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 21 

Abstract 22 

Understanding when additional water consumption ceases to yield proportional carbon gain is essential for 23 

irrigation-dominated croplands exposed to strong atmospheric demand. Using the Hetao Irrigation District 24 

in arid northern China as a representative system, we developed a frontier-based framework to diagnose 25 

how evapotranspiration (ET), vapor pressure deficit (VPD), and deep soil water background jointly 26 

constrain gross primary productivity (GPP). Native 8-day PML-V2a ET and GPP estimates for 2019–2024 27 

were combined with ERA5-Land meteorological variables on a common 1 km cropland grid. A generalized 28 

additive model was used to reconstruct the marginal effect of VPD on GPP in ET–VPD space, and the zero-29 

isoline of that surface was extracted as the functional VPD threshold frontier. The cropland GPP–ET 30 

relationship showed clear nonlinearity and a stable main breakpoint of 12.98 mm/8d (95% CI: 12.49–13.86 31 

mm/8d), indicating a transition from a relatively stronger water-limited stage to a stage of diminishing 32 

marginal returns. The tolerable VPD upper bound increased with ET at first, but began to contract once ET 33 

approached the breakpoint, revealing an ET-dependent dynamic frontier rather than a fixed VPD threshold. 34 

Subgroup fitting further showed that the deep soil water availability index (DSWI) mainly shifted the 35 

frontier position: the breakpoint occurred at 7.18 mm/8d under low DSWI and at 9.35 mm/8d under high 36 

DSWI, corresponding to a rightward shift of 2.17 mm/8d. Seasonal diagnostics indicated that May–July 37 

constituted a high-growth yet high-risk window, while spatial risk clustered in downstream, poorly drained, 38 

and salinity-prone parts of the district. Quantile frontiers and a cross-product robustness test using 39 

independent GOSIF GPP preserved the same nonlinear saturation pattern. These results suggest that VPD 40 
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primarily controls frontier shape whereas deep soil water background regulates system vulnerability mainly 41 

by shifting the threshold position. 42 

Keywords: Hetao Irrigation District; evapotranspiration; gross primary productivity; vapor pressure deficit; 43 

threshold frontier; salinized cropland 44 

1. Introduction 45 

Water consumption and carbon assimilation are intrinsically coupled in cropland ecosystems. 46 

Evapotranspiration (ET) integrates transpiration and evaporation, whereas gross primary productivity 47 

(GPP) represents ecosystem carbon uptake; together they govern water use efficiency, productivity 48 

formation, and drought vulnerability (Allen et al., 1998; Monteith, 1965; Novick et al., 2016). In many 49 

agronomic and ecohydrological studies, the GPP–ET relationship is implicitly treated as monotonic, so 50 

larger water consumption is assumed to support proportionally larger carbon gain. However, stomatal 51 

regulation, hydraulic safety, and rising atmospheric aridity imply that such proportionality should weaken 52 

once water flux and atmospheric demand exceed a certain range (Jarvis, 1976; Oren et al., 1999; Sperry et 53 

al., 2002). 54 

Over the last two decades, research has increasingly emphasized the role of vapor pressure deficit 55 

(VPD) in regulating terrestrial carbon and water fluxes. Stomata generally become more sensitive to VPD 56 

as atmospheric demand rises, which can suppress photosynthesis even when soil or irrigation water is still 57 

available (Katul et al., 2010; Medlyn et al., 2011; Oren et al., 1999). At broader scales, atmospheric demand 58 

has been shown to exert increasingly strong control on ecosystem conductance, transpiration, and carbon 59 

uptake (Novick et al., 2016). A large synthesis by Grossiord et al. (2020) further highlighted that rising 60 

VPD induces a cascade from stomatal closure to reduced photosynthesis and heightened hydraulic risk. Yet 61 

most existing analyses still estimate average responses of GPP to VPD or ET, rather than directly 62 

diagnosing the productivity boundary at which VPD shifts from tolerable to suppressive. 63 

An equally important shift in the recent literature is that the question is no longer whether VPD 64 

matters, but under what conditions atmospheric dryness or soil water limitation becomes the dominant 65 
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control on ecosystem function. Global evidence shows that productivity loss under drought cannot be 66 

attributed to a single universal driver: in many regions soil moisture remains the primary determinant of 67 

whether production becomes water-limited, yet that dominance varies with ecosystem type, time scale, and 68 

background water supply (Fang and Leung, 2022; Liu et al., 2020; Novick et al., 2024). Newer China-wide 69 

evidence further suggests that the relative dominance of atmospheric and soil dryness itself shifts across 70 

identifiable threshold ranges, with croplands and semi-arid systems showing especially sensitive transitions 71 

