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Abstract 12 

Since the 1980s, both incoming shortwave radiation (SW) and atmospheric vapor pressure deficit 13 

(VPD) have increased significantly across Europe and are projected to continue rising in the coming 14 

decades, potentially altering forest photosynthesis and carbon storage. However, the joint impacts 15 

of SW and VPD on forest carbon sequestration remain poorly understood. Here, using half-hourly 16 

flux tower observations combined with remotely sensed vegetation indices, we show that SW and 17 

VPD are the dominant energy- and water-related drivers of forest net ecosystem exchange (NEE; 18 

negative values indicate net carbon uptake) at the half-hourly scale across Europe. We identify two 19 

thresholds in the VPD–NEE relationship. For VPD values below 3.90 hPa, the influence of VPD on 20 

NEE is weakly negative. Above this threshold, VPD’s effect on NEE increases approximately 21 

linearly, shifting from negative to positive as VPD rises. A second threshold is detected at 20.84 hPa, 22 

beyond which the effect of VPD continues to increase but at a slower rate. The influence of VPD 23 

on NEE is strongly mediated by SW, with the sensitivity of NEE to VPD increasing more steeply 24 

under high SW conditions than under low SW conditions. This pattern is consistent with stronger 25 

stomatal limitation under high-radiation conditions, thereby suppressing photosynthesis and altering 26 

NEE. Together, these findings suggest that future increases in atmospheric dryness—potentially 27 
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reinforced by continued brightening—may substantially constrain forest productivity and carbon 28 

sequestration in Europe. Our results underscore the importance of accounting for SW–VPD 29 

interactions in climate impact assessments and forest management strategies. 30 

Keywords: forest, carbon sequestration, VPD, shortwave radiation, Europe 31 

1. Introduction 32 

The carbon balance of terrestrial ecosystems is highly sensitive to climate change (Piao et al., 2008), 33 

particularly to shifts in climatic drivers of plant production. One notable trend in recent decades is 34 

the widespread decline in solar radiation from the 1950s to the 1980s (Stanhill and Cohen, 2001; 35 

Wild, 2009), followed by a marked increase in surface solar radiation—commonly referred to as 36 

“brightening” (Wild et al., 2005; Wild, 2009)—since the mid-1980s, especially in some regions such 37 

as Europe (Sanchez-Lorenzo et al., 2017; Pfeifroth et al., 2018). In addition, the increase in 38 

atmospheric vapor pressure deficit (VPD) associated with persistent global warming has contributed 39 

to higher atmospheric evaporative demand and intensified drought severity in recent decades (Fang 40 

et al., 2022; Zhong et al., 2025b; Gebrechorkos et al., 2025). Changes in these climatic factors are 41 

likely to exert strong influences on ecosystem productivity and carbon fluxes and storage, acting 42 

independently or through synergistic or antagonistic interactions (Lindner et al., 2010). 43 

Forests occupy roughly one-third of Europe’s land area and provide essential ecosystem services, 44 

including carbon sequestration, water filtration, and soil protection, while also buffering human 45 

infrastructure against natural hazards (Patacca et al., 2023; Senf and Seidl, 2021; Seidl et al., 2014). 46 

It has long been recognized that forest productivity and mortality in Europe are closely linked to 47 

soil drought, mainly driven by precipitation deficits (Ciais et al., 2005; Senf et al., 2020; Carnicer 48 

et al., 2011; Beloiu et al., 2022). However, mounting evidence highlights the previously 49 

underestimated role of atmospheric dryness. Elevated VPD typically triggers partial stomatal 50 

closure to limit water loss and prevent excessive xylem tensions from reaching critical thresholds 51 

that could cause cavitation and hydraulic failure, thereby reducing photosynthesis and carbon 52 

assimilation (Mcdowell et al., 2018; Song et al., 2022). Forest growth in certain regions such as 53 
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Central Europe (Trotsiuk et al., 2021), and in species such as beech (Lendzion and Leuschner, 2008; 54 

Sanginés De Cárcer et al., 2018), is strongly constrained by elevated VPD. Importantly, VPD-related 55 

stress can occur even when soil moisture is not limiting, for example, during the European summer 56 

drought of 2018 (Fu et al., 2020). High VPD has also been identified as the dominant driver of 57 

reduced gross primary production (GPP) in southern and central Europe during July–August 2022 58 

(Van Der Woude et al., 2023). While numerous studies have examined the VPD effects on vegetation 59 

productivity (Wang et al., 2022; Xie et al., 2024; Zhang et al., 2024; Lin et al., 2025), considerably 60 

less is known about its influence on ecosystem‐scale carbon exchange. Moreover, the VPD 61 

thresholds at which atmospheric dryness begins to strongly suppress forest carbon exchange remain 62 

poorly quantified. 63 

Solar radiation is fundamental to forest productivity as it fuels photosynthesis, which generates the 64 

assimilates used by trees to form new wood tissue (Hartmann and Trumbore, 2016; Rossi et al., 65 

2016). However, intense solar irradiance also increases evapotranspiration and can induce drought 66 

stress and foliage damage. Recent dendrometer-based field observations in Central Europe indicate 67 

that high solar irradiance enhances the growth of temperate old-growth forests during long 68 

photoperiods, but suppresses growth via increased VPD and drought stress (Kašpar et al., 2024). 69 

Generally, increasing solar irradiance elevates leaf temperature above ambient air temperature, 70 

thereby raising VPD near the leaf surface. High solar radiation can also amplify atmospheric 71 

evaporative demand, intensifying plant water stress (Mokhtari et al., 2018; Bois et al., 2008). 72 

