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Abstract

Global warming will significantly increase transpirational water demand, which could
dramatically affect plant physiology and carbon and water budgets. Tree-ring 80 is a
potential index of the leaf-to-air vapor-pressure deficit (VPD), and therefore has great
potential for long-term climatic reconstruction. Here, we developed 8'%0 chronologies of two
dominant native trees, Dahurian larch (Larix gmelinii Rupr.) and Mongolian pine (Pinus
sylvestris var. mongolica), from a permafrost region in the Greater Hinggan Mountains of
northeastern China. We found that the July-August VPD and relative humidity were the
dominant factors that controlled tree-ring 8'%0 in the study region, indicating strong
regulation of stomatal conductance. Based on the larch and pine tree-ring 8'%0 chronologies,
we developed a reliable summer (July-August) VPD reconstruction since 1800. Warming
growing season temperatures increase transpiration and enrich cellulose %0, but precipitation
seemed to be the most important influence on VPD changes in this cold region. Periods with
stronger transpirational demand occurred around the 1850s, from 1914 to 1925, and from
2005 to 2010. However, we found no overall long-term increasing or decreasing trends for
VPD since 1800, suggesting that despite the increasing temperatures and thawing permafrost
throughout the region, forest transpirational demand has not increased significantly during the
past two.centuries. Under current climatic conditions, VPD did not limit growth of larch and
pine, even during extremely drought years. Our findings will support more realistic
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evaluations and reliable predictions of the potential influences of ongoing climatic change on
carbon and water cycles and on forest dynamics in permafrost regions.
Key words: tree-ring 8180; climatic change; transpirational demand; larch; pine; Greater
Hinggan Mountains

1. . Intreduction

The mean global temperature increased by about 0.12°C per decade from 1951 to 2012
[/[PCC 2013]. As a result, climatic warming is expected to significantly increase the
atmospheric water demand (driven by the vapor-pressure deficit, VPD) in the future
[Williams et al., 2013], thereby increasing the intensity of drought in forest ecosystems
[Restaino et al., 2016]. VPD is a function of relative humidity (RH) and temperature, and it
increases with increasing temperature and decreasing RH. High VPD levels indicate high
atmospheric demand for water, and plants either lose water at faster rates or close their
stomata to conserve water. Because of this stomatal response, changes in VPD have important
implications for ecosystem water and carbon cycling [Kahmen et al., 2011; Novick et al.,
2016, Restaino et al., 2016, Sulman et al., 2016]. Thus, knowledge of long-term changes in
VPD would enhance our understanding of forest water and carbon dynamics and the
associated vegetation functions. However, due to the limited availability of long-term
instrumental records of climatic variables in many parts of the world, proxies are often
needed to infer long-term VPD trends, and to the best of our knowledge, no long-term VPD

reconstruction has been published.
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The oxygen stable isotope ratio (8'®0) of plant cellulose has been suggested as a
powerful recorder of palaeoclimatic changes [Barbour 2007; McCarroll and Loader 2004].
The $'%0 in tree rings reflects the integrated effects of variations in three factors: 5'°O in the
source water, evaporative enrichment of leaf water, and biochemical fractionation during the
synthesis of organic matter [McCarroll and Loader 2004; Roden et al., 2000; Sternberg
2008]. Cellulose oxygen originates from oxygen in the plant’s source water, which typically
derives from precipitation [Roden et al., 2000, Treydte et al., 2014]. The 880 of precipitation
is tightly correlated with climatic variables such as air temperature or the amount and
geographic origin of precipitation [Dansgaard 1964]. Thus, plant cellulose has been proposed
as an archive that can be used for reconstructing past climatic regimes and atmospheric
circulation excursion [Liu et al., 2014, Saurer et al., 2012; Shu et al., 2005; Treydte et al.,
2006, Xu et al., 2015; Zeng et al., 2016]. Another critical oxygen fractionation occurs during
transpiration. Leaf water 8'%0 values are typically enriched in 80 compared with the plant’s
source water because evaporative losses of water from the leaves are greater for H,'°0 than
for H,'®O [Roden et al. 2000]. The enrichment of leaf water 3'°0 may increase under drought
conditions. At constant temperature, the degree of enrichment due to evaporation depends
linearly on 1 — (e,/ei), where e, and ¢; are the ambient and intercellular vapor pressures,
respectively [Flanagan et al., 1991]. Thus, the 30 of plant cellulose is influenced by a mix