(Wang et al., 2025). For irrigated croplands, this implies that the critical issue is not which factor is 72 

universally stronger, but when continuous water supply ceases to buffer the system and a VPD-controlled 73 

boundary begins to emerge. 74 

For irrigated croplands, the problem is even more complex. Artificial irrigation alters water supply, 75 

shallow groundwater and deeper subsurface moisture can buffer atmospheric drought, and long-term 76 

evaporative concentration can generate salinity-prone landscapes with strong spatial heterogeneity (Ao et 77 

al., 2024; Feng et al., 2005; Yu et al., 2010). Under such conditions, discussing only a mean VPD effect or 78 

only a soil-moisture effect is insufficient. What is needed is a framework that can answer two linked 79 

questions: first, whether cropland productivity is bounded by an ET-dependent VPD frontier rather than a 80 

fixed VPD threshold; and second, whether deeper moisture background changes the shape of that frontier 81 

or mainly shifts its position. 82 

The Hetao Irrigation District (HID) in the upper Yellow River Basin provides an appropriate natural 83 

laboratory to address these questions. HID is a typical diversion-irrigation district in an arid to semi-arid 84 

climate, where low precipitation coexists with strong atmospheric demand, dense irrigation–drainage 85 

infrastructure, shallow groundwater influence, and a long history of secondary salinization(Guo and Liu, 86 

2021; Ramos et al., 2023). The coexistence of strong atmospheric pull, large anthropogenic water supply, 87 

and salinized environmental background makes HID especially suitable for diagnosing threshold behavior 88 

in cropland carbon–water coupling. 89 

Recent advances in remote sensing now make such diagnosis feasible. Native 8-day PML-V2a 90 

products provide internally consistent ET and GPP estimates in a coupled water–carbon framework (He et 91 
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al., 2022; Xu et al., 2026, discussion paper under review; Y. Zhang et al., 2019), while independent GOSIF 92 

products offer both SIF and SIF-derived GPP data for robustness testing (Li et al., 2025; Li and Xiao, 93 

2019). ERA5-Land provides meteorological forcing and deep-layer soil moisture with continuous 94 

spatiotemporal coverage (Muñoz-Sabater et al., 2021). Together with generalized additive modelling, 95 

quantile-based robustness checks, and frontier extraction, these datasets permit a boundary-oriented rather 96 

than mean-oriented diagnosis of cropland vulnerability (Koenker, 2005; Wood, 2017). 97 

Moreover, prior work has already shown that ET and VPD are not linked through a simple monotonic 98 

relation, but can display clear nonlinearity and hysteresis; similarly, the coupling among GPP, ET, and 99 

VPD can bend or saturate once water consumption and atmospheric demand reach high levels (Zhang et al., 100 

2014, 2019). What remains comparatively rare is to translate that structure into a functional upper boundary 101 

that can be explicitly extracted and interpreted. In ecology, quantile regression and upper-envelope thinking 102 

have long been used to identify limiting boundaries rather than average tendencies (Cade and Noon, 2003). 103 

Accordingly, the combination of GAM-based derivatives, frontier extraction, and quantile robustness 104 

adopted here is valuable not only because it is flexible, but because it converts a fitted response surface into 105 

an ecologically interpretable tolerable limit. 106 

Against this background, the objectives of this study are to determine (1) whether the cropland GPP–107 

ET relationship in HID exhibits a stable nonlinear breakpoint and a stage of diminishing marginal returns; 108 

(2) whether the tolerable upper limit of VPD forms an ET-dependent dynamic frontier; and (3) whether 109 

deep soil water background mainly changes frontier shape or shifts frontier position. We hypothesize that 110 

VPD controls the shape of the productivity boundary, whereas deeper soil moisture background primarily 111 

regulates system vulnerability by moving the threshold laterally rather than by redefining the boundary 112 

itself. 113 
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2. Data and methods 114 

2.1 Study area 115 

As shown in Figure 1, the Hetao Irrigation District is located along the upper Yellow River in western 116 

Inner Mongolia, China, and is one of the largest diversion-irrigation districts in the country. Cropland is 117 

spatially continuous, terrain is generally flat, and agricultural production is tightly controlled by a 118 

hierarchical irrigation–drainage network. The climate is arid to semi-arid, with low precipitation but strong 119 

evaporative demand. The main crops are wheat, maize, and sunflower, and the effective growing season 120 

usually extends from April to October. 121 

In this study, salinization is treated as an environmental setting rather than as a direct explanatory 122 

variable in the core frontier model. This choice is deliberate. Our primary objective is to diagnose the ET-123 

dependent VPD boundary itself and then evaluate how deeper moisture background modifies the position 124 

of that boundary. In HID, long-term irrigation, fluctuating shallow groundwater, evaporative concentration, 125 

and uneven drainage jointly generate a salinized landscape (Ao et al., 2024; Feng et al., 2005; Yu et al., 126 

