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Abstract: The Loess Plateau is a fragile ecological zone that is sensitive to climate change. The
response, adaptation, and feedback of tree growth in forest ecosystems to global warming and CO,
enrichment are urgent scientific issues. Intrinsic water use efficiency (iWUE) is an important indicator
for understanding forest ecosystem adaptability to climate change and CO, enrichment. In this
study, tree-ring width, tree-ring stable carbon isotope ratio (5'3C), and iWUE of P. tabulaeformis Carr.
were established. Climate response analysis showed that temperature was the main limiting factor
affecting radial tree growth and that relative humidity significantly affected the stable carbon isotope
fractionation of tree rings. During 16452011, the iWUE increased by 27.1%. The responses of iWUE
to climate factors and atmospheric CO, concentrations (C,) showed that the long-term variation
in iWUE was affected by C,, which could explain 69% of iWUE variation, and temperature was
the main factor causing iWUE interannual variation. The ecosystem of P. tabulaeformis showed a
positive response to rising C,, as its carbon sequestration capacity increased. In response to global
warming and CO, enrichment, rising C, promoted increases in iWUE but ultimately failed to offset
the negative impact of warming on tree growth in the study area.

Keywords: tree ring 5'3C; intrinsic water use efficiency; Loess Plateau; global warming

1. Introduction

Forests account for approximately 30% of the global land surface area and are the
world’s most important and largest natural terrestrial ecosystems [1,2]. They store nearly
45% of the carbon in terrestrial systems, accounting for ~50% of the net primary productivity
on land, and can absorb approximately 25% of anthropogenic carbon emissions, effectively
alleviating the rate of global warming [3,4]. As the most active carbon pool in the world,
forest ecosystems significantly affect the global carbon cycle and climate change [5,6]. The
relationship between forests and climate change is reciprocal, and global climate change
also has an important impact on forest ecosystems [7,8]. It is an indisputable fact that global
warming and atmospheric CO, concentrations continue to rise. Rising temperatures and
CO; concentrations have a direct impact on the photosynthesis of plants, thereby affecting
the health and stability of forest ecosystems [9,10]. In the context of global warming
and CO, enrichment, the response and adaptability of forest ecosystem to such rapid
environmental change and its dynamic variations in the future are the focus of scientific
attention. However, present-day observational data are too limited to reveal these issues.

Forests 2022, 13, 1209. https:/ /doi.org/10.3390/£13081209

https://www.mdpi.com/journal/forests


https://doi.org/10.3390/f13081209
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://orcid.org/0000-0001-7763-8115
https://orcid.org/0000-0003-2964-6553
https://doi.org/10.3390/f13081209
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f13081209?type=check_update&version=2

Forests 2022, 13, 1209

20f15

Urumgi

b s
]

BELIING
%*

Xini @ Yinchuan

oXian

Lhengdu

Q

Changsha

9
Kunming

As the main components of forest systems, individual trees can grow for hundreds or
even thousands of years. Due to their sensitivity to atmospheric CO, concentrations and
climate change, trees have become an important tool for studying environmental variations
at various time scales over the past century or even millennia and at large regional spatial
scales [11-14]. Trees are also ideal resources for studying the dynamic variations and
climate adaptability of forests [15]. Tree-ring stable carbon isotopes have the advantages
of relatively clear physiological mechanisms, stronger climate signals, small sample size
requirements, and relatively complete retention of low-frequency signals; hence, they play
an important role in research on climate change [16,17]. The intrinsic water use efficiency
(iWUE) derived from the tree-ring stable carbon isotope ratios (5'3C) is defined as the
ratio of the photosynthetic assimilation rate to water evapotranspiration. Studying the
long-term variation history of iWUE is an important starting point for understanding
the relationships among tree growth, global warming, and the continuously rising CO,
concentration. It is also a breakthrough point for understanding the long-term adaptability
of forest ecosystems to climate change and the coupling relationship between carbon and
the water cycles [18-20], which plays a key role in exploring the maximization of the
ecological benefits of forests.