of both climatic and physiological drivers.
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Studies using simple correlation analyses to calibrate the 5'*O signal in plant cellulose
have reported various relationships between plant §'*0 and key climatic variables such as air
temperature, precipitation 8'°0, RH, and cloud cover [Liu et al., 2014; Rebetez et al., 2003;
Shu et al., 2005]. Due to the strong temperature-dependence of precipitation isotopes in
middle- and high-latitude regions [Dansgaard 1964], tree-ring 'O therefore provides a
reliable proxy of past changes in the growing season temperature [Rebetez et al., 2003]. On
the other hand, RH is important because leaf water is isotopically enriched in B0 due to
transpiration through plant stomata. Higher 80 enrichment under dry and warm conditions
(i.e., low RH) is expected, such that negative correlations exist between tree-ring 880 and
RH [Liu et al., 2014; Roden et al., 2000, Shu et al., 2005; Xu et al., 2015]. In this context,
such an effect might interfere with detection of temperature-dependent signals from 80 in
tree rings. In a recent study, Kahmen et al. [2011] proposed that it may not be possible to
determine whether air temperature or RH dominates the cellulose 880 in the absence of
additional environmental information. Because of air temperature increases due to global
warming, RH will likely decrease, resulting in increased evapotranspiration [Marchin et al.,
2016], and this may substantially alter a tree’s water relations. Thus, at certain sites, by
considering the combined impacts of temperature and RH, tree-ring 8'%0 can be used as a
proxy for variations in VPD [Ferrio and Voltas 2005; Kahmen et al., 2011], because the
variation of tree-ring 8'®0 results from the simultaneous effects on 8'*0 of the water source
and leaf water evaporative loss. Over the western United States, increased temperatures have
decreased tree growth significantly due to their effects on VPD [Restaino et al., 2016],

implying a high importance of atmospheric water demand for forest dynamics and ecosystem
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water and carbon fluxes [Novick et al., 2016]. In addition, a recent finding suggested that
high VPD was more important than high temperature in causing a decline in tree growth
[Eamus et al., 2013]. These results suggest that it will be important to improve our
understanding of the long-term changes in atmospheric water demand, which can be achieved
using tree-ring 5'°O data that cover a period of several hundred years.

Boreal forests are the largest ecosystem type on Earth [Apps et al, 2006], so their
responses to climate change are an important concern. Recent studies have reported positive
effects of climatic change on boreal forest dynamics, including increased tree growth rates
due to warmer temperatures, a prolonged growing season, and the CO, fertilization effect, but
negative responses have also been reported, such as reduced tree growth due to an increased
frequency of severe weather events [Allen et al., 2010; Kharuk et al., 2017; McMahon et al.,
2010]. Sulman et al. [2016] revealed that high atmospheric water demand can limit forest
carbon uptake, and accounted for a significant reduction of gross primary production, based
on eddy-covariance and meteorological measurements. The boreal forests of northeastern
China store nearly half of the country’s total biomass carbon stocks [Zhang and Liang 2014].
Climatic.change has contributed to recent increases in forest biomass throughout this region
[Zhang and Liang 2014], and the climatic influences outweighed the importance of other
disturbances. Evidence from ring width analyses of Dahurian larch (Larix gmelinii Rupr.) and
Mongolian pine (Pinus sylvestris var. mongolica) also indicated a recent increase in their
growth rate [Zhang et al., 2017], which may have resulted from warming and an increase of
the thaw depth in the region’s permafrost. In contrast, Bao et al. [2014] reported that growth

of the pine was strongly limited by seasonal drought and has declined recently. These distinct
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climatic responses of tree growth may be species- or site-specific. To reconcile these
contrasting responses of tree growth to climatic change, tree-ring 8'*O can provide additional
information from a physiological point of view that reveals tree responses to recent climatic
changes.

In the present study, we used tree-ring samples from the dominant Dahurian larch and
Mongolian pine growing in the permafrost region of northeastern China to determine the
climatic significance of tree-ring 8'80. Then, based on the statistically significant
relationships and mechanistic and physiological knowledge, we established a robust VPD
reconstruction since 1800 to present for the study region. We further evaluated the possible
linkages between VPD and tree growth of the larch and pine since 1800. We hypothesized
that the increasing temperature throughout the study region would increase plant
transpirational water demand, thus increasing stomatal water loss and resulting in higher 3'°0
values in the tree rings. For a species with strong stomatal regulation in response to climatic
change, the potential signal from the water source 8'%0, which is related to temperature,
would be hidden by the strong variability in transpirational enrichment, making it feasible to
reconstruct VPD based on tree-ring 8'*0. Our estimated VPD series will help to reduce the
uncertainties of ecosystem models that simulate the long-term fluxes and states of water and

carbon.
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2. Materials and Methods
2.1. Study area

The Greater Hinggan Mountains (Figure 1a) lie in a region with a typical semi-humid
continental monsoon climate in northeastern China. The annual mean temperature is -3.9°C,
with monthly mean temperatures ranging from 17.3 °C in July to -28.1°C in January (Figure
1b). All of the temperature parameters (mean, maximum, and minimum temperatures) have
shown a significant increasing trend from 1957 to 2013 (Figure S1 a-c), with relatively flat
trends since 1990. The monthly mean precipitation from June to August accounted for 67.0%
of the mean annual precipitation, which averaged 473.5 mm from 1957 to 2013 (Figure 1c);
the total ranged from 324.4 mm in 1986 to 764.4 mm in 2013 (Figure S1). Precipitation, RH,
and VPD all peak during the growing season (Figure lc). The total annual precipitation
shows a marginally significant increasing trend from 1957 to 2013, but with an unusually
extreme peak in 2013. Because of the increasing air temperature, yearly RH has decreased
significantly during this period (Figure Sle). The calculated standardized
precipitation-evapotranspiration index (SPEI) showed no significant trend (Figure SIf).
However, VPD has increased significantly during this period (Figure S1g).

