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A B S T R A C T

The hydrogen and carbon stable isotope ratios (δ2HLM and δ13CLM values) of tree-ring lignin methoxy groups
have recently been recognized as valuable palaeoclimate indicators. However, the environmental factors but also
sample preparation processes that might cause variations of δ2HLM and δ13CLM values have been not fully ex-
plored. Furthermore, the temporal dynamics of wood lignin content on both isotopes hasn’t been investigated.
To investigate the effects of total lignin content, removal of lipids and differences between individual and pooled
tree-ring series on isotopic values, we analyzed ring samples of dominant Larix gmelinii trees from a typical
permafrost region of northeastern China. We also examined relationships between δ2HLM and δ13CLM values with
annual-resolution lignin content and climatic parameters over the common period of overlap 1901 to 2013. We
found that the inter-tree variability between the individual and pooled isotopic chronologies was consistent, and
the removal of lipids did not change the results of stable isotope measurements. The total lignin content shifted
between the heartwood and sapwood, whereas the content of guaiacyl monomers (G-lignin), the only donor of
methoxy groups, remained constant. Correlations analysis between lignin proxies and climate variables in-
dicated that the heartwood total lignin content was positively correlated with the intrinsic water-use efficiency,
temperature and vapor-pressure deficit (VPD), but negatively with the early-growing-season standardized pre-
cipitation evaporation index. Whilst δ2HLM values were positively correlated with the growing season tem-
perature (May to August) and VPD, particularly in August, δ13CLM series showed insignificant correlation.
Therefore, we suggest that the total lignin content and δ2HLM values of tree rings (both individual and pooled
series) are suitable for tracking environment dynamics, as they can reveal the climate responses of tree growth.

1. Introduction

Tree-ring chronologies based on parameters such as the annual ring
width, late wood density and stable isotope ratios of cellulose (δ2H,
δ18O and δ13C values) are widely used as climate indicators to in-
vestigate regional or global environmental change, and to establish
palaeoclimate reconstructions. This is mainly because of the wide-
spread distribution of trees and the high temporal resolution of their

tree rings that can be measured for several parameters with excellent
reproducibility (Esper et al., 2002; Tian et al., 2007; Gessler et al.,
2010; Zeng et al., 2017; Liu et al., 2017, Liu et al., 2019a,b). However,
much less research has focused on lignin attributes, even though the
lignin content clearly changes during the climatic response of tree
growth (Robertson et al., 2004; Coleman et al., 2008; Voelker et al.,
2011; Hall et al., 2015). In the complex structure of wood, lignin is after
cellulose the second most abundant biopolymer, which predominantly
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is formed from the oxidative radicalization of three hydroxycinnamic
alcohols via β-O-4 (β-aryl ether) bonds and then deposited in the
thickened secondary cell walls (Somerville et al., 2004; Vanholme et al.,
2010). With its special hydrophobic traits, lignin improves the struc-
tural rigidity of xylem tissue and the transmission efficiency of source
water (Pilate et al., 2012). In gymnosperms, especially in conifers, the
polymerized lignin is mostly composed of monolignols, which include
abundant guaiacyl units (G-lignin), with minor amounts of p-hydro-
xyphenyl units (H-lignin) and other chain-starting monomers (Armin
et al., 2012; Lan et al., 2016; Vanholme et al., 2019). The types and
quantities of these lignin compositions are species dependent (Bush
et al., 2011), genetically determined (Nakashima et al., 2008; Bonawitz
and Chapple, 2010; Xia et al., 2018) and under environmental control
including elevation, temperature, precipitation and light intensity
(Gindl et al., 2000; Silva Moura et al., 2010; Baxter and Stewart, 2013;
Dos Santos et al., 2015). From an evolutionary perspective, lignin de-
position and variation of its content are the result of the lignification of
dead cells in the xylem, which connected with the aging and death of
the ray parenchyma cells (Honjo et al., 2005; Song et al., 2011; Lim
et al., 2016). Over time, the sapwood gradually transforms into the non-
living heartwood, this transformation involved in the change of che-
mical and physiological mechanisms in two parts of tree rings (Millers,
2013; Piqueras et al., 2020). The higher content of lignin polymers in
gymnosperms leads to thicker tracheid walls, which increase survival
by providing stronger biomechanical support for long-term growth and
by protecting against embolism formation under water stress during
warm and dry growing seasons (Jacobsen et al., 2007; Martone et al.,
2009; Stackpole et al., 2011; Pereira et al., 2017; Lima et al., 2018).