The Loess Plateau is located at the intersection of the northwest arid region, the eastern
monsoon region, and the arid Qinghai-Tibet Plateau region in central and northern China
(Figure 1). It is a key region sensitive to climate change [21]. There are frequent human
activities and severe soil erosion on the Loess Plateau. In recent years, increasing extreme
climate events have brought serious threats to the ecological environment of the local
forest [22]. For example, in 2010, heavy rains occurred in Zhouqu County, Gansu Province,
and triggered mudslides that caused significant numbers of lives to be lost and many trees
to be destroyed [23]. Since the 1970s, the runoff of the Yellow River has gradually decreased,
seriously affecting the growth of trees near the Yellow River Basin [24]. In the context of
global warming and CO, enrichment, tree growth processes are changing in the Loess
Plateau. Does warming and rising CO; concentrations promote or inhibit tree growth?
How does tree growth in the local forest ecosystem respond to rapid climate change? What
are the adaptation strategies of forest ecosystems to climate change? These issues are
directly related to the health and stability of forest ecosystems and affect the productivity
and carbon sink capacity of forest systems [25,26]. Many climate reconstructions have
been performed in this area based on tree-ring width, density, and stable oxygen isotope
indicators [27-29], but there are relatively few studies on the correlations among rising CO,
concentrations, climate change, tree growth, and long-term dynamic variations in iWUE in
the context of global warming and CO; enrichment.

36°N

Harbin
)

=
\_.

@ Meteor olngu al Station
aSOE M

102F  104E 106F 108F 110°F

Figure 1. (a) The green area represents the location of the study area in China, (b) the distribution of
tree-ring sampling site and adjacent meteorological stations, and (c) the photo of Mt. Shimen.

In this study, Mt. Shimen located on the Loess Plateau was selected as the research site,
and P. tabulaeformis in its forest system was collected to establish tree-ring width, §'3C, and
iWUE series. The variability and characteristics of these three time series are compared. The
effects of rising atmospheric CO, concentrations and climate change on the tree-ring width,
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§!3C, and iWUE series are analyzed, and the relationship between iWUE and tree-ring
width chronology is discussed. This paper aims to reveal the physiological response of
P. tabulaeformis to global warming and CO; enrichment and improve our understanding
of the water—carbon coupling process of forests. This study provides a scientific basis for
forest management and future plantation breeding to a certain extent.

2. Materials and Methods
2.1. Study Area and Sampling

Mt. Shimen is located in the city of Tianshui, Gansu Province, on the northern slope of
the West Qinling Mountains (Figure 1a,b). The area is sparsely populated, and the forests
are secondary in nature. The types of forest vegetation are complex and mainly dominated
by sharp-toothed oak. Mt. Shimen belongs to the warm temperate monsoon climate zone.
The annual average temperature is 11 °C, the annual average precipitation is 491 mm,
and the average altitude is 2094 m. Affected by many climatic factors such as the East
Asian monsoon and westerly circulation, this area has formed unique and complex climatic
characteristics.

The tree-ring sampling site was located at the ridge of Mt. Shimen (34°27' N, 106°09’ E,
2050-2150 m a.s.l.) (Figure 1c). The soil at this site is thin, mountainous brown forest soil.
In 2010, we collected a set of P. tabulaeformis cores, which mostly grows in the crevices
of rocks. From late April to August is the growing season of P. tabulaeformis in the study
area [30]. Two cores were taken from each selected tree in different directions. In total,
64 core samples were collected from 32 living trees. Tree-ring samples were processed and
cross-dated according to the standard dendrochronological technique [31]. All samples
were measured with a 0.01 mm precision. The quality of the cross-dating was then checked
using the COFECHA program [32]. Tree-ring width chronology was developed by the
ARSTAN program [33]. When detrending the non-climate signals, a straight line or negative
exponential function was adopted. The standard tree-ring chronology was used in this
study. The tree-ring width data have been published by Song et al. [34].

2.2. Measurement of Tree-Ring Cellulose 5'3C

The collected tree-ring samples were dried, fixed, polished, and cross-dated to de-
termine the exact year of each ring of all samples. In the absence of carbon pollution,
each annual ring was separated under a microscope with a thin, sharp knife. The detailed
experimental procedures for x-cellulose extraction can be found in [14].

Approximately 110-140 pg of homogenized x-cellulose was wrapped in a tin capsule
for measurement. The §!3C values were determined using the Delta V Advantage isotope
ratio mass spectrometer connected with a FLASH 2000 elemental analyzer (EA). The carbon
isotope ratio was expressed as 5'3C relative to the deviation of the Pee Dee Belemnite (PDB).
One standard cellulose sample (IAEA CH3) was inserted for every eight samples. The 5'°C
values of tree rings were calculated as follows: §!3C = (Rsample/Rstandard — 1) X 103%o (R
represents the 1>C /12C ratio, and Rsample and Rytandard are the R values of the sample and the
standard sample, respectively). The analytical accuracy of the carbon isotope measurement
was less than +0.2%. according to repeated measurements of the working standard.

