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Abstract The combined contribution of CO, fertilization and climate variability to arid and semi-arid forest
growth remains unclear. To disentangle these multiple influences, we used a preexisting process-based
ecophysiological model (MAIDEN:iso) to simulate tree growth changes during 1956-2010 in arid and semi-arid
regions of China. Results revealed that simulated tree growth was more dependent on climate trends than on
atmospheric CO, concentration. Mechanistic analysis showed that the regulation of stomatal conductance under
water stress positively affected tree growth in the arid region, but had an opposite pattern in the semi-arid region.
Intrinsic water-use efficiency (iWUE, measured from tree-ring 8'C) has increased by 29% and 44% since 1900
CE in the arid and semi-arid regions, respectively, but did not stimulate radial tree growth. This suggests that
there will possibly be a continued increase (decrease) of radial forest growth in arid (semi-arid) areas of northern
China if the current climate trends remain in the next decades.

Plain Language Summary The atmospheric CO, concentration has increased rapidly since 1850. It
is difficult to identify CO,-related impacts on tree growth without separating them from those associated with
climate variability. Here, we modeled these confounding effects with a numeric tree-ring model of the
ecological and physiological controls on tree growth. We found that, since 1956, the contribution of climate
(water stress) to radial tree growth has been more important than elevated CO, in arid and semi-arid regions of
northern China. In addition, results also showed that the intrinsic water use efficiency derived from tree-ring
8'3C increased significantly, but did not increase radial tree growth in our study regions. Therefore, we conclude
that tree radial growth rates will increase in the near future if the climate gets wetter, or will decrease if the
climate gets significantly drier, even if CO, continues to rise.

1. Introduction

Human activities, especially the rapid consumption of fossil fuels following the industrial revolution, have
increased atmospheric CO, concentrations, which are the major drivers of current global warming (Flato
et al., 2013). Forests, as substantial terrestrial carbon pools and crucial components of the global carbon cycle,
play an intrinsic role in the coupled changes of climate and carbon cycles because they respond to both atmo-
spheric CO, concentration and regional climate changes (Cernusak et al., 2013; Girardin et al., 2016; Pan
et al., 2011; Silva et al., 2016; Sleen et al., 2015). However, these responses are only understood in broad terms:
warming and rise in atmospheric CO, concentration affect the processes of carbon fixation, transport and organic
synthesis during plant photosynthesis (Ainsworth & Rogers, 2007), as well as impacting forest dynamics,
including tree-line expansion, lengthening of the growing season, and increasing forest mortality (Harsch
et al., 2009; Williams et al., 2013; Yang et al., 2017). More research is needed to quantify the details of these
responses, especially when they are accompanied by aridity changes.

Enormous research efforts have been made to assess the effects of CO, “fertilization” by means of controlled
experiments, which include a replication of the study under defined growing conditions. Results for more than 40
species in 12 free-air CO, enrichment (FACE) sites suggest that trees increase their responses to CO, concen-
tration and leaf area index (LAI) more than other functional groups (Ainsworth & Long, 2005). Nevertheless,
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these experiments have limitations: first, most of them studied individual species grown in enclosed systems,
different from natural forests (Ainsworth & Long, 2005); second, the relatively short (only a few years) duration
of these experiments hampers efforts to determine the response of tree growth to elevated CO, concentration over
longer (decadal to multi-decadal) time scales (Babst et al., 2014).