2010). Therefore, the salinized background is expressed through the study-area context, the spatial risk 127 

pattern, and the interpretation of frontier vulnerability rather than through a single salinity term in the main 128 

model. 129 
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 130 

Figure 1. Location of the Hetao Irrigation District, cropland distribution, salinized background and irrigation–131 

drainage system overview. 132 

2.2 Data sources and preprocessing 133 

The core panel was constructed from native 8-day PML-V2a products for 2019–2024. PML-V2a 134 

provides internally coupled ET and GPP estimates at 500 m resolution based on a water–carbon framework 135 

(He et al., 2022; Xu et al., 2026, discussion paper under review; Q. Zhang et al., 2019). We used the native 136 

8-day product directly rather than disaggregating monthly values, because the purpose of this study is to 137 

diagnose short-term frontier behavior under concurrent water flux and atmospheric demand. 138 

Meteorological variables were obtained from ERA5-Land, including air temperature, dew-point 139 

temperature, precipitation, and volumetric soil water content in the fourth layer (100–289 cm) (Muñoz-140 

Sabater et al., 2021). These variables were aggregated to the same 8-day steps and extracted to a common 1 141 

km cropland grid skeleton. Continuous variables were harmonized using bilinear interpolation, whereas 142 
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cropland masks were resampled using nearest-neighbor assignment. Sample screening retained only pixels 143 

with cropland fraction ≥ 0.5, records within the April–October growing season, and samples above the 20th 144 

percentile of GPP to exclude off-season and near-bare-soil states. Throughout the manuscript, remote-145 

sensing and reanalysis variables are treated as gridded products or estimates rather than as direct field 146 

observations. 147 

Figure 2 summarizes the spatial pattern of the main variables used in the analysis. ET and GPP display 148 

clear cropland-dependent gradients, while VPD and deep soil water show strong west–east and local 149 

hydrological contrasts. These heterogeneous but physically coherent gradients provide the empirical basis 150 

for identifying whether the productivity boundary shifts under different atmospheric and subsurface 151 

conditions. 152 

Dataset Main variables Resolution 

Temporal 

scale 

Role in this study 

PML-V2a Native 8-day ET and GPP 500 m 8-day 

Main ET and GPP source; 

harmonized to the 1 km 

cropland grid 

ERA5-Land 

Air temperature, dew-

point temperature, 

precipitation, deep-layer 

soil moisture 

≈0.1° 

Hourly/monthly 

→ 8-day 

Meteorological forcing and 

DSWI proxy 

Cropland 

mask 

Cropland fraction / land 

use 

1 km Static mask 

Cropland fraction ≥ 0.5 

retained 

GOSIF-GPP 

Independent GPP proxy 

for robustness 

0.05° 8-day 

Cross-product robustness 

test only 

 153 
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 154 

Figure 2. Spatial pattern of key variables used in the frontier analysis, including ET, VPD, DSWI and GPP. 155 

2.3 Variable definitions 156 

ET_main denotes 8-day cumulative evapotranspiration (mm/8d), and GPP_main denotes 8-day 157 

cumulative gross primary productivity (gC m⁻² 8d⁻¹). Vapor pressure deficit (VPD, kPa) was computed 158 

from 8-day mean air temperature T and dew-point temperature T_d following the FAO-56 formulation 159 

(Allen et al., 1998): 160 

𝑒௦(ܶ) = 0.6108 · 𝑒17.27ܶ)݌ݔ/(ܶ + 237.3))                            (1) 161 

𝑒௔( ௗܶ) = 0.6108 · 𝑒17.27)݌ݔ ௗܶ/( ௗܶ + 237.3))                            (2) 162 

ܦܸܲ = 𝑒௦(ܶ) − 𝑒௔( ௗܶ)                                   (3) 163 

where 𝑒௦ is the saturation vapor pressure at air temperature ܶ, and 𝑒௔ is the actual vapor pressure derived 164 

from dew-point temperature ௗܶ; both are expressed in kPa. ܶ and ௗܶ are expressed in °C, so VPD is also 165 
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expressed in kPa. The deep soil water availability index (DSWI) was derived from the fourth ERA5-Land 166 

soil layer and was used as a relative proxy for subsurface moisture background rather than as a calibrated 167 

estimate of groundwater depth. For the subgroup comparison, each cropland grid cell was assigned its 168 

study-period mean DSWI (2019–2024), and the median of this distribution was used to define the high-169 