2.3. Calculation of Physiological Parameters

Studies have shown that climate and atmospheric CO; concentrations are the main fac-
tors affecting the variation in tree-ring 5!3C. Climate affected the high-frequency variation
in the tree-ring 5'3C series, and CO, concentration affected the low-frequency variation in
the tree-ring 313C series [17,35]. Since the Industrial Revolution, due to the extensive use
of fossil fuels, atmospheric CO, concentrations have continued to increase, while atmo-
spheric 513C,;, has continued to decrease, resulting in a decreasing trend in global tree-ring
§13C values [36-38], and this change is not related to climate. To accurately capture the
climate information reflected by tree-ring §'3C series, it is necessary to separate low- and
high-frequency signals [39—41]. As outlined by Farquhar et al. [42], we used 513C ratios
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from the CO, recorded by ice cores and atmospheric CO, to remove the effect of '3C in
annual atmospheric CO, from the tree-ring §'3C time series [43]. Finally, we obtained a
normalized carbon isotope fractionation time series (A13C). AT3C was defined as:

A13C = (613Cair - 613Ctree)/(1 + 613Ctree/1000) (1)

where 513C,;, is the §13C value of atmospheric CO, and 513Cree is the §13C value of tree-
ring cellulose.
Cellulose A'3C values were then converted to C; /C, ratios using the following equation [41]:

ABC=a+ (b —a)C/Ca )

where a (~4.4%o) is the isotopic fractionation coefficient of CO, diffusion from the atmo-
sphere into the intercellular space of cells, b (~27%o) is the corresponding discrimination
value for carboxylation, and C; and C, are the intercellular and atmospheric CO; concen-
trations, respectively.

iWUE is defined as the ratio between the photosynthetic assimilation rate (A) and
stomatal conductance for water vapor (gs) [44,45] using the following equation:

{WUE = A/gs =C, x [(1 — C;/Ca)/1.6] ®)

Based on Formulas (1)—(3), the iWUE series of the Mt. Shimen region from 1645 to
2011 was established.

2.4. Climatic Data

There are two meteorological stations available adjacent to the sampling site: Tianshui
Beidao Station (34°34’ N, 105°52 E, 1154.9 m a.s.1., 1965-2011) and Baoji Station (34°12’ N,
107°05’ E, 612.4 m a.s.1., 1952-2011). Comparing the monthly total precipitation, monthly
mean temperature, and monthly mean relative humidity of those two stations, the climate
changes in the study area appeared to be consistent (Figure 2a—c). The Baoji Station, with
its long observation period (started in 1952), was selected for the climate response analysis.
According to the records from the Baoji Station, the annual total precipitation from 1952
to 2011 was 675.18 mm, the annual mean temperature was 13.20 °C, and the annual mean
relative humidity was 67.33%. The climatic data were downloaded from the Meteorological
Information Center of China (http://data.cma.cn/, accessed on 23 September 2018). The
characteristics of interannual climate change at Baoji Station indicated that in the instru-
mental period, the annual average temperature generally showed an increasing trend and
the annual precipitation showed a downward trend (Figure 2d,e). The relative humidity,
a comprehensive index of both temperature and precipitation, also showed a downward
trend (Figure 2f). Partial correlation analysis was carried out to determine which climate
factor dominated the changes in relative humidity. Partial correlation analysis showed that
the correlation between relative humidity and temperature was not as high as that between
relative humidity and precipitation; thus, precipitation was the dominant climatic factor
responsible for changes in relative humidity, and relative humidity was also an indicator
of hydrological changes in the study area. In addition, the Palmer drought severity index
(PDSI) grid point data with 0.5° x 0.5° resolution were obtained via the KNMI Climate
Explorer [46].
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Figure 2. Climatic records of Baoji and Tianshui Beidao Stations. (a—c) Multi-year monthly mean
temperature, monthly precipitation, and monthly mean relative humidity distributions. (d—f) An-
nual mean temperature, annual total precipitation, and annual mean relative humidity records
at Baoji Meteorological Station during 1952-2011, where the oblique line represents the trend of
climate change.