In recent years, dendrochronology has become an important tool to understand the response of trees to changing
atmospheric CO, concentration on long time scales (Girardin et al., 2016; Lavergne et al., 2019; Marchand
et al., 2020; Panthi et al., 2019; Silva et al., 2016; Sleen et al., 2015; Zuidema et al., 2020). These studies have
undoubtedly contributed to the exploration of the effects of carbon dioxide on tree growth over long timescales.
However, the methods used in these studies have revealed some limitations (Giguere-Croteau et al., 2019;
Girardin et al., 2016; Sleen et al., 2015; Wang et al., 2019). On one hand, the relationships between growth and
CO, have been traditionally detected on a statistical basis, that is, linear models (Wang et al., 2019) and linear
mixed models (Panthi et al., 2019; Sleen et al., 2015), which are not able to disentangle the effects of CO, from
those biological processes on tree growth, and to capture the non-linear processes. On the other hand, process-
based models (Vaganov-Shashkin and Vaganov-Shashkin-Lite) have successfully assessed the effects of
climate on tree growth and growing season length (Peng et al., 2019; Tolwinski-Ward et al., 2010; Yang
et al., 2017), but CO, concentration was often excluded from the environmental factors involved in the system.
Therefore, it is impossible to detect the influence of atmospheric CO, concentration with such models. The
ecophysiological model MAIDENiso (Danis et al., 2012) provides a framework to simulate the influence of both
climate and CO, on photosynthesis, phenology and carbon allocation through ecophysiological equations and
mechanistic rules, which could give us an opportunity to separate the contributions of CO, and climate change to
forest growth in a long-term and mechanistic perspective (Gea-Izquierdo et al., 2015; Gennaretti et al., 2017).

Forests in arid and semi-arid northern China play an important role in preserving the ecological environment. The
forest ecosystem exhibits low biodiversity in such areas due to low annual precipitation, and is therefore
particularly sensitive to ongoing climate change, especially during drought periods (Liang et al., 2006; Qin
et al., 2025; Yang, Kang, et al., 2014; Yang, Qin et al., 2014; Yang et al., 2023). Disentangling the influence of
enhanced CO, and climate change on tree growth in these regions from a mechanistic perspective is of great
importance in projecting forest growth rate but remains unresolved (Huang et al., 2016). In this study, we use the
tree-ring model MAIDENiso to investigate how tree growth in arid and semi-arid forests (Zheng et al., 2013) has
been modified by the combined effects of climate and CO, concentrations over the last six decades. We tested the
hypothesis that tree growth in these regions is driven by water stress.

2. Material and Methods

2.1. Tree-Ring Data Collection and Chronology Development

Two different climatic regions were studied, Zongwulong Mountain (37°27'N, 97°47'E, 3,700-4,000 m a.s.l.) in
Delingha and Hasi Mountain (37°02'N, 104°28’E, 2,400-2,700 m a.s.l.) in Jingyuan. The mean annual tem-
peratures were around 3.9°C and 9.1°C in Delingha and Jingyuan from 1956 to 2014, with the coldest and
warmest months being January and July, respectively. Total annual precipitation was 174 and 234 mm,
respectively, with about 70% concentrated in summer (Figure S1 in Supporting Information S1). Based on the
amount of precipitation, Delingha and Jingyuan are classified as arid and semi-arid areas, respectively (Figure S2
in Supporting Information S1).

The dominant tree species in the arid region is Qilian juniper (Sabina przewalskii Kom.) on a south-facing slope,
and Chinese pine (Pinus tabuliformis) on a north-facing slope in the semi-arid region. The tree-ring samples were
collected at breast height (1.3 m) with an increment borer. For each tree, one to two increment cores were taken
from different directions. In total, 361 cores from 208 trees and 282 cores from 141 trees were collected in arid
and semi-arid regions, respectively. These tree-ring samples were processed using standard dendrochronological
techniques (Stokes & Smiley, 1968). All the increment cores were air dried and sliced with razor blades until
distinct tree rings were visible under a microscope. Each ring width was recorded using LINTAB 6 measuring
system at a resolution of 0.01 mm. The tree-ring width series were cross-dated with TSAP-Win. Furthermore, the
accuracy of ring width measurements and crossdating were detected by program COFECHA (Holmes, 1983). The
standard chronology in both regions (Figure 1) were ultimately detrended with negative exponential curves to
remove age-related biological trends by using ARSTAN software (Cook, 1985) (Figure S3 and Table S2 in
Supporting Information S1). We recognize that tree-ring width varies with cambial age, a process named tree
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Figure 1. Map of the study area, showing the tree-ring sampling sites (DLH, Delingha the arid region; JY, Jingyuan the semi-
arid region); (a, b). Spatial correlations between tree-ring width and reconstructed Palmer Drought Severity Index (PDSI)
(Cook et al., 2010) are shown in panels (a) and (b). Tree-ring width chronologies and June—August (12-month scale) mean
Standardized Precipitation-Evapotranspiration Index (SPEI, Text Sla in Supporting Information S1), together with their 10-
year low-pass filtered variations (red) and linear trends since 1950 (blue), are shown for arid (c, ) and semi-arid (d, f)
regions.