The Xing’an-Baikal permafrost in our study area is the second-largest permafrost area
in China, and represents high-latitude permafrost because it occurs at latitudes greater than
47°N. In response to global warming, the thawing depth to the permafrost has increased
steadily, at a rate of 9 cm per decade based on data from the Jiagedaqi District weather station
from 1960 to 2010, and the permafrost area has retreated northward by 50 to 150 km during

the past 50 years [Jin et al., 2000, Cheng and Jin 2013]. Soil moisture in the permafrost’s
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active layer has decreased due to disruption of the permafrost, leading to increased drainage;
as a result, the rooting layer often lacks sufficient moisture to support optimal plant growth
[Wang and Song 2011].

The dominant tree species in the Greater Hinggan Mountains are Dahurian larch and
Mongolian pine, which are adapted to the harsh permafrost environment, even though the
frozen soils limit tree growth. The growing season for trees in this region lasts from the end
of May to the beginning of September [Fu et al., 2016]. The stands at our sampling sites are
growing in flat terrain. The main soils are acidic or subacidic luvisols, sometimes with a thin
surface layer of mineral soil or wind-blown sandy soil. Mongolian pine and Dahurian larch
forests are always mixed with small amounts of Picea jezoensis, Abies nephrolepis, and Pinus
koraiensis [Wang and Song 2011].
2.2.Tree-ring sampling

We sampled a total of 234 tree cores (two cores per tree, obtained at right angles) at
breast height using 12-mm-diameter increment borers in October 2013. The samples came
from 72 Dahurian larch trees (27 from site 1, 21 from site 2, and 24 from site 3), and 45
Mongolian pine trees (24 from site 1 and 21 from site 2) without obvious damage or
disturbance (Table S1). We measured tree-ring widths using a LINTAB 6 measuring system
(http://www.rinntech.de) with a resolution of 0.01 mm. We used the COFECHA software
(http://www.ldeo.columbia.edu/tree-ring-laboratory/resources/software) to control the quality
of the cross-dating, and the ARSTAN software
(http://www.ldeo.columbia.edu/tree-ring-laboratory/resources/software) to develop site

chronologies.

© 2017 American Geophysical Union. All rights reserved.



The length of the ring-width chronologies at the five sampling sites ranged from 224
years at larch site 3 to 347 years at pine site 2 [Zhang et al., 2017]. The mean sensitivity of
the larch width chronologies was greater than 0.26; the mean sensitivity of the pine
chronologies was lower, but still greater than 0.20 (Table S1). The inter-series correlations
(RBAR) among the three larch ring-width chronologies were all greater than 0.59 (P < 0.001,
period from 1780 to 2013), whereas the RBAR values for pine were 0.56 (P < 0.001, period
from 1683 to 2013) (Table S1). The relatively strong correlations and regional coherence
suggest that common factors affected the growth variability of larch and pine. Based on the
species-specific data for the common period at all sites, we developed species chronologies
from 1780 to 2013 and used them to represent the regional tree-ring width chronologies for
Dahurian larch and Mongolian pine. The constructed larch and pine tree-ring width index
chronologies covered the period of 1722-2013 and 1666-2013, respectively. Based on the
EPS value (>0.85), the robust periods of ring width chronologies were 1850-2013 and

1770-2013 for larch and pine, respectively [Zhang et al., 2017].

2.3. Cellulose extraction and 5'*0 analysis

We selected five cores (one core per tree) for each species that had homogeneous
growth patterns and pooled the annual wood samples for a given species, without considering
the relative contributions of earlywood and latewood mass, prior to a-cellulose extraction. In
this step, .we ensured each sampling site (Table S1) had at least one core into the
species-specific isotope time series. This follows the results from earlier studies, which

suggested that four or five tree-ring cores are required for stable oxygen isotope analyses to
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represent the environmental conditions at a specific site [Shi et al., 2011] and that the
mass-biased influence on isotopes within a single tree ring can be ignored [Leavitt 2008; Liu
et al.; 2015]. We discarded the initial 20 years of the samples to avoid potential juvenile
effects [Liu et al., 2014; Xu et al., 2015]. In addition, we pooled the samples for a given
species because several tree-ring §'%0 studies [Lifidn et al., 2011; Szymczak et al., 2012] have
suggested that pooling without considering the contributions of individual trees to the pooled
chronology produces a site 880 chronology that corresponds well to a chronology based on
the mean values calculated from analyses of individual trees. We milled the pooled annual
samples and then extracted a-cellulose using the methods of Loader et al. [1997]. To better
homogenize the cellulose, we used an ultrasound machine (JY92-2D,
http://www.scientzbio.com/) to break the cellulose fibers, following the method of Laumer et
al. [2009].

For the oxygen isotope measurements, we weighed the dry a-cellulose samples (0.14
to 0.16 mg) in silver capsules. We measured the isotope ratio ("*0/'°0) with a
High-Temperature-Conversion Elemental Analyzer (TC/EA) at 1350°C coupled to a Finnigan
MAT-253 mass spectrometer at the Northwestern Institute of Eco-Environment and
Resources, Chinese Academy of Sciences. The 8'%0 analyses were repeated four times for
each annual cellulose sample. In all analyses, we used the mean isotopic values of each
sample. The mean standard deviation of the replicated samples was lower than 0.20%o for the
four repeated measurements [Liu et al., 2014; Xu et al., 2015]. We used a cellulose standard
(IAEA-C;5; 32.2%o0) and commercial cellulose (Fluka Analytical,

www.sigmaaldrich.com/germany.html; 28.2%o) to calibrate the measurements of tree-ring
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5'%0 cellulose. In the following analysis, we mainly focused on the period from 1800 to 2010,
when 6'°0 in tree rings of both tree species were measured.
2.4. Climate variables