Despite these known interactions, the extent to which solar radiation modulates VPD effects on 73 

stomatal behavior—and consequently on vegetation productivity and carbon uptake—remains 74 

insufficiently understood. Moreover, as high-VPD and high-radiation conditions are expected to 75 

become increasingly common under continued warming (Xu et al., 2023a; Van Der Woude et al., 76 

2023; Fang et al., 2022) and brightening (Gutiérrez et al., 2020; Hou et al., 2021) in Europe, 77 

disentangling their individual and combined influences on tree productivity and forest carbon 78 

exchange becomes critical for predicting future forest dynamics. 79 

In this study, we combined half-hourly eddy-covariance flux tower observations from forest sites 80 

across Europe (Icos Ri et al., 2025) with an eXtreme Gradient Boosting model (Chen and Guestrin, 81 

https://doi.org/10.5194/egusphere-2026-5126
Preprint. Discussion started: 10 September 2026
c© Author(s) 2026. CC BY 4.0 License.



4 

 

2016) and SHapley Additive exPlanations (Lundberg et al., 2020)—referred to here as XGBoost-82 

SHAP—to explore the effects of environmental factors and their interactions on net ecosystem 83 

carbon exchange (NEE, where negative values denote net ecosystem carbon uptake) across 84 

European forests. We also employed path analysis to quantify the direct and indirect relationships 85 

between environmental variables and NEE. Finally, we evaluated the response of ecosystem 86 

conductance (Gs) to VPD to clarify the role of atmospheric dryness and solar radiation in regulating 87 

forest productivity. 88 

2. Data and methods 89 

2.1 Data 90 

This study used flux tower measurements from European forests (Icos Ri et al., 2025), 91 

complemented by remotely sensed leaf area index (LAI) data. The half-hourly tower observations 92 

include incoming shortwave radiation (SW), vapor pressure deficit (VPD), air temperature (TA), 93 

soil water content (SWC), precipitation (P), wind speed (WS), and NEE (NEE_VUT_REF), as well 94 

as estimated GPP from daytime (GPPDT, GPP_DT_VUT_REF) and nighttime (GPPNT, 95 

GPP_NT_VUT_REF) partitioning methods. These variables were obtained from the Integrated 96 

Carbon Observation System (ICOS) as the Ecosystem final quality (L2) product in ETC-Archive 97 

format (release 2025-1) (Icos Ri et al., 2025). Surface-layer SWC was used, as it was available for 98 

most ICOS sites. For each year, only data from the main growing season (May–October) (Jeong et 99 

al., 2012; Xu et al., 2023b) were included. Years with less than 5% missing values during the main 100 

growing season were included in the analysis. Furthermore, only time series containing complete 101 

observations for at least three years of growing-season data were selected for analysis. A total of 23 102 

sites were selected where all required variables were available (Fig. 1, Table S1), including 6 103 

deciduous broadleaf forest (DBF) sites, 1 deciduous needleleaf forest (DNF) site, 1 evergreen 104 

broadleaf forest (EBF) site, 13 evergreen needleleaf forest (ENF) sites, and 2 mixed forest (MF) 105 

sites. Most data (92.05%) were collected between 2019 and 2024, providing an up-to-date 106 

understanding of forest carbon uptake in response to climate variability and change while 107 

minimizing potential confounding effects from long-term physiological adjustments of 108 
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photosynthesis and respiration, such as thermal acclimation (Way and Yamori, 2014; Wu et al., 109 

2025). Only daytime observations were analyzed, as the effects of SW and VPD on ecosystem 110 

carbon exchange primarily occur during the day. Daytime and nighttime were distinguished using 111 

the variable “NIGHT” provided in the dataset, which is derived from potential (top of atmosphere) 112 

incoming shortwave radiation. LAI data were obtained from the MCD15A3H product (Myneni et 113 

al., 2015) at the flux tower sites with a spatial resolution of 1 km and a temporal resolution of 4 114 

days. In the analysis, LAI values were assigned to half-hourly time steps based on the temporally 115 

closest observation. 116 

 117 

Fig. 1. Spatial distribution of flux tower sites. The ecosystems include evergreen needleleaf forest 118 

(ENF), deciduous needleleaf forest (DNF), evergreen broadleaf forest (EBF), deciduous broadleaf 119 

forest (DBF) and mixed forest (MF). Sites used for the analysis of the ecosystem conductance–VPD 120 

relationship are marked with thicker borders around the symbols.   121 

To investigate the relationship between Gs and VPD, measurement height and canopy height data 122 

were obtained for 9 flux tower sites from Wang et al. (2020). The sites (Fig. 1, Table S1), which 123 

provide continuous observations of outgoing shortwave radiation, incoming and outgoing longwave 124 

radiation, soil heat flux and latent heat flux, were further selected for the analysis of the Gs–VPD 125 

relationship. 126 
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2.2 XGBoost-SHAP framework 127 

We applied the XGBoost algorithm to simulate forest carbon fluxes and quantify the contributions 128 

of climatic drivers. XGBoost is a scalable ensemble learning method based on gradient-boosted 129 

decision trees (Chen and Guestrin, 2016) and is widely used for nonlinear regression due to its 130 

strong predictive performance and ability to handle multicollinearity among predictors (Wang et al., 131 