Monolignol G-lignin, with strong and abundant cross-linked bonds, is a
rigid and hydrophobic substrate (Koehler and Telewski, 2006; Saito et al.,
2012) that contains ether bonded methoxy (–OCH3) groups, which formed
during the methylation of S-adenosyl-L-methionine, and depends on caffeic
acid 3-O-methyltransferase during lignin biosynthesis (Lam et al., 2007;
Maury et al., 2010). These –OCH3 groups are precursors for C1 volatiles in
the environment (Keppler et al., 2004) and they are of interest for palaeo-
climate studies (Keppler et al., 2007). It is important to note that after lignin
biosynthesis and methylation, hydrogen and carbon atoms of the lignin
methoxy (LM) groups of wood do not exchange with those from source
water or organic components/metabolites. Thus, after biochemical forma-
tion the initial 2H/1H and 13C/12C ratios of wood LM groups (δ2HLM and
δ13CLM values, respectively) will be unaffected during further tree growth
(Keppler et al., 2004, 2007; Greule et al., 2015; Sessions, 2016). Further-
more, it has been suggested that δ2HLM and δ13CLM values of dead wood do
not fractionate during biotic and abiotic degradation processes (Greule
et al., 2008, 2015; Anhäuser et al., 2017a), preparation of sample material
and subsequent analysis (Keppler et al., 2004, Keppler et al., 2007). The
measurement of δ2HLM and δ13CLM values is usually determined by the
Zeisel method (Zeisel, 1885) – the substitution reaction between the woody
–OCH3 groups and hydroiodic acid (HI) to quantitatively form gaseous
methyl iodide (CH3I). Subsequently, δ2HLM and δ13CLM values of plant
methoxy groups have been widely applied into biogeochemical, atmo-
spheric, palaeoclimatic but also forensic studies (Greule et al., 2008, 2009,
Greule and Keppler, 2011, 2015, 2019, 2020; Gori et al., 2013; Mischel
et al., 2015; Anhäuser et al., 2017a,b, Anhäuser et al., 2018, Anhäuser et al.,
2019, 2020; Lee et al., 2019; Meier-Augenstein, 2019; Meier-Augenstein
and Schimmelmann, 2019; Wang et al., 2020).

Previous studies have clearly shown that the isotopic composition of
precipitation is mainly controlled by latitude, altitude and temperature
(Dansgaard, 1964; Bowen and Wilkinson, 2002) but also continental
effects might play a role (Hoogewerff et al., 2019). The δ2H values of
precipitation particularly from mid-latitude regions (40°N to 66°N)
have been shown to correlate well with δ2H values from plant lipids
(Sternberg, 1988), bulk wood (Gori et al., 2013), tree-ring cellulose
nitrate (Liu et al., 2015) and lignin methoxy groups (Keppler et al.,
2007, 2008; Riechelmann et al., 2017; Anhäuser et al., 2017a,b,
Anhäuser et al., 2020). These plant hydro-climatic relationships are

driven by the root and xylem transport systems and their responses to
temperature, leaf transpiration and VPD (Tang et al., 2000; Feakins
et al., 2013; Hepp et al., 2017). Even though cellulose and LM groups
share the hydrogen atoms of soil water as a common source, subsequent
biochemical pathways (associated with isotope fractionation) define
cellulose- derived δ2H values primarily as a proxy for leaf water δ2H
values and LM groups for δ2H values of xylem water (Feakins et al.,
2013; Anhäuser et al., 2020). In particular, the strong response to
temperature-induced changes in δ2H values of meteoric water
(Dansgaard, 1964) is well reflected in δ2HLM values of tree rings
(Feakins et al., 2013; Anhäuser et al., 2017b). The recent work of
Anhäuser et al. (2019, 2020) confirmed that δ2HLM values have great
potential to reconstruct regional palaeotemperature from trees of mid-
latitude areas, and even be applicable for reconstructing large-scale
temperature changes including atmospheric circulation patterns. Other
studies measuring δ13CLM values from alpine but also from low-altitude
environments showed relationships to temperature, precipitation and
vapor-pressure deficit (VPD) (Gori et al., 2013; Mischel et al., 2015;
Riechelmann et al., 2016).

However, there still exist no information about the relationships
between climate parameters and annual-resolution δ2HLM and δ13CLM
values with respect to the total lignin and G-lignin content.
Furthermore, the traditional strategies of tree-ring isotope analyses
using cellulose have suggested that mass-weighted pooled samples
might be appropriate for obtaining reliable isotopic chronologies
(Leavitt, 2008; Liu et al., 2015). Finally, the effect of lipid removal
(degreasing) from bulk wood material might also affect stable isotope
values (Greule et al., 2019; Lee et al., 2019). Therefore, we attempted to
fill some of the gaps in our knowledge by comparing the individual and
pooled tree-ring series, the procedure of degreasing and the potential
relationship of total lignin and G-lignin content with δ2HLM and δ13CLM
values. All these investigated tree-ring wood from Larix gmelinii (larch),
which is the dominant deciduous tree species in the Greater Hinggan
Mountains and significantly influenced by the harsh permafrost en-
vironment.

Previous studies of tree-ring widths in northeastern China indicated
that the dynamics of forest growth were highly sensitive to the warming
growing season and increasing water stress (Liu et al., 2009; Zhang
et al., 2014; Chen et al., 2015). Our recent studies (Liu et al., 2017,
2019a; Zhang et al., 2018), which based on permafrost forest tree-ring
cellulose δ13C and δ18O chronologies, demonstrated that tree growth
have affected by the combined effects of temperature and intrinsic
water-use efficiency (iWUE). Specifically, the summer VPD and relative
humidity (RH) were the dominant factors, and strongly regulated sto-
matal conductance, which in turn controlled iWUE.