Climate data were obtained from the China Meteorological Administration
(http://www.cma.gov.cn/en/). Monthly precipitation, the mean maximum, minimum, and
mean monthly temperatures, and RH were obtained from three meteorological stations near
to the sampling sites (Xinlin, Tulihe, and Genhe; Figure 1a). Regional meteorological data
were produced by averaging the monthly records for the period when data was available for
all three stations, from 1957 to 2013. We also wused the standardized
precipitation-evapotranspiration index (SPEI), a multiscalar drought index that combines the
effects of precipitation and potential evapotranspiration [Vicente-Serrano et al., 2010] to
quantify thermo-water demand of trees. Values of SPEI greater than the long-term mean for a
region indicate wetter moisture conditions, and values lower than the long-term mean
indicate drier conditions. We calculated monthly SPEI values according to the method of
Vicente-Serrano et al. [2010]. The monthly VPD values were estimated by the method of
Hogg [1997] and Hogg et al. [2013]. The mean VPD can be estimated from the saturation
vapor pressure (kPa) at the monthly mean values of daily maximum temperature (er,__ ),
minimum temperature (er_. ), and dewpoint temperature (er,_ ):

VPD=05x%(e;. +er J—er, (1)

Where ey represents the relationship between air temperature (7, °C) and saturated vapor

7.5T
pressure, e; = eg X 10(T+237-3), the value of e, was 0.611 kPa, and T was the mean monthly

temperature. Mean monthly 7Tg., was estimated as the saturation vapor pressure at the
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monthly mean value of Tpi, minus 2.5°C [Hogg, 1997]. The monthly temperature and
precipitation from the nearest four cells in the CRU grid (Figure 1la;
http://www.cru.uea.ac.uk/) were also extracted and averaged to characterize the regional
July-August temperature and precipitation from 1901 to 2010 and examine the possible
long-term driving forces for VPD.
2.5. Statistical analysis

We looked for statistically significant relationships between tree-ring 880 and the
climatic variables (monthly mean temperature, monthly mean maximum and minimum
temperatures, monthly precipitation, monthly RH, SPEI, and VPD) by performing correlation
analyses (using Pearson’s r) to quantify the climate—8'%0 relationships based on data from the
previous October to the current October. All statistical calculations were performed using
version 18.0 of the SPSS software (http://www.ibm.com/analytics/us/en/technology/spss). To
evaluate the connections between the 5'°0 chronologies for the two species over time, we
used a 2l-year sliding-window correlation. To confirm the influence of the climatic
parameters on tree-ring 8'%0, we calculated the correlations between 8'°0 and the climatic
variables for both annual values and the first-order differences. To account for the decrease in
ring width that occurs with increasing tree size, we converted each ring’s radial increment
into a basal area increment (BAI) using the following formula [Biondi and Qeaden, 2008]:

BAL =7 (R%R%1)  (2)

where R is the radius of the mean ring width from all trees that had distinct growth rings in a
given year and n is the year of tree-ring formation. Unlike a raw ring-width series, BAI

minimizes the effect of tree size and age on annual growth trends while retaining the high-
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and low-frequency signals contained in the tree-ring series [Biondi and Qeaden, 2008]. As
the tree growth (BAI) showed clear trends (Supplementary Figure S3), with an initial increase
for the young tree followed by a decrease as the tree ages, we calculated the correlations
between the residuals of a second-order polynomial fit for the BAI data from 1800-2010 and
the reconstructed VPD. Moreover, we performed correlation analyses between VPD and tree
growth for the annual data and first-order differences to explore the possible linkages
between the two parameters.

3. Results

3.1.Tree-ring 6'°0 records of larch and pine

The larch §'%0 series covered the period from 1800 to 2010, and the pine 5'80 series covered
the period from 1730 to 2013. The mean 3'%0 values of larch and pine during the common
period from 1800 to 2010 were 23.8 + 0.87%o and 25.6 + 1.16%o, respectively, with an overall
mean 8'®0 enrichment of 1.79%o for the pine tree rings. 8'%0 chronologies of the two species
during the common period from 1800 to 2010 (Figure 2a) were significantly positively
correlated (r = 0.63, p < 0.05). The 21-year sliding-window correlation showed weaker
correlations between the larch and pine 8'0 series in the earliest and most recent 20-year
periods, which corresponded to high variability in the 8'%0 difference between the two tree
species (Figure 2b). However, during the common period from 1950 to 2010, the 8'%0 series

for larch and pine remained highly coherent (r = 0.52, P < 0.001).
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3.2. Climatic controls of tree-ring %0

The correlations between tree-ring 8'°0 and the climatic parameters (maximum temperature,
RH, and VPD) had similar patterns for larch and pine (Table S2). The climatic response
analyses revealed stronger correlations between tree-ring 8'*0 and moisture conditions than
between &'°0 and temperature. The most important months were during the current growing
season (but particularly in July and August). For the annual variation, larch 5'%0 was also
significantly negatively correlated with the RH before the growing season (from the previous
December’ to the current March), but these correlations were not significant for the
high-frequency (first-order) variations, possibly as a result of removing the low-frequency
variations in both series (Table S2). In addition, compared to RH and VPD, precipitation and
SPEI had fewer significant correlations with 8'0 for both larch and pine. If we combine the
annual and high-frequency variations for the relationships between tree-ring 8'*0 and the
climatic parameters, the results strongly indicate that the mean July-August maximum
temperature, RH, and VPD strongly influence tree-ring 8'%0 (Table S3).

