Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Spatiotemporal Variation in Forest Intrinsic Water-
Use Efficiency and Its Sensitivity to Rising
Atmospheric CO, in China During 1961-2012

Kangyuan Hong
Sugian University
Yuxin Xia
Sugian University
Muyi Li

limuyi@squ,edu,cn

Sugian University

Feng Yue
Guangdong University of Technology

Zhangli Sun
Guangdong University of Technology

Lidong Zou
Shenzhen Polytechnic University

Research Article

Keywords: China, tree-ring 6'3C records, intrinsic water-use efficiency, C, dW/dCH, carbon—water
relationships

Posted Date: November 6th, 2026
DOI: https://doi.org/10.21203/rs.3.rs-11307287/v1

License: € ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations: No competing interests reported.


https://doi.org/10.21203/rs.3.rs-11307287/v1
https://doi.org/10.21203/rs.3.rs-11307287/v1
https://doi.org/10.21203/rs.3.rs-11307287/v1
https://creativecommons.org/licenses/by/4.0/

10

11

12

13

14

15

16

17

18

19

20

21

22

Spatiotemporal Variation in Forest Intrinsic Water-Use Efficiency and Its
Sensitivity to Rising Atmospheric CO: in China During 19612012
Kangyuan Hong!, Yuxin Xia!, Muyi Li!*, Feng Yue?, Zhangli Sun?, Lidong Zou*
ISchool of Civil Engineering and Architecture, Suqian University, Sugian 223800, People's
Republic of China
2School of Architecture and Urban Planning, Guangdong University of Technology, Guangzhou
510006, People's Republic of China
3State Key Laboratory of Geohazard Prevention and Geo-environment Protection, College of Earth
and Planetary Sciences, Chengdu University of Technology, Chengdu 610059, People's Republic of
China
4School of Artificial Intelligence, Shenzhen Polytechnic University, Shenzhen 518055, China
Kangyuan Hong and Yuxin Xia contributed equally to this work.
*Corresponding author: Muyi Li
E-mail: limuyi@squ.edu.cn

Acknowledgments

We gratefully acknowledge the researchers and institutions that compiled and made publicly
available the tree-ring 6'*C, climate, elevation, and climate-classification datasets used in this study.
Key Message Forest iWUE increased across China during 1961-2012, whereas multiple temporal
analyses provided no evidence of a significant long-term decline in CO:-response sensitivity.
Abstract Rising atmospheric CO: concentration (C,) has altered terrestrial carbon—water exchange, yet
long-term changes in forest responses to increasing C, remain uncertain. Based on 34 tree-ring 6"*C

records from forests across China, we reconstructed forest intrinsic water-use efficiency (iWUE) from
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1961 to 2012 and assessed its sensitivity to changes in C, (dW/dC,). Forest iWUE increased significantly

during 1961-2012, with the regional mean rising from 64.36 pmol mol™ in 1961 to 84.03 pmol mol™ in

2012 at a rate of 0.4366 umol mol™" yr' (P <0.001). All records showed positive trends, and 33 exhibited

significant increases (P < 0.05). Despite increasing iWUE, dW/dC, showed no significant long-term

decline, with no significant temporal changes detected by moving-window analyses. Mean dW/dC., was

numerically lower during 2000 - 2012 (0.237 umol mol ' ppm™") than during 1961 - 1999 (0.305 pmol

mol ' ppm™), but the difference was not significant (P = 0.509). Spatial variation in dW/dC, was not

significantly associated with Koppen—Geiger climate regions. Environmental analyses identified MAP,

MAT, and VP as relatively important factors, but their explanatory power was limited. These findings

indicate that Chinese forests have increased iWUE under rising C, without a detectable long-term decline

in C, response sensitivity.

Keywords: China; tree-ring 6'3C records; intrinsic water-use efficiency; C,; dW/dC,; carbon—water

relationships

1 Introduction

Human activities have led to a rapid increase in atmospheric CO: concentration (C,), profoundly

altering terrestrial ecosystems and their interactions with global carbon and water cycles (Pan et al. 2011).

Forests play a critical role in carbon sequestration and water use under climate change. In response to

rising C, and changing environmental conditions, plants can adjust carbon assimilation and stomatal

regulation, thereby altering the balance between carbon gain and water loss (Zhang et al. 2023).

Intrinsic water-use efficiency (iWUE), defined as the ratio of photosynthetic carbon assimilation

rate to stomatal conductance, is an important indicator of the trade-off between carbon assimilation and

water use and of plant responses to environmental change (Medrano et al. 2009). The theoretical basis
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of iWUE is closely linked to carbon isotope fractionation in plant leaves, through which the relationships

among carbon assimilation, intercellular CO: concentration (Ci), and stomatal regulation can be

characterized (Farquhar et al. 1989). Stable carbon isotope composition is closely related to the Ci/C,

ratio and stomatal regulation, providing a physiological basis for estimating iWUE from tree-ring 3'*C

records (Pons and Helle 2011). Changes in iWUE integrate plant physiological responses to atmospheric

C. and hydroclimatic conditions, providing an indicator of long-term forest responses to environmental

change (Battipaglia et al. 2013).

Tree-ring carbon isotope (6'*C) composition provides an effective means of reconstructing long-

term variations in plant iWUE (Brienen et al. 2011; McCarroll and Loader 2004). Carbon isotope

fractionation during photosynthesis is associated with stomatal conductance and carbon assimilation,

allowing tree-ring 6'3C to record interannual physiological variations and long-term changes in iWUE

(Rozendaal and Zuidema 2011). Studies in temperate forests of Europe and North America found that

forest iWUE generally increased over the past century, commonly attributed to rising atmospheric C, and

associated changes in stomatal regulation (Saurer et al. 2004). Subsequent studies in Asia and other forest

regions have shown that increasing iWUE is widespread under rising atmospheric C, (Keenan et al. 2013).

However, increasing iWUE does not necessarily indicate unchanged forest responses to atmospheric

C.. A global synthesis showed that although forest iWUE has generally increased, its sensitivity to rising

C. (dW/dC,) varies substantially among regions and has declined in some ecosystems (Adams et al.

2020). Thus, long-term iWUE trends alone may not fully capture forest responses to increasing C,,

highlighting the need to examine spatiotemporal variation in C,-response sensitivity under different

environmental conditions.

Whether these global patterns apply to regional forest ecosystems remains unclear. China provides
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an appropriate setting because its forests span a broad climatic gradient, from humid subtropical forests

in the southeast to water-limited ecosystems in the northwest, encompassing diverse forest types and

physiological adaptation strategies (Han et al. 2023). Chinese forests have also experienced substantial

environmental changes in recent decades, including increasing atmospheric C, and pronounced climatic

variability.