In the present study, we investigated the temporal dynamics of
several potential lignin proxies and their response to climatic para-
meters. We hypothesized that a higher lignin content would help trees
cope with the stronger water stress created by the warming environ-
ment and would thereby improve iWUE. We also hypothesized that
δ2HLM and δ13CLM values, where in the cold and humid study area,
might record the shorter growing season climate signals. To test these
hypotheses, our specific objectives were to: (i) assess the variability of
δ2HLM and δ13CLM values among individual and in pooled tree-ring
samples and whether degreasing of the bulk wood does affect stable
isotope measurements; (ii) evaluate the simultaneous responses of total
lignin content and climate parameters, and their correlation with iWUE;
and (iii) estimate the potential of δ2HLM and δ13CLM values as climatic
proxies in this high-latitude permafrost forest ecosystem.

2. Materials and methods

2.1. Sample materials

Twenty-six larch tree cross-sections at breast height were collected
from Yue'AnLi forest (50°55′N, 122°21′E, 850 to 900 m a.s.l.) near
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Genhe City during a forest harvesting operation in the spring of 2014
(Fig. S1). Seven tree discs with integral morphology from different trees
were selected and divided each disc into eight equal sectors (Fig. S2).
For each sector, tree-ring widths was analyzed using the LINTAB 6
measuring system (Rinntech, Heidelberg, Germany) with a resolution of
0.001 mm, and cross-checked the widths against previously reported
data (Zhang et al., 2018) for the same tree species in a similar habitat
near the present study site (sites L1, L2 and L3; Fig. S1). Results con-
firmed that the results were representative of trees in this region. The
correlation was strong and significant (mean r = 0.71, n = 113,
P < 0.001; Fig. S3a). Finally, four trees with unobvious growth dis-
crepancy and with a significant inter-tree correlation were selected
(Fig. S3b, Table S1) to develop raw tree-ring width (RTW) chronologies
and to measure δ2HLM and δ13CLM values, total lignin and G-lignin
content. We also considered potential juvenile effects on stable isotope
measurements (Labuhn et al., 2014) by discarding the first 20 years of
the samples, and the resulting time period was from 1901 to 2013.

2.1.1. Sample treatment
One sector from each of the four retained tree discs (Fig. S3b) was

randomly selected, and tree rings were carefully excised with a scalpel
under a dissecting microscope. The wood samples were ground to a
diameter < 0.1 mm in a planetary ball mill (Pulverisette 23, Fritsch,
Oberstein, Germany). To compare the variation of δ2HLM and δ13CLM
values from the individual trees, arithmetic mean and pooled series, the
tree-ring samples were divided into two subsets and treated with dif-
ferent strategies (for details please see below).

2.1.2. Mass-weighted series
The tree-ring samples from each tree were pooled by equal weight

proportions. This mass-weighted strategy was first proposed by Treydte
et al. (2001), and subsequently applied by other tree-ring studies using
stable isotope analysis (Treydte et al., 2006; Leavitt et al., 2010;
Szymczak et al., 2012; Liu et al., 2015).

2.1.3. Individual trees and arithmetic mean series
To retain the characteristics of individual trees, we first performed

independent isotopic chronologies for each tree, and then calculated
arithmetic mean values (Gagen et al., 2007; Leavitt et al., 2010; Liu
et al., 2012). According to the measurement approach of three-year
interval, isotope sequence was acquired from the selected sectors of
each discs, counting for 38 isotope data (i.e., 1901, 1904, 1907, ···,
2006, 2009, 2012).

2.2. Analytical measurements

Before chemical treatment and analysis, all the pooled powder
samples were thoroughly homogenized using vortex mixers (VORTEX-
5, Kylin-Bell, Haimen, China) and subsequently oven-dried at 50 °C
under vacuum in a desiccator for 48 h. Whether it is necessary to pool
the tree-ring samples in the same calender year of four trees, which
depends on the correlation of individual and pooled isotope series. For a
more detailed description of the experimental protocol we would like to
refer to Fig. S4.

2.2.1. Stable isotope analysis
To test whether removal of lipids from bulk wood (ground wood

without any further preparation called ‘bulk’) affects δ2HLM and δ13CLM
values, samples from the middle (1932 to 1982) of the full time period
were selected. Soxhlet mixture solvent of toluene and ethanol (v/v,
32:68) was applied to remove lipids from the bulk wood under 75 °C for
two hours (Loader et al., 1997), and then the solvents were volatilized
to obtain the degreased wood samples.