We plotted the temporal trends of 8'°0 against the three significant parameters: mean
July-August maximum temperature, RH, and VPD (Figure 3, 4). For the yearly variations,
RH and VPD had stronger relationships (higher R?) than temperature with tree-ring §'%0 for
both larch and pine, indicating stronger stomatal regulation on evaporative enrichment of leaf
water [McCarroll & Loader, 2004]. The high-frequency variations represented by the
first-order difference confirmed the dominant control of stomatal conductance by moisture
conditions (Figure 4), and therefore stomatal control of cellulose 8'%0. A systematic increase

of '%0 in the tree-ring chronology may result from increasing air temperature or decreasing
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RH. As a consequence, the combined effects of RH and air temperature on cellulose 8'°0O can
be integrated into a single environmental index of the atmospheric water deficit (i.e., VPD)
for trees. This is supported by the stronger correlations between tree-ring 80 and VPD
(Figure 3, 4).
3.3. VPD reconstruction

We combined the tree-ring 8'°0O series for larch and pine to reconstruct the growing
season (July-August) VPD using a linear regression model based on the 8'®0 and VPD
dataset from 1957 to 2010. The reconstructed and actual VPD showed highly coherent
changes and strong relationship during the common period from 1957 to 2010 (Figure 5a).
After removing an outlier (in 1971), the model explained about 56.1% of the total variance (P
< 0.001; Figure 5b). We evaluated the model’s validity using a standard split-calibration and
independent verification approach for the periods from 1957 to 1984 and from 1985 to 2010
(Table 1). The reduction of error (RE), coefficient of efficiency (CE), leave-one-out test, and
sign test demonstrated that the transfer function was stable and reliable. The two more
rigorous tests (RE and CE) were both positive (Table 1), which confirms the validity of the
regressions and the suitability of our time series for climate reconstruction. In addition, we
compared the reconstructed July-August VPD based on either the combination of both tree
species or on pine alone (Figure 5c). The comparison showed that the reconstructed VPD
based on the two tree species had a wider range, suggesting a stronger ability to record
extreme events for the combination of both tree species than for that based on pine alone. Our
results also revealed a decreasing trend in the reconstructed VPD time series from 1730 to

1840 (Figure 5c¢), which indicates a change in atmospheric water demand from relatively dry
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to relatively wet during this period.

We then used the KNMI Climatic Explorer software (http://www.knmi.nl) to explore the
spatial correlation of the temperature and precipitation with the reconstructed July-August
VPD during the periods from 1901 to 1956 and from 1957 to 2010, respectively (Figure 6).
The spatial patterns showed that our reconstruction was significantly and positively
correlated with temperatures southwest of the study area both from 1901 to 1956 and from
1957 to 2010 (Figure 6a,b). Our results also suggest that the reconstructed VPD based on
observed meteorological data from 1957 to 2010 (Figure 6b) was stronger over a wider area
than that inferred from the interpolated CRU data before 1956 (Figure 6a). For precipitation,
our reconstructed VPD series was most strongly correlated with precipitation recorded in the
study area both from 1901 to 1956 (Figure 6¢) and from 1957 to 2010 (Figure 6d). This also
suggests that in the permafrost region of northeastern China, local precipitation was more
important than local temperature for the water-energy balance.

Based on our reconstruction of the July-August VPD, we found no significant long-term
trend since 1800 (Figure 7a). The periods with the highest atmospheric water demand
occurred. between 1914 and 1926, followed by three periods (1855 to 1860, 1940-1950 and
2001 to 2006) with relatively higher values. The lowest VPD occurred in 1846. The recent
warming (since 1957) also corresponded to a period with gradually increased VPD, although

VPD did not exceed the peak values around 1920.
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4. Discussion
4.1. Coherence of tree-ring 5'°0 series between tree species

Several studies confirmed that tree-ring 3'°0 shows large-scale coherence between
species [Baker et al., 2015; Liu et al., 2014], and the authors proposed that this coherence
was probably caused by a strong spatial coherence in precipitation 880 due to the large-scale
controls on this property. Based on the precipitation 8'°0 data from GNIP stations and IAEA,
spatial variation of precipitation 8'0 over China has been estimated [Liu et al., 2008]. We
found precipitation 5'80 was within anarrow range (about -14~-12%o) in our study area [Liu
et al., 2008]. The present larch and pine 8"%0 chronologies also showed strong coherence
since 1800 (Figure 2a), suggesting the existence of at least two common drivers for tree-ring
8'%0 of the two species. We hypothesize that the first likely arises from a dominant imprint of
interannual variation in precipitation 3'*0 on tree-ring 8'%0 via a strong influence of the
water source 8'°0 [Baker et al., 2015; Liu et al., 2014]. The second is leaf water enrichment,
which may dampen the effect of variations in water source 8'%0 [Ferrio and Voltas 2005;
Kahmen et al., 2011, Treydte et al., 2014]. At most times, the mixed signals from the water
source and leaf water enrichment are difficult to separate completely. Considering the similar
precipitation 8'*0 values over the northern Great Hinggan Mountains [Liu et al., 2008], the
offset in the mean values of §'*0 between the two species (Figure 2b) may have resulted from
species-specific differences in the root distribution and transpiration rate. Root depth
structure difference between species (i.e., spatial partitioning) affects the water-source 80
due to the existence of isotopic gradients in soil water, with heavier isotopes becoming