2.5. Statistical Method

A final tree-ring A'3C series for Mt. Shimen was generated using the “numerical mix
method” [47]. This method synthesized each individual tree-ring A3C series into a total
series that could represent the variation in tree-ring A'>C for Mt. Shimen, and this total
series was used for the response analysis. Pearson’s correlation analysis was conducted to
determine the influence of local climate factors and atmospheric CO; concentrations on
variations in tree-ring width, A'>C, and iWUE time series. Since tree growth may be affected
by climate conditions before and during the growing season, the correlation between the
monthly climate factors from January to December of the previous year and tree-ring A'*C
series was also analyzed. In addition, the first-order difference correlation method was
used to analyze the correlation between the tree-ring width standard chronology (STD)
and iWUE at a high frequency, and a 31-year sliding correlation was used to obtain the
trend of the correlation between them over time.

3. Results and Discussion
3.1. Characteristics of Tree-Ring Cellulose 6'3C and A'3C Series

After comparing all samples, five cores with relatively clear tree-ring boundaries were
finally selected for stable carbon isotope research. The five cores were named SM 37B
(1615-2011), SM 32C (1635-2011), SM 41A (1619-2011), SM 18A (1891-2011), and SM 13B
(1882-2011). To avoid the interference of the “juvenile effect”, we removed the values of the
first 30 years of each core. Table 1 shows the statistical characteristics of the tree-ring 5'>C
series on Mt. Shimen. The first-order autocorrelation (AR1) of each series was significant
(0.44-0.65), indicating that there was a significant climate and isotope lag effect from the
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previous year to the present year of each tree-ring 5'3C series, but the influence of climate
factors in the present year was still dominant. This may be because in the process of
synthesizing organic compounds during photosynthesis in the current year, trees use part
of the organic compounds that were stored in the trees in the previous year. The §!3C values
of C3 plants usually range from —20%0 to —35%o [41], while the §!3C values of C3 plants
located in arid and semiarid regions are relatively high. In our study, the mean values of
tree-ring 5!3C in each series ranged from —23.45%0 to —21.09%0, with an average value
of —22.26%o (Table 1), which is consistent with the theoretical values and similar to the
results of previous studies of P. tabulaeformis [48,49]. Figure 3a shows the interannual and
interdecadal variations in each tree-ring 5'3C series. It can be seen that their variation trend
was quite consistent. Our measurement series showed a significant decline since 1850, with
an annual decrease of 0.011%. (Figure 3a), which is consistent with the continuous decline
in atmospheric 513C,;, since the Industrial Revolution. This decline was recorded in our
tree-ring cellulose 5'3C series.

Table 1. Statistical characteristics of individual and composite tree-ring cellulose 5'3C time series.

Statistical Parameters SM 37B SM 32C SM 41A SM 18A SM 13B Composite
Maximum value —19.43 %0 —20.41 %o —18.47 %o —21.06 %o —21.10%0 —18.95%o
Minimum value —24.61 %o —25.03%o —23.53%o —24.81 %o —26.03%o —24.39 %0

Mean value —21.77 %0 —22.40%o —21.09 %0 —22.99 %0 —23.45 %o —21.83%o
AR1 0.64 0.56 0.49 0.44 0.65 0.59
Standard deviation 0.78 %0 0.74 %o 0.83 %o 0.70 %o 0.94 %0 0.81 %o
Skewness —0.76 —0.53 —-0.13 —0.04 —0.21 —0.50
Kurtosis 1.07 0.59 0.37 —0.13 —0.10 0.59
2 %ﬂh
s LAtk !
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Figure 3. (a) Individual and composite tree-ring cellulose 5'C time series of P. tabulaeformis (with
30 years of juvenile growth removed, the yellow, thick line is a downward trend), and (b) the
composite tree-ring cellulose A'3C time series.

After correcting the tree-ring 5!3C series of each core, we obtained five tree-ring A13C
series and finally synthesized a total tree-ring A'>C time series using the “numerical mix
method” (Figure 3b) [47]. The correlations between the tree-ring §'3C and A'3C series
of each core were significant. The correlations between the individual tree-ring §'3C
series (v = 0.61-0.93, p < 0.0001) were significantly higher than those between the tree-ring
AC series (r = 0.33-0.87, p < 0.0001) (Table 2). The results indicated that the individual
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513C series were greatly affected by common factors, and it is likely that the variation in
atmospheric CO; concentration resulted in a consistent variation trend in the individual
tree-ring 5!3C series.