growth trend, which follows a negative exponential pattern. This method is primarily used to remove non-climatic
trends caused by age-related growth or environmental changes while gently suppressing low-frequency signals,
thereby better preserving the information related to long-term climatic trends. Moreover, since the influence of
non-climatic factors on trees in our study area is marginal, we applied the negative exponential method to detrend
the tree-ring width chronology. To detect the potential effects associated with the detrending method, we
employed the signal-free negative exponential approach to develop the tree-ring chronology at each study site for
comparison. The results revealed that these chronologies demonstrate a high degree of similarity from 1750 to
2010 (Figure S4 in Supporting Information S1). Based on these findings, we proceeded with the negative
exponential method-derived chronologies for the subsequent analyses. Even if restricted to geographic area, our
tree ring chronologies are significantly correlated with chronologies from adjacent regions (Figure S5 in Sup-
porting Information S1). This allowed us to use these chronologies to assess tree-growth variability in northern
China.

We selected 10 and 9 individual increment cores from the arid and semi-arid regions, respectively, for analyzing
stable isotope components of tree-ring cellulose (Table S3 in Supporting Information S1). The cores selected were
those with clear ring boundaries, and without breaks or missing rings. We pooled samples of the same calendar
year from different tree samples. Samples from the two regions were all at annual resolution (Figure S6 in
Supporting Information S1). These pooled samples were ground in a mill and the a-cellulose extraction process
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described by Wieloch et al. (2011) was conducted in the isotope laboratory of the Institute of Geography at
University of Erlangen-Nuremberg, Germany. We measured tree-ring 8'>C values with an on-line mass spec-
trometer (Delta V Advantage, Thermo Scientific, Bremen, Germany). The analytical errors of the isotope
measurements were less than 0.25%eo.

2.2. Definitions and Equations for the Tree Ring Carbon Isotopes

The variation of tree iWUE is an important indicator reflecting ambient conditions and is expressed (Farquhar
et al., 1982) as the ratio of photosynthetic assimilation rate (A) to stomatal conductance (g,) for water vapor:

WUE A Cu_Ci Ca (1 _Cl/Ca)
14 =—= =
« 16 1.6

(1)

where C; and C, are intercellular and atmospheric CO, concentrations. The ratio C;/C,, is related to, and can be
calculated from the carbon isotope discrimination (A'*C) value in the plant:

ABC=a+Ob-a)Cy/C, )

where a = 4.4%0 (McCarroll & Loader, 2004) is the discrimination value for the process of CO, diffusion from
the air into the leaf cells and b = 27%o0 (McCarroll & Loader, 2004) is the discrimination value for carboxylation.
Carbon isotope discrimination is determined (Saurer et al., 2004) as follows:

3 613Ca _ 613cp

A13C =—— P
1+ 81°C,/1000

3)

where 8'°C, (McCarroll & Loader, 2004) and 8]3CP are the stable carbon isotope ratio of atmospheric CO, and
tree ring cellulose, respectively.

Fossil fuel burning has contributed to the increase in atmospheric CO, concentration and reduced its stable carbon
isotope ratio by ~1.8%o since the beginning of the industrial era (McCarroll & Loader, 2004). This decline in
613C3 influences the tree-ring stable carbon isotopes (which show a downward trend in recent decades: Figure S6
in Supporting Information S1), therefore, before extracting the climatic signals, we removed this influence from
the raw tree ring 613Cp series. However, before the Industrial Revolution, the concentration of CO, in the at-
mosphere changed only slightly, generally ranging between 260 and 285 ppm. Therefore, the §'C value in the
atmosphere also remained basically stable at —6.4%o before this period (McCarroll & Loader, 2004):