To prepare CH3I samples from tree-ring wood for measurements of
δ2HLM and δ13CLM, we followed the methods of Keppler et al. (2007)
and Greule et al. (2008, 2009) with minor modifications (see section

1.1 of the Supplemental Material for details). All measurements were
performed using gas chromatography-pyrolysis combustion-isotope
ratio mass spectrometer (GC/Py-C/IRMS) (TRACE 1310; Thermo
Fisher, Bremen, Germany). The gas chromatograph (GC) was fitted with
a TG-5MS column (30 m × 0.25 mm × 0.25 µm; Thermo Fisher,
Bremen, Germany). The stability and parallelism of GC/Py-C/IRMS
were examined by repeated experiments (n = 30) of the known single
tree-ring samples (mean ± SD values, −296.0 ± 5.0‰ for δ2HLM and
−35.0 ± 0.3‰ for δ13CLM). And this working standard was measured
in every ten analytical samples to assess the reproducibility of the
isotope measurements and normalization.

The isotope labeling CH3I from commercial standard is liquid and
highly corrosive to chromatographic columns, so both stable isotope
measurements were normalized with reference gas H2 (−214.66‰, V-
SMOW) and CO2 (−39.26‰, V-PDB) by one-point anchored method
(Zeng et al., 2017). The authors are aware that this procedure re-
presents a one-point calibration and has its limitations as it does not
follow the principle of identical treatment of samples and reference
materials (Werner and Brand, 2001). Thus, both the δ2HLM and δ13CLM
values might be affected by additional errors such as “scale compres-
sion” (Meier-Augenstein and Schimmelmann, 2019). However, the
measured δ2HLM and δ13CLM values and the observed relative differ-
ences of the wood samples were sufficient to answer the specific re-
search questions of this paper.

Due to the anthropogenic release (mainly from fossil fuel burning)
of CO2 to the atmosphere, mixing ratios of CO2 increased from around
280 parts per million by volume (ppmv) at CE 1800 to 410 ppmv today
(Francey et al., 1999) (NOAA Mauna Loa CO2 Data, www.co2now.org).
Since the anthropogenic CO2 has more negative δ13C value than the
atmosphere, the δ13C value of the atmosphere decreased substantially
within the last 150 years. This effect is also known as the Suess effect
(Keeling, 1979) and needs to be considered when analysing, comparing
and discussing tree-ring δ13C values from trees grown in the period
from 1850 until today. Therefore, the δ13CLM series were corrected to
account for rising δ13C values of atmospheric CO2 using the method of
McCarroll and Loader (2004). This is valid for all δ13C data shown in
the results and discussion section.

2.2.2. Lignin content
The acetyl bromide method developed by Johnson et al. (1961) was

applied to measure the lignin content of the wood. Briefly, the analy-
tical concept depends on the free hydroxyl (α-carbon and γ-carbon) that
is characteristic of the side-chain in the phenylpropane. Acetylation and
bromination occurs under acetic acid conditions to form lignin deri-
vatives, which show special absorbance at 280 nm. The acetyl bromide
lignin was prepared by using the improved method of Hatfield and
Fukushima (2005). The standard alkali-lignin (TCI, Tokyo, Japan) was
used for calibration. For details please refer to section 1.2 of the Sup-
plemental Material.

2.2.3. Lignin monomer composition
Quantification of the lignin monomer composition was accom-

plished by thiolysis, which can effectively cleave ether linkages and
yield thioester derivatives, which can then be analyzed by means of gas
chromatography mass spectrometer (GC/MS) and confirmed based on
data for molecular ions and the internal standard (Lapierre et al., 1986;
Robinson and Mansfield, 2009). The final determination of the lignin
monomer content was based on the method of Harman-Ware et al.
(2016). For details please refer to Section 1.3 of the Supplemental
Material.

2.3. Statistical analysis

The sampling site in the present study is the same as described in
our previous studies (Liu et al., 2017, 2019a; Zhang et al., 2018). The
regional climate conditions are similar, and the same larch species were
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collected (Fig. S1). Therefore, the existing mean meteorological data for
the common period 1957 to 2013 was used, which including the
monthly temperatures, total precipitation, RH and the calculated
standardized precipitation evaporation index (SPEI) and VPD. All these
climatic factors and the annual iWUE from arithmetic average values of
multi-sampling sites (Fig. S1; L1, L2 and L3) were participated in sub-
sequent correlation analysis.

The correlation between annual records (RTW, δ2HLM and δ13CLM
values, total lignin and G-lignin content and iWUE) of larch and climate
parameters (monthly and seasonal factors) of previous October to the
current calendar year were calculated by Pearson’s coefficient (r) using
SPSS 20.0 (IBM, Chicago, USA), and including high-frequency varia-
tions (first-order differences). The strength of the fitting of the linear
relationships among parameters was determined using the regression
goodness of fit (R2). We quantified the differences between individual
series using the standard deviations (SDs) and the Gleichläufigkeit
(GLK) parameter, which represents proportion of the total number of
dates when two series show the same variation trend in relation to the
preceding year (Schweingruber et al., 1993). The Lag-1 autocorrelation
(AR1) was used to represent the existence of a time lag in the re-
lationships (Khaliq and Cunnane, 1996), and to describe the standard
normal distribution using the skewness (SKE) and kurtosis (KUR); as
SKE and KUR approach 0, the distribution of our dataset become in-
creasingly symmetric (Suárez and Thorne, 2009).