DSWI group (≥ median) and the low-DSWI group (< median). We used the study-period mean rather than 170 

year-specific dynamic grouping to preserve a stable classification of deep subsurface moisture background 171 

and to avoid confounding subgroup comparisons with interannual shifts in wetness rank. 172 

௘௫௖௘௦௦௜ܦܸܲ = ,௢௕௦ܦܸܲ ݅ − ,ݎ௧ℎܦܸܲ  173 (4)                          (ܶܧ)݅

ܨܧ = (1/݊) · ,௢௕௦ܦܸܲ)ܫߑ ݅ > ,௧ℎ௥ܦܸܲ ݅)                             (5) 174 

Here ܸܲܦ௘௫௖௘௦௦ measures the exceedance magnitude of observed VPD relative to the ET-conditioned 175 

threshold frontier; when ܸܲܦ௘௫௖௘௦௦ > 0, the corresponding sample operates above the diagnosed frontier. 176 

EF quantifies how frequently the threshold is exceeded over a given period and is therefore used to 177 

characterize cumulative exposure to frontier-related risk in both seasonal and spatial analyses. The DSWI 178 

comparison is interpreted as a contrast between wetter and drier deep subsurface backgrounds. It is 179 

designed to test whether the ET-dependent VPD threshold frontier shifts consistently under contrasting 180 

subsurface conditions, rather than to numerically infer groundwater depth. 181 

2.4 Frontier identification and robustness analysis 182 

To characterize the nonlinear ܲܲܩ − ܶܧ −  relationship, we fitted a generalized additive model 183 ܦܸܲ

(GAM) in R using the mgcv package (Wood, 2017). Penalized regression splines were used for the 184 

univariate smooth terms, and a tensor-product smooth was used for the ܶܧ ×  interaction. Smoothing 185 ܦܸܲ 

parameters and effective degrees of freedom were selected automatically by restricted maximum likelihood 186 

(REML). Using 1,737,842 screened 8-day cropland samples, the final GAM achieved an adjusted R² of 187 

0.917, an RMSE of 6.73 g C m⁻² 8d⁻¹, and a highly significant overall fit (F = 402,849.3, p < 0.001). Model 188 

adequacy was further evaluated by inspection of residual patterns and significance tests for the smooth 189 

terms. 190 
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ܲܲܩ = (ܶܧ)1ݏ + (ܦܸܲ)2ݏ + ,ܶܧ)݅ݐ (ܦܸܲ +  191 (6)                   ߝ

where (ܶܧ)1ݏ and (ܦܸܲ)2ݏ are univariate smooth functions, ܶܧ)݅ݐ,  is the tensor-product interaction 192 (ܦܸܲ

term describing the joint nonlinear response surface, and ߝ is the residual error. We used ݍܧ. (6) to 193 

reconstruct how the marginal effect of VPD on GPP changes across ET states, and we extracted the zero-194 

isoline of  ߲ܦܸ߲ܲ/ܲܲܩ as the ET-dependent VPD threshold frontier. The ET–VPD support domain used 195 

for this diagnosis is shown in Supplementary Figure S2. 196 

The model was used for diagnosis rather than simple prediction. Physiologically, the extracted 197 

boundary is intended to represent the upper VPD condition under which cropland carbon uptake can still be 198 

maintained without an additional net penalty from atmospheric drying. Once the marginal effect of VPD 199 

becomes negative, the system is interpreted as moving from a tolerable operating range toward a 200 

suppressive range in which stomatal regulation and hydraulic protection increasingly constrain 201 

photosynthesis (Novick et al., 2024; Oren et al., 1999; Sperry et al., 2002). 202 

The extracted frontier points were then fitted with a piecewise linear regression to estimate the main 203 

ecohydrological breakpoint. Uncertainty was quantified using 500 paired bootstrap resamples of the 204 

extracted frontier points with replacement. Because sparse support near the tails can destabilize the frontier, 205 

subgroup and quantile frontiers were interpreted only within robust ET support regions. The ET–DSWI 206 

support structure used to evaluate subgroup support is shown in Supplementary Figure S3. The low- and 207 

high-DSWI subgroup breakpoints were therefore used to diagnose relative lateral displacement rather than 208 

absolute one-to-one numerical comparability with the full-sample breakpoint. 209 

To assess robustness beyond mean fitting, we additionally derived quantile generalized additive model 210 

(QGAM) frontiers for the median, 75th percentile, and 90th percentile conditions, following the logic of 211 

quantile regression (Koenker, 2005). If the turning point remains concentrated within a narrow ET range 212 

across these alternative frontiers, the breakpoint can be regarded as structurally stable rather than as an 213 

artifact of a single fitting strategy. 214 
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Finally, to test whether the detected nonlinear pattern might simply reflect shared structure within one 215 

coupled product framework, we replaced PML-derived GPP with the independent GOSIF-derived GPP 216 

product while keeping PML ET unchanged. From a reproducibility perspective, the key inferential target is 217 

the stability of the sign-change boundary rather than the exact tail behavior of any single fitted curve. 218 