8 Cer =8"C, — (8"C, + 6.4) )

2.3. The MAIDENiso Model

MAIDEN:iso (Danis et al., 2012) explicitly includes several ecophysiological processes, such as photosynthesis,
respiration, carbon allocation, and water allocation, to simulate tree productivity. This model captures the in-
fluence of meteorological variables and atmospheric CO, concentration on tree growth through explicit equations
and rules. MAIDENiso simulates photosynthesis at a daily scale and allocates carbon to different tree com-
partments (leaf, root, stem, and storage) based on five phenological phases during each year. Those phases are: (a)
tree dormancy during a winter period, where all photosynthates are allocated to a storage reservoir; (b) leaf and
root expansion in spring during the accumulation of growing degree days; (c) bole wood production during
summer, when carbon is allocated to roots, stem, and canopy; (d) carbohydrate reserve accumulation during fall,
when photosynthates are allocated to bole and non-structural carbohydrates; (e) leaf and root senescence, which
starts when the photoperiod is less than a minimum threshold (see more details in Text S1b of Supporting In-
formation S1). At the end of each year, all carbon allocated to the stem represents the annual tree growth
increment, which is assumed to be proportional to tree-ring width (Gea-Izquierdo et al., 2015).

There are 6 parameters controlling gross primary production (GPP) and 12 parameters influencing the daily
carbon from photosynthesis allocated to tree stem, and they are optimized by a Bayesian procedure with Markov
Chain Monte Carlo (MCMC) sampling using Metropolis-Hasting steps. Details of the calibration process are
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Figure 2. Variations of mean annual temperature and annual total precipitation for raw and detrended data in the arid (left)
and semi-arid (right) regions during the period 1956-2010. The slope (°C/year or mm/year) of each regression line for raw
and detrended data is also labeled.

described in Gennaretti et al. (2017). First, we calibrate the 6 parameters linked with photosynthesis to maximize
the coherence on a daily scale between simulated and GPP measured from an eddy covariance station for the years
2010 and 2011 (Figure S7 in Supporting Information S1). Second, the 12 parameters affecting bole increment
were optimized by comparing the yearly bole increment from 1956 to 2010 with measured tree-ring width
chronologies. We ran 50 Markov chains each time with random initial values in their prior ranges to verify the
convergence of MCMC sampling. The highest model posterior probability of each chain was retained. The
calibrated values for those parameters that most strongly control the simulated GPP and carbon allocation are
shown in Table S4 of Supporting Information S1.

The input data of the MAIDENiso model are the maximum and minimum daily air temperature, precipitation, and
atmospheric CO, concentration (Text S1c in Supporting Information S1). We ran three model experiments under
these inputs: (a) all daily temperature, precipitation and CO, concentration correspond to actual observations
(hereafter RAW); (b) weather variables correspond to those observed, whereas CO, concentration stays with the
1956 value (hereafter CO,px); (c) weather variables are linearly detrended, and the observed timeseries of CO, is
used (without detrending) (hereafter METpgrrenp, Figure 2). The representativeness of the input data was
validated using CN05.1 (Wu & Gao, 2013) and ERAS data sets (Mufioz Sabater, 2019) (Text S1f of Supporting
Information S1). We use the “detrend” function in MATLAB to remove the linear trend of daily temperature and
precipitation in both study regions. Firstly, we performed linear regression on the original mean annual tem-
perature and precipitation in the two study regions, respectively. The significance of the linear trends was assessed
by analysis of variance (ANOVA). Then, based on the linear equations, the temperature and precipitation values
for each year were calculated. Finally, the detrended sequences were obtained by subtracting the sequences
calculated from the fitted equations from the original sequences (Figure 2).