3. Results

3.1. Comparison of individual and pooled tree-ring chronologies

The mean RTW values (Fig. 1a) of the four individual larch trees
chosen for the analytical period had highly significant Pearson corre-
lation (r = 0.90, P < 0.001) and GLK value (78.0%, P < 0.001),
which suggested that these trees were controlled by similar regional
environmental conditions, and thereby could be appropriate for the
pooling samples for the lignin-related measurements. The Z-score
trends for the three-year interval δ2HLM and δ13CLM values (Table S1) of
the four trees showed a consistent pattern with moderately strong, but

significant mean correlation of δ2HLM (r = 0.56, P < 0.001; Fig. 1b)
and δ13CLM values (r = 0.66, P < 0.001; Fig. 1c), respectively. Par-
ticularly, the correlations between the arithmetic mean and pooled
methoxy isotope chronologies were very strong (r= 0.80 for δ2HLM and
0.85 for δ2CLM, P < 0.001; Fig. 1b & c), which showed convincing tree-
growth synchronicity for the investigated periods. In addition, even
though some GLK values between two trees were insignificant, the
mean values among the four trees did significant (67.1% for δ2HLM,
P < 0.05 and 68.9% for δ13CLM, P < 0.01; Fig. 1b & c), which again
demonstrate that the pooled isotopes can account for the contribution
of each tree to the mean values. In the following measurements, the
annual tree-ring samples were pooled with mass-weighted strategy.

3.2. δ2HLM and δ13CLM values from bulk wood and after removal of lipids

The trends for δ2HLM and δ13CLM values were relatively consistent
from 1932 to 1982, with r = 0.73 (P < 0.001; Fig. S5a) and r = 0.59
(P < 0.001; Fig. S5b) for two wood samples, respectively. The range
between the maximum and minimum values of each bulk wood tree-
ring series were lower (41.25 and 3.71‰, respectively) than those for
the degreased series (53.26 and 4.10‰, respectively), and the SDs for
both parameters from the bulk wood data (9.52 and 0.90, respectively)
were also less than those for the degreased data (11.16 and 0.98, re-
spectively) (Table 1). Despite these differences, one-way ANOVA re-
vealed insignificant difference between the δ2HLM and δ13CLM values of
the differently treated wood series. The first-order AR1 values between
the different samples were all similarly strong and significant
(P < 0.05), with values of 0.47 and 0.51 for the δ2HLM series and 0.49
and 0.51 for δ13CLM series, respectively (Table 1). From the Gaussian
distribution, the SKE and KUR values of the bulk wood δ2HLM series
were not greatly different from 0 (−0.18 and 0.01, respectively), in-
dicating a relatively normal distribution, whereas the corresponding
values from the degreased wood were 0.45 and 0.62, suggesting a po-
sitively skewed and mesokurtic distribution (Table 1). Although the
negative SKE values in both δ13CLM series were similar (−0.37 and
−0.33, respectively), the negative KUR values of the two series were
quite different (−0.24 and −0.65, respectively), indicating that the
bulk wood series were closer to a normal distribution than the de-
greased values (Table 1).

3.3. Relationships between the tree-ring lignin content, monomer
composition and isotopic chronologies

The tree discs showed a clear visual boundary between the heart-
wood and sapwood around 1988 (Fig. S2). The temporal variation of
the tree-ring lignin content (in the range of 4.8–15.2%) showed a ty-
pical depositional pattern, with a significant increasing trend in the
heartwood (slope = 0.47 per decade, R2 = 0.55, n = 88, P < 0.001;
Fig. 2a), followed by a rapid decrease and rapid recovery to just below
the 1988 level in the transition region and sapwood. Overall, the total
lignin content in the heartwood was greater than that of the sapwood
(Fig. S6a). However, the G-lignin chronologies showed insignificant
trend throughout the investigated time period (Fig. 2b, Fig. S6b), and
no measureable amounts of H-lignin could be determined in the GC–MS
analysis (Fig. S6c). Scatterplots of the relationships between the G-
monomer ratio (G-lignin/total lignin) and the total lignin and G-lignin
content showed weak but significant linear relationships (Fig. 3), with
stronger relationships in the heartwood (R2 = 0.33 and 0.58, n = 88,
P < 0.001; Fig. 3b & d) than for the entire investigated time period
(R2 = 0.31 and 0.49, n = 113, P < 0.001; Fig. 3a & c). However, no
distinct change in RTW or δ2HLM and δ13CLM values between the sap-
wood and heartwood but also insignificant correlation between the G-
lignin content and δ2HLM and δ13CLM values of the wood sample could
be observed (data not shown).