Table 1 summarizes the final threshold metrics used consistently throughout the manuscript. 219 

Metric Value Interpretation 

Main ecohydrological breakpoint 12.98 mm/8d 95% CI: 12.49–13.86 

Low DSWI breakpoint 7.18 mm/8d Subgroup frontier 

High DSWI breakpoint 9.35 mm/8d Subgroup frontier 

Threshold shift +2.17 mm/8d High DSWI relative to low DSWI 

QGAM median frontier 13.40 mm/8d Robustness check 

QGAM 75th percentile frontier 13.86 mm/8d Robustness check 

QGAM 90th percentile frontier 12.49 mm/8d Robustness check 

 220 

3. Results 221 

3.1 The cropland GPP–ET relationship shows strong nonlinearity and diminishing marginal 222 

returns 223 

Using the native 8-day PML panel, the scatter structure of GPP against ET shows that carbon 224 

assimilation in the Hetao cropland system does not increase linearly with water consumption (Xu et al., 225 

2026). Instead, GPP rises rapidly at low ET and then enters a clear stage of diminishing marginal returns 226 

(Figure 3). This means that additional water consumption under irrigation does not necessarily deliver 227 
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equivalent additional carbon gain, and the efficiency of water use weakens once ET exceeds a moderate 228 

range. 229 

Piecewise fitting indicates that this transition has a stable quantitative expression. The main 230 

ecohydrological breakpoint identified from the full sample is 12.98 mm/8d, with a 95% confidence interval 231 

of 12.49–13.86 mm/8d. When 8-day cumulative ET approaches this level, the marginal gain of GPP per 232 

unit ET declines sharply. The breakpoint should therefore be interpreted as a regional turning point in 233 

carbon–water coupling efficiency rather than as a fixed physiological constant for an individual crop or 234 

growth stage. 235 

The geometry of the scatter cloud adds process meaning to this pattern. At low ET, observations are 236 

widely dispersed, implying strong co-control by crop condition, irrigation timing, and atmospheric 237 

background. As ET increases, observations become increasingly bounded by an upper envelope. In other 238 

words, the system progressively shifts from supply-dominated behavior to boundary-dominated behavior, 239 

which directly motivates the frontier analysis below. 240 

 241 
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Figure 3. Nonlinear GPP–ET relationship and the onset of diminishing marginal returns 242 

3.2 VPD shapes an ET-dependent dynamic frontier of cropland productivity 243 

The two-dimensional ET–VPD response surface demonstrates that the effect of atmospheric dryness 244 

on productivity depends strongly on ET state (Figure 4). Under low ET, increasing VPD generally exerts a 245 

strong negative marginal effect on GPP, indicating that when water flux is already limited, higher 246 

atmospheric demand is rapidly translated into reduced carbon assimilation. Under moderate ET, the 247 

negative effect of VPD weakens, revealing stronger resistance to atmospheric dryness when the system 248 

maintains a larger water flux. 249 

 250 

Figure 4. Marginal effect of VPD on GPP in ET–VPD space 251 

The frontier extracted from the zero-isoline of ∂GPP/∂VPD reveals a typical ET-dependent threshold 252 

structure (Figure 5). The tolerable upper bound of VPD increases with ET at first, but once ET approaches 253 
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the main breakpoint, the upper bound ceases to expand and starts to contract. This demonstrates that the 254 

system does not operate under a single fixed VPD threshold. Rather, the effective VPD limit is conditional 255 

on water-flux status and becomes dynamic in ET space. In this sense, the frontier is best understood as a 256 

functional upper boundary of tolerable atmospheric dryness, not as the earliest detectable signal of 257 

physiological stress. 258 

Importantly, the detected breakpoint of 12.98 mm/8d should be interpreted in a restrained way. When 259 

8-day cumulative ET approaches this level, the marginal gain of GPP from additional ET declines 260 

markedly, suggesting that the system shifts from a relatively stronger water-limited stage to a stage of 261 

diminishing marginal returns. Additional water consumption beyond this level may therefore fail to 262 

produce proportional gains in carbon assimilation. 263 

 264 

Figure 5. ET-dependent VPD frontier and piecewise fit 265 
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3.3 Deep soil water background primarily shifts the frontier position 266 

Subgroup analysis shows that deep soil water background does not create a new frontier form but 267 

significantly shifts the position at which the system enters the diminishing-returns regime (Figure 6; 268 