During the simulation process, we required parameters related to tree species and their external environmental
conditions, such as soil texture, water content, and leaf area index (Misson, 2004a, 2004b) (Text S1d of Sup-
porting Information S1). For Pinus tabuliformis and Sabina przewalskii, we assigned simulation parameters by
referring to extensive previous research (Wu & Xing, 2015; Zhao, 2009). Additionally, observational data
regarding phenological changes of these species at the study sites were obtained based on published observational
data (Gao, 2021; Ren et al., 2018; Yang, Kang et al., 2014; Yang, Qin et al., 2014; Zeng, 2017).
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Table 1

Correlation Coefficients Between Measured Tree-Ring Width and Bole Increment Simulated by MAIDENiso Model Under

Different Experiments During 1956-2010

Study site Experiment Pearson correlation First-order difference®

Arid region RAW 0.71 (p < 0.01) 0.66 (p < 0.01)
COyprx 0.70 (p < 0.01) 0.65 (p < 0.01)
METperREND 0.51 (p < 0.01) 0.51 (p < 0.01)

Semi-arid region RAW 0.46 (p < 0.01) 0.57 (p < 0.01)
COypix 0.53 (p < 0.01) 0.52 (p < 0.01)
METperREND 0.26 (p > 0.01) 0.57 (p < 0.01)

“First-order difference series were calculated using the data of each year minus its previous year, effectively removing their
tree growth trends, before calculating the correlation coefficients. The significant coefficients of both Pearson and first-order
difference results revealed that our simulated results were reliable.

3. Results
3.1. Comparison Between Measured and Simulated Tree Growth

Our tree-ring measurements from 1950 to 2010 exhibit a significant (P < 0.05) increasing trend of tree growth in
the arid region, whereas a downward trend was observed in the semi-arid region (Figure 1). When driven by
observed meteorological variables and atmospheric CO,, MAIDENIiso predicts comparable growth trends in both
regions. The interannual variability in tree-growth is also well simulated, with correlations between simulated and
measured tree growth of 0.71 (P < 0.01) for the arid region and 0.46 (P < 0.01) for the semi-arid region (Table 1).
The strong relationships between observed and simulated tree-ring width (including for first-order differences:
Table 1) indicate that MAIDENiso performs well in both study regions. Running MAIDENiso with constant,
rather than time-varying, atmospheric CO, concentrations barely alters the correlations between simulated and
measured tree growth indices (Table 1). However, driving MAIDENiso with detrended temperature and pre-
cipitation (Figure 2) weakens the correlations with observed tree ring widths for arid (r = 0.51, P < 0.01) and
semi-arid regions (r = 0.26, P > 0.01) (Table 1). This suggests that trends in tree growth, as well as its interannual
variability, are more sensitive to climatic drivers than to CO, concentration.

The growth trends simulated by MAIDENiso are driven by trends in the input data (temperature, precipitation,
and CO,). The linear trends of simulated bole increment were close to trends in tree-ring chronologies
(nonsignificant differences were found between the slopes) in both study regions (Figures 3a and 3b). In both
regions, the commonality analysis was used to assess the contribution of climatic factors and CO, on tree growth
(Text Sle in Supporting Information S1). From 1956 to 2010, the total variance in arid region was 23.8%, of
which the pure effects of temperature, precipitation, and CO, on tree growth were 0.01%, 8.8%, and 0.2%,
respectively (Table S5 in Supporting Information S1). Holding CO, constant (CO,grx) reduces the simulated
trend by 50% (from 0.75 to 0.37 g C m ™2 yr~'; Figure 3c), whereas detrending the meteorological inputs changes
the trend from 0.75 to —0.06 g C m~> yr~". These effects are clear in the individual experiments (Figure 3c) and
especially in the residuals between RAW and the other experiments (Figure 3e). In the semi-arid region, 30.1% of
the total variance in tree growth can be explained by temperature (2.3%), precipitation (1.5%), and CO, (4.5%)
(Table S5 in Supporting Information S1). In addition, we found the decreasing growth trend in RAW was
enhanced in the CO,gx experiment, whereas it is mostly removed in the METhgrrenp €Xperiment which
simulated higher bole increment than RAW especially since 1983 (Figure 3d). The residuals between RAW and
the other experiments (Figure 3f) show that the contribution to the simulated bole increment trend caused by CO,
is smaller in magnitude than the effect of the climatic trends. The slopes were 0.38 and 0.82 g C m™2 yr™" for the
arid region, with the mean value of bole increment 7.71 and 25.69 g¢ C m™2 (Figure 3e). In the semi-arid region, the
trends caused by CO, and climate were 0.19 and —0.18 g C m™~2 yr~'. Although the slopes were similar, we can
still find a higher mean value of bole increment caused by climate (—7.35 g C m™2) than CO, (4.29 g¢ C m™)
during 1956-2010 (Figure 3f).
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Figure 3. Comparison between measured tree-ring width and simulated bole increment in the arid and semi-arid regions
during the period 1956-2010 (a, b). Simulated bole increment with three experiments (c, d). Simulated bole increment was
caused by increasing CO, concentration (Residual 1) and climate factors (Residual 2) (e, f). Residual 1: RAW minus CO,gx.
Residual 2: RAW minus MET pprrenp. Inset: distributions of bole increment (Residual 1 and Residual 2 series). To be
comparable, the sign of the Residual 2 series in the semi-arid region was reversed.