Previous tree-ring &'*C studies have documented long-term variations in forest iWUE in humid

subtropical China (Li et al. 2017), arid and semi-arid northwestern China (Wang et al. 2012), and

temperate regions (Fu et al. 2020). However, these studies have largely focused on individual species or

local scales, limiting broader assessments across China. In particular, temporal variation in dW/dC,, its

consistency across climatic regions, and its relationships with environmental factors remain insufficiently

characterized. Integrating tree-ring carbon isotope records across regions and multiple sequences can

therefore provide a regional-scale assessment of forest iWUE and its sensitivity to rising Ca.

In this study, we integrated 34 tree-ring carbon isotope records from different regions of China to

assess long-term variations in forest iWUE and its response to rising C.. Specifically, the objectives were

to: (1) evaluate the long-term trend and spatial variation in forest iWUE in China during 1961-2012; (2)

determine whether dW/dC, has changed over recent decades; and (3) investigate the associations of

climatic, topographic, and C, background factors with spatial variation in dW/dC, and assess their

relative contributions. We hypothesized that forest iWUE in China has generally increased over recent

decades, whereas its sensitivity to rising C, may have changed over time in response to environmental

changes, plant physiological regulation, and climatic variability.
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2 Research Data and Methods

2.1 Study Area and Isotope Dataset

The data used in this study were obtained from the global tree-ring stable carbon isotope (5'*C)
dataset compiled by Adams et al. (2020) in their study, Diminishing CO.-driven gains in water-use
efficiency of global forests. This dataset integrates published tree-ring 6'*C records from sites worldwide
and includes basic information such as site geographic coordinates, tree species, sampling periods, and
annual tree-ring 6'3C series. It provides a fundamental dataset for investigating forest intrinsic water-use
efficiency (iWUE) and its environmental responses under global change.

Based on this global tree-ring 6'3C dataset, we selected forest sampling sites located within mainland
China according to their geographic coordinates and defined 1961-2012 as the study period. After
screening, 34 valid tree-ring 6"*C records from Chinese forests were obtained, representing 32 sampling
sites. Because some sampling sites contained multiple tree-ring sequences, individual tree-ring sequences
were used as the basic units of analysis, while sampling-site effects were considered in analyses involving
spatially replicated observations. The selected tree-ring sequences were distributed across forest regions
with different geographical and environmental settings in China, forming a tree-ring network covering
parts of the country's forested areas. This dataset provides a basis for examining spatial differences in
forest iWUE and its sensitivity to changes in atmospheric CO: concentration (C,) under different
environmental conditions.

2.2 Reconstruction of iWUE and Calculation of Its Sensitivity to
Changes in C,
Based on the carbon isotope fractionation theory proposed by Farquhar et al., we reconstructed the

annual iWUE of each tree-ring 6'*C sequence for 1961-2012 using the corresponding tree-ring 6"3C
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records. The atmospheric CO: concentration (C,) data used in this study were consistent with those in
the global tree-ring 6'*C database of Adams et al. (2020), ensuring consistent atmospheric CO: conditions
for iWUE estimation across different tree-ring 8'*C records.

First, we calculated carbon isotope discrimination (A) from atmospheric CO: and tree-ring 6"*C

values as follows:

613C _613C
A=— & ~— P
1+ 613C,/1000

where 8C, represents the stable carbon isotope composition of atmospheric CO2, and §'C,
represents the tree-ring 8'*C value.

We then calculated the ratio of intercellular to atmospheric CO: concentration (Ci/C,) from the
relationship between carbon isotope discrimination and intercellular CO- concentration:

A—a

Ci
C, b—a

where a is the isotopic fractionation coefficient associated with the diffusion of CO: through stomata

(4.4%0), and b is the isotopic fractionation coefficient associated with CO: fixation by Rubisco (27%o).

We calculated intrinsic water-use efficiency (iWUE, hereafter denoted as W) using the following

equation:

that is,

_ Ca(l - Ci/Ca)
B 1.6

where C, is the atmospheric CO: concentration, C; is the intercellular CO:2 concentration, and 1.6
represents the ratio of the diffusivities of CO2 and water vapor during stomatal diffusion. This isotope-
based approach has also been applied to tree-ring §"3C records to estimate long-term variation in intrinsic

water-use efficiency (Gentilesca et al. 2021).
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To quantify the sensitivity of different forest ecosystems to changes in atmospheric CO:

concentration, we further calculated the response slope of iWUE to changes in C, (dW/dC,). For each

tree-ring 6'3C sequence, we estimated the response slope using ordinary least-squares (OLS) linear

regression between annual iWUE and corresponding C, values for 1961-2012:

W =a+b(C,

where b denotes dW/dC, and represents the increase in iWUE per unit increase in C.. A higher

dW/dC, indicates greater sensitivity of the forest ecosystem's iWUE to changes in C.. We estimated

dW/dC, for each tree-ring 6'*C sequence using all available valid-year observations and recorded the

coefficient of determination (R?) and P value for each regression to evaluate the fit of the response

relationship.

2.3 Environmental Data

2.3.1 Climate Variables

Annual mean temperature (MAT), annual mean precipitation (MAP), vapor pressure (VP), and

potential evapotranspiration (PET) were selected as the primary climate variables in this study.

The climate data were obtained from the Climatic Research Unit (CRU) TS v4.09 global climate

dataset released by the Climatic Research Unit at the University of East Anglia, UK (Harris et al. 2020).

The data can be downloaded from the CRU TS v4.09 website. The dataset provides monthly climate data

for global terrestrial areas at a spatial resolution of 0.5° x 0.5°. We extracted annual climate data for

1961-2012 and, based on the geographic coordinates of the tree-ring 8"C records, extracted the

corresponding MAT, MAP, VP, and PET values at each location using spatial matching.

For each tree-ring 6*C sequence, the annual climate data for 19612012 were averaged over the

study period to obtain the long-term mean climatic conditions associated with each sequence. These long-
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term mean climate variables were used as environmental explanatory variables and matched with the
corresponding dW/dC, values calculated for each tree-ring 8'*C sequence to examine spatial differences
in forest sensitivity to changes in C, under different environmental conditions and its associations with
environmental factors. In addition, PET and MAP were used to calculate the Aridity Index (Al) to
characterize the long-term water availability relative to atmospheric water demand experienced by each
tree-ring 6'*C sequence.
2.3.2 Aridity Index

To further characterize the degree of water limitation experienced by the tree-ring 8'*C records, the

Aridity Index (Al) was calculated as follows (Zomer et al. 2022):

MAP

Al = ——
PET

where MAP represents mean annual precipitation and PET represents potential evapotranspiration.
The Al integrates the long-term balance between regional water input and potential atmospheric water
demand. Lower Al values indicate that precipitation supply is relatively insufficient compared with
evaporative demand, corresponding to greater regional water deficits and more arid climatic conditions.