Supplementary Figure S3). Under low DSWI conditions, the identified breakpoint is 7.18 mm/8d; under 269 

high DSWI conditions, it moves rightward to 9.35 mm/8d, corresponding to a shift of +2.17 mm/8d. This 270 

indicates that deeper moisture background allows the system to sustain higher ET before entering a stress-271 

controlled state. 272 

The interpretation of these subgroup frontiers requires care. The low- and high-DSWI curves are 273 

extracted from conditional subsamples, so their breakpoint values are not intended for absolute one-to-one 274 

comparison with the full-sample breakpoint of 12.98 mm/8d. More fundamentally, the subgroup fits are 275 

estimated within different ET support domains and with different sample compositions, so their absolute 276 

breakpoints are not numerically commensurate with the full-sample value. Their primary role is to identify 277 

the relative shift in threshold position under contrasting subsurface moisture backgrounds. Accordingly, the 278 

most informative quantity in Figure 6 is the direction and magnitude of the lateral shift, rather than the 279 

exact trajectory of the tails. 280 

Process-wise, the result suggests that deep soil water acts mainly as a buffering background. Under 281 

lower DSWI, the system reaches its threshold earlier, indicating that stomatal defense and reduced carbon 282 

gain emerge under smaller water fluxes. Under higher DSWI, this transition is delayed, meaning that the 283 

frontier is displaced toward larger ET values while the basic boundary framework remains intact. 284 
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 285 

Figure 6. DSWI-induced lateral shift of the threshold frontier 286 

3.4 Seasonal and spatial diagnostics reveal a concentrated risk window 287 

Monthly diagnostics (Supplementary Figure S1) show that frontier exceedance is not evenly 288 

distributed across the growing season. ET and GPP both rise rapidly from spring to summer, but the 289 

increase in productivity coincides with a stronger probability of operating near or above the VPD threshold. 290 

The main risk window occurs from May to July, when water consumption and carbon gain are both high 291 

but atmospheric demand is sufficiently strong to push a large fraction of observations toward the 292 

suppressive side of the frontier. By late season, the risk weakens as VPD declines and the system retreats 293 

toward or below the threshold. 294 

Spatially, frontier-related risk is strongly heterogeneous (Figure 7). High-risk zones tend to cluster in 295 

downstream, poorly drained, and salinity-prone parts of the irrigation district. This pattern is consistent with 296 
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the study-area context, in which irrigation–drainage imbalance, shallow groundwater influence, and 297 

secondary salinization co-occur in specific spatial units. Thus, the frontier should be understood not only as 298 

a regional average threshold, but also as a diagnostic tool for identifying spatially vulnerable cropland 299 

clusters within the irrigation district. 300 

 301 

Figure 7. Spatial risk diagnostics of mean VPD excess and exceedance frequency 302 
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3.5 Quantile and cross-product tests confirm that the frontier is robust 303 

To evaluate whether the detected boundary merely reflects mean fitting, QGAM frontiers were 304 

estimated for the median, 75th percentile, and 90th percentile conditions (Figure 8). The corresponding 305 

breakpoints are approximately 13.40, 13.86, and 12.49 mm/8d, respectively. Although the local shape of 306 

the frontier varies slightly across quantiles, all turning points remain concentrated within a narrow range 307 

around the main breakpoint. This convergence indicates that the ecohydrological turning point is 308 

structurally stable rather than a by-product of a single fitting strategy. 309 

A second robustness test replaced PML GPP with the independent GOSIF-derived GPP product while 310 

retaining PML ET. The nonlinear saturation of the GPP–ET relationship remained clearly visible. 311 

Therefore, the observed frontier is unlikely to be an artifact of shared assumptions within a single ET–GPP 312 

product framework. Instead, it reflects a genuine ecohydrological signal in the Hetao cropland system. 313 

Taken together, the full-sample frontier, the DSWI subgroup comparison, the quantile frontiers, and 314 

the cross-product substitution all point to the same conclusion: HID croplands exhibit a stable ET-315 

dependent VPD threshold frontier, and deep soil water background mainly regulates vulnerability by 316 

shifting the threshold position rather than by redefining the existence of the frontier. 317 
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 318 

Figure 8. Quantile-frontier robustness of the ecohydrological breakpoint 319 

4. Discussion 320 

4.1 From mean response to boundary diagnosis 321 

A major contribution of this study is the shift from average-response analysis to boundary diagnosis. 322 