depleted in deeper soil [Tang and Feng, 2001; Sarris et al., 2013].
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Due to the proximity and similar topographic feature among our sampling sites, the
water source is similar and likely derives from precipitation for the two tree species. Thus, the
deeper rooting of larch would lead to less tree-ring '*O enrichment than in pine (Figure 2b;
Sidorova et al., 2016). Species-specific physiological differences may also explain some of
the variability between the tree-ring 8'°0 records. Pine is evergreen and larch is deciduous,
which will influence the earlywood 8'®0 values due to differences in the degree of utilization
of previously stored carbohydrates. In addition, interspecies variation in the responses of
transpiration to changes in RH (Figure 3b,e) may affect the degree to which differences
resulting from variation in source water 880 are maintained in tree-ring 8'%0. Recently,
Sidorova et al. [2016] found that tree-ring 8'*0 in larch (Larix decidua) and pine (Pinus mugo
var. uncinata) growing in a Swiss national park showed different dependence on RH and
precipitation 8'%0. We considered that differential physiological responses of two tree species
to seasonal climatic changes is reasonable in our study.

The isotopic exchange during cellulose synthesis between the carbohydrates and the
medium water of each tree species will further alter the signal from leaf water enrichment
[Roden et al., 2000; Song et al., 2014]. The magnitude of this exchange is positively related
to the time between carbohydrate production in the leaf and cellulose synthesis in the stem
(i.e., the carbohydrate turnover time; Song et al., [2014], which may itself vary considerably
between species. Yet, the detailed information about exchange rate between species over

growth season is still unknown for larch and pine over the study region.
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The recent divergence of the 3'°0 correlation between larch and pine since 1980 (Figure
2b) is likely the result of differences in the species-specific physiological responses to
changes in the water—energy balance caused by climate warming. Sidorova et al. [2009]
reported a clear change in tree-ring 8'°0 and climate trends after the 1960s, and suggested
that it was a response of trees to water deficits during the last half century in permafrost in
northern Siberia. They argued that melting permafrost water is highly depleted in 0 and
could therefore cause decreasing tree-ring 8'%0 trends. Recently, Saurer et al. [2015]
proposed a conceptual framework that described the negative feedback between drought and
the water source 820 and therefore the effect on tree-ring 5'80 values of larch. However,
there have been no water isotope observations in the permafrost soil profile of our study
region, we cannot determine whether the recent increases in the depth of permafrost thawing
and the resulting mixing of water sources have contributed to recent decreases in the
correlations between the tree-ring 8'®0 of larch and pine. To clarify the reasons for this
divergence, additional information will be required about soil hydrology in permafrost
regions [Saurer et al., 2015; Fedorov et al., 2017] and about tree physiological adaptations to
recent climatic change.

4.2. Climatic significance of tree-ring 6'*0

Because many variables can affect the 8'%0 values of precipitation [Dansgaard, 1964; Dayem
et al., 2010; Johnson and Ingram, 2004; Liu et al., 2010], it is difficult to understand which
environmental signals are ultimately recorded in plant cellulose 8'®0. When plants use
precipitation as their primary water source, the precipitation 3'%0 signal will transfer directly

into the plant cellulose. Precipitation 880 in our study region was mainly controlled by
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temperature based on analyses of the spatial distribution of 8'*0 over China [Johnson and
Ingram, 2004; Zhao et al., 2012]. Thus, tree-ring 880 of larch and pine may partially reflect
the effects of temperature variations. This is consistent with the positive correlations between
temperature and 8'°0 in the tree rings of both species (Table S2). However, this temperature
signal will be altered by the leaf water enrichment that occurs through leaf responses to VPD
changes. About 50% of the oxygen atoms with enrichment signal will be further exchanged
with xylem water [Roden et al., 2000], thereby mixing the effects of water source 8'%0 with
those of leaf-level enrichment. In some cases, the source water 8'°0 signal in tree-ring 8'*0
decreases in strength when water is limiting and VPD increases [Ferrio and Voltas, 2005].
Thus, the water-source related temperature—SlSO signals cannot be separated without
additional information.