3.2. Diagnosing Climatic Drivers of Tree Growth Trends

The bole increment trends caused by climatic trends (Residual 2 series) can be separated into two parts: extension
of growing season length (Extra length series, Figures 4c and 4d), and changes of daily NPP (Net Primary
Productivity) allocated to the tree stem (Drought series, Figures 4c and 4d). According to the MAIDENiso model
output, the warming trend of mean annual temperature (Figure 2) lengthened the growing season, and its average
length increased from 69 to 92 days in RAW for the arid region, and from 102 to 106 days in the semi-arid
region (Figures 4a and 4b). The prolonged growing season length has a positive effect on simulated tree
growth, but it is outweighed by the changes in the amount of daily stem NPP (Figures 4c and 4d). The slopes of
bole increment resulting from growing season elongation and the amount of daily stem NPP were 0.32 and
050 ¢ C m™2 yr ! in the arid region, respectively. Correspondingly, those slopes were 0.06 and
—0.25 g Cm~2 yr ! in the semi-arid region, respectively (Figures 4c and 4d). Furthermore, the average increase
of bole increment attributed to growing season elongation and to changes in the amount of daily stem NPP were
9.39 and 16.31 g C m™ in the arid region, and 1.69 and —9.04 ¢ C m™? in the semi-arid region (Figures 4e and 4f).

As simulated in MAIDEN:iso, climatic factors had significant influences on a water stress function, ranging from
0 (maximum stress) to 1 (no stress), and on stomatal conductance in both regions (Figure S8 in Supporting In-
formation S1). We found that stomatal conductance explained over 60% of the variance in bole increment and was
closely linked to water stress (Figure S9 in Supporting Information S1). Stomatal conductance increased with the
relief of water stress, resulting in an improvement of NPP. The increase of CO, had a slight positive effect on
photosynthetic rate and, therefore, induced a relatively small increase in NPP (compare RAW and CO,g;x in
Figures S8 and S10 in Supporting Information S1). Larger differences in NPP were found between RAW and
METpetrenn- In the arid region, the water stress function was closer to zero (closer to maximum water stress)
and stomatal conductance was strongly reduced in METpgrrenp compared to RAW, resulting in a significant
decrease in NPP (Figures S8a, S8e, and S8g in Supporting Information S1). In the semi-arid region, by contrast,
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METperrenn Yielded a higher water stress function value, therefore increasing stomatal conductance and NPP
(Figures S8b, S8f, and S8h in Supporting Information S1).