Table 2. Correlations between tree-ring cellulose 5'3C and A'3C time series.

sBC/ABC
SM 37B SM 32C SM 41A SM 18A SM 13B

SM 37B
SM32C  0.77/0.62
13 SM41A  0.76/0.64  0.70/0.57
§PCIAPC  oM18A 073/057 071054 0.66/0.41
SM13B  070/052  0.65/0.44  0.63/037  0.61/0.33
composite  0.93/0.87  0.86/0.75  0.85/078  0.82/0.69  0.83/0.71

3.2. Variation Characteristics of C,, C;, Ci/Cq, and iWUE

Since the 1850s, the changes in C,, leaf intercellular CO, concentration (C;), and iWUE
all showed a significant increasing trend (Figure 4a,c), and the variation in C;/C, was
relatively stable (Figure 4b). During the whole period (1645-2011), C, increased from 285
to 391.63 ppm, and C; increased from a minimum of 118.75 ppm in 1782 to a maximum
of 201.60 ppm in 2010. The iWUE of P. tabulaeformis in Mt. Shimen varied from 80.87 to
128.03 pmol/mol, with an average value of 94.55 umol/mol. The iWUE of P. tabulaeformis
increased by 27.1% over the past 367 years. Pefiuelas et al. [50] found that iWUE increased
by approximately 20.5% globally. In tropical regions, iWUE increased by approximately
40% [51], and in temperate regions, the iWUE of different tree species increased from 19%
to 48% [52]. The rate of increase for iWUE in our study area was very consistent with that in
temperate regions, which provides further evidence for the increase in iWUE in temperate
forest ecosystems.
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Figure 4. (a) Variations in atmospheric CO, concentration (C,) and leaf intercellular CO, concentra-
tion (C;), (b) 13C discrimination ratios (C;/Ca), and (c) iWUE calculated from three scenarios as a
baseline for interpreting gas exchange in response to increasing C, [53]. The atmospheric CO;
concentration was derived from McCarroll and Loader [41].
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3.3. Regulation of Hydrological Factors and Temperature in Tree-Ring Radial Growth and Stable
Carbon Isotopic Fractionation

Pearson correlation analysis was conducted between the STD chronology and various
climatic factors (monthly average temperature, precipitation, relative humidity, and PDSI).
Correlation analysis showed that the STD chronology had a negative correlation with
temperature in all months, and this correlation was very significant in multiple months.
In contrast, precipitation, relative humidity, and PDSI were positively correlated with the
STD chronology in most months. After combining the months, the STD chronology had
the highest correlation with the average temperature from May to July, with a correlation
coefficient of —0.70 (1952-2011, p < 0.0001), indicating that temperature was the main
limiting factor affecting tree radial growth in the study area. The period from May to July
was the fastest growing period for trees in Mt. Shimen. During this period, if precipitation
is insufficient, then excessively high temperatures easily lead to aggravated soil moisture
evaporation, and the transpiration of trees is strengthened accordingly. This causes moisture
stress in the trees, hinders their uptake of nutrients, and ultimately limits their radial growth,
leading to the formation of narrow or missing rings.

The tree-ring cellulose A'3C series in Mt. Shimen was negatively correlated with
temperature and positively correlated with precipitation, relative humidity, and PDSI in
most months (Figure 5). After combining the months, the correlations between them were
all significant. However, the tree-ring cellulose A'3C series had the highest correlation with
mean relative humidity from May to September (r = 0.527, p < 0.001, n = 60) (Figure 5).
These results showed that the average relative humidity from May to September was
the main climatic factor affecting the stable carbon isotopic fractionation of tree rings
on Mt. Shimen. The above results were consistent with the stable carbon isotope study
in Tianmu Mountain [17], that conform to the fractionation mechanism of stable carbon
isotopes in tree-ring cellulose [42] and have reasonable explanations in terms of physiology.
May-September is the growth season for trees on Mt. Shimen. During this crucial period,
P. tabulaeformis absorbs atmospheric CO, through its leaves, and when the external relative
humidity is high, the stomatal conductance of the leaves increases. At this time, more
CO; enters the leaves for photosynthesis, in which CO, molecules containing lighter
carbon atoms (1>C) more easily pass-through stomata, and '?C is preferentially used by
photosynthetic enzymes, resulting in strong fractionation of >C, which results in lower
§13C and higher A'3C values in tree rings. However, the reduction in external relative
humidity aggravates the moisture stress of the trees. Some leaf stomata will close to prevent
excessive water loss, which reduces the CO, concentration in plants. This leads to lower
recognition of CO, by the plants, so the trees have to use more '3C elements to participate
in photosynthesis, and the fractionation of stable carbon isotopes decreases, resulting in a
reduction in tree-ring A'3C values.