The association between §'*0 in tree rings and moisture conditions was stronger than the
association with temperature (Table S2), suggesting that tree-ring 8'%0 variations were more
closely related to transpirational demand than to the temperature signal related to
precipitation 8'®0 [Liu et al., 2009]. The different strengths of the relationships between
tree-ring 8'%0 and the moisture conditions (precipitation/SPEI and RH/VPD) also indicate the
existence of an independent constraint on tree-ring 8'%0 of larch and pine, created by the soil
moisture supply and atmospheric water demand. This suggests that atmospheric water
demand plays a stronger role than temperature on oxygen isotope fractionation in cold and
wet regions such as our study area. Although tree-ring 380 was strongly correlated with RH
from the previous December to the current March for larch and with RH and VPD from the

previous September and October for pine based on the annual variations, the first-order
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difference analysis did not show these correlations. This suggests that these associations with
the climate during the previous growing season are not real. Our results are consistent with
results in northern Siberia, where larch tree-ring 8'°0 were regulated by temperature and
VPD [Sidorova et al., 2009]. As suggested by Kahmen et al [2011], by combining the
individual impacts of temperature and RH together, we reconstructed the July-August VPD
changes since 1800. Calibration and verification statistics confirmed that our reconstruction
was robust and reliable (Table 1).
4.3. VPD trends and driving forces
We compared the reconstructed July-August VPD with the corresponding CRU VPD from
1901 to 2010 (Figure S2). Both series changed synchronously and showed good coherence in
their extreme values, but there was an overall offset of 0.17 kPa, with the reconstructed VPD
being lower than the CRU VPD. The highest values in the reconstructed VPD series occurred
during the 1920s, and this peak was not evident in the CRU VPD series. The two VPD series
were significantly correlated (r = 0.56, p < 0.05) from 1901 to 2010 (Figure S2b), confirming
that our reconstruction and the CRU VPD series share a common forcing. The overall offset
between-the reconstructed and CRU VPD series may have resulted from differences in the
temperature parameters between the observed and interpolated CRU data (Table S4). This
provides a reminder that the CRU data must be calibrated based on local observations before
it can be used to evaluate regional climatic change.

We compared the long-term trends of the reconstructed July-August VPD and the
July-August CRU temperature and precipitation values to explore the potential driving

factors for VPD (Figure S3). The overall correlation between VPD and temperature was
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positive and significant (P = 0.008, 1901 to 2010), and the slope of the temperature—VPD
relationship was 0.022 kPa/°C (Figure S3b). For July-August precipitation, the correlation
was much stronger but negative, with R* = 0.276 and a rate of -0.98 kPa/100 mm (Figure
S3d), suggesting that for the study region, the impact of changes in precipitation on
atmospheric water demand was more important than that of temperature. Overall, we found
no statistically significant trend of increasing VPD in the study region. This is consistent with
the projection based on a general circulation model that there will be only a limited increase
of VPD at high latitudes during the 21* century [Cook et al., 2014].

4.4. Tree-growth and atmospheric water demand

VPD changes will affect stomatal conductance and therefore the flow of water vapor in forest
ecosystems. During dry conditions, the stomata close to conserve water, whereas under wet
conditions the stomata open to optimize CO, assimilation. A statistical model based on
long-term eddy covariance measurements highlighted the importance of VPD as a component
of drought and as a driver of carbon and water fluxes under well-watered conditions [Sulman
et al., 2016]. In forests of the western United States, there is evidence indicating that
increased temperatures have decreased tree growth via the resulting increase in VPD
[Restaino et al., 2016]. Here, we evaluated the correlations between BAI of larch and pine
and the reconstructed VPD since 1800. The BAI of both species increased from 1800 to 1927,
and then decreased until 1990 (Figure S4c). By examining Figure S4c more closely, an
increase in tree growth appears to have begun in 1990; this increase was statistically
significant for both species (R* = 0.13 for larch (P = 0.10), R* = 0.40 (P < 0.01) for pine). The

recovery of tree growth is consistent with the increase in VPD since 1990. This can be
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supported by the results from Zhang et al. [2016] who reported that the recent warming that
has occurred since 1957 would benefit tree radial growth in the high-latitude permafrost zone
due to the increasing depth of permafrost thawing. As a result, the acceleration of thawing of
the permafrost will alter the water-source conditions and the thermal and moisture conditions
in . the soil environment, which will therefore affect the cellulose 5'%0. In addition, the
extended growing season throughout the region will also improve tree growth [Fu et al,
2016]. We found slight trends for the relationship between VPD and BAI of both tree species
based on the yearly variations; however, the linear regressions were not significant (Larch: y
= 6.21x + 6.65, R*= 0.08, ns; Pine: y = 4.07x + 5.56, R* = 0.08, ns) (Figure S4a). For the
high-frequency variations representing the first-order difference calculation, VPD
significantly and positively influenced larch growth (y = 8.10x + 0.033, R* = 0.0056, P < 0.01)
(Figure S4b), but the relationship was not significant for pine (y = 0.099x + 0.025, R =
0.0004, ns). Figure S4c shows clear low-frequency variations (second-order quadratic
equation) in the BAI of larch and pine, which represents biological effects on tree growth.
Hence, we used an alternative method to examine the long-term relationships between tree
growth and VPD. We applied polynomial regression to remove the effects of these
low-frequency variations. The relationships between the residual BAI and the reconstructed
BAI showed a significant positive influence of VPD on tree growth (both P < 0.05), although
the strength of the relationship was weak (Figure S4d). We also checked the correlations
between VPD and tree growth deduced by traditional standard tree-ring width in the common