2022; Xie et al., 2024). To interpret the XGBoost model, we employed SHAP, a game-theoretic 132 

framework that attributes predictions to individual features (Lundberg et al., 2020). SHAP values 133 

quantify each predictor’s marginal contribution while capturing nonlinear effects and pairwise 134 

interactions. 135 

Half-hourly TA, SW, P, WS, VPD, SWC, and LAI were used as predictors, and NEE or GPP served 136 

as the target variable, depending on the analysis. After omitting missing values, the dataset was 137 

randomly split into training (80%) and validation (20%) subsets. The XGBoost regression models 138 

were trained with squared-error loss with 100 boosting iterations. Model performance was evaluated 139 

on the validation set using the coefficient of determination (R²). SHAP values were computed using 140 

the TreeExplainer framework applied to the trained model and the validation data. We used SHAP 141 

dependence plots to examine the direction and magnitude of predictor effects, and SHAP interaction 142 

values to identify and quantify pairwise interactions among predictors. 143 

2.3 Threshold analysis 144 

Based on the SHAP response curves, we fitted a continuous piecewise linear model to describe the 145 

relationship between VPD and its SHAP values. To justify the number of segments, we compared 146 

one- to four-segment models using the VPD SHAP response for NEE. The raw-data coefficient of 147 

determination (R²) increased from 0.70 to 0.83, 0.85, and 0.85 for the one-, two-, three-, and four-148 

segment models, respectively. Because the improvement from three to four segments was marginal, 149 

we selected the three-segment model based on the principle of parsimony. Before model fitting, 150 

paired VPD–SHAP observations were sorted by VPD and grouped into equally spaced bins across 151 

the predefined VPD range. The model was then fitted to these binned median responses by 152 

minimizing a weighted residual sum of squares. The fitted function is defined as: 153 
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 𝑓(𝑥) = {

𝛽0 + 𝛽𝐿(𝑥 − τ1), 𝑥 ≤ τ1

𝛽0 + 𝛽𝐼(𝑥 − τ1), τ1 < 𝑥 ≤ τ2

𝛽0 + 𝛽𝐼(τ2 − τ1) + 𝛽𝐻(𝑥 − τ2), 𝑥 >  τ2

 
(1) 

The fitted function consisted of three continuous linear segments connected by two thresholds, 154 

denoted as 𝜏1 and 𝜏2. In this model, 𝑥 represents VPD and 𝑓(𝑥) the corresponding SHAP value. The 155 

parameter 𝛽0 represents the fitted SHAP value at 𝜏1, whereas 𝛽L, 𝛽I, and 𝛽H describe the slopes of 156 

the low-, intermediate-, and high-VPD segments, respectively. Continuity was enforced at both 157 

thresholds so that the fitted response remained continuous across the full VPD range.  158 

Model parameters were estimated by minimizing the residual sum of squares. The goodness of fit 159 

was evaluated using the R² between actual and fitted SHAP values. Uncertainty in threshold 160 

estimates was quantified using bootstrap resampling. Specifically, the original paired VPD–SHAP 161 

observations were resampled with replacement 10,000 times while preserving the original sample 162 

size in each replicate. For each bootstrap sample, the full fitting procedure was repeated, including 163 

binning, calculation of median SHAP values, weighted fitting of the three-segment piecewise model, 164 

and estimation of 𝜏1 and 𝜏2. This yielded empirical distributions of the two threshold estimates, from 165 

which the 2.5th and 97.5th percentiles were taken as the lower and upper bounds of the 95% 166 

confidence interval. 167 

2.4 Path analysis 168 

To disentangle the multiple pathways through which VPD and its interactions with other variables 169 

affect NEE, we employed a covariance-based structural equation model (CB-SEM). CB-SEM is a 170 

multivariate statistical technique that quantifies both direct and indirect effects among variables 171 

while incorporating prior knowledge to establish hypothesized causal relationships. It is particularly 172 

useful for testing complex theoretical frameworks, as it enables the simultaneous estimation of 173 

multiple pathways. The theoretical foundations for the hypothesized pathways in this study (Fig. 2) 174 

are as follows: (1) SW directly drives photosynthesis, which regulates vegetation productivity and 175 

NEE. (2) SWC determines the water availability for trees (Liu et al., 2020). Low SWC is a well-176 

established indicator of drought stress and reflects its impacts on productivity and NEE (Stocker et 177 

al., 2018). (3) TA regulates key physiological processes, including photosynthesis, respiration, 178 
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transpiration, and cell development, thus directly influencing NEE (Huang et al., 2019; Chen et al., 179 

2023b; Körner, 2003). (4) VPD controls stomatal behavior, affecting photosynthesis and forest 180 

productivity. Under high VPD, reduced stomatal conductance suppresses photosynthesis, leading to 181 

higher (more positive) NEE (Yuan et al., 2019; He et al., 2021; Zhong et al., 2023b). (5) These 182 

environmental drivers interact: SW is partly absorbed at the Earth’s surface and converted into heat, 183 

thereby increasing TA; according to the Clausius–Clapeyron relationship (Murray, 1967; Buck, 184 

1981), higher TA strongly elevates saturated vapor pressure and thus VPD (Xu et al., 2025); SWC 185 

is often negatively correlated with VPD due to land–atmosphere interactions (Seneviratne et al., 186 

2010; Zhou et al., 2019); SW and TA enhance evapotranspiration (Donohue et al., 2010), thereby 187 

influencing SWC; soil moisture can influence SW availability through cloud formation (Ek and 188 

Holtslag, 2004); and the evaporative cooling effect of SWC can moderate TA (Dai et al., 1999). 189 