Fig. 1. (a) The raw tree-ring width (RTW) series for the four individual trees
used for lignin indicators study and their annual-resolution values from 1901 to
2013. The Z-score series for (b) δ2HLM and (c) δ13CLM values of individual trees
in the lignin methoxy groups with three years interval resolution (n = 38).
Mean correlations (Pearson’s r) and Gleichläufigkeit (GLK) values indicate the
consistency among the individual trees; the red r and P values in panels (b) and
(c) represent the consistency between the mean and pooled values.
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3.4. Linkages between the lignin content of the heartwood, iWUE and the
climatic variables

There was a similar variation trend between total lignin content and
iWUE before 1988 in the heartwood (for lignin, slope = 0.047, R2 = 0.55,
P < 0.001; for iWUE, slope = 0.142, R2=0.49, P < 0.001; Fig. 4a), and
the two variables were also weakly but significantly positively related
(R2= 0.23, P < 0.001; Fig. 4b), as well as in the high-frequency variations
(r = 0.31, P < 0.005; Fig. 4c). Furthermore, although the correlation in
the heartwood between the total lignin content andmonthly climatic factors
from 1957 to 1988 was generally weak, some statistically significant cor-
relations were found for the early growing season (Fig. 5). The total lignin
content was positively correlated with the mean and maximum tempera-
tures and VPD, but negatively correlated with SPEI in May (Fig. 5a), and
these month-scale correlations remained significant based on the high-fre-
quency variations (Fig. 5b).

3.5. Lignin methoxy isotope trends and climatic responses

During the time period of 1957 to 2013, the δ2HLM chronologies
were significantly correlated with different climate parameters (Fig. 6).

Table 1
Statistical characteristics of the δ2HLM and δ13CLM series for the bulk and degreased wood samples for the analytical period from 1932 to 1982. Abbreviations: Max.,
maximum values; Min., minimum values; SD, standard deviation; Range, the difference between the maximum and minimum values; AR1, Lag-1 autocorrelation;
SKE, skewness; KUR, kurtosis.

Form Max. Min. Mean SD Range AR1 SKE KUR

δ2HLM (‰) Bulk −288.80 −330.05 −308.79 9.52 41.25 0.47* −0.18 0.01
Degreased −281.47 −334.73 −311.95 11.16 53.26 0.51* 0.45 0.62

δ13CLM (‰) Bulk −33.91 −37.62 −35.28 0.90 3.71 0.49* −0.37 −0.24
Degreased −33.21 −37.31 −35.07 0.98 4.10 0.51* −0.33 −0.65

Significance: * P < 0.05.

Fig. 2. The temporal variation of the tree-ring lignin content for (a) total lignin
and (b) G-lignin from 1901 to 2013. The red dashed line represents the linear
fitting of the total lignin content in the heartwood.

Fig. 3. Scatterplots of the relationships between (a, b) the total lignin content and (c, d) the G-lignin content and the G-monomer ratio (G-lignin/total lignin).
Analyses are for (a, c) the whole measurements time and (b, d) the heartwood period. Red solid lines indicate the linear fitting of the trend.
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Fig. 4. (a) Comparison of temporal trends in the total lignin content and intrinsic water-use efficiency (iWUE) in the heartwood. (b) Relationship between iWUE and
the total lignin content in the heartwood. (c) High-frequency variations (first-order differences). Red dashed lines indicate the linear fitting function.

Fig. 5. Pearson’s coefficients (r) for the correlation between the total lignin content and the climatic parameters in the heartwood from 1957 to 1988. (a) Monthly
data; (b) High-frequency variations (first-order differences). Months labeled with “p” represent the previous year (before formation of the growth ring). Climate
parameters are: Tmean, mean monthly temperature; Tmax, maximum monthly temperature; Tmin, minimum monthly temperature; PRE, total precipitation; RH, relative
humidity; SPEI, standardized precipitation evapotranspiration index; and VPD (vapor-pressure deficit). The black dashed lines represent the 95% confidence interval.
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The strongest positive correlations were found with the temperature
indices (mean, maximum and minimum), precipitation and VPD in the
growing season (particularly from May to August, expressed as MJJA)
(Fig. 6a), and the high-frequency variations were significantly posi-
tively correlated with maximum temperature and VPD in February and
August (Fig. 6b). Specifically, the minimum temperature (r = 0.55,
P < 0.001) and precipitation (r = 0.44, P < 0.01) in June and the
maximum temperature (r = 0.47, P < 0.001) and VPD (r = 0.40,
P < 0.01) in August were significantly positively correlated with
δ2HLM values, and even in the high-frequency variations (Table S2). The
δ2HLM series were also positively correlated with the three temperature
parameters and VPD in January and February (Fig. 6a). Whereas, these
month-scale response relations in the high-frequency variations were
still significant, especially in the maximum temperature and VPD, and
lasted throughout the growing season (Fig. 6b). In terms of negative
correlations, these series were significantly correlated with RH outside
the growing season and SPEI in March.

Interestingly, the corrected δ13CLM series after removing the influ-
ence of rising δ13C values of atmospheric CO2 (see Section 2.3.1)
showed insignificant correlations with all the investigated climatic
factors (data not shown).

