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Progressive groundwater decoupling may drive a shift toward
shallower and faster terrestrial water cycling
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Abstract. Groundwater is widely regarded as a critical buffer that sustains evapotranspiration (ET) and streamflow
under hydrologic stress. However, whether this buffering capacity persists under sustained increases in ET demand
remains unclear. Here we test whether sustained increases in ET demand can reorganize subsurface connectivity and
undermine effective groundwater buffering, using controlled hillslope simulations with integrated hydrologic
modeling and particle tracking. Under baseline semi-arid forcing, ET and outflow exhibit coexisting young and older
age components. Following late-summer groundwater drawdown, intermediate-age flow paths weaken, eventually
producing a temporary age gap that separates shallow and deep sources. Outflow responds more abruptly than ET due
to hydraulic disconnection at the outlet. Warming and vegetation greening amplify this intrinsic seasonal age-
segregation pattern. Intermediate-age contributions collapse earlier and recover more slowly, amplifying the
polarization between shallow and deep water pools and further suppressing older groundwater inputs. Outflow
becomes increasingly dominated by very young water, indicating strengthened groundwater—surface decoupling.
These results suggest that sustained hydrologic stress structurally reduces effective groundwater connectivity,
weakening subsurface buffering and shortening hydrologic memory. This shift persists across parameter perturbations.
As a consequence, water cycling shifts toward shallower and faster pathways. Progressive groundwater decoupling
therefore represents not merely a change in source depth, but a structural transition toward a more rapidly recycled

and potentially less predictable mode of terrestrial water cycling under sustained increases in terrestrial water use.
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1 Introduction

Many terrestrial systems are increasingly exposed to hydrologic stress as atmospheric evaporative demand intensifies
and biological water use expands. In this context, warming and vegetation enhancement act to amplify
evapotranspiration (ET), increasing subsurface water extraction and tightening constraints on groundwater storage.
Groundwater is widely regarded as a critical buffer against such hydrologic stress (Condon et al., 2020; Miguez-
Macho and Fan, 2025). Recent studies increasingly challenge the traditional separation of surface water and
groundwater, arguing that they form a connected hydrologic continuum rather than two independent “water
worlds”(Berkowitz and Zehe, 2020a; Schiavo et al., 2022; Berkowitz and Zehe, 2020b). By acting as a long-term
storage reservoir and maintaining hydraulic connectivity with the shallow subsurface, groundwater regulates the
timing and magnitude of surface water fluxes (Villaruel et al., 2025; Zipper et al., 2024; Tran et al., 2020; Xie et al.,
2024), sustains ET and streamflow during dry periods (Betterle and Bellin, 2024; Knighton and Berghuijs, 2023), and
provides hydrologic “memory” to the land surface system (Getirana et al., 2025; Liang et al., 2021; Bierkens and Van
Den Hurk, 2007; Brooks et al., 2021). Under this prevailing view, drought is interpreted as a progressive shift toward
deeper groundwater reliance: as shallow soil moisture is depleted, the relative contribution of groundwater increases,
leading to older water signatures in both ET and streamflow due to the growing dominance of longer-residence
subsurface water (Yang et al., 2021b; Yang et al., 2023a; Swenson et al., 2024; Li et al., 2024; Visser et al., 2019).
Implicit in this interpretation is the assumption that groundwater buffering remains effective even under sustained and
intensifying hydrologic stress.

Carroll et al. (2024) examined how sustained warming alters groundwater—stream interactions using a high-resolution,
observation-constrained integrated hydrologic model. Their simulations indicate that progressive groundwater storage
decline lowers regional water tables and weakens hydraulic gradients toward stream channels, with some reaches
shifting from historically groundwater-gaining to losing or weakly connected states during low-flow periods.
Similarly, Betterle and Bellin (2024) showed that declining recharge lowers water tables and reduces subsurface
storage. Under these conditions, the fraction of baseflow generated by groundwater increases, while the permanently
active drainage network shrinks and shifts downstream, further reducing surface drainage density. In a drought-
focused ecohydrological study, Yang et al. (2021b) reported that transpiration could initially be maintained during the
early stages of drought despite increasing water age, but declined sharply as drought conditions intensified, while
evaporation remained comparatively stable. Collectively, these studies suggest that hydrologic responses to sustained
stress may not be gradual, but instead involve substantial reorganization of groundwater connectivity, drainage
networks, and vegetation water use.

In other words, these studies indicate that sustained hydrologic stress may alter not only the magnitude of water fluxes,
but also the depth and pace at which water circulates through terrestrial systems. Rather than supporting the prevailing
expectation that intensifying drought progressively increases groundwater dependence and shifts fluxes toward older
water, these findings imply a different response: prolonged stress may reduce the effective contribution of deeper
storage and favor younger, more rapidly recycled water sources. This possibility raises a broader and largely
unresolved question: can sustained hydrologic stress shift terrestrial water cycling toward a shallower and faster
regime, rather than simply intensifying groundwater dependence?
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Here we hypothesize that persistent increases in ET demand may shift terrestrial water cycling toward shallower and
faster pathways, manifested through a systematic reorganization of internal water age structure. As groundwater
storage declines beyond a critical threshold, intermediate-age contributions may collapse, leading to a separation
between shallow, rapidly recycled water and deeper, longer-residence storage (Figure 1). This age polarization reflects
a weakening of hydraulic