 190 

Fig. 2. Hypothesized relationships among environmental variables influencing NEE Single-191 

headed arrows denote hypothesized directional pathways, whereas double-headed arrows denote 192 

covariances. 193 

All variables were standardized to z-scores prior to the path analysis. Model parameters were 194 

estimated using maximum likelihood, and model fit was assessed using multiple indices (Zhong et 195 

al., 2025a), including the comparative fit index (CFI), adjusted goodness-of-fit index (AGFI), and 196 

root mean square error of approximation (RMSEA). Predictor effects were quantified as 197 

standardized influence coefficients from the CB-SEM, with larger positive values indicating 198 
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stronger effects. Direct effects were represented by path coefficients, which capture the direction 199 

and magnitude of relationships, while indirect effects reflect the influence of a predictor on a 200 

response variable through intermediate pathways (Zhong et al., 2023b). 201 

2.5 Gs and Gs–VPD relationship 202 

Given that VPD effects on vegetation largely operate through stomatal regulation, we examined 203 

how SW modulates the relationship between VPD and Gs, which integrates canopy and soil 204 

conductance and is commonly used as a proxy for stomatal regulation at the ecosystem scale. When 205 

stomata close in response to atmospheric dryness, transpiration declines and Gs correspondingly 206 

decreases. Here, Gs was estimated by inverting the Penman–Monteith equation (Penman and Long, 207 

1963; Penman, 1948): 208 

 [𝐺𝑠] =
γ × 𝑔

𝑎
× 𝐿𝐸

Δ × (𝑅𝑛 − 𝐺 − 𝐿𝐸) + ρ𝐶𝑝𝑔
𝑎

𝑉𝑃𝐷 − γ𝐿𝐸
 (2) 

where [Gs] is the conductance (m s−1), γ is the psychrometric constant (hPa K−1), ga is the 209 

aerodynamic conductance (m s−1), LE is the latent heat flux (W m−2), Δ is the slope of the saturated 210 

vapor pressure curve (hPa K−1) as a function of temperature, Rn is the net radiation (W m−2) 211 

calculated as the sum of incoming shortwave and longwave radiation minus the sum of outgoing 212 

shortwave and longwave radiation, G is the soil heat flux (W m−2), ρ is the air density (kg m−3), and 213 

Cp is the specific heat capacity of air taken as 1012 J kg−1 K−1. Here, ga was calculated as: 214 

 
𝑔𝑎 =

𝑊𝑆 × 𝑘2

[ln((𝑧𝑚 − 𝑧𝑑)/𝑧𝑜)]2
 (3) 

where WS is the measured wind speed (m s−1), k is the von Karman constant (0.4), zm is the 215 

measurement height, zd is the zero-plane displacement, and zo is the momentum roughness length. 216 

Following (Fu et al., 2022), zd and zo were taken as 0.67h and 0.1h, respectively, where h is the 217 

canopy height. 218 

The ideal gas law (Pearcy et al., 1989) was applied to convert [Gs] from m s−1 to Gs in mol m−2 s−1: 219 
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Gs = [Gs]

𝑃𝑎

𝑅 × TA
 (4) 

where Pa is the atmospheric pressure (hPa) and R is the dry air gas constant (0.08314 m³ hPa K−1 220 

mol−1). To reduce the influence of extreme values and more accurately quantify the dependence of 221 

Gs on VPD, we retained only Gs values within the 5th–95th percentile range and excluded 222 

observations from rainy days and the following day (Lin et al., 2018). 223 

To characterize the relationship between Gs and VPD under different SW conditions, we applied a 224 

nonlinear regression approach. Specifically, Gs was modeled as a function of VPD using a simplified 225 

version of Equation (2):  226 

 
Gs =

𝑎

1 + 𝑏 × 𝑉𝑃𝐷
 (5) 

where a and b are parameters to be estimated. The parameter values were obtained through nonlinear 227 

least-squares fitting (Marquardt, 1963), which minimizes the sum of squared differences between 228 

observed and predicted values. 229 

3. Results 230 

3.1. Environmental drivers of NEE 231 

We first analyzed the effects of half-hourly environmental variables on NEE in European forest 232 

ecosystems. The XGBoost model was trained and optimized, achieving an R² of 0.72 on the 233 

validation set. SHAP values were then computed to quantify the contribution of each predictor to 234 

NEE across all samples and sites (Fig. 3). Positive SHAP values indicate that the given predictor 235 

value increases the predicted NEE relative to the model’s base value (toward increasing carbon 236 

source), while negative values indicate that it decreases predicted NEE (toward increasing carbon 237 

sink). The relative importance of each predictor was further assessed using the normalized 238 

magnitude of its absolute SHAP values.  239 
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Among all predictors, SW had the highest relative SHAP importance, accounting for 61.1% of the 240 

total attribution magnitude. This is followed by VPD, LAI, and TA, which accounted for 15.4%, 241 

8.0%, and 7.5% of the variability, respectively. Generally, higher values of these predictors were 242 

associated with less positive or more negative NEE, except for VPD (Fig. 3a). A similarly strong 243 

influence of SW and VPD on NEE was detected when the analysis was repeated using daily daytime 244 

averages, with SW and VPD accounting for 42.2% and 14.0% of the total mean absolute SHAP 245 

importance, respectively (Fig. S1a). These findings indicate that SW and VPD are the primary 246 

energy- and water-related controls of forest NEE at the half-hourly and daily scales. 247 