It should be noted that Al and VP characterize different aspects and dimensions of the moisture
environment. Al is primarily used to characterize the long-term regional balance between water supply
and atmospheric water demand, thereby reflecting the overall moisture regime of the ecosystem. In
contrast, VP represents atmospheric moisture conditions. Thus, Al and VP characterize regional water
availability and atmospheric moisture status, respectively.

Long-term water limitation may alter stomatal regulation and CO: diffusion into leaves, thereby
affecting iWUE and its sensitivity to changes in C, (dW/dC,). Therefore, Al was used to characterize

different moisture conditions and to further examine differences in the responses of forest vegetation in
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China to increasing C, under different moisture regimes.
2.3.3 Digital Elevation Model (DEM)

We used the Shuttle Radar Topography Mission (SRTM) V3.0 global digital elevation model (DEM)
dataset (Farr et al. 2007) (USGS/SRTMGL1_003) to represent topographic variation across the study
region at a spatial resolution of approximately 30 m. The DEM data were obtained through the Google
Earth Engine (GEE) platform and clipped to the extent of China before download. Because of the large
spatial extent of the study area, the downloaded data consisted of 20 GeoTIFF raster tiles. We mosaicked
these DEM tiles in QGIS and standardized the coordinate reference system to WGS 84. We extracted
elevation values (m) at the geographic coordinates of the tree-ring 6'*C records and used elevation as a
predictor of spatial variation in dW/dC.,.

2.3.4 Koppen—Geiger Climate Classification

We used the Koppen—Geiger climate classification system to examine variations in forest iWUE
and C,-response sensitivity across different climatic settings in China.

We obtained the Koppen—Geiger climate classification dataset developed from the Figshare
platform (https://doi.org/10.6084/m9.figshare.6396959) (Beck et al. 2018). We used the current climate
version (V1) at a spatial resolution of 0.5°. We assigned each tree-ring 3'*C sequence to the corresponding
Koppen—Geiger climate type based on its geographic coordinates.

Based on the Koppen—Geiger climate types assigned to the tree-ring 6'*C records, the 34 forest tree-
ring 8"*C records were classified into different climate groups. The sequences were mainly distributed
across arid (B), temperate (C), and continental (D) climate regions in China, with no sequences located
in tropical (A) or polar (E) climate regions. Therefore, the 34 forest tree-ring '*C records were ultimately

classified into three major climate groups: B, C, and D. The trends and magnitudes of changes in forest
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iWUE, as well as differences in sensitivity to increasing C, (dW/dC,), were then compared among these
climatic settings.
2.4 Statistical Analysis

2.4.1 Analysis of Long-Term Trends in iWUE

To assess the long-term trend in forest iWUE in China during 1961-2012, we calculated the annual
mean iWUE across all available tree-ring sequences and used the standard error (SE) to quantify its
uncertainty. We fitted an ordinary least-squares (OLS) linear regression to the annual mean iWUE and
used the regression slope to quantify its rate of change over the study period. We assessed the statistical
significance of the trend using the non-parametric Mann—Kendall (MK) test (Mann 1945) at o = 0.05.
Because the MK test does not require normally distributed data and is relatively robust to outliers, we
used it to test whether the iWUE time series showed a significant monotonic trend. We also calculated
the coefficient of determination (R?) from the OLS regression to quantify the goodness of fit of the linear
trend. We used the OLS regression slope to quantify the long-term rate of change, the MK P value to
assess trend significance, and R? as an auxiliary measure of the linear fit.

2.4.2 Temporal Evolution of C;-Response Sensitivity

We used Ca-response sensitivity (dW/dC,) to quantify the change in forest iWUE per unit change in
C.. We used this metric to compare C,-response sensitivity across different periods and environmental
conditions. We estimated dW/dC, at both the tree-ring 5'*C sequence level and the regional level.

At the sequence level, each tree-ring 3'*C sequence was treated as an independent analytical unit.
For each tree-ring 8*C sequence, we fitted a simple linear regression between annual iWUE and
corresponding C, values for 1961-2012 and used the regression slope as the dW/dC, estimate. We used
sequence-level dW/dC, estimates to examine their spatial variation and relationships with climatic

10
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variables, including MAT, MAP, VP, PET, and Al

At the regional level, we calculated the annual mean iWUE across the 34 tree-ring 6'*C records to
obtain a regional iWUE time series for China. We then fitted a linear regression between regional mean
iWUE and C, and used the regression slope to estimate regional-scale dW/dC.. We used regional-scale
dW/dC, to examine the long-term temporal variation in forest C,-response sensitivity during 1961-2012.

To further examine temporal variation in dW/dC,, we applied a moving-window analysis. We used
5-, 10-, and 20-year moving windows. Within each window, we fitted a simple linear regression between
annual iWUE and C, and used the regression slope as the dW/dC, estimate for that period. We shifted
the window forward by one year at a time to generate a continuous dW/dC, time series.

We selected the 5-, 10-, and 20-year windows to assess the consistency of dW/dC, variation across
temporal scales. The 5-year window captured short-term fluctuations in iWUE responses to changes in
C.; the 10-year window was used as the primary analysis window because it reduces interannual
variability while retaining decadal-scale information; and the 20-year window captured smoother
changes in dW/dC, over longer timescales. We compared the direction of dW/dC, changes across window
lengths to assess the sensitivity of the results to temporal scale.

Considering that short time windows may reduce the degrees of freedom for regression and increase
uncertainty in dW/dC, estimates, we required each 5-, 10-, and 20-year window to contain complete
consecutive annual observations. We retained only windows without missing years for regression
analysis.

2.4.3 Climate Comparison Analysis

We assigned the sampling locations of the tree-ring sequences to Koppen—Geiger climate zones and

compared dW/dC, among climate regions. Based on the climate types at the sampling locations, we

11
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classified the sequences into arid (B), temperate (C), and continental (D) climate regions. We calculated
the mean dW/dC, and its 95% confidence interval for each climate region. Combined with the
distribution of response sensitivity across individual tree-ring sequences, the spatial differences in forest
sensitivity to changes in C, under different climatic settings were further examined.

