; Fonti et al., 2018)
and can explain why tree‐ring δ13C in older trees is more influenced by climate in the previous year com-
pared to other age groups (Figure 5).
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The lack of autocorrelation in tree‐ring δ18O beyond the 1‐year lag indicates that tree‐ring δ18O is less
affected by long‐term legacy effects than δ13C is. Tree‐ring δ18O is mainly determined by the source water
δ18O and climate of the current year (Roden et al., 2000), and tree‐ring δ18O is less affected by metabolic
activity, such as carbon reserves, compared to tree‐ring δ13C (McCarroll & Loader, 2004). As a result,
tree‐ring δ18O shows weak autocorrelations (Saurer et al., 2008; Xu et al., 2015, 2017).

4.3. RH Reconstructions From Tree‐Ring δ13C and δ18O

Relationships between tree‐ring δ13C and δ18O have been regarded as a potential climatic indicator (Cullen
et al., 2008; Liu et al., 2014; Scheidegger et al., 2000) and the combination of different tree‐ring proxies (i.e.,
tree‐ring width, density, δ13C, and δ18O) can enhance the skill of climate reconstructions, reduce reconstruc-
tion bias, or extend the reconstruction season (Hudson et al., 2019; McCarroll et al., 2003; Xu et al., 2014).
Spruce tree‐ring δ13C and δ18O at our site were both significantly negatively affected by growing season
RH (Figure 5). The incorporation of tree‐ring δ13C and δ18O from young trees increased the explained var-
iance (by 19% and 40%, respectively), calibration and verification statistics, and the skill of the resulting
reconstructions compared to only using old trees (Figure 6; Table 1), which is supported by similar results
for spruce tree‐ring δ18O in Tibet, China (Shi et al., 2011). Tree‐ring based climate reconstructions are typi-
cally based primarily on the oldest trees to extend the reconstruction period as far back in time as possible.
Our results, however, suggest that including tree‐ring stable isotopes, particularly δ13C, from young trees can
improve the skill of such reconstructions. However, if proxies with too similar primary and other climate
controls are combined, reconstruction skill does not improve (McCarroll et al., 2003). Tree‐ring δ18O varia-
bility was strongly homogenous between age groups (Figure 4), which resulted in similar responses to May–
August RH (Figure 5). Because of this, the explained variance of the resulting reconstruction did not increase
when we used a composite δ18O from all age groups rather than a single age group. The RH reconstruction
based on young trees δ13Cpin only may overestimate extreme values due to its stronger response and large
variance, which results in instability of the climate signal, which is reflected in the verification statistics.
Thus, reconstructed extreme values based on δ13Cpin from young trees only should be interpreted with cau-
tion, despite its high explained variance.

There are uncertainties in the climate reconstruction arising from differences in distance and elevation
between the meteorological station and the sampling site. These uncertainties are complex, especially for
precipitation and RH due to the high spatial variability of those variables. This potential bias, however, is
homogeneous across age‐group trees because all samples were collected at the same site. Nevertheless,
our results revealed age‐dependent differences in mean value and climate response of tree‐ring δ13C
and δ18O.

5. Conclusion

To develop tree‐ring stable isotope‐based climate reconstructions, we need a deep understanding of source
water and microclimate conditions at the site level, how species may respond to those conditions, and
how tree age may modulate those responses. We measured 100 years of tree‐ring δ13C and δ18O from spruce
trees in northwestern China in three age groups ranging from 110 to 470 years. We found that both tree‐ring
δ13C and δ18O have consistent variability but no age‐dependent trend. Tree‐ring δ13C and δ18O values were
inversely related to growing season RH and precipitation and were positively related to mean and maximum
temperatures. Tree‐ring δ13C responded more strongly to climate in young trees compared to old trees but
had a stronger legacy effect in old trees compared to young trees. Our growing season RH reconstructions
suggest that incorporating tree‐ring δ13C and δ18O from young trees improves reconstruction skill and can
lead to a better understanding of tree response to climate change, including legacy effects and drought
response. Caution is warranted, however, when interpreting extreme values in reconstruction based on
young trees only.

Data Availability Statement

The tree‐ring δ13C and δ18O data can be obtained in Table S1. All of the data and code can be freely obtained
from Github (https://github.com/GuobaoXu/Age‐related‐climate‐response‐of‐tree‐ring‐stable‐carbon‐and‐
oxygen‐isotope) or from Zenodo.org (https://doi.org/10.5281/zenodo.3701798).
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