 248 

Fig. 3. SHAP values of net ecosystem carbon exchange (NEE) drivers. (a) SHAP summary bee 249 

swarm plots, where each dot represents a site-level half-hourly sample. When multiple dots overlap 250 

at the same x position, they accumulate to reflect density. Dot color indicates the feature value, with 251 

blue representing low values and red representing high values. (b) SHAP dependence plot showing 252 

the relationship between VPD and its SHAP values, stratified by the gradient of incoming shortwave 253 

radiation (SW). The XGBoost model achieved an R² of 0.72 on the held-out validation set.  254 

We investigated how climatic drivers modulate the VPD–NEE relationship using SHAP dependence 255 

plots derived from the validation set, which capture coupling effects between predictors. At low 256 

VPD, SHAP values were near neutral, but they increased rapidly once VPD exceeded ~5 hPa. This 257 

suggests that VPD had a limited influence on photosynthesis below this threshold. However, once 258 

VPD exceeded this threshold, further VPD increases suppressed vegetation productivity, resulting 259 

in higher (more positive) NEE (Fig. 3b). A pronounced coupling effect between VPD and TA was 260 

evident: higher VPD was generally associated with higher TA, together producing positive SHAP 261 

values (Fig. S2b). By contrast, the coupling effect between VPD and SWC was weaker (Fig. S2c), 262 

indicating that elevated VPD tended to increase NEE across the full SWC range. 263 
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Interestingly, compared with the interaction between VPD and SWC, the interaction between VPD 264 

and SW was more pronounced (Fig. 3b). Under low SW conditions, SHAP values for VPD increased 265 

gradually after exceeding the threshold and remained relatively low, whereas under high SW 266 

conditions, they rose sharply. These results highlight the regulatory role of solar radiation in 267 

mediating the VPD effects on NEE. Additional analyses for the two dominant European forest 268 

types—DBF and ENF—revealed similar patterns, further underscoring the importance of SW in 269 

shaping the VPD–NEE relationship (Fig. S3). 270 

Next, we assessed the effects of environmental factors and their interactions on both GPPDT and 271 

GPPNT using the XGBoost-SHAP framework (Fig. 4). Among all predictors, SW was the dominant 272 

driver, accounting for nearly 50% of the total mean absolute SHAP importance for both GPPDT and 273 

GPPNT. Consistent with its influence on NEE, VPD accounted for 12.2% and 14.1% of the 274 

variability in GPPDT and GPPNT, respectively. We also observed a regulatory role of SW in 275 

mediating the VPD–GPP relationship: under low SW conditions, SHAP values for VPD decreased 276 

gradually after exceeding the threshold, whereas under high SW conditions, they declined sharply. 277 

Overall, these analyses reinforce the key role of SW in shaping the relationship between VPD and 278 

forest productivity, as well as ecosystem carbon exchange. 279 
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 280 

Fig. 4. SHAP values of gross primary production (GPP) drivers. (a) and (c), SHAP summary bee 281 

swarm plots showing predictor contributions to GPP from daytime (GPPDT, a) and nighttime (GPPNT, 282 

c) partitioning methods, where each dot represents a site-level half-hourly sample. The x-axis 283 

position indicates the contribution of a given variable to the XGBoost model prediction for that 284 

sample. When multiple dots overlap at the same x position, they accumulate to reflect density. Dot 285 

color indicates the feature value, with blue representing low values and red representing high values. 286 

(b) and (d), SHAP dependence plot showing the relationship between VPD and its SHAP values 287 

contributing to GPPDT (b) and GPPNT (d), stratified by the gradient of incoming shortwave radiation 288 

(SW). The XGBoost models achieved R² values of 0.78 for GPPDT and 0.70 for GPPNT on the held-289 

out validation set. 290 

3.2. VPD threshold effect on NEE 291 

To quantify the critical VPD threshold beyond which the influence of VPD on NEE changes abruptly, 292 

as indicated by a marked shift in SHAP values, we applied a three-segment threshold analysis to the 293 

SHAP response curve across all forest sites (Fig. 5). When pooling all sites, the first threshold τ1 294 

was identified at 3.90 hPa (95% CI: 3.87–3.93 hPa), followed by τ2 at 20.84 hPa (95% CI: 20.59–295 

21.29 hPa). Below τ1, SHAP values decreased slightly with increasing VPD; between τ1 and τ2, they 296 

increased rapidly with VPD; and above τ2, SHAP values continued to increase but at a slower rate. 297 

This pattern is broadly consistent with the threshold behavior identified for GPP. The first threshold 298 
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τ1 was 6.80 hPa for GPP derived from the daytime partitioning method and 3.96 hPa for GPP derived 299 

from the nighttime partitioning method, with corresponding τ2 at 20.38 hPa and 18.76 hPa, 300 

respectively (Fig. S4; Table S2). These results indicate that the effect of VPD on vegetation 301 

productivity remains relatively weak below the first threshold, but changes substantially once this 302 

threshold is exceeded. Here, τ₁ may indicate the onset of enhanced stomatal regulation under rising 303 

atmospheric dryness, beyond which canopy carbon exchange becomes more sensitive to further 304 

increases in VPD. Comparable τ1 were also detected when analyses were conducted for individual 305 

forest types, including 3.80 hPa for DBF (Fig. S5a) and 4.53 hPa for ENF (Fig. S5b), as well as 306 

when the analysis was repeated using daytime-mean NEE, for which τ1 was 3.66 hPa (Fig. S1c). 307 

 308 

 309 
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Fig. 5. Heatmaps of point density showing the relationship between VPD and the SHAP values of 310 

VPD for NEE under different shortwave radiation (SW) conditions: (a) all SW conditions, (b) SW 311 