4. Discussion

4.1. Inter-tree variability and effect of pooling the samples

The coherences of RTW were similar for the individual trees (Table
S1) and thus suggested that the selected trees were growing in a con-
sistent habitat and could therefore be included in the same analysis.

However, the coherence of δ2HLM and δ13CLM values for individual trees
was somewhat weaker when compared with RTW (Fig. 1, Table S1).
Compared with the clear mechanistic model for isotope fractionation in
tree-ring cellulose (Roden et al., 2000), those isotopic effect for lignin
methoxy groups might be more complex because of the multiple reg-
ulation in lignin biosynthesis, including lignin composition and me-
thylation. The observed difference between RTW and δ2HLM and δ13CLM
values could be also related to analytical issues regarding measure-
ments of stable isotope values, i.e. resulting from the combined effect of
analytical uncertainties related to the reaction of –OCH3 groups with HI
(Greule et al., 2008, 2009), the application of reliable reference mate-
rials for δ2HLM and δ13CLM measurements (Greule et al., 2019, 2020),
the constancy of the known stoichiometry (Lee et al., 2019) and the
particle diameters of the homogenized wood powder (McCarroll and
Loader, 2004).

Nevertheless, the correlations of δ2HLM and δ13CLM series between
the mean and pooled values were highly significant (P < 0.001; Table
S1). The arithmetic means of the four trees had a smoothing effect on
the differences between individuals (Leavitt, 2008). Previous studies
have shown that δ2HLM values of individual trees from the same species
collected from one location can vary by up to 28‰ (Anhäuser et al.,
2017a, Anhäuser et al., 2020). One explanation for the relatively large
variations might be the heterogeneous source water in the soil and
xylem water of the trees mainly resulting from site-specific variations in
hydrology (Leavitt, 2010; Feakins et al., 2013; Anhäuser et al., 2017a).
Unlike other forest districts, the hydrological condition could be even
more complex in our study area because of the interplay between at-
mospheric rainfall, groundwater and freezing-thawing water.

Fig. 6. Climatic responses (Pearson’s r) of the
lignin methoxy groups δ2HLM value at monthly
and growing-season scales during the common
period from 1957 to 2013. MJJA represents the
growing season from May to August. Month
names labeled with a “p” represent values in the
previous year (the year before tree ring forma-
tion). The left columns are for the monthly data;
the right columns are for high-frequency varia-
tions (first-order differences). The significant
correlations are shown in red (positive correla-
tions) and blue (negative correlations); the
strength of the correlation is proportion to the
circle’s size. The white area labeled P = 0.05
represents the 95% confidence interval.
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4.2. Effect of removal of lipids from bulk wood

The results of δ2HLM and δ13CLM values for sections of the heart-
wood showed that the removal of lipids from bulk wood did not sig-
nificantly change δ2HLM and δ13CLM values when compared with those
of untreated bulk wood (Fig. S5, Table 1). A likely explanation is that
the wood extractives were present at low quantities and did not contain
a measureable content of methoxy groups. However, these results are
fully in line with previous investigations of δ2HLM and δ13CLM mea-
surements from wood samples (Greule, et al., 2008, 2009, Greule and
Keppler, 2011) where it has been suggested that the bulk of the
methoxy content (> 95%) is related to the lignin fraction of wood. Only
plant material with little lignin content such as vegetables (e.g. pota-
toes) might produce CH3I at measureable quantities from other plant
components than –OCH3 groups that need to be considered for stable
isotope measurements of plant methoxy groups (Greule and Keppler,
2011). Thus, our comparison of bulk and degreased wood again sup-
ports the previous contention that bulk wood can be directly used for
preparation of CH3I and no further treatment or extraction steps of
wood are required.

4.3. Variation in the response of lignin content to climatic variables

Our findings imply that the total lignin content of bulk wood might
be lower than those usually found for woody plants (around 15–36%)
(Zobel and van Buijtenen, 1989; Campbell and Sederoff, 1996). This is
difficult to explain but might be the special chemical nature of lignin,
those polymers in plant are difficult to be separated and purified, and
no appropriate “standard lignin” can be adapted to calibrate the in-
strument. Although there is only a small portion of total lignin may be
soluble in the dilute acid solution (Hatfield and Fukushima, 2005), the
applied method mainly measured the alkaline-lignin content rather
than total lignin content. We further found that the arithmetic mean
values of the total lignin content in the heartwood were higher than
those in the sapwood, and decreased sharply in the transition area
between the two types of wood, within a distance of two or three
growth rings (Fig. 2a & S6a). In contrast, the G-lignin content showed
insignificant change over time (Fig. 2b & S6b) and its G-monomer ratio
had more significant correlation with total lignin and G-lignin content
in the heartwood, respectively (Fig. 3b & d). Furthermore, the corre-
sponding δ2HLM and δ13CLM values showed unobvious change around
the boundary between the heartwood and sapwood, but also insignif-
icant correlations between two content variations and methoxy isotopic
values were observed. These observations may be explained by changes
of the lignin content and composition in various cell types, including
vascular elements, phloem fibers and vascular parenchyma, and were
determined by the control of lignification (Chen and Dixon, 2007). In
conifers, the transformation from sapwood to heartwood is accom-
panied by decreasing moisture content, death of ray parenchyma cells,
disappearance of stored starch, a continuous loss of catalytic enzyme
activity, termination of lignification of cell walls and accumulation of
extractives in the wood (Nakada and Fukatsu, 2012). These physiolo-
gical changes might explain why the tree-ring lignin content in the
heartwood shows a consistent and predictable response to tree growth
and environmental change.

