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Abstract Plants modify their functional traits in response to changing environmental conditions under
climate change. However, it remains unclear whether tree planting alters patterns and acclimation of hydraulic
traits across spatial scales. Here, we compiled a site‐level data set of hydraulic traits in natural (NF) and planted
forests (PF) to examine trait patterns and relationships, quantified environmental and ecological drivers on
ecosystem‐scale hydraulic traits of PF and NF across China, and computationally projected future trait
acclimation using the space‐for‐time approach. We identified distinct differences in hydraulic traits between NF
and PF, with PF exhibiting higher hydraulic safety but lower hydraulic efficiency than NF at the species level.
NF demonstrated a trade‐off between hydraulic efficiency and safety, whereas PF exhibited a contrasting
positive correlation between these traits. We confirmed that both environmental and ecological factors influence
ecosystem‐scale hydraulic traits in NF and PF, although dominant drivers vary among specific traits. Projections
under future climate scenarios suggest that, despite persistent differences in trait acclimation between NF and
PF, both forest types tend to exhibit increased water‐use efficiency and enhanced drought resistance in response
to rising precipitation and air dryness. These findings provide a valuable benchmark for estimating potential
changes in hydraulic traits under climate change, supporting improved simulations of carbon and water fluxes in
response to climate and anthropogenic influences.

Plain Language Summary As the climate changes, plants adjust their characteristics to cope with
new environmental conditions. However, it's not well understood whether tree planting affects how these
adjustments happen across different areas. In this study, we compared the hydraulic traits (how trees move and
store water) of trees in natural forests and planted forests across China. We found that planted forests have trees
with better water safety but less efficient water use than trees in natural forests. Interestingly, in natural forests,
there is a trade‐off between water efficiency and safety, while in planted forests, these two traits seem to
improve together. Both environmental factors (like weather) and ecological factors (such as tree age and height)
affect these water traits, but the main influences vary. Looking ahead, we predict that both types of forests will
become better at using water and resisting drought as a response to increasing rainfall and drier air. These
findings are important for understanding how forests might change with climate change and for improving
models that predict how forests impact the carbon and water cycles.

1. Introduction
Understanding how terrestrial plants respond physiologically to environmental stresses is crucial for predicting
land‐surface water, carbon and energy exchanges under future climate change (McDowell et al., 2019). Water
transports vertically from the soil to plant roots, stems, and leaves along with a water potential gradient, even-
tually transpiring through leaf stomata into the atmosphere (Sperry & Love, 2015). This process, known as plant
hydraulics, is considered a crucial link connecting soil and atmospheric water stress to leaf gas exchange (Wang
et al., 2019; Wang & Frankenberg, 2024) and represents an internally consistent evolutionary optimization,
through which plants have co‐evolved hydraulic and stomatal traits to maximize long‐term carbon gain
(Anderegg & Venturas, 2020). Plant hydraulics processes regulated by hydraulic traits can be influenced by
changing environmental conditions due to both climate change and human activities such as afforestation‐led
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changes in land use (Liu et al., 2020). However, critical traits related to hydraulic efficiency (i.e., the maximum
sapwood‐specific hydraulic conductivity,Ks) and safety (i.e., the xylem water potential at which 50% of hydraulic
conductivity is lost, P50x) and their trade‐off may differ significantly between those in natural (NF) and artifi-
cially planted forests (PF), indicating their divergent water storage and transport processes (Hua et al., 2022;
Shangguan et al., 2022; Ye, 2021; Yi et al., 2021). These key hydraulic traits play important roles in future
ecosystem‐atmosphere feedback effects in a changing climate (Anderegg et al., 2018). Therefore, detecting the
regulation of plant hydraulics under the impact of tree planting and implementing it into land surface and climate
models will be beneficial to improve simulations of carbon and water fluxes under future climate change and
anthropogenic influences.

Tree planting has been proposed as a potentially effective solution for mitigating climate change (Louman
et al., 2019). Since the 1970s, China has implemented the world's largest afforestation and reforestation
project (Yu et al., 2018). China's planted forest (PF) covered a total area of 7.70 × 105 km2 till 2020, ac-
counting for 31.30% of the world's total PF (Cheng et al., 2023). Recently, the China Plant Trait Database
(Wang, Harrison, et al., 2022) and the Global Ecosystem‐scale Hydraulic Trait Data set (Liu, Holtzman, &
Konings, 2021) have been released, which would be helpful to investigate plant hydraulics dynamics for PF.
However, these data sets lack the classification of tree trait data by natural and planted environmental con-
ditions. Some studies conducted at Chinese sites have found that natural forest (NF) often exhibits higher
xylem hydraulic efficiency, but weaker cavitation resistance compared to PF within the same species
(Shangguan et al., 2022; Ye, 2021). Although theoretical research suggests a trade‐off between xylem hy-
draulic efficiency and safety (Jin et al., 2024; Sperry, 2003), only a weak trade‐off in evergreen angiosperms
in NF, but not in PF, has been demonstrated in China (Ye, 2021). Therefore, there is an imperative
requirement to compile a comprehensive data set to facilitate an in‐depth analysis of the overall picture of key
hydraulic traits in NF and PF species, and uncover the physiological mechanisms of plant hydraulics under the
impact of climate change and human activities.

The functional traits of tree species can be modulated by the environment via acclimation, and the coordi-
nation of these traits has also been shown to be strongly linked with climate (Reich, 2014). With the global
consequences of climate change, for example, rising atmospheric vapor pressure deficit (VPD) and more
frequent drought events (Grossiord et al., 2020), many tree species tend to modify their functional traits and
optimize their fitness in response to changing environmental conditions (Liu, Ye, et al., 2022). This regu-
lation, known as trait acclimation, is a crucial mechanism by which plants acclimate and survive under
climate change (Nicotra et al., 2010). It has been demonstrated that the diversity in hydraulic and photo-
synthetic traits is more closely related to the local water availability than overall species diversity (Trugman
et al., 2020). It has also been reported that environmental conditions, rather than evolutionary history, are the
primary factors of variation in the acclimation of plant hydraulic traits (Liu, Ye, et al., 2022). Therefore, it is
possible to predict the acclimation of tree hydraulic traits in response to changing environmental conditions.
Meanwhile, human activities, such as afforestation, potentially change the individuals in forests which have
different hydraulic traits than endemic species, and can also artificially change environments to further induce
changes in traits (Liao et al., 2012). These disparities between natural and planted species lead us to propose
that hydraulic traits adjust to temporal changes in climate to the same degree as they adapt to climate var-
iations across spaces (Liu, Ye, et al., 2022). This theory offers a valuable tool for utilizing the current
correlations between NF and PF species' traits and environmental factors to forecast their future traits under
climate change.

Here, assuming that there exist differences in the patterns and acclimation of hydraulic traits of NF and PF species
under climate change, this study aims to (a) quantify differences in hydraulic traits (i.e., Ks, P50x) and their
trade‐off in NF and PF using a data set of site‐level tree hydraulic traits in China, (b) assess controls of ecosystem‐
scale hydraulic traits in NF and PF by quantifying the dependence of hydraulic traits on environmental and
ecological drivers, and (c) identify the acclimation capacity of hydraulic traits in NF and PF by examining future
trends of hydraulic traits under climate change. Our study aims to provide a baseline to assess current patterns and
future acclimation of tree hydraulic traits in China, which will improve our understanding of physiological
mechanisms of plant hydraulics, and improve simulations of carbon and water fluxes under future climate change
and anthropogenic influences.
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2. Materials and Methods
2.1. Data Compilation

2.1.1. Site‐Level Key Hydraulic Traits in China

We compiled a site‐level data set of plant hydraulic traits, including xylem hydraulic efficiencyKs and safety P50x
in NF, PF, and shrubs, and categorized the data into two groups, that is, cross‐species comparison (CSC) sites and
within‐species comparison (WSC) sites. The CSC data set was primarily derived from a meta‐analysis, including
10 publications (covering 20 sites and 225 species) from Liu et al. (2019, 2021a), which were classified into NF
and PF based on site descriptions in the original studies. Additionally, we integrated data from 23 Chinese and
English publications collected over the past two decades across China (covering 29 sites and 112 species),
resulting in a CSC data set comprising 33 publications, 49 sites, and 309 woody plant species. The WSC data set
combined results frommeta‐analyses and our own field measurements. Two publications (Shangguan et al., 2022;
Ye, 2021) provided paired NF and PF data for the same species in humid regions of southern China (3 sites, 14
species), while our field observations in drylands of northern China contributed additional data (2 sites, 1 species),
yielding a WSC data set that includes 3 publications, 5 sites, and 15 species. Together, these data sets provide a
robust foundation for evaluating cross‐species and within‐species differences in hydraulic traits between NF and
PF. Detailed experimental protocols for traits we observed can be found in Text S1 of Supporting Information S1,
and the site‐level trait data set and its Supporting Information S1 are provided in Table S1 and Text S2 of
Supporting Information S1.

2.1.2. Ecosystem‐Scale Hydraulic Traits in China

The site‐level data set of tree hydraulic traits in NF and PF was obtained through ground‐based measurements and
provides detailed physiological insights into hydraulic traits of NF and PF. However, due to its limited spatial
coverage, it is challenging to investigate patterns and acclimation of hydraulic traits of NF and PF over a larger
spatial scale. To address this limitation, we extracted ecosystem‐scale hydraulic traits in China from the Global
Ecosystem‐scale Plant Hydraulic Traits, which were retrieved from a plant hydraulic model using model‐data
fusion (Liu, Holtzman, & Konings, 2021). Hydraulic traits were estimated as distributions, with the spread
representing trait uncertainty. These ecosystem‐scale hydraulic traits include: vegetation capacitance parameter
related to plant water potential (C), the sensitivity parameter of stomatal conductance to vapor pressure deficit
VPD (g1), maximum xylem conductance (gp,max), leaf water potential when maximum carboxylation rate drops to
half of its maximum value under well‐watered conditions (P50s) and P50x (Table S2 in Supporting Informa-
tion S1). To distinguish ecosystem‐scale hydraulic traits of NF and PF pixels, we used a map depicting the
distribution of NF and PF in China from the China Vegetation Products data set (Cheng et al., 2023; Figure 1), and
unified its spatial resolution with ecosystem‐scale hydraulic traits at 0.25° resolution. We then extracted traits of
NF and PF based on their spatial distribution, which finally resulted in a data set of ecosystem‐scale hydraulic
traits of NF and PF in China. The observation period for the remote sensing data set used to retrieve the traits, as
well as the forest inventory period for the China Vegetation Products data set, was both between 2004 and 2005,
retrieved traits therefore represent the NF and PF traits. Liu, Holtzman, and Konings (2021) reported discrepancy
between the site‐level and the ecosystem‐scale P50x due to species diversity, canopy structure, and demographic
composition. We also compared the aggregated site‐level P50x and the ecosystem‐scale P50x, and found similar
discrepancy of P50x of NF, PF and SH species between the site and ecosystem scale (Figure S1 in Supporting
Information S1).

2.1.3. Ecosystem‐Scale Environmental and Ecological Factors

To further investigate environmental and ecological controls on ecosystem‐scale hydraulic traits in China, we
collected 10 environmental (ENV) and 5 ecological factors (ECO) potentially related to hydraulic traits at 0.25°
resolution. All of factors were derived from observations in the growing season of 2004 and 2005, which were
consistent with the retrieval time of ecosystem‐scale hydraulic traits from Liu, Holtzman, and Konings (2021).
ENV factors include air temperature (Ta), soil temperature (Ts), precipitation (Pr), surface air pressure (Ps), and
net shortwave radiation (Rn) derived from the Global Land Data Assimilation System (GLDAS) (Beaudoing
et al., 2020; Rodell et al., 2004), VPD calculated by Ta, Ps and specific humidity (Q) (Campbell & Norman, 1998),
aerodynamic conductance (Ga) calculated by the ratio between the sensible heat net flux and the difference
between air and surface skin temperatures (Liu, Holtzman, & Konings, 2021), shallow soil moisture (Ms)
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extracted from Advanced Microwave Scanning Radiometer for EOS (AMSRE) data set (Parinussa et al., 2016),
potential evapotranspiration (PET) calculated by the Penman‐Monteith equations (Allen et al., 1998), and dryness
index (DI) calculated by the ratio of PET and Pr. ECO factors include Leaf area index (LAI) derived from
Moderate Resolution Imaging Spectroradiometer (MODIS) data set MCD15A3H (Myneni et al., 2015), vege-
tation optical depth (VOD) extracted from the AMSRE data set, canopy height (Hc) extracted from the global map
of forest height (Liu, Su, et al., 2022), forest age (At) derived from the China's annual forest age data set (Cheng
et al., 2024), and maximum rooting depth (Rd) obtained from a global synthesis of observations (Fan et al., 2017).
Detailed information about ecosystem‐scale ENV and ECO factors is available in Table S2 of Supporting
Information S1.

2.2. Data Analysis

2.2.1. Comparisons of Site‐Level Hydraulic Traits and Their Relations in NF and PF

We conducted data analyses for NF and PF species in China separately, compared their hydraulic efficiency Ks
and safety P50x, as well as their hydraulic efficiency–safety relations across sites. Based on the specific data set as
described in Section 2.1.1., we also tested whether differences in hydraulic traits and their relations in NF and PF
exist at WSC sites (Figure S2 in Supporting Information S1). The original values of P50x and P50s were negative.
We used their absolute values to represent hydraulic safety, where a larger absolute value indicates stronger
hydraulic safety, and thus, the unit is expressed as ‐MPa. For the analysis of the trade‐off between xylem hydraulic
efficiency and safety, we performed a logarithmic transformation on P50x to homogenize its variance. Addi-
tionally, previous studies have demonstrated a clear and strong trade‐off between hydraulic efficiency Ks and
safety P50x in shrub (SH) species (Huo et al., 2022; Yao et al., 2021), we thus provided hydraulic traits and their
relations of SH species as a reference to NF and PF species.

2.2.2. Determine Drivers of Ecosystem‐Scale Hydraulic Traits in NF and PF

To understand environmental and ecological controls of hydraulic traits at a larger scale, we examined corre-
lations among ecosystem‐scale hydraulic traits, ENV and ECO factors in NF and PF pixels, and the correlation of
each trait to ENV and ECO factors was calculated as the Pearson's R of the relationship between each trait and

Figure 1. The map depicting the distribution of natural (NF) and planted forests (PF) based on Cheng et al. (2023) and study
sites of hydraulic traits in China.
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ENV and ECO factors, respectively (Figure S3 in Supporting Information S1). We further developed a weight
least squared (WLS) regression model to explain each of ecosystem‐scale hydraulic traits (i.e., C, g1, gp,max, P50s,
P50x) using ENV and ECO factors, respectively (Strutz, 2016):

yi =∑
j=m

j=1
aij xenv,ij +∑

k=n

k=1
bik xeco,ik + ci (1)

where yi is the ith trait; xenv,ij is the ENV driver j for the ith trait; xeco,ik is the ECO driver k for the ith trait; ci is the
intercept; aj and bk are the regression coefficients of ENV and ECO factors, respectively, which were optimized
by minimizing the following error function S:

S =∑
n

i=1
Wi ( ŷi – yi)

2 → min, (i = 1,2,… ,n) (2)

where ŷi is the modeled value of the ith trait, and the weight Wi is calculated by the reciprocal of the difference
between the 95th percentile and 5th percentile of the retrieved ith trait. The weights were utilized to quantify the
representativeness of the posterior mean traits (yi) obtained through Bayesian inference, which vary across space
due to the effectiveness of observational constraints employed to retrieve the traits (Liu, Holtzman, & Konings,
2021). A broader posterior distribution (with a larger difference between the 95th percentile and 5th percentile)
indicates a lower precision of the retrieved trait, and thus should be considered with a lower weight in estimating
trait‐environment relationships.

To reduce the uncertainty in simulation results caused by collinearity among driving factors, we monitored the
variance inflation factor (VIF) of all 15 driving factors. For highly correlated variables (such as temperature and
VPD, and between different precipitation indices), we retained only the one most directly related to plant hy-
draulics, ensuring that the VIF value of selected variables was below the commonly used threshold of 10. This
process resulted in the final model driver data set, where ENV factors included Rn, VPD, Pr, Ps,Ms, and Ga, and
ECO factors included Dr, LAI, VOD, At, andHc (Figure S4 in Supporting Information S1). To further identify the
most informative drivers of each trait, we conducted model selection, ensuring at least one variable was chosen
from each category (i.e., ENV and ECO). The performance of models with different driver combinations was
evaluated using the coefficient of determination (R2) and the Akaike information criteria (AIC). For each trait, we
selected the model with the least AIC and the highest R2 as the best‐performance model. All factors were
normalized by z‐score prior to conducting the WLS analyses. Factor sensitivities were then calculated based on
the regression coefficient from the WLS simulation.

2.2.3. Identify the Acclimation of Ecosystem‐Scale Hydraulic Traits in NF and PF

Based on the assumption of trait acclimation, that is, hydraulic traits adjust to temporal changes in climate to the
same degree as they adapt to climate variations across spaces, we predicted future trends of ecosystem‐scale
hydraulic traits under climate change. We introduced future ENV factors into the best‐fitting models of NF
and PF using the Phase 6 of the Coupled Model Intercomparison Project (CMIP6) data set. We selected MRI‐
AGCM3‐2‐H and MRI‐AGCM3‐2‐S models (Mizuta et al., 2019a, 2019b) from CMIP6 for the following rea-
sons: (a) monthly ENV factors are available in both historical and future simulations; (b) their high spatial
resolution (25 km) is necessary to differentiate between NF and PF pixels; (c) their long‐term range (2000–2100)
aligns with the time scale of acclimation. To evaluate the long‐term climate conditions in NF and PF pixels, we
used four ENV factors (i.e., Rn, Ps, Pr and VPD) from the two CMIP6 models. We further calculated annual mean
values of ENV factors in these two CMIP6 models based on their monthly data, and introduced them into the best‐
fitting models.

Both GLDAS observations and CMIP6 simulations exhibit biases. To mitigate the impact of systematic bias while
retaining the dynamics of the four ENV factors, we employed a commonly used cdf‐matching (cumulative
distribution function) method (Kamruzzaman et al., 2019; Liu, Holtzman, & Konings, 2021), which avoids direct
comparison between GLDAS‐derived and CMIP6‐predicted ENV factors:
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xṕ(t) = xp(t) + F− 1obs {Fp.sim [xp(t)]} – F
− 1
r.sim {Fp.sim [xp(t)]} (3)

where x'p(t) and xp(t) are the bias‐corrected data and the raw data of future projections on the month t, respec-
tively; F(θ) and F− 1(θ) denote the cdf of the monthly data θ and its inverse, respectively; the subscripts p.sim,
r.sim, and obs are the future projection (2024–2100), retrospective simulation in the averaged CMIP6 model
(2000–2024), and the observed GLDAS data (2000–2024), respectively. This cdf‐matching calibration harmo-
nized the variability between the CMIP6 and GLDAS data while preserving the predictive trends of ENV factors
in CMIP6 (Figure S5 in Supporting Information S1).

Based on the best‐fitting models and future cdf‐modified ENV factors, we predicted future trends of hydraulic
traits in NF and PF across China from 2024 to 2100 under the impact of acclimation. To quantify the uncertainty
in future trait trends, we employed a bootstrapping approach with the following steps: (a) a combination of
regression coefficients was randomly generated from the multivariate Gaussian distribution in the prediction
model; (b) likewise, the trait was predicted according to the prediction model with the generated regression
coefficients; (c) the linear trend of the trait was then estimated and plotted. This procedure was repeated for 200
times for each of the five traits in NF and PF, resulting in 200 estimated trends of each trait in NF and PF under
future climate. Additionally, to convert the high‐resolution 1 km forest spatial distribution map into the 0.25°
resolution required by the WLS model, we employed a majority‐rule approach to assign each 0.25° pixel the
forest type (i.e., blank, NF, or PF) with the highest proportion within that pixel. We further applied varying
minimum proportion thresholds to filter the classification results (Figure S6 in Supporting Information S1),
thereby generating 0.25° resolution maps of NF and PF. Based on these maps, we reclassified ENV and ECO
driver data sets for NF and PF, and reran the WLS models to assess the uncertainty in hydraulic trait predictions
induced by the change in forest distribution resolution (Figure S7 in Supporting Information S1). Given that a 50%
threshold yielded insufficient PF coverage and that predictions within the 35%–45% threshold range showed
relatively low uncertainty (Figure S6 in Supporting Information S1), we adopted the 40% threshold‐based forest
distribution to derive the final estimates of trait acclimation.

3. Results
3.1. Patterns of Site‐Level Hydraulic Traits and Their Relations in NF and PF

To determine whether there exist differences in current acclimation capacity of NF and PF species, we conducted
a comparison of site‐level hydraulic traits of NF and PF, as well as SH in the entire data set (Figure 2). Results
showed that, SH exhibited a more concentrated distribution of P50x, followed by PF and NF, while NF had lower
median P50x (1.62 ‐MPa) than that of PF (1.73 ‐MPa) (Figure 2b). The results indicated that the hydraulic safety
of NF was comparatively lower and more variable than that of PF, although the overall difference between the two

Figure 2. Hydraulic safety P50x (a) and hydraulic efficiency Ks (b) among shrubs (SH), natural forests (NF) and planted
forests (PF) across China.
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is not significant (p= 0.24). Meanwhile, the median Ks of SH was the highest (2.67 kg m− 1 s− 1 MPa− 1), followed
by NF (2.29 kg m− 1 s− 1 MPa− 1), and PF was the lowest (1.45 kg m− 1 s− 1 MPa− 1) (Figure 2b). These results
indicated that SH exhibited the highest hydraulic efficiency, followed by NF and PF, with a significant difference
observed between NF and PF across sites (p < 0.05). Notably, we also investigated trait differences of NF, and PF
at WSC sites (Figure S2 in Supporting Information S1). It was found that when comparing with same species,
most NF species (12 out of 15) had lower P50x (1.03± 1.03 ‐MPa), but higherKs (1.19± 0.71 kg m

− 1 s− 1 MPa− 1)
than that PF species (1.68 ± 1.66 ‐MPa, 0.39 ± 0.58 kg m− 1 s− 1 MPa− 1, respectively). These results further
demonstrate that there are differences in hydraulic traits between the same species of NF and PF, with the dif-
ference in hydraulic efficiency being more significant than hydraulic safety.

Theoretical research suggests a trade‐off between xylem hydraulic efficiency and safety (Sperry, 2003). As such,
we conducted tests to investigate the existence of this trade‐off among SH, NF, and PF species (Figure 3). Our
research confirmed that there was no significant trade‐off between Ks and P50x in the entire data set (R = 0.00,
p = 0.91). However, the most significant trade‐off existed in the SH species (R = 0.42, p < 0.01; Figure 3d). This
negative relationship appeared in the NF species (R= 0.15, p < 0.01; Figure 3b), but a positive relation was found
in PF species (R = 0.29, p < 0.01; Figure 3c) at CSC sites. Further investigation at WSC sites showed that, there
was a strong trade‐off hydraulic efficiency–safety for NF species (R = 0.52, p < 0.01; Figure 3e), but still a
significant positive relation for PF species (R = 0.71, p < 0.01; Figure 3f). These findings demonstrate that in
natural species (i.e., SH and NF), there is a significant hydraulic efficiency–safety trade‐off. However, it is
possible that hydraulic safety and efficiency compensate for each other to facilitate photosynthesis, which may
lead to a positive correlation between hydraulic efficiency and safety in planted forests.

3.2. Drivers of Ecosystem‐Scale Hydraulic Traits in NF and PF

To investigate how environmental and ecological factors influence tree hydraulic traits at a larger scale, we
assessed correlations between ecosystem‐scale hydraulic traits and their driving factors. We found that hydraulic
traits in both NF and PF exhibited notable correlations with both ENV and ECO factors, with particularly strong
associations observed for the traits g1 and gp,max across nearly all factors (Figure S3 in Supporting

Figure 3. Relationship between hydraulic efficiency (Ks) and safety (P50x) in the entire data set (a), in natural forest (NF) at cross‐species comparison sites (b), in planted
forest (PF) at within‐species comparison sites (c), in shrubs (SH) at cross‐species comparison sites (d), in NF at within‐species comparison sites (e), and in PF at within‐
species comparison sites (f). Data plotted on log‐transformed axes.
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Information S1). Based on the WLS simulation, we identified the most informative drivers within each group of
ENV and ECO using AIC. We evaluated the performance of the NF and PF models using R2 and the standardized
RMSE for each trait and across regions classified as humid regions (DI ≤ 1.5) and drylands (DI > 1.5), as defined
by Huang et al. (2016). As illustrated in Figure 4, all traits of the NF models exhibited higher R2 (Figure 4a) and
lower RMSE (Figure 4c) than those of the PF models, indicating that NF traits were more tightly controlled by
ENV and ECO factors. When diagnosing the connection of ENV and ECO factors to traits in humid regions and
drylands separately, it was noteworthy that traits in drylands were more closely coupled with ENV and ECO
factors, as evidenced by higher R2 values and lower RMSE scores (Figures 4b and 4d). This finding suggests that
ENV and ECO factors play a more significant role in shaping traits in drylands compared to humid regions.

The factor sensitivity analysis further confirmed that both ENV and ECO factors influence hydraulic traits in NF
and PF, but the dominant drivers vary across traits (Figure 5). For instance, the sensitivity of C to most factors was
significantly lower in NF compared to PF. In NF, g1 exhibited the strongest negative sensitivity to Rn and the
highest positive sensitivity to At, whereas in PF, g1 was most negatively sensitive to VOD and most positively
sensitive to Pr. The variation in gp,max was primarily driven by VPD in NF, but by Pr in PF. In terms of P50, NF
showed the greatest sensitivity to Dr and Hc, while in PF, xylem P50x was sensitive to multiple ENV and ECO

Figure 4. Model performance in estimating ecosystem‐scale hydraulic traits. The performance of planted forests (PF) and
natural forests (NF) was evaluated using the coefficient of determination R2 (a, b) and the standardized root mean square
error RMSE (c, d) for each trait (a, c) and across different climatic regions (b, d), which were categorized as humid regions
(dryness index, DI ≤ 1.5) and drylands (DI > 1.5).

Earth's Future 10.1029/2025EF006678

BAI ET AL. 8 of 14

 23284277, 2026, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025E

F006678 by L
anzhou U

niversity, W
iley O

nline L
ibrary on [04/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



factors, whereas leaf P50s exhibited minimal sensitivity to most predictors. These results highlight that the
combined effects of ENV and ECO variables shape the current patterns of hydraulic traits in both NF and PF. In
addition, the standard deviations of sensitivity estimates indicated that PF exhibited greater uncertainty in factor
sensitivity than NF (Figure S8 in Supporting Information S1), implying higher uncertainty in the future accli-
mation of PF traits.

3.3. Prediction of Trait Acclimation of NF and PF Under Future Climate

To assess potential changes in hydraulic traits of NF and PF under climate change, we applied the best‐fitting
models that explicitly link trait variation to climatic drivers, and predicted future trends and uncertainties of
ecosystem‐scale hydraulic traits based on the assumption of acclimation. The results indicated that under future
climate change, the water storage parameter C of NF is projected to increase slightly, whereas C in PF tends to
decline (Figure 6a), though this trend is accompanied by high uncertainty, as reflected by the wider spread of the
shaded lines. Both NF and PF show an upward trend in g1, yet with considerable uncertainty (Figure 6b), largely
attributed to the high sensitivity of g1 to Pr (Figure 5), whose future trajectory is highly variable (Figure S5 in
Supporting Information S1). The gp,max of NF shows a significant increase, while PF exhibits a weaker and
statistically non‐significant trend (p = 0.36, Figure 6c), again due to the strong influence of Pr, the most sensitive
driver for this trait. Both leaf and xylem P50 values in NF and PF show significant upward trends in response to
rising VPD (Figure 5 and Figure S5 in Supporting Information S1), indicating enhanced drought resistance.
Notably, the projected P50s of NF and PF tend to converge in the future, while differences in P50x between NF

Figure 5. Factor sensitivity in estimating ecosystem‐scale hydraulic traits of planted forests (PF) and natural forests (NF)
using weighted least square regressions. Driving factors were grouped into two categories: environmental (ENV) and
ecological factors (ECO). Blank means that the factor was excluded during the selection process based on the Akaike
Information Criterion.
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and PF are expected to persist. Overall, despite shared tendencies toward improved hydraulic function, the dif-
ferences in climate‐driven trait acclimation between NF and PF are likely to remain over the long term.

4. Discussion
4.1. Different Patterns of Site‐Level Hydraulic Traits in NF and PF

We confirmed differences in hydraulic efficiency and safety between NF and PF both cross‐species and within‐
species (Figure 3). Cross‐species comparisons revealed that NF generally exhibited lower hydraulic safety (albeit
not significantly) and higher hydraulic efficiency than PF (Figure 2). Notably, when comparisons were conducted
within the same species, the pattern of higher hydraulic safety and lower hydraulic efficiency in PF became more
pronounced, with 12 out of 15 PF species in the WSC data set supporting this trend (Figure S2 in Supporting
Information S1). Hydraulic traits were collected for the same species with similar tree diameters, heights, ages,
and canopy widths in these sites, thereby eliminating the impact of ecological factors on the observation of traits
(Shangguan et al., 2022; Ye, 2021). Previous studies reported that deciduous angiosperms in natural habitats
improve water transport efficiency to mitigate the effects of decreased soil water availability and increased
transpiration demand, thus reducing their reliance on embolism resistance (Hajek et al., 2016; Maherali
et al., 2004). The main environmental difference between the manipulated and natural habitats was the higher soil
water availability in the former, which was achieved through artificial irrigation (Shangguan et al., 2022;
Ye, 2021). This may explain why the hydraulic traits of PF differ from those of NF. Regarding the trade‐off
between hydraulic efficiency and safety, we found that shrubs exhibit a significant tradeoff (Figure 4d), which is
in line with recent research on shrubs (Huo et al., 2022; Yao et al., 2021). Previous studies reported that the
hydraulic efficiency‐safety trade‐off is not significant across species (Liu, Ye, et al., 2022), which is also
consistent with our study (Figures 3b and 4c).

Contrary to the trade‐off between hydraulic efficiency and safety observed in NF (Figures 3b and 3e), PF showed
an increase in hydraulic efficiency with enhanced safety at both cross‐species and within‐species sites (Figures 3c
and 4f). Previous studies have demonstrated that greater hydraulic safety is beneficial for improving the amount

Figure 6. Future trends of natural forests (NF) and planted forests (PF) from 2024 to 2100 under the impact of acclimation. The green and yellow lines represent trends of
NF and PF traits. The light lines are regression lines from the bootstrapping strategy.
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of water extracted by plants, thereby avoiding hydraulic failure during severe water stress (Lu et al., 2020). Wang,
Ding, et al. (2022) reported that increased hydraulic safety compensates for hydraulic efficiency, thereby
maintaining photosynthesis. This compensation effect in xylem functions is the dominant force facilitating
photosynthetic rates from species to phylum scale. In this study, the compensation effect was particularly pro-
nounced in PF, possibly due to improved water transport efficiency and high carbon sequestration capacity with
sufficient water availability in these cultivated ecosystems. However, further research with larger sample sizes
would be needed to test this hypothesis in a more rigorous manner.

4.2. Contrasting Drivers of Ecosystem‐Scale Hydraulic Traits in NF and PF

While the vast majority of research focuses on inter‐ and intra‐species differences in tree hydraulic traits, re-
lationships between these traits and environmental and ecological forcings are less understood, and are crucial for
modeling the impact of climate on vegetation (Anderegg, 2015). Previous studies reported that hydraulic traits are
related to climatic seasonality (Liu, Ye, et al., 2021), and they are coordinated with plant height across aridity
gradients (Liu et al., 2019), indicating that both environmental and ecological factors contribute to spatial and
temporal variation in plant hydraulic traits. However, a community‐weighted average of hydraulic traits may not
accurately represent the integrated hydraulic behavior at an ecosystem scale (Anderegg et al., 2018; Liu,
Holtzman, & Konings, 2021). Our WLS analyses confirmed that hydraulic traits in both NF and PF are simul-
taneously influenced by ENV and ECO factors, though dominant drivers vary among traits (Figure 5). Given the
joint influence of ENV and ECO drivers on current NF and PF hydraulic traits, assuming that spatial trait‐climate
relationships can serve as a proxy for temporal trait changes, the observed differences in factor sensitivity between
NF and PF imply divergent future climate acclimation trajectories for NF and PF (Figure 6). Furthermore, hy-
draulic traits in drylands were much closely related to their driving factors (Figure 4b), likely reflecting tighter
physiological coupling of hydraulic function with water availability (Rosas et al., 2019). This finding is consistent
with our site‐level results, which show that differences in water availability between NF and PF habitats
contributed to the observed divergence in hydraulic traits.

Note that ecosystem‐scale hydraulic traits assessed in this study represent effective traits representing
ecosystem‐scale property. A single pixel may contain a mixture of forest types, potentially leading to blurred
boundaries between NF and PF, particularly in regions where NF are highly fragmented (Cheng et al., 2023).
We found that the spatial‐scale conversion of mixed pixels introduces some uncertainty into the future
projections of hydraulic traits, although it does not alter the overall trends of specific trait changes (Figure S7
in Supporting Information S1). Future studies should further improve the spatial and temporal resolution of
environmental and ecological factors, as well as retrieved traits, to enhance the predictive accuracy for these
mixed pixels. As highlighted by Medlyn et al. (2017) in their study of the hydraulic trait g1, different
methodological approaches each have inherent limitations. Site‐level hydraulic traits, while directly and
relatively accurately measured at the individual tree level, are typically based on a few days of observation
during the growing season and are spatially constrained by limited sampling. In contrast, ecosystem‐scale
hydraulic traits are derived from inverse modeling approaches aimed at accurately reproducing carbon and
water fluxes (Liu, Holtzman, & Konings, 2021). These values are not intended to replicate site‐level mea-
surements, but instead reflect ecosystem‐scale effective traits, resulting in a scale‐gap between ecosystem‐
scale trait estimates and individual species‐level observations (Figure S1 in Supporting Information S1). In
addition, the data set used in this study primarily comprises common tree species in China, with a focus on
temperate and subtropical broadleaf forests. As such, it may not be representative of tree species in boreal or
tropical regions. While the findings may not be directly generalizable to other biomes, the study region—one
of the few areas globally that has undergone large‐scale, long‐term afforestation—provides valuable insights
into how afforested species may respond to climate change, thereby advancing our understanding of trait
dynamics under afforestation in other regions.

4.3. Future Acclimation of Hydraulic Traits in NF and PF Under Climate Change

Recent studies have confirmed that trait acclimation enhances the potential to predict species vulnerability
under climate change scenarios (Liu, Ye, et al., 2022). However, limited research has addressed the
computational prediction of plant acclimation to climate change over extended timescales. In this study, we
projected future trends of ecosystem‐scale hydraulic traits under the assumption of trait acclimation using a
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space‐for‐time substitution approach. However, we acknowledge the uncertainty associated with this
assumption, as temporal trait acclimation may diverge from spatial climate–trait relationships due to factors
such as species interactions, community turnover, mortality, and lagged responses to climate change. Our
approach assumes that the current spatial climate‐trait relationship represents the temporal trajectory of trait
change. As effects of historical climate change and disturbances prior to 2004 were not considered, the
response of hydraulic traits to environmental factors may be overestimated (Kharouba & Williams, 2024).
Additionally, we assumed that trait‐environment relationships remain constant over time. In reality, as climate
conditions deviate from historical norms, trait responses may become nonlinear or even reverse in direction,
potentially invalidating the predictions under novel climatic regimes (Kharouba & Williams, 2024).
Furthermore, our projections of trait acclimation only incorporated changes in ENV factors, while assuming
ECO factors remain static. This exclusion of ecological dynamics under changing climate conditions may
limit the accuracy of predicted hydraulic trends. Despite the uncertainties associated with our assumption of
perfect acclimation, the projected trait trajectories can be used to quantify the magnitude of functional changes
within plant communities. In the future, integrating these projections with trait‐based plant hydraulic models
holds promise for more systematically disentangling the respective roles of ecological and environmental
drivers in shaping the terrestrial carbon cycle (Trugman et al., 2020).

Trait acclimation predictions indicate that the canopy water storage capacity C of NF shows a slight upward trend,
whereas the C of PF exhibits a declining trend, although this trend is accompanied by significant uncertainty. Both
NF and PF are expected to experience increases in stomatal marginal water‐use efficiency g1 and maximum
xylem conductance gp,max, which may enhance water‐use efficiency and carbon sequestration capacity. Addi-
tionally, improvements in embolism resistance in both leaves and xylem (P50s and P50x) are anticipated, better
enabling these forests to cope with drought risks and disturbances brought about by climate change. Overall,
while differences in the trait acclimation between NF and PF persist, both systems are expected to evolve toward
enhanced water‐use efficiency and improved drought resistance in response to rising precipitation and air dryness.
As land surface models increasingly integrate explicit representations of plant hydraulics (Anderegg & Venturas,
2020; Lawrence et al., 2019; Li et al., 2021a, 2021b), our study provides a baseline for potential trait shifts under
future climatic conditions and offers critical insights into how hydraulic traits of NF and PF may respond to
environmental changes through acclimation. This will foster a mechanistic understanding of plant physiological
responses to afforestation and contribute to improving predictions of carbon and water fluxes under the dual
pressures of climate change and anthropogenic influence.
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