period, and reached the same conclusions (Figure not provided).
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To confirm the long-term contributions of VPD and BAI, we examined the
correspondence between years with extreme values. Here, we defined “extreme” to mean
VPD valués more than one standard deviation (SD) from the mean; if the VPD value was
greater than mean+1SD, we defined that year as representing a drought, whereas when VPD
was less than mean—1SD, we defined that as a wet year (Figure 7a). On this basis, we
identified 33 drought years and 30 wet years since 1800. For the wet years (Figure 7b, c, d),
there was no significant relationship between VPD and BAI based on both the yearly and the
first-order difference variations for both tree species (P > 0.05). However, for drought years,
with higher atmospheric demand, VPD significantly and positively affected growth in pine
based on the yearly variations (R*=0.119, P = 0.049) (Figure 7e). For the high-frequency
variations, the responses of BAI to VPD were all positive, but the relationship was not
significant for tree growth (R* = 0.116 and R* = 0.075, P > 0.05) (Figure 7e, f, g). Above
results suggested no significant limitations of increased VPD on tree growth. Overall, our
results differ from previous reports that suggested that increased VPD would decrease plant
growth under the recent warming trend [Restaino et al., 2016, Sulman et al., 2016].

S." Conclusions

We developed a VPD reconstruction since 1800 for a permafrost area within the Greater
Hinggan Mountains of northeastern China based on the tree-ring 8'®0 record of larch and
pine. The reconstruction accounted for 56.1% of the total variance during the calibration

period from 1957 to 2010. There was no significant long-term trend in the reconstructed VPD
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since 1800. The period with the most severe atmospheric water demand occurred from
around 1915 to 1924, with high variability in VPD from 1850 to 1950. The July-August VPD
showed an increasing trend following the warming that has been observed since 1960. By
comparing the BAI of larch and pine with the reconstructed VPD series, we revealed that the
atmospheric water demand did not limit tree growth despite the continuous warming that has
occurred-in this permafrost forest. Overall, our tree-ring 880 series provided an effective
proxy for plant physiology, independent of the traditional ring-width series. To obtain a more
robust assessment of the contribution of atmospheric water demand to tree growth in this
specific high-latitude permafrost environment, further evidence from eddy covariance studies

[Sulman et al., 2016] and physiological measurements [Marchin et al., 2016] will be needed.
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Figure 1 (a) Locations of sampling sites, nearby meteorological stations, and cells in the
CRU grid used in this study. Sites L1 to L3 are for the larch trees; sites P1 and P2 are for the
pine trees. (b) Monthly mean, maximum, and minimum temperatures and (c) monthly
moisture-conditions from 1957 to 2003. PRE, precipitation; RH, relative humidity; SPEI,

standardized precipitation-evapotranspiration index; VPD, vapor-pressure deficit.
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Figure 2 (a) Tree-ring 5'*0 chronologies of larch and pine. (b) Difference in 8'%0 of tree

rings (larch minus pine) and the 21-year sliding correlations between 8'%0 values of the two

tree species.
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Figure 3 Comparisons of temporal trends between tree-ring 8'°O and significant climatic
parameters from July to August for yearly (YE) variations. The left column is for larch and
the right column is for pine. The climatic parameters include (a, d) the monthly mean
maximum temperature (Tmax), (b, €) relative humidity (RH), and (c, f) vapor-pressure deficit

(VPD) from July to August. All data were normalized as Z-scores.
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Figure 4 Comparisons of temporal trends between tree-ring 3'°O and significant climatic
parameters from July to August for variation in the first-order difference (FOD). The left
column is for larch and the right column is for pine. The climatic parameters include (a, d) the
monthly mean maximum temperature (7., (b, €) relative humidity (RH), and (c, f)

vapor-pressure deficit (VPD) from July to August. All data were normalized as Z-scores.
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Figure 5 (a) Reconstruction of the July to August vapor-pressure deficit (VPD7g). (a)

Comparison of actual and reconstructed VPD from July to August. (b) Scatterplot of actual

and reconstructed VPD from July to August. In pane b, an outlier from 1971 was removed.

The regression functions and proportion of the variance explained are provided. (c)

Comparison of the reconstructed VPD from July to August based on both §'*0 chronologies

(from larch and pine), and based only on the 8'80 chronology from pine.
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Figure 7 (a) Changes in the reconstructed vapor-pressure deficit (VPD) since 1800. The solid
red line is the smoothed curve with an 11-year moving window analysis for the reconstructed
VPD7s. The horizontal dashed blue line is the linear fit for the reconstructed VPD7g; the

regression for this line was not significant. (b, ¢, d) Scatterplots for the relationship between
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the basal area increment (BAI) and VPD for years with values less than the mean — 1SD. (e, f,
g) Scatterplots for the relationship between BAI and VPD for years with values greater than
the mean + 1SD. (b, e) yearly variations, (c, f) first-order difference variations, (d, g) BAI

variations with the low-frequency variations removed (Fig. S4c¢).
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Table 1 Calibration and verification statistics for the reconstructed July to August
vapor-pressure deficit (VPD). r, Pearson’s correlation coefficient; R, regression
goodness of fit; ST, sign test (x); RE, reduction of error; CE, coefficient of efficiency.

Calibration r R? R’ ST

Verification RE CE ST
Split/cross calibration 1957-1984  0.735 0.540 0.527

24+/3- 1985-2010  0.472 0.526 19+/7-
1985-2010  0.753 0.568 0.549 19+/7- 1957-1984 0.447
Leave-one-out 1957-2010  0.684 0.468 0.457 39+/14-

0.509  24+4/3-
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