Many previous studies have evaluated the mean sensitivity of GPP, ET, or water use efficiency to VPD and 323 

soil moisture (Novick et al., 2016; Zhou et al., 2014). Such analyses are important, but they do not directly 324 

answer when the system begins to experience a net suppressive effect of atmospheric demand under a given 325 

water-flux state. By extracting the zero-isoline of ∂GPP/∂VPD, our approach identifies a functional upper 326 

boundary in ET–VPD space and therefore separates the notion of 'average effect' from that of 'operating 327 

limit'. 328 
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This distinction matters in irrigated croplands. In HID, irrigation can maintain relatively high ET even 329 

under strong atmospheric demand. If only mean effects were considered, one might conclude either that 330 

VPD is universally suppressive or that irrigation fully neutralizes atmospheric stress. The frontier 331 

perspective reveals a more nuanced pattern: increasing ET enhances tolerance to VPD only up to a point, 332 

after which the safe operating boundary contracts. Unlike leaf- or plot-scale threshold definitions based on a 333 

50% decline in stomatal conductance, abrupt reductions in assimilation, or critical hydraulic points, the 334 

frontier used here is an emergent system-scale boundary estimated from gridded products. It does not mark 335 

the first onset of strain; rather, it marks the point beyond which additional atmospheric drying is associated 336 

with a net negative marginal effect on GPP under a given ET state. This scale distinction is important 337 

because irrigation management operates at field-to-district scale, where the practical question is not when 338 

crops first sense stress, but when continued water consumption no longer offsets atmospheric demand 339 

efficiently. 340 

4.2 Why deep soil water mainly appears as a lateral shift 341 

The subgroup results indicate that DSWI primarily shifts the breakpoint position rather than 342 

reconstructing the frontier shape. This interpretation is consistent with the ecohydrological role of deeper 343 

subsurface moisture. At short time scales, stomata respond directly to atmospheric demand and leaf-to-root 344 

hydraulic status, but the background availability of deeper water determines how long a crop can sustain 345 

exchange before defensive regulation is triggered (Oren et al., 1999; Sperry et al., 2002). In that sense, VPD 346 

determines the geometry of the boundary, whereas deeper moisture background determines where along the 347 

ET axis the system begins to experience that boundary. 348 

This finding also helps reconcile two apparently conflicting views in the literature. Some studies 349 

emphasize atmospheric demand as the dominant regulator of water and carbon fluxes, whereas others 350 

emphasize the primacy of soil water supply (Grossiord et al., 2020; Novick et al., 2016). Our results 351 

suggest that these are not mutually exclusive. In HID croplands, atmospheric demand controls the frontier 352 

itself, but deeper water availability alters the location at which the frontier becomes active. The DSWI 353 
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effect is therefore better understood as a vulnerability modulation term than as a first-order replacement for 354 

VPD control. 355 

Seen in this way, disagreement across previous studies does not necessarily imply contradiction; 356 

rather, different studies may be identifying different layers of water limitation. When the system is 357 

primarily constrained by insufficient soil supply, soil moisture is more likely to determine whether 358 

production enters a stressed state; when irrigation or deeper water background sustains relatively high ET, 359 

VPD is more likely to appear as the controlling upper-bound term (Fang et al., 2021; Liu et al., 2020; 360 

Novick et al., 2024; Wang et al., 2025). Our formulation that 'VPD shapes the frontier, whereas deeper 361 

moisture background shifts its position' should therefore be read as a redistribution of control across 362 

constraint levels, not as a rejection of the broader VPD-versus-soil-moisture literature. 363 

4.3 Seasonal and spatial implications under a salinized background 364 

The seasonal analysis shows that the frontier has immediate agronomic meaning. The highest 365 

productivity phase is also the period in which the system most frequently approaches or exceeds the VPD 366 

threshold. This means that management based solely on seasonal averages may underestimate the risk 367 

concentration in late spring and early summer. A threshold framework can therefore complement irrigation 368 

scheduling by identifying not only when water demand is high, but when additional water use is no longer 369 

translated efficiently into carbon gain. 370 

Spatially, the clustering of risk in downstream, poorly drained, and salinity-prone sectors indicates that 371 

the frontier is embedded in the broader water–salt landscape of HID. This is important because the 372 

manuscript does not claim that soil salinity was explicitly estimated as a dynamic driver in the core 373 

statistical model. Instead, salinity is treated as a regional background condition, and the spatial 374 

concentration of threshold exceedance in salinity-prone areas provides process-consistent evidence that 375 

carbon–water vulnerability is amplified where irrigation, drainage limitation, shallow groundwater, and 376 

evaporative concentration converge (Ao et al., 2024; Feng et al., 2005; Yu et al., 2010). A plausible 377 

mechanism is that salinity adds osmotic stress and ion-related constraints on root water uptake, thereby 378 
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lowering effective water availability, leaf water potential, and hydraulic conductance (Munns and Tester, 379 

2008), which makes the same atmospheric demand more likely to push cropland above the frontier. 380 

This interpretation is also consistent with recent HID studies that documented pronounced spatial 381 

heterogeneity of soil salinity at canal scale and strong irrigation–drainage control on water–salt 382 

redistribution, especially in downstream units and cropland–wasteland mosaics (Ao et al., 2024; Hu et al., 383 

2023). 384 

4.4 Uncertainties and scope of inference 385 

Several uncertainties should be acknowledged. First, DSWI is derived from deep-layer ERA5-Land 386 

soil moisture and is interpreted as a proxy of relative subsurface moisture background rather than as 387 

observed groundwater depth. The subgroup results should therefore be understood as comparative evidence 388 

of background buffering, not as precise groundwater diagnostics. Future work should pair this frontier 389 

framework with in situ groundwater-depth records and salinity surveys to determine where the proxy–390 

background relation is strongest or weakest. Second, the study is conducted at regional 8-day scale and 391 

does not separate crop species or phenological stages; the identified breakpoint is thus a system-level 392 

turning point rather than a fixed physiological threshold for any single crop. 393 

Third, ET and GPP in the main analysis are obtained from the same PML framework, which could 394 

raise concerns about shared model structure. This is why the independent GOSIF-based robustness test is 395 

essential: because the nonlinear saturation persists after product substitution, the main frontier is unlikely to 396 

be a mere algorithmic artifact. Fourth, we used a static cropland mask for the full study period, which does 397 

not capture minor interannual changes in cropland distribution at the irrigation-district margins; however, 398 

the core cropland pattern of HID remained stable during 2019–2024, so this simplification is unlikely to 399 

alter the main conclusions. Finally, the frontier should not be interpreted as a deterministic irrigation 400 

prescription. Its main value lies in diagnosing when and where marginal carbon gains decline under 401 

concurrent atmospheric demand, thereby providing an operationally meaningful but still probabilistic 402 

indicator of cropland vulnerability. 403 
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5. Conclusions 404 

This study demonstrates that cropland water–carbon coupling in the Hetao Irrigation District is 405 

organized by an ET-dependent VPD threshold frontier rather than by a single fixed atmospheric threshold. 406 

Native 8-day PML products reveal a stable ecohydrological breakpoint at 12.98 mm/8d, beyond which the 407 

marginal carbon gain from additional water consumption declines markedly and the system enters a clear 408 

regime of diminishing returns. 409 

The extracted frontier shows that the tolerable upper limit of VPD initially expands with ET but 410 

contracts after the breakpoint is reached, indicating that atmospheric dryness acts not as a static stress 411 

metric but as a dynamic boundary-control term on cropland productivity. Deep soil water background does 412 

not eliminate or redefine this frontier; instead, it primarily shifts the breakpoint position. Under lower 413 

DSWI, the transition into VPD suppression occurs earlier, whereas under higher DSWI it is delayed by 414 

about 2.17 mm/8d, implying that subsurface moisture background modifies when the frontier becomes 415 

active rather than whether the frontier exists. Accordingly, the diagnosed frontier is best interpreted as a 416 

functional upper bound of tolerable atmospheric dryness at irrigation-district scale rather than as the first 417 

onset of crop stress at leaf or plot scale. 418 

Seasonal diagnostics indicate that the main vulnerability window is concentrated in the high-growth 419 

months, while spatial diagnostics reveal clear clustering of risk in downstream, poorly drained, and salinity-420 

prone areas. Quantile and cross-product robustness tests both support the persistence of this threshold 421 

structure. Overall, the results support a parsimonious interpretation: VPD controls the frontier shape, 422 

whereas deep soil water controls the frontier position, and frontier exceedance offers a practical way to 423 

diagnose vulnerable states in salinized irrigated croplands. 424 

Importantly, the broader relevance of this study does not lie in exporting a single numerical breakpoint 425 

to all irrigated regions, but in providing a transferable diagnostic logic. Under global warming and 426 

intensifying atmospheric dryness, irrigation systems need to evaluate not only mean water-use efficiency or 427 

mean VPD sensitivity, but also when the productivity frontier itself becomes re-constrained by atmospheric 428 
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demand under different ET states. For irrigated drylands in Central Asia, North Africa, the western United 429 

States, and other salinity-prone or shallow-groundwater-influenced agroecosystems, the proposed frontier 430 

framework offers a comparable way to identify critical risk windows, diagnose latent vulnerability, and 431 

support climate-resilient water management. In other words, the breakpoint value is region-specific, 432 

whereas the frontier-based analytical framework is potentially generalizable across water-limited irrigated 433 

landscapes. 434 
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