In the present study, it was found that the lignin content of larch
was mainly affected by temperature and the transpiration induced in
the early growing season when the tree rings formed (Fig. 5). One
possible explanation could be that warming during leaf germination
stage leads much more snowmelt and permafrost thawing to undertake
root-leaf water transport, more active photosynthetic assimilation will
facilitate plant cell wall biosynthesis, and further deposit lignin
(Crivellaro and Büntgen, 2020). In general, thickening cell walls is a
crucial strategy for avoiding the development of xylem embolisms,
which were driven by water stress due to drought and global warming
(Pereira et al., 2017; Lima et al., 2018). Our recent study (Liu et al.,

2019a) showed that iWUE increased significantly with increasing at-
mospheric CO2 concentration in the study area, and increased with
increasing summer temperatures and VPD, but was negatively corre-
lated with precipitation, indicating a sensitivity to moisture conditions
in this permafrost region. In the heartwood, we found a strong positive
correlation between the total lignin content and iWUE (Fig. 4). Based
on these findings, we hypothesize that a positive response to increasing
lignin content could reinforce the thickness of cell walls, facilitate water
transport and resist water stress to provide an adaptation to warming
and drought by activating lignin biosynthesis.

4.4. Climate signals recorded in the methoxy groups isotope time series

Although we have observed a significant correlation between δ2HLM

values and temperature during the current winter (January and
February) and the growing season (MJJA) (Fig. 6), the high-frequency
variations showed a weak seasonal characteristic. This may be attrib-
uted to the warming non-growing season, when air temperatures in-
crease in February, snow cover will become shallower due to melting
and the depth to frozen soil will decrease. The resulting increased soil
water promotes the formation of a warmer and more humid habitat in
the early growing season, and this phenomenon has been confirmed by
the analysis of historical climate data (Zhang et al., 2014). In addition,
this complex hydrothermal condition during intense transpiration stage
(August) is more conducive to the absorption and transmission of
source water by trees (Ferrer et al., 2008; Ishida et al., 2008;
Groenendijk et al., 2016; Crivellaro and Büntgen, 2020). Furthermore,
in agreement with results from Mischel et al. (2015), we clearly found
that δ2H values strongly reflect annual maximum temperatures, but also
show correlations with minimum and mean temperatures (Fig. 6).

In the uncorrected δ13CLM series, we found a significant positive
correlation with RTW (r = 0.63, n = 113, P < 0.001; figure not
shown), which confirms the results of previous research (Kagawa et al.,
2003; Tardif et al., 2008), in which the positive correlations between
δ13C values of cellulose and tree-ring width usually indicated a moist
environment. However, we did not find significant correlations be-
tween the corrected δ13CLM series and climate parameters, which in-
dicate that measurements of δ13CLM values may have their limitations
to be used as climate proxies in certain environments. A possible ex-
planation is that cellulose is formed from leaf sugars produced by
photosynthetic pathways for carbon fixation (Farquhar et al., 1982;
Farquhar and Lloyd, 1993; Treydte et al., 2001; Verheyden et al., 2005;
Cullen et al., 2008; Knorre et al., 2010; Zeng et al., 2017), whereas the
methylation of lignin monomers involves a different series of complex
biochemical processes (Li et al., 1997; Zabala et al., 2006; Hisano et al.,
2009; Baxter and Stewart, 2013).

5. Conclusions

Our findings show that both the mean of individual and the pooled
isotope series of larch similarly correlate with most of the climate
parameters. The great benefit of the pooling method for application of
δ2HLM and δ13CLM values is the considerable reduction in measurement
and preparation time, whilst containing more high-frequency signals,
which integrated the single-tree chronologies and provided sufficient
information on climatic and ecological elements. Moreover, our results
suggest that removal of lipids from bulk wood is not necessary for the
determination of δ2HLM and δ13CLM values.

Lignin deposition in the heartwood increased over time, and the
total lignin content was greater than that in the sapwood. In contrast, G-
lignin remained relatively constant around the transition wood, and no
shift occurred in δ2HLM and δ13CLM series. The heartwood total lignin
content was positively correlated with iWUE, maximum temperature
and VPD, but negatively with SPEI at the early growing season. This
supports our hypothesis that a higher lignin content might help trees to
cope with the stronger water stress created by the global warming by
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improving iWUE. Consistent with previous studies, the δ2HLM chron-
ologies were most sensitive to climate parameters, especially for
growing season temperature and VPD in this permafrost region, and
further indicating its potential in palaeotemperature and plant eco-
physiological investigation.
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