Considering that the 34 tree-ring 8'*C records in this study were obtained from 32 sampling sites,
with some sites containing multiple tree-ring sequences, sequences from the same site may share similar
climatic, ecological, and geographic conditions. We therefore fitted a linear mixed-effects model (LMM)
to assess differences in dW/dC, among Koppen—Geiger climate types. We treated Koppen—Geiger
climate type as a fixed effect and sampling site as a random effect (Bates et al. 2015) to account for
potential non-independence among observations when multiple tree-ring sequences originated from the
same sampling site. We assessed the significance of climate-type differences using the P value for the
fixed effect.

2.4.4 Random Forest and SHAP Interpretability Analysis

To explore the relative contributions of environmental factors to spatial variation in dW/dC, and
their potential nonlinear associations, we combined a Random Forest (RF) model with SHAP (SHapley
Additive exPlanations) analysis (Breiman 2001). Given the limited sample size, we did not use the RF
model as a predictive model. Instead, we used it as an exploratory tool to assess the relative importance
of environmental factors and their potential nonlinear associations with dW/dC,.

We used dW/dC, estimates from the 34 tree-ring 3'*C records as the response variable and included
MAT, MAP, VP, Al, elevation (DEM)), latitude (Lat), longitude (Lon), and C, as candidate predictors. We
checked all variables for missing values before analysis and used the resulting complete dataset for model
fitting. We configured the Random Forest model with 200 decision trees, a minimum leaf size of 3

12
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samples, and all predictor variables considered at each node split. We set the random seed to 42 to ensure

reproducibility.

Given the small sample size (n = 34), we used leave-one-out cross-validation (LOOCV) to evaluate

out-of-sample model performance (Stone 1974), using the coefficient of determination (R?) and root

mean square error (RMSE) as performance metrics. We also compared the relative importance of

environmental factors using out-of-bag (OOB) permutation importance from the RF model fitted to the

full dataset.

Furthermore, SHAP was used to interpret the Random Forest results. SHAP values were calculated

for each environmental factor to quantify the marginal contribution and direction of different variable

values to the model predictions of dW/dC,. A SHAP summary plot was used to compare the relative

importance of environmental factors, while SHAP dependence plots were used to examine the response

direction and potential nonlinear relationships between key environmental factors and the model-

predicted dW/dC..

3 Results

3.1 Dataset Overview

We compiled 34 tree-ring 6"°C records from China covering 1961-2012 to examine long-term

variation in forest iWUE and C,-response sensitivity (dW/dC,). The 34 tree-ring 6*C records were

obtained from 32 sampling sites and were distributed approximately between 73° E - 135° E and 5°

N -53° N, covering parts of the forested regions of China. According to the Képpen—Geiger climate

classification system, the sequences were mainly distributed across arid (B), temperate (C), and

continental (D) climate regions, with relatively more tree-ring sequences located in the C and D climate

regions (Fig. 1a).

13
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The 34 sequences all contained valid observations within the 1961-2012 study period, but their

temporal coverage and record lengths varied substantially (Fig. 1b). The valid record length of individual

sequences ranged from 7 to 52 years. Some sequences covered the entire study period, whereas others

contained observations for only part of the study period. The number of valid tree-ring 3'*C records

remained within a relatively narrow range during 1961-2012, although some interannual variation

occurred (Fig. 1c). Overall, the dataset covered diverse climatic settings in China and included tree-ring

813C records of varying lengths, allowing us to assess long-term changes in iWUE and its response to C,.
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Fig. 1 Spatial distribution and temporal coverage of the 34 tree-ring 6"*C records in China

(a) Spatial distribution of sampling locations and climate types. The background represents global vegetation types
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based on the IGBP classification. Colors indicate Koppen—Geiger climate types: orange, green, and purple represent
B (arid), C (temperate), and D (continental) climate types, respectively. Different symbols indicate plant functional
groups, with triangles representing gymnosperms and circles representing angiosperms. The enlarged panels show
sampling locations in northwestern, northern, and southern China.
(b) Temporal coverage of the 34 tree-ring 6'*C records during 1961-2012. Dark green indicates years with valid
observations, blank areas indicate missing data, and bars represent the number of valid years for each record.
(c) Annual variation in the number of tree-ring 6'*C records with valid observations during 1961-2012.
3.2 Long-Term Temporal Trend in iWUE

From 1961 to 2012, forest iWUE in China exhibited a significant long-term increasing trend (Fig.
2a). The regional mean iWUE reconstructed from the 34 tree-ring 8'*C records increased from 64.36
pmol mol™ in 1961 to 84.03 umol mol™ in 2012, representing a cumulative increase of approximately
31%. Forest iWUE increased significantly at a rate of 0.4366 pmol mol™' yr™! during the study period (R?
= 0.89), and the Mann - Kendall (MK) test also indicated a significant increasing trend (P < 0.001),
indicating a sustained increase in forest ecosystem iWUE in China over the past half-century (Fig. 2a).
Sequence-level trend analysis further showed that all 34 tree-ring isotope sequences exhibited positive
trends, with 33 sequences showing statistically significant increases (P < 0.05). The spatial distribution
of these interannual iWUE trends is shown in Online Resource 1 (Fig. S3). Because record lengths varied
substantially among sequences, sequence-level trends should be interpreted with caution. Overall, the
consistency in the direction of change across sequences supports the long-term increasing trend in forest
iWUE across the study region (Online Resource 1, Fig. S1).

The multi-year mean iWUE showed pronounced spatial heterogeneity across the 34 tree-ring 6"*C
records (Fig. 2b). The distribution of iWUE across the Képpen - Geiger climate types is further shown
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317 in Online Resource 1 (Fig. S2). The mean iWUE of individual tree-ring 6C records ranged

318 approximately from 50 to 100 pmol mol™. Relatively high mean iWUE values occurred mainly in

319 sequences from inland northwestern and northeastern China, whereas some sequences in the humid

320 eastern regions exhibited relatively lower iWUE levels. These differences indicate substantial spatial

321 variation in forest iWUE across China. Overall, forest iWUE in China exhibited a significant increasing

322  trend from 1961 to 2012, together with pronounced spatial heterogeneity. Additional Pearson and partial

323  correlation analyses between iWUE and major climatic factors across the different Koppen - Geiger

324  climate regions are provided in Online Resource 1 (Figs. S4 and S5).
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326  Fig. 2 Long-term temporal trend and spatial pattern of forest iWUE in China during 1961 - 2012
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(a) Annual variation in regional mean iWUE. Gray thin lines represent individual tree-ring 8"*C records, blue circles
and error bars indicate annual mean iWUE and standard error (SE), respectively, and the red line shows the linear
trend.

(b) Spatial distribution of multi-year mean iWUE. Circle color indicates mean iWUE, and circle size represents the
valid record length of each tree-ring 6"*C record.