< 200 W m⁻², (c) SW between 200 and 400 W m⁻², and (d) SW > 400 W m⁻². In each panel, color 312 

indicates the log-normalized point density within each bin, with darker colors representing higher 313 

data concentration. The red curve shows a three-segment continuous piecewise linear fit to the 314 

binned median SHAP response. Two thresholds, τ₁ and τ₂, are identified from the fitted response and 315 

separate the three response regimes. Solid vertical black lines indicate the estimated thresholds, and 316 

dashed vertical black lines indicate their 95% bootstrap confidence intervals. Threshold values are 317 

labeled in black. The coefficient of determination (R²), shown in red, quantifies the fit between the 318 

modeled response and the original SHAP values. 319 

Considering the regulatory role of SW in mediating the VPD–NEE relationship, we conducted 320 

threshold analyses across all forest sites under different SW conditions (Fig. 5b–c). The threshold 321 

τ1 varied only modestly among SW categories, ranging from 3.09 hPa under low SW conditions (< 322 

200 W m⁻²) to 4.62 hPa under high SW conditions (> 400 W m⁻²), with an intermediate value of 323 

3.98 hPa for moderate SW conditions (200–400 W m⁻²). Across all SW categories, SHAP values for 324 

VPD were near zero or slightly negative below τ1, indicating that VPD exerted only a weak influence 325 

on NEE when atmospheric dryness was low. Once VPD exceeded τ1, SHAP values increased rapidly 326 

with increasing VPD, indicating a strengthened positive VPD effect on NEE. The second threshold, 327 

τ2, ranged from 18.67 to 19.75 hPa across SW categories. Notably, the slope of the intermediate 328 

segment between τ1 and τ2 became steeper under moderate and high SW conditions than under low 329 

SW conditions, indicating that stronger radiation amplified the sensitivity of NEE to VPD once τ1 330 

was exceeded. In addition, SHAP values remained positive at high VPD under strong SW, 331 

suggesting that the enhancing effect of VPD on NEE persisted under high-radiation conditions. 332 

Together, these results indicate that although the first VPD threshold remained relatively stable 333 

across SW conditions, higher SW substantially strengthened the VPD sensitivity of NEE above this 334 

threshold. 335 

3.3 Multiple pathways through which environmental variables affect NEE 336 

To further explore the key role of SW in mediating the VPD–NEE relationship, we employed a CB-337 

SEM (Fig. 2) to examine the interrelationships among environmental variables (VPD, SW, TA, and 338 

SWC) and NEE under different SW conditions (Fig. 6). Based on the previously identified 339 

thresholds, the analysis was restricted to VPD > 5 hPa to exclude conditions with weak atmospheric 340 
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dryness stress and to minimize strongly nonlinear responses. Overall, the effects of SW on NEE 341 

were relatively limited, because within each SW bin (i.e., each SW interval), SW varied only slightly 342 

and was partly constrained by the predefined bin range. However, the effects of TA and VPD on 343 

NEE were modulated by SW: as SW increased, the effect of TA on NEE shifted from positive (0.18 344 

for 50–100 W m⁻²) to negative (−0.44 for 450–500 W m⁻²), whereas the effect of VPD on NEE 345 

strengthened progressively, from −0.01 (for 50–100 W m⁻²) to 0.64 (for 450–500 W m⁻²). This 346 

pattern is consistent with a stronger regulatory role of SW in shaping the VPD–NEE relationship 347 

under high-radiation conditions, although part of the apparent strengthening of the VPD effect may 348 

also reflect the intrinsic nonlinear coupling between TA and VPD. Nevertheless, the increase in the 349 

VPD effect appears to level off at higher SW levels, suggesting a potential saturation of the SW-350 

mediated modulation of the VPD–NEE relationship. 351 

 352 
Fig. 6. Path coefficients of environmental variables affecting NEE under different shortwave 353 

radiation (SW) conditions derived from the covariance-based structural equation model (CB-SEM) 354 

shown in Fig. 2. Positive coefficients indicate positive effects on NEE, whereas negative coefficients 355 

indicate negative effects. Each point represents the estimated path coefficient within a given SW 356 

bin. All CB-SEM models show strong fits (CFI > 0.99, AGFI > 0.99, RMSEA < 0.01). 357 
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3.4 Regulatory role of SW in mediating the VPD–Gs relationship 358 

We therefore analyzed the VPD–Gs relationship under different SW conditions using the nonlinear 359 

regression model in Equation (5). The fitted curves represent the expected decline of Gs with 360 

increasing VPD, whereas ΔGs denotes the deviation of the fitted Gs from the mean Gs within each 361 

SW bin, highlighting how stomatal regulation responds to atmospheric dryness under different 362 

radiation environments. This analysis was restricted to VPD > 5 hPa to minimize potential 363 

interference from conditions without atmospheric dryness stress. Our results show that under higher 364 

SW conditions, Gs decreases more sharply with increasing VPD (Fig. 7, Fig. S6), indicating stronger 365 

stomatal sensitivity to atmospheric dryness. This pattern is also consistent with theoretical 366 

expectations derived from the Penman–Monteith framework (Equation 2), which predicts stronger 367 

stomatal regulation when evaporative demand is high. Collectively, these findings are consistent 368 

with a stomatal mechanism underlying the modulation of the VPD–NEE relationship by SW: high 369 