3.4. Response of the iWUE Series to Environmental Factors

Since the 1850s, the iWUE of P. tabulaeformis has been significantly positively correlated
with C,, and the correlation coefficient has reached 0.833 (n = 162, p < 0.001) (Figure 6).
According to the regression analysis, C, could explain 69% and 82% of the variance in iWUE
and C;, respectively, indicating that the increase in the atmospheric CO, concentration was
the main reason for the increase in iWUE and C;. The increase in C, causes a decrease
in the stomatal conductance of leaves and leads to a decrease in the transpiration rate of
the trees, ultimately reducing water loss in the trees. The relative increase in soil moisture
alleviates the restriction of water on tree growth, thereby improving the photosynthetic
rate of the leaves [54-56]. This process enhances the ability of the leaves to assimilate and
absorb CO,. The above factors resulted in the improvement in the iWUE of P. tabulaeformis.
This tree physiological process has also been confirmed by many Free-Air CO;, Enrichment
(FACE) and short-term CO; control experiments [57]. Saurer et al. [53] proposed three
gas exchange scenarios in response to increasing C,: (1) C; remains constant, the value of
C;/C, decreases, and iWUE increases, (2) C;/C, remains constant and iWUE increases,
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representing a positive response of iWUE increase to rising C,, and (3) C,—C; remains
constant, which represents the negative response of iWUE increase to rising C,. In our
study, the variation in iWUE from 1850 to 1900 was closer to Scenario (1); after the 1900s,
Scenario (2) was more in line with the variation in iWUE (Figure 4c). This result indicated
that the change in iWUE in the study area showed a positive response to rising C,. In the
context of global warming and CO; enrichment, P. tabulaeformis in Mt. Shimen showed
some adaptability to the continuous increase in C,, and its carbon sequestration capacity
increased further.
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Figure 5. Correlation analysis between tree-ring cellulose A'3C series of P. tabulaeformis and tempera-
ture (a), precipitation (b), relative humidity (c), PDSI (d) in Mt. Shimen during 1952-2011.
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The increase in C, explained the low-frequency variation in the iWUE; however, the
variation in iWUE was also the result of a regional climate response [58,59]. Leaf stomatal
conductance is the main factor affecting the interannual variation in iWUE, and the change
in stomatal conductance is closely related to the climatic conditions in the study area. There-
fore, we explored the response of iWUE to climatic factors. Correlation analysis showed
that iWUE was significantly positively correlated with annual mean temperature (r = 0.73,
n =60, p <0.01) and negatively correlated with annual mean precipitation (r = —0.30, n = 60,
p < 0.02), relative humidity (r = —0.65, n = 60, p < 0.01), and PDSI (r = —0.41, n = 60, p < 0.01)
(Figure 7), indicating that temperature has a more important effect on interannual variation
in iWUE. Higher temperature decreases the relative humidity and soil moisture, which
aggravates water stress in trees and leads to a decrease in the stomatal conductance and the
transpiration rate of trees, thus increasing their intrinsic water use efficiency. Liu et al. [14]
reconstructed the mean relative humidity (RHja) variations from 1615 to 2011 based on
tree-ring stable oxygen isotopes on Mt. Shimen. The RHj4 reconstruction presents a drying
trend since 1860. Song et al. [34] and Chen et al. [29] reconstructed the temperature varia-
tion history based on tree-ring width and density indicators in Mt. Shimen and found a
rising temperature trend in recent decades, which was also confirmed by meteorological
data (Figure 2d—f). This trend of warming and drying climate change was also the reason
for the increase in the iWUE of P. tabulaeformis in our study area.
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Figure 7. Scatter diagrams of the relationship between iWUE and annual mean temperature (a),
annual mean precipitation (b), annual mean relative humidity (c), and annual mean PDSI (d). The
straight line represents the change trends. The regression equation, explained variance, and level of
significance are also shown.

3.5. Relationship between Tree Radial Growth and iWUE

In contrast to the continuous increase in iWUE, the radial growth of P. tabulaeformis
presented phased characteristics. From 1645 to 1720, radial tree growth showed a down-
ward trend, followed by an upward trend from 1721 to 1880, and then another downward
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trend. Correlation analysis showed that the iWUE series of P. tabulaeformis was significantly
negatively correlated with the tree-ring STD chronology (r = —0.25, 1645-2011, p < 0.001)
(Figure 8a). After 1850, the correlation between these two series was more significant, and
the correlation coefficient reached —0.38. The correlation coefficient between the first-order
difference of the iWUE and the first-order difference of the tree-ring STD chronology was
very high, with » = —0.50 (1 = 366, p < 0.001) (Figure 8b). To further clarify the relationship
between the iWUE series and tree-ring STD chronology, a 31-year sliding correlation analy-
sis was performed on the two series. Negative correlations were found between these two
series starting in 1645 (Figure 8c). To verify the reliability of the correlations and avoid false
correlations due to the opposite trends of the iWUE series and tree-ring STD chronology,
we calculated the 31-year sliding correlation of the first-order difference between the two
series and found that the two were also negatively correlated throughout the whole study
period (Figure 8c). The above results showed that the increase in iWUE did not promote the
radial growth of P. tabulaeformis in the study area. Theoretically, the increase in iWUE can
stimulate radial tree growth, especially for trees growing in arid areas [39,53]. However,
some studies have found that radial tree growth does not change due to the increase in
iWUE. For example, Pefiuelas et al. [50] studied 47 forest biomes around the world and
found that the increase in iWUE did not promote radial tree growth in their study areas. A
study on the iWUE of trees in Europe found that radial tree growth did not benefit from an
increased iWUE regardless of whether the climate in the study area was dry or wet [60].
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Figure 8. (a) Comparisons between the iWUE and the tree-ring STD chronology (the thick line is an
11-year moving average series), (b) first-order difference series, and (c) the 31-year sliding correlations
between the tree-ring STD chronology and the iWUE series in Mt. Shimen.
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The increase in iWUE did not stimulate the radial growth of P. tabulaeformis. This
is because the climate in the study area has shown a warming trend in recent decades;
however, the rising temperature did not bring more precipitation with global climate
change. Instead, the study area has displayed a continuous drying trend since 1860, causing
the soil moisture to decrease, which limits tree growth in the area. In the context of warming
and rising C,, leaf stomatal conductance decreased, which had a positive impact on iWUE,
but the increase in iWUE did not offset the negative impact of warming on tree growth in
the study area, and P. tabulaeformis experienced a decline in growth. With a decrease in
tree stomatal conductance, C; did not decrease but showed an increasing trend (Figure 4a).
However, tree radial growth did not increase with increasing C;, which indicates that the
decline in tree radial growth may be due to other factors in addition to the decrease in
stomatal conductance. In fact, tree radial growth is influenced by many factors, such as
nutrient limitations, changes in canopy structure, and adaptation to increasing atmospheric
CO; [61,62], some of which may play a coupling role between increased iWUE and the
radial growth of trees.

4. Conclusions

In this study, an annual-resolution tree-ring '3C and iWUE series of P. tabulaeformis
was established for Mt. Shimen for the period of 1645 to 2011. The responses of tree-ring
STD chronology and tree-ring A'3C series to major climate factors showed that temperature
was the main limiting factor affecting tree radial growth. The stable carbon isotopic
fractionation of tree rings was mainly controlled by the average relative humidity from
May to September. The iWUE showed a significant increasing trend during 1645-2011.
The increase in atmospheric CO; concentration was the main factor affecting the long-
term variation in iWUE, and temperature had an important influence on the interannual
variation in iWUE. P. tabulaeformis in the study area showed some adaptability to the
continuous increase in C, as its carbon sequestration capacity was enhanced. Although
the increasing CO, concentration promoted the increase in iWUE, it did not produce a
“fertilization effect” on the radial growth of trees and did not offset the negative effects
of warming on tree growth in the study area. Our study is helpful for understanding
the coupling relationship between water and the carbon cycle in forest ecosystems and
provides a reference for forest management and future plantation breeding in arid areas.
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