3.3 Long-Term Variation in C,-Response Sensitivity (dW/dC,)

Forest iWUE generally increased with C, during 1961-2012, but the magnitude of the increase per
unit change in C, varied over time (Fig. 3). Across the entire study period, iWUE showed a strong
quadratic relationship with C, (R? = 0.89, P < 0.001). The fitted curve indicated an overall increase in
forest iIWUE with increasing C,, while the iWUE gain per unit increase in C, gradually decreased (Fig.
3a). Separate linear regressions were fitted for the two predefined periods (1961-1999 and 2000-2012)
to compare the magnitude of iWUE change per unit increase in C, between periods.

Further analysis divided the study period into two stages, 1961-1999 and 2000-2012, to compare
changes in the sensitivity of forests to increasing C, between the two periods (Fig. 3b). Because some
tree-ring sequences did not extend to 2012, 17 sequences that covered both 1961-1999 and 2000-2012
were selected for paired analysis to ensure that the comparison between the two periods was based on
the same tree-ring sequences. The dW/dC, value for each sequence was calculated separately for the two
periods, and changes in sequence-level response sensitivity were compared. The results showed that the
mean dW/dC, was 0.305 and 0.237 umol mol™ ppm™ during 1961-1999 and 2000-2012, respectively.
Although the mean response sensitivity was lower during the later period than during the earlier period,
the paired t-test indicated that the difference between the two periods was not statistically significant (P
=0.509).
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To further evaluate the timescale dependence of changes in dW/dC,, sensitivity analyses were

conducted using 5-, 10-, and 20-year moving windows (Fig. 3c—e). The slopes of dW/dC, changes were

close to zero across all window lengths, and no clear long-term decreasing trend was observed. The linear

slopes for the 5-, 10-, and 20-year windows were —0.005 (R =0.015, P=0.401), —0.002 (R? = 0.025, P

=0.309), and 0.001 (R?>=0.098, P =0.076), respectively.

At the decadal scale, the study period was divided into five stages: 1961-1970, 1971-1980, 1981—

1990, 1991-2000, and 2001-2010, to examine the variation in dW/dC. (Fig. 3f). No significant

differences in response sensitivity were detected among the five periods (P = 0.610).

Overall, forest iWUE in China continued to increase with increasing C, during 1961-2012, and the

fitted relationship indicated a decreasing iWUE gain per unit increase in C,. However, neither the

comparison between periods based on the 17 common sequences, nor the sensitivity analyses across

different temporal scales or the decadal comparison detected a statistically significant long-term decline

in dW/dC..
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Fig. 3 Temporal variation in the sensitivity of forest iWUE to increasing C. (dW/dC,) in China

(a) Fitted relationships between iWUE and C, for the full period (1961-2012) and two subperiods (1961-1999 and
2000-2012). Points represent annual regional mean iWUE, and vertical error bars represent the standard deviation
(SD) of iWUE. The black solid line represents the quadratic fit for the full period (1961-2012), the purple dashed
line represents the linear fit for 1961-1999, and the orange dashed line represents the linear fit for 2000-2012. The
fitted equations, coefficients of determination (R?), and significance P values for each period are shown in the upper-
left corner

(b) Comparison of dW/dC, between different periods. Mean dW/dC, values for the two periods were calculated from
the 17 tree-ring sequences that simultaneously covered 1961-1999 and 2000-2012. Error bars represent the standard
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error (SE), and the P value indicates the result of the paired t-test
(c—e) Annual variation in dW/dC, estimated using 5-, 10-, and 20-year moving windows, respectively, to test the
robustness of the dW/dC, trend to the choice of window length. Light gray points represent dW/dC, values estimated
for each moving window, and gray error bars represent the 95% confidence intervals of the corresponding slopes.
Solid lines represent the linear trends in dW/dC, for each window length. The trend slope, R? and P value are
indicated in each panel
(f) Mean dW/dC, and its variation across successive 10-year periods from 1961 to 2010. Black bars represent the
mean values for each period, and error bars represent the 95% confidence intervals of the regression slopes. Numbers
in parentheses indicate the effective sample size for each period, and the P value in the upper-right corner indicates
the result of the overall test for differences among the decadal periods
3.4 Spatial Differentiation in C,-Response Sensitivity (dW/dC,)

We compared dW/dC, among the 34 tree-ring 6'3C records across Képpen—Geiger climate regions.
The results showed that all 34 tree-ring isotope sequences had positive dW/dC, values, with an overall
mean dW/dC, of approximately 0.34 pmol mol™! ppm. The 95% confidence interval is shown in Fig.
4a.

Mean dW/dC, varied among the Képpen—Geiger climate zones. The arid climate region (B, n = 8)

-1

had a mean dW/dC, of approximately 0.30 pmol mol ppm™', with relatively large variation among

sequences; the temperate climate region (C, n = 10) had a mean value of approximately 0.36 pmol mol~
' ppm™'; and the continental climate region (D, n = 16) had a mean value of approximately 0.34 umol
mol™' ppm™', with a relatively concentrated distribution. The dW/dC, distributions overlapped among
climate regions. The linear mixed-effects model detected no significant differences in dW/dC, among

climate regions (P = 0.489). Sensitivity analyses using one-way ANOVA and the Kruskal-Wallis test
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yielded the same inference (Online Resource 1, Table S1).
Overall, all 34 tree-ring isotope sequences exhibited positive dW/dC, values. Although the mean
dW/dC, differed to some extent among the different Koppen—Geiger climate regions, these differences

did not reach statistical significance.
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Fig. 4 Spatial differences in the sensitivity of forest iWUE to increasing C. (dW/dC,) across different

Koppen—Geiger climate regions in China

(a) Overall mean dW/dC, and its 95% confidence interval based on the dW/dC, values of the 34 tree-ring 8"*C

records. The black filled circle represents the overall mean dW/dC, across the 34 tree-ring sequences, and the vertical

black line represents its 95% confidence interval. The sample size is indicated as n = 34

(b) Distribution of dW/dC, across Kdppen—Geiger climate types. Arid (B, n = 8), temperate (C, n = 10), and

continental (D, n = 16) climate regions indicate the numbers of tree-ring 6"3C records in each group. Colored points

represent individual dW/dC, values. Boxes show the interquartile range (IQR; 25th—75th percentiles), with the

horizontal line indicating the median. Whiskers represent the minimum and maximum values excluding outliers.

Large circles indicate mean dW/dC, values, and error bars show 95% confidence intervals. Differences among

climate types were evaluated using a linear mixed-effects model (LMM), with climate type as a fixed effect and

sampling site as a random effect.
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3.5 Associations Between Environmental Factors and Spatial

Variation in dW/dC,

We combined partial correlation, Random Forest, and SHAP analyses to examine associations
between environmental factors and spatial variation in dW/dC, (Fig. 5). Additional scatterplots and linear
fits between dW/dC, and the major environmental factors across the different Képpen—Geiger climate
regions are provided in Online Resource 1 (Fig. S6).