3.3. Long-Term Variations of C;, C/C, and iWUE Derived From Tree-Ring §"°C

As atmospheric CO, increases, an overall accelerating trend of intercellular CO, (C;) was modeled from stable
carbon isotope in both study regions since the year 1900 (Figures Se and 5f). Before 1950, the intercellular CO,
decreased slightly in the arid region, and increased in the semi-arid region. This resulted in decreases in C;/C,
because of the increase in atmospheric CO,. After 1950, C;/C, shows a significant increasing trend
(slope = 0.0006 yr~', P < 0.01) in the arid region but a significant decreasing trend (slope = —0.0008 yr~',
P < 0.01) in the semi-arid region (Figures 5c and 5d). The mean iWUE over 1900-2010 was greater in the
arid region (141.3 pmol mol™') than the semi-arid region (102.4 pmol mol ™). Furthermore, iWUE exhibited a
significant upward trend since 1900 in both regions, related primarily to the increased atmospheric CO, but
modified by opposite trends in C;/C, (Equation 1) in the two regions after 1950. Therefore, iWUE in the arid
region increased by 29% over 1900-2010 (with a slight positive trend before 1950, 0.24 pmol mol~" yr™", then
increased to 0.44 pmol mol ™" yr~! since 1950) while it increased by 44% in the semi-arid region, at a rate of 0.13
and 0.62 pmol mol ™! yr™! before and after the year 1950 (Figures 5a and 5b). Within the arid region, observed
iWUE can be associated with a constant C; scenario (Figure S11 in Supporting Information S1). Except that in the
semi-arid region where this approximation underpredicts iWUE after 1985 (Figure S11 in Supporting
Information S1) because measured C;/C, falls below its mean value (Figure 5d). Furthermore, we employed
fitted equations to establish a linear relationship between tree growth and iWUE. The results revealed a positive
correlation between radial growth and iWUE in arid region, whereas a negative correlation was observed in semi-
arid region, where tree radial growth declined with increasing iWUE (Figure S12 in Supporting Information S1).
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Figure 5. Variations of tree physiological parameters in arid and semi-arid regions during the period 1900-2010. The linear
trends were shown in two sub-periods (1900-1950 with yellow line and 1950-2010 with blue line) for iWUE (a, b), C;/C, (c,
d) and C; (e, f). The dotted black lines are the mean values of the corresponding parameters over the whole period. Non-
significant (significant) linear trends are dashed (solid) lines. The pink line (e, f) is atmospheric CO, concentration (ppm,
right-hand scale).

4. Discussion

We present empirical and mechanistic evidence that trees adjusted their metabolism in arid and semi-arid regions
of China under increasing CO, and climate change since the 1950s. A key finding is that, compared with the effect
of climate on tree growth, the positive effect of increased atmospheric CO, since the 1950s was rather small, the
slopes and mean values of the residual series (Figure 3), indicating that climate acts as the main driver in con-
trolling tree growth rather than atmospheric CO, concentration. Rezs6hazy et al. (2021) have used the MAIDEN
model to simulate tree-ring width chronologies on global scale, which include 64 sampling sites mainly
distributed in Asia, Europe, and North America. The sensitivity analysis of MAIDEN to atmospheric CO,
concentration showed that the simulated growth is closer to the observed tree-ring width when including the
increase in CO, concentration, which is similar to the results of our study, and also indicate its potential advantage
over statistical and simple process-based models. In the three scenarios, we had compared the same parameters
except for different input data in each study region. This might cause some deviations in the trends caused by
carbon dioxide and climatic factors. However, similar results were found in a boreal coniferous forest in Southern
Finland based on 17 years' eddy-covariance measurements, which showed that only 30%—40% of the observed
increase in ecosystem GPP could be attributed to CO, (Launiainen et al., 2022). For now, although atmospheric
CO, had reached 390 ppm by the end of our analysis period, it still did not meet the demands of carbon
assimilation for most C; plants (Jiang et al., 2004). Previous studies found photosynthetic enhancement of trees by
elevated CO, (Long, 1991; Quentin et al., 2015). Therefore, the small increased net productivity in our study
regions (Residual 1 in Figure 3) was likely caused by an increase in carbon assimilation under increased CO,.