SW amplifies the negative effects of VPD on stomatal conductance, thereby reducing 370 

photosynthesis and altering ecosystem carbon exchange. 371 

 372 

Fig. 7. Relationship between VPD and ΔGs across different shortwave radiation (SW) bins. ΔGs 373 

represents the deviation of fitted ecosystem conductance (Gs) from the mean Gs within each SW bin. 374 
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The fitted Gs values were obtained using nonlinear least-squares regression of Gs against VPD (Gs 375 

= a/(1 + b × VPD)) applied to observations within each SW bin.  376 

4. Discussion 377 

4.1. Dominant role of SW in controlling carbon uptake in forests 378 

Our results highlight the dominant role of SW in regulating forest NEE across Europe, mainly in 379 

the following aspects. First, SW emerged as the primary driver of forest carbon uptake explaining 380 

nearly 50% of the variability in NEE, GPPDT, and GPPNT. Second, SW mediated the VPD–NEE 381 

relationship. Under high SW conditions, VPD imposed stronger constraints on carbon uptake. 382 

Higher SW increases net radiation and thus the energy available to supply the latent heat required 383 

for evapotranspiration, thereby supporting higher transpiration rates. Under these conditions, 384 

elevated environmental VPD is more likely to induce stomatal closure to prevent excessive water 385 

loss, which consequently reduces photosynthesis and carbon uptake. In contrast, under low SW, the 386 

lower energy available for evapotranspiration reduces transpirational demand and the associated 387 

risk of water loss. Consequently, the stomatal limitation induced by elevated VPD may be weaker, 388 

resulting in a smaller constraint on photosynthesis and carbon uptake. This ecosystem-scale pattern 389 

is also consistent with leaf-level photosynthesis-based stomatal formulations, such as the Ball–Berry 390 

(Ball et al., 1987) or Medlyn (Medlyn et al., 2011) models, which imply that the ecosystem impacts 391 

of VPD emerge through strong interactions between atmospheric dryness and radiation-driven 392 

photosynthetic demand. Such VPD-induced stomatal regulation may be particularly common in 393 

forest ecosystems, which generally adopt more conservative water-use strategies than savannas and 394 

grasslands. Specifically, trees tend to regulate stomatal opening and reduce transpiration under stress, 395 

whereas grasslands often maintain relatively high transpiration rates even during drought conditions 396 

(Morgan et al., 2025). 397 

In addition, our path analysis revealed that the effect of TA on NEE was also mediated by SW. After 398 

accounting for the relationship between SW and TA, TA exerted a positive effect on NEE when SW 399 

was below 200 W m⁻², whereas under higher SW conditions (>200 W m⁻²) the effect became 400 
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negative. This shift suggests that under high SW, enhanced photosynthetic activity increases the 401 

sensitivity of vegetation carbon uptake to temperature, such that the resulting increase in carbon 402 

uptake exceeds the concurrent increase in ecosystem respiration. Notably, the magnitude of the 403 

indirect effect of TA on NEE via VPD—calculated as the product of the path coefficient of TA on 404 

VPD and that of VPD on NEE—was greater than the direct path coefficient magnitude of TA on 405 

NEE under most SW conditions. Since more positive NEE corresponds to weaker net carbon uptake, 406 

this indicates that warming-induced increases in VPD, together with direct warming effects, tend to 407 

make NEE less negative and thus reduce the carbon sink strength of European forests. 408 

4.2. The effects of VPD change on carbon uptake in forest ecosystems 409 

Based on flux tower observations, we found a generally positive relationship between VPD and 410 

NEE, reflecting the well-established negative relationship between VPD and vegetation productivity. 411 

At lower VPD levels, however, the NEE response was neutral or even negative, consistent with 412 

recent evidence showing that the suppressive effect of VPD on vegetation growth diminishes in 413 

humid environments (Chen et al., 2023a; Zhong et al., 2023b; Woodruff et al., 2010). We identified 414 

an initial threshold in the VPD effect on NEE at 3.90 hPa, beyond which SHAP values increased 415 

rapidly with rising VPD. A second threshold was found at 20.84 hPa, after which SHAP values 416 

continued to increase but at a slower rate. The first threshold is consistent with previously reported 417 

thresholds (3.5–4.0 hPa) in the VPD-vegetation productivity relationship derived from satellite-418 

based productivity proxies or flux tower-based GPP estimates in high-latitude Eurasia, above which 419 

vegetation productivity showed a marked negative response to increasing VPD (Zhong et al., 2023b). 420 

This threshold is also below the 5–10 hPa range commonly reported as the minimum VPD at which 421 

moisture stress begins to constrain vegetation productivity (Fu et al., 2022; Wang et al., 2022). The 422 

second threshold identified at around 20 hPa indicates that although the effect of VPD on NEE 423 

continued to strengthen at very high atmospheric dryness, the rate of increase became smaller 424 

beyond this point. This pattern is broadly consistent with previous findings that the limiting effects 425 

of VPD on light-use efficiency and photosynthesis tend to level off once high VPD conditions are 426 

reached (Gao et al., 2022; Grossiord et al., 2020). 427 
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It should be noted that the influence of TA was stronger on GPP than on NEE. TA explained 17.1% 428 

and 18.5% of the variability in GPPDT and GPPNT, respectively, compared with 7.5% for NEE (Fig. 429 

3). While rising temperature generally stimulates GPP, it also enhances autotrophic and 430 

heterotrophic respiration (Chen et al., 2023b), offsetting the photosynthetic gains. Moreover, 431 

because GPP is derived from flux tower-observed NEE, both daytime and nighttime partitioning 432 

approaches rely heavily on temperature as a key parameter (Reichstein et al., 2005; Lasslop et al., 433 

2010). Such a priori parameterization may overestimate the effects of temperature on GPP and bias 434 

threshold detection. For example, in the daytime partitioning approach, the VPD limitation of GPP 435 

is set at 10 hPa (Lasslop et al., 2010), below which VPD is assumed to have no effect. As a result, 436 

thresholds derived from GPPDT (6.8 hPa) were higher than the 3.90 hPa threshold from the VPD–437 

NEE relationship (Table S2), suggesting a potential underestimation of VPD effects on vegetation 438 

productivity and carbon exchange. Therefore, for assessing contributions and detecting thresholds, 439 

it is more appropriate to analyze the relationships between measured NEE and climatic drivers (e.g., 440 

TA and VPD), rather than relying solely on GPP estimated from empirical models and parameterized 441 

relationships. 442 

4.3. Limitations and implications 443 

We acknowledge several uncertainties in this study. First, vegetation responses to climate change 444 

are temporally scale-dependent (Novick et al., 2016). Our analysis focused on the sub-daily and 445 

daily scale, whereas the dominant drivers and their relative importance may differ at longer temporal 446 

scales (e.g., monthly or annual time scale). Such discrepancies could partly arise from time-lag 447 

effects between vegetation activities and climatic factors (Lian et al., 2021; Lian et al., 2024), which 448 

may vary across biomes and climates (Xu et al., 2022). Moreover, our study considered only climatic 449 

drivers, while anthropogenic factors such as management practices and soil nutrient availability 450 

(e.g., nitrogen and phosphorus) were not incorporated (Terrer et al., 2019; Wang et al., 2025). Finally, 451 

the SEM analyses assumed linear relationships. Compared to non-parametric alternatives such as 452 

tree-based machine learning models, linear models are generally more interpretable and better suited 453 

for mechanistic understanding, but they may sacrifice predictive accuracy (Li et al., 2025). 454 
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More frequent and intense heat periods represent one of the most severe consequences of 455 

anthropogenic climate change in Europe (Breil et al., 2023). Global climate models (GCMs) project 456 

that rising temperatures and heat extremes will continue over the coming decades (Becker et al., 457 

2022; Li et al., 2021), accompanied by further increases in VPD, with substantial implications for 458 

forest functioning. In addition, Europe has also experienced an increase in surface solar radiation—459 

commonly referred to as “brightening” (Wild et al., 2005; Wild, 2009)—since the 1980s, primarily 460 

driven by changes in cloud cover and aerosol loading (Wild et al., 2021; Schilliger et al., 2024). 461 

GCMs project that this trend will persist through the mid-21st century, particularly in Central and 462 

Eastern Europe (Gutiérrez et al., 2020; Hou et al., 2021). Enhanced solar radiation can promote 463 

photosynthesis, thereby increasing tree growth and carbon uptake. However, continued “brightening” 464 

may also intensify atmospheric water demand: higher solar radiation elevates air temperature, which 465 

raises saturated vapor pressure and VPD. In addition, “brightening” contributes to sub-diurnal 466 

asymmetric warming, characterized by faster increases in daily maximum than minimum 467 

temperature (Zhong et al., 2023a; Huang et al., 2023), further amplifying atmospheric dryness 468 

(Zhong et al., 2025b). The concurrent rise in VPD and SW, combined with our finding that VPD 469 

exerts stronger constraints on carbon uptake under high SW conditions, suggests a potential risk of 470 

reduced carbon sequestration in European forests due to intensifying atmospheric dryness. These 471 

findings underscore the urgent need to account for the combined impacts of “brightening” and rising 472 

VPD in future projections of forest carbon uptake. 473 

5. Conclusion 474 

Surface SW and VPD in Europe have both increased over recent decades and are projected to 475 

continue rising, potentially triggering cascading responses within plants and ecosystems. Using flux 476 

tower observations combined with an XGBoost-SHAP framework, supported by threshold and path 477 

analyses, our results reveal the following: 478 

(1) SW and VPD are the dominant energy- and water-related drivers that control forest NEE at the 479 

half-hourly and daily scale in Europe. 480 
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(2) The effect of VPD on NEE exhibits an initial threshold at approximately 3.90 hPa, below which 481 

the influence of VPD is neutral or weakly negative, and above which it strengthens rapidly and shifts 482 

from negative to positive. A second threshold is detected at approximately 20.84 hPa, beyond which 483 

the effect of VPD continues to increase but at a slower rate. 484 

(3) The VPD–NEE relationship is strongly modulated by SW. Under low SW conditions, the effect 485 

of VPD increases only weakly after the first threshold is exceeded, whereas under moderate and 486 

high SW conditions it strengthens more rapidly. This pattern is consistent with stomatal regulation, 487 

as ecosystem conductance declines more sharply with increasing VPD under stronger radiation. 488 

Collectively, these findings suggest that the concurrent rise in SW and VPD may substantially 489 

constrain forest productivity and carbon uptake. If ecosystem and Earth system models fail to 490 

represent the amplifying effect of shortwave radiation on atmospheric dryness, they may 491 

underestimate the synergistic impacts of these climate drivers on forest ecosystems, potentially 492 

resulting in overly optimistic projections of forest carbon sequestration. This bias may also influence 493 

estimates of mitigation strategies such as bioenergy with carbon capture and storage (BECCS), 494 

which rely on sustained biomass production. Future ecosystem modelling and forest management 495 

should therefore explicitly consider the interactive effects of SW and VPD, particularly in regions 496 

where both drivers are projected to intensify under climate change. 497 
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