Partial correlations between environmental factors and dW/dC, varied in magnitude (Fig. 5a). Al
was positively correlated with dW/dC, (r = 0.33), whereas VP showed a negative correlation (r= —0.34);
however, neither correlation reached statistical significance (P > 0.05). MAT and C, showed weak
positive correlations with dW/dC, (r = 0.22), whereas MAP showed a weak negative correlation (r= -
0.21). Overall, no individual environmental factor showed a significant linear relationship with dW/dC,,
indicating that simple correlation analysis alone may not fully capture the combined effects of
environmental factors on C,-response sensitivity.

We further used the Random Forest model to assess the relative importance of environmental factors
for spatial variation in dW/dC, (Fig. 5b). The LOOCYV results showed that the model had an R? of —0.17,
indicating limited predictive performance for the spatial variation in dW/dC, under the current sample
size and combination of environmental variables. In the variable-importance analysis, MAP, MAT, and
VP ranked relatively high in variable importance, with increases in mean squared error based on out-of-
bag (OOB) permutation (%IncMSE) of 38.6%, 25.6%, and 16.4%, respectively, followed by Al (15.9%)
and DEM (15.1%). Latitude and longitude showed relatively lower importance (13.2% and 7.1%,
respectively), whereas C, did not show high importance.

SHAP analysis further indicated that some environmental variables may exhibit nonlinear
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associations with model-predicted dW/dC, (Fig. 5¢). The SHAP responses of MAP, MAT, and VP showed

nonlinear patterns to some extent, suggesting potentially complex statistical associations between these

variables and model-predicted dW/dC.. Specifically, the SHAP responses of MAP, MAT, and VP all

exhibited varying degrees of nonlinear variation, indicating that their associations with dW/dC, differed

across environmental gradients. In contrast, C,, latitude, longitude, and DEM had relatively low mean

absolute SHAP values, suggesting relatively limited contributions to the spatial variation in dW/dC..

Taken together, the results of the partial correlation, Random Forest, and SHAP analyses showed

that MAP, MAT, and VP consistently ranked relatively high in importance across the different statistical

analyses. Given the relatively low overall predictive performance of the Random Forest model (LOOCV

R?=-0.17), the variable-importance results were primarily used to characterize the relative contributions

of different environmental factors to the spatial variation in dW/dC.. In contrast, C,, latitude, longitude,

and DEM showed relatively low contributions across multiple analyses.
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Fig. 5 Associations between environmental factors and spatial variation in dW/dC, of forests in

China

(a) Partial correlation analysis between environmental factors and dW/dC,. Partial correlation coefficients (r) were

calculated after controlling for other environmental variables. Blue and orange indicate positive and negative

correlations, respectively. Values in parentheses represent correlation coefficients, and significance levels are

indicated at the ends of the bars (P < 0.05, P < 0.01, and P < 0.001). The analyzed variables included Al, Lat, Lon,

C., MAT, DEM, MAP, and VP (n = 34).

(b) Relative importance of environmental variables based on the Random Forest model. Variable importance was

quantified using out-of-bag permutation importance and expressed as the percentage increase in mean squared error
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(%IncMSE). Larger values indicate greater contributions to model performance. Model performance based on leave-
one-out cross-validation (LOOCYV) is shown in the lower-right corner (n = 34, R?=—0.17).

(c) SHAP analysis of the associations between environmental factors and model-predicted dW/dC,. Mean|SHAP|
values indicate the relative importance of variables. Each point represents the SHAP contribution of an individual
sample; positive and negative values indicate higher and lower predicted dW/dC, values, respectively. Colors
indicate the magnitude of each variable. SHAP dependence curves show nonlinear relationships between individual

environmental variables and model predictions.

4 Discussion
4.1 Long-Term Increase in Forest iWUE in China and Its Global
Consistency

Using 34 tree-ring 6*C records, we reconstructed forest iWUE in China for 1961 - 2012 and
assessed its long-term variation. The results showed a significant increasing trend in forest iWUE over
the past half-century, with all 34 tree-ring sequences exhibiting positive trends and 33 reaching statistical
significance. This finding is consistent with long-term studies based on tree-ring 5'C at the global scale,
indicating that forest ecosystems have generally undergone adjustments in the balance between carbon
gain and water loss under continuously rising C, (Ding et al. 2026). Chinese forests span a broad climatic
gradient, from arid and semi-arid regions to humid forest regions. Despite substantial differences in
environmental conditions among regions, the overall consistency in the direction of change suggests that
continuously rising C, may have been an important background factor contributing to adjustments in
forest water-use strategies over recent decades.

According to the Farquhar theory of carbon isotope fractionation, changes in plant iWUE are
primarily determined by the relative changes in intercellular CO: concentration (C;) and C.. As C, has
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continuously increased since industrialization, plants can maintain a certain level of carbon assimilation

under lower stomatal opening, thereby increasing carbon gain per unit of water loss and increasing iWUE.

The increase in forest iWUE may result from enhanced photosynthetic carbon assimilation, reduced

stomatal conductance, or a combination of both, with their relative contributions varying with

environmental conditions (Antonucci et al. 2023; Guerrieri et al. 2019). Previous global-scale tree-ring

studies have shown that most forest ecosystems exhibited pronounced increases in iWUE during the

latter half of the twentieth century, and the present study further indicates that this global response pattern

also applies to forest ecosystems in China (Mathias and Thomas 2021).

However, the long-term increase in iWUE does not necessarily imply that all ecosystems respond

to rising C, in the same way (Pefiuelas et al. 2011). Plant responses to changes in atmospheric CO: are

jointly influenced by plant functional types, environmental conditions, and long-term physiological

acclimation (Franks et al. 2013). In addition to changes in C,, regional climatic conditions and plant

physiological regulation may also affect the magnitude of changes in iWUE. Previous tree-ring studies

have shown that variation in water availability can influence 6'C and water-use efficiency, indicating

that hydroclimatic conditions may contribute to differences in physiological responses among forest sites

(Gebrekirstos et al. 2011). Persistent warming, changes in water availability, and variations in

atmospheric dryness may alter stomatal regulation and carbon - water exchange processes, thereby

contributing to differences in the magnitude of iWUE increases across forest regions. It should be noted,

however, that this study primarily focused on iWUE and its responses to changes in C, during 1961—

2012 and did not directly disentangle the relative contributions of different environmental factors to long-

term changes in iWUE. Therefore, the environmental effects discussed above should be regarded as

potential mechanisms rather than direct causal attributions.
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Although forest iWUE in China exhibited a sustained increasing trend, iWUE itself reflects the
efficiency of carbon uptake per unit of stomatal water loss and therefore cannot directly represent total
ecosystem-scale transpiration, changes in water consumption, or carbon sink capacity (Andreu-Hayles
et al. 2011). Thus, an increase in iWUE alone is insufficient to fully characterize the response of forest
ecosystems to continuously rising C,. Further analysis of C,-response sensitivity (dW/dC,), defined as
the magnitude of change in iWUE per unit increase in C,, can provide additional insight into the marginal
response of forests to continuously rising C,.

4.2 Long-Term Changes and Regional Differences in C,-Response
Sensitivity

In contrast to the sustained increase in iIWUE, forest C,-response sensitivity (dW/dC,) in China did
not show a significant long-term decline, differing from the decline reported for some forest ecosystems
at the global scale (Adams et al. 2020). Among the 17 tree-ring sequences that covered both 1961-1999
and 2000-2012, mean dW/dC, was numerically lower in 2000—2012 (0.237 pumol mol™! ppm™) than in
1961-1999 (0.305 pmol mol™* ppm™), but the difference was not statistically significant based on the
paired t-test (P = 0.509). Sensitivity analyses using 5-, 10-, and 20-year moving windows likewise
showed no consistent declining pattern in dW/dC, across window lengths. Therefore, within the temporal
and sampling ranges examined here, we found no statistically significant evidence of a long-term decline
in forest C,-response sensitivity in China.

This distinction suggests that iWUE and dW/dC, capture different aspects of forest responses to
rising C,. iWUE describes the level of carbon gain per unit of water loss by plants over a given period,
whereas dW/dC, reflects changes in the magnitude of iWUE gains as atmospheric C, continues to
increase. Thus, continued increases in iWUE do not necessarily imply a corresponding increase in the
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marginal response to additional C,. Incorporating dW/dC, alongside long-term iWUE trends provides
additional insight into the magnitude and temporal variation of forest responses to rising C..

Recent global-scale studies have suggested that dW/dC, may decline over time in some forest
ecosystems, potentially due to diminishing marginal effects of CO: fertilization, photosynthetic
acclimation, increasing nutrient limitation, and changes in hydroclimatic conditions (Ainsworth and
Long 2005; Knauer et al. 2017). However, this study did not detect a significant declining trend in
dW/dC, across Chinese forests, which may be related to differences in the geographic extent, sample
composition, and temporal scales of the studies. The tree-ring sequences analyzed here mainly represent
temperate, cold, and arid climate regions, whereas global syntheses encompass a broader range of forest
types and environmental conditions. Differences in study periods, sample sizes, and tree-ring record
lengths may also influence estimates of dW/dC., trends. Thus, our results do not show a significant decline
in dW/dC, comparable to that reported for some global forest ecosystems.

Although this study did not detect a significant decline in dW/dC,, the lower response slope during
the later period suggests that the marginal response of Chinese forests to continuously rising C, may
differ between periods (Norby and Zak 2011). However, the difference in mean dW/dC, between 2000—
2012 and 1961-1999 was not statistically significant (P = 0.509); therefore, this between-period
difference cannot yet be considered evidence of a long-term decline in dW/dC,. Long-term C, enrichment
experiments have shown that tree iWUE may vary across periods of progressively increasing C,,
suggesting that physiological regulation under long-term C, elevation may influence marginal responses
(Santracek et al. 2025). Previous studies have suggested that such between-period differences may be
associated with plant physiological regulation, nutrient supply limitations, and changes in temperature
and moisture conditions. However, because this study did not directly measure photosynthetic processes,
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biomass changes, or plant nutrient status, these potential mechanisms cannot be directly verified by our
results and require further evaluation through long-term controlled experiments and ecosystem
observations.

Overall, Chinese forests have exhibited a sustained increase in iWUE over the past half-century;
however, within the temporal and sampling ranges examined in this study, we found no statistically
significant evidence of a widespread long-term decline in dW/dC,. Although the mean response slope
was relatively lower during the later period, the difference did not reach statistical significance, indicating
that the stage-specific variation and its long-term implications remain uncertain and should be evaluated
using longer time series and additional observations of ecosystem processes.

4.3 Environmental Associations with Spatial Heterogeneity in dW/dC,

Although positive C,-response sensitivity was observed across different regions of China, dW/dC,
varied spatially among the tree-ring 8*C records (Terrer et al. 2019). We combined partial correlation,
Random Forest, and SHAP analyses to examine the relationships of climatic, topographic, and
atmospheric CO: conditions with spatial variation in dW/dC,. No individual environmental factor was
significantly correlated with dW/dC.. However, MAP, MAT, and VP ranked relatively high in the
Random Forest and SHAP analyses, indicating that hydroclimatic conditions may be associated with
spatial variation in forest C,-response sensitivity.

Water availability strongly influences plant carbon—water exchange (Jiang et al. 2019). In water-
limited environments, plants regulate stomatal conductance to balance carbon uptake against water loss,
and long-term differences in water availability may therefore influence physiological responses to rising
C.. Previous tree-ring isotope studies have also shown that drought-related conditions can be associated
with variation in 6'*C and iWUE, highlighting the relevance of water stress to long-term physiological
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water-use responses (Hirsch et al. 2023). However, neither Al nor MAP was significantly correlated with

dW/dC, in our analysis, suggesting that a single water-availability metric is insufficient to account for

spatial differences in C,-response sensitivity. These responses are likely shaped by multiple interacting

factors, including water availability, atmospheric moisture conditions, and long-term ecological

acclimation.

Temperature and atmospheric humidity may also influence forest responses to rising C, (Li et al.

2026). Temperature affects photosynthesis, respiration, and carbon balance during the growing season,

whereas VP characterizes atmospheric moisture conditions and may influence stomatal regulation and

leaf—atmosphere water-vapor gradients (Grossiord et al. 2020). Under high temperatures or drier

atmospheric conditions, plants may adjust stomatal conductance, thereby altering the balance between

carbon uptake and water loss and potentially affecting iWUE responses to changes in C,. However, our

analysis was based on long-term mean climatic variables rather than growing-season dynamics or

indicators of extreme climate events. The relationships between these environmental factors and dW/dC,

therefore require further evaluation.

Notably, environmental variables explained substantially less variation in dW/dC, than in mean

iWUE (Lavergne et al. 2019). The Random Forest model yielded an R? of —0.17 under leave-one-out

cross-validation, indicating limited predictive performance of the available environmental variables at

the tree-ring 6'*C sequence level. This may partly reflect the nature of dW/dC, itself. Whereas iWUE

describes the mean carbon—water exchange state over a given period, dW/dC, is estimated from the

relationship between iWUE and C, and represents a response slope derived from a finite time series. Its

estimate may therefore be influenced not only by environmental conditions and plant physiological

regulation, but also by record length, temporal coverage, the magnitude of C, variation, and interannual
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environmental variability. Because tree-ring sequences differed in length and temporal coverage, spatial

differences in dW/dC, may reflect both ecological variation and uncertainty in slope estimation. As a

response parameter derived from time-series relationships, dW/dC, is therefore inherently more sensitive

to data characteristics than mean-state indicators such as iWUE, which may limit its predictability from

environmental variables.

Although MAP, MAT, and VP showed relatively high importance in the Random Forest and SHAP

analyses, these results should be interpreted as statistical associations rather than evidence of

deterministic environmental controls. Differences in iWUE and its responses to climatic factors among

conifer genera in China have also been documented, suggesting that species composition and functional

type may contribute to spatial heterogeneity in tree-ring &'*C records. Given the limited predictive

performance of the model, the SHAP results primarily describe the relative contributions of

environmental variables to model output within the observed sample range and do not demonstrate that

any individual factor determines variation in dW/dC,. Future studies should incorporate additional

ecological and physiological variables, including plant functional traits, stand age, soil moisture, nutrient

status, and long-term exposure to extreme climate events, to better resolve the drivers of spatial variation

in forest C,-response sensitivity.

Overall, dW/dC, varied spatially across Chinese forests, but this variation cannot be attributed to a

single climatic gradient. Compared with long-term changes in iWUE, dW/dC, is a response parameter

derived from time-series relationships and is influenced by both ecological conditions and characteristics

of the underlying records. Spatial variation in dW/dC, may therefore reflect a combination of ecological

heterogeneity and uncertainty in slope estimation.

31



608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

4.4 Limitations and Ecological Implications

This study reconstructed changes in forest iWUE in China during 1961-2012 using 34 tree-ring
8"3C records and further examined the temporal and spatial variation in forest C,-response sensitivity
(dW/dC,). However, several limitations should be considered.

First, owing to the limited spatial availability of publicly accessible tree-ring stable carbon isotope
data, the final dataset comprised 34 tree-ring 6'3C records. Although these sequences covered the major
climatic regions of China, their spatial distribution remained somewhat uneven. Therefore, our results
describe variation in forest iWUE and C,-response sensitivity across the available sampling sites, but
they cannot fully represent long-term changes across all forest types, particularly in some ecologically
vulnerable regions and specialized forest ecosystems.

Second, the effective record lengths varied among the tree-ring sequences, which may increase
uncertainty in dW/dC, estimates (Marchand et al. 2020). Because dW/dC, is estimated from the
regression relationship between iWUE and changes in C,, shorter time series may reduce the ability to
identify long-term response trends. In addition, the water-use efficiency reflected by tree-ring 6'*C may
vary with season and within-year growth processes, meaning that temporal resolution may also affect the
estimation of iWUE and the interpretation of its response relationships. Although this study assessed the
robustness of dW/dC, trends using 5-, 10-, and 20-year moving-window analyses and decadal
comparisons, future studies should incorporate longer time series and a larger number of independent
tree-ring 6'*C records to further validate regional-scale patterns of forest C,-response sensitivity.

Third, the iWUE reconstructed from tree-ring 6'*C primarily reflects physiological responses at the
tree or leaf scale and cannot directly represent total ecosystem-scale transpiration, carbon assimilation
capacity, or water consumption. Therefore, future studies should integrate flux observations, remote-
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sensing products, and ecosystem models to assess forest carbon—water responses to rising C, across

broader spatial and ecological scales.

In addition, the environmental-factor analysis in this study was primarily based on climatic,

topographic, and C, background variables and did not incorporate potentially influential factors such as

tree age, plant functional traits, soil properties, nutrient status, and historical disturbances. In particular,

tree age, size, and developmental stage may influence water-use efficiency estimated from stable isotopes

and its responses to climate and C,, and these factors may therefore contribute to variation among tree-

ring 6"3C records (Brienen et al. 2017). Meanwhile, because of the limited predictive performance of the

RF-SHAP analysis, it was used only to explore the relative associations between environmental variables

and dW/dC, and not to infer deterministic causal relationships. Future studies should therefore integrate

a broader range of ecological process variables with long-term ecosystem observations and controlled

experiments to further elucidate the mechanisms underlying spatial variation in forest C,-response

sensitivity.

Despite these limitations, this study provides important insights into the long-term C,-response

processes of forests in China. The results show that forest iWUE in China has generally increased over

the past half-century; however, a sustained increase in iWUE does not necessarily imply a synchronous

increase in the magnitude of forest responses to rising C,. As an indicator of the magnitude of iWUE

change associated with a unit increase in C,, dW/dC, can complement the limitations of conventional

analyses focusing solely on long-term iWUE trends. Therefore, when assessing forest ecosystem

responses to continuously increasing C,, focusing only on long-term changes in iWUE may be

insufficient; regional differences in C,-response sensitivity and their potential limiting factors should also

be considered.
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5 Conclusion

Based on 34 tree-ring 6"*C records from forests across China, we reconstructed long-term variation

in forest iIWUE during 1961-2012 and assessed temporal trends and spatial variation in forest C,-

response sensitivity (dW/dC,). Forest iWUE increased significantly over the study period, with all 34

sequences showing positive trends and 33 showing statistically significant increases, indicating a

widespread increase in forest iWUE under rising C,.

Despite the sustained increase in iWUE, dW/dC, showed no statistically significant long-term

decline during 1961 - 2012, and analyses using multiple temporal windows provided no consistent

evidence of a persistent decrease. Although mean dW/dC, was lower during 2000 - 2012 than during

1961 - 1999, the difference between the two periods was not statistically significant (P = 0.509). This

difference between periods should therefore be evaluated using longer time series.

dW/dC, varied spatially among forest sequences, but no significant differences were detected among

Ko&ppen - Geiger climate regions. Partial correlation, Random Forest, and SHAP analyses indicated that

no single climatic or geographic factor adequately explained this spatial variation. MAP, MAT, and VP

showed relatively high variable importance, but given the limited predictive performance of the model,

these relationships should be interpreted as statistical associations rather than evidence of deterministic

environmental controls. Overall, forest iWUE in China increased substantially over the past half-century,

whereas dW/dC, showed no statistically significant long-term decline. The observed spatial variation in

dW/dC, may reflect the combined effects of multiple environmental conditions, plant physiological

characteristics, and unmeasured ecological processes.
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