Climate can have an important impact on tree growth, either by changing growing season length, or by changing
the NPP on days during the growing season and its allocation to different tree compartments. The growing season
length modeled from MAIDENiso was significantly extended (Figure 4), namely an earlier start of the growing
season, which was triggered by rising temperature in both regions. A previous study (Yang et al., 2017)
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demonstrated that temperature had an important effect on the beginning of the growing season over the Tibetan
Plateau. Also, from the perspective of a micro-coring experiment, Ren et al. (2018) found that xylem phenology
on the northeastern Tibetan Plateau can start only when both critical temperature and precipitation thresholds are
reached during spring. Our results from the arid and semi-arid regions showed that the increased tree growth
caused by a lengthening of the growing season was quite small (Figure 4), suggesting that the increase in tree
growth was mainly due to the intra-annual variation of climate. We think that water stress was the most important
factor affecting tree productivity through regulation of leaf conductance (Figure S8 and S9 in Supporting In-
formation S1). When water stress becomes severe, trees prefer to close their stomata in order to reduce the water
loss through transpiration, thus reducing photosynthetic activity. A reduction in stomatal conductance was
modeled in the arid region for trees experiencing a more xeric condition (compared with RAW, METyg1rEND
represents a relative xeric condition). In contrast, higher productivity was modeled when water stress was alle-
viated in the semi-arid region (Figure S10 in Supporting Information S1). The significant downward trend of tree
growth in the semi-arid region was therefore to a large extent closely related to drought condition. The
MAIDENiso model has great advantages to explore the effects of climate factors and increasing atmospheric
carbon dioxide concentration on the radial growth of trees. However, other factors still neglected by the
model, such as nutrient supply and interspecific competition, could play a role in tree growth and should be
considered in successive studies.

Studies based on large data sets have found increases in iWUE across wide spatial scales (Adams et al., 2020;
Keenan et al., 2013; Panthi et al., 2019; Peiiuelas et al., 2011). The increase in iWUE at our sites is comparable
with the global average iWUE increase (20.5%) (Peiiuelas et al., 2011), with respective rates of 16.9% and 30.3%
in the arid and semi-arid regions from 1960 to 2000. As atmospheric CO, concentration has increased since 1850,
one could expect forests to benefit from a CO, fertilization effect (Wang et al., 2019). However, some studies
found nonsignificant increase in tree growth as atmospheric CO, concentration and iWUE rose (Giguere-Croteau
et al., 2019; Panthi et al., 2019; Sleen et al., 2015). The significant increase in iWUE is related to a proportional
adjustment between CO, assimilation rate and stomatal conductance. Based on MAIDENiso model outputs, we
conclude that the impact of reduced stomatal conductance on tree growth is much more important than the slightly
increased photosynthetic rate resulting from elevated CO,, which was confirmed by the close relationship be-
tween iWUE and a constant C;/C, scenario after 1950 (Figure S11 in Supporting Information S1), indicating that
the increased iWUE in our study regions may not stimulate growth in the tree stem. This is likely why tree growth
did not match increases in iWUE in the semi-arid region (Figure S12 in Supporting Information S1). Such
climate-modulated stomatal responses were also found in previous studies (Guerrieri et al., 2019; Panthi
et al., 2019; Wang et al., 2012).

5. Conclusion

The use of the process-based ecophysiological model MAIDENIiso was specifically appropriate for analyzing the
response of increment in radial growth to climate and CO, concentration from a mechanistic perspective.
Comparing the slopes and mean values of the residual series, we found that bole increment changes caused by
climatic trends were larger than expected if caused only by increased CO,. Results highlighted that climate acts as
the main driver controlling growth in the tree boles. That is, water stress rather than CO, increases or prolonged
growing seasons dominates tree stem growth and trends in our study regions. Moreover, based on tree-ring 8'*C
records, we found that the increased iWUE was caused by an enhanced carbon assimilation rate. Drought stress
could offset the beneficial effects provided by elevated CO,, namely living trees will not capture more carbon as
long as growth remains limited by dry climate conditions. However, our study did not consider other factors of the
model, such as competition and nutrient limitation, which may also influence tree growth (Gruber &
Galloway, 2008). The current model version does not account for the effects of snowmelt on tree growth, despite
the evidence provided in the literature (Danis et al., 2012; Hagedorn et al., 2014; Wu et al., 2019; Zhang
et al., 2016). This limitation may introduce potential biases into our findings. Improvement of the physiological
processes in MAIDENiso including additional biotic and abiotic factors would provide more flexibility for
investigating tree growth and future forest dynamics in response to global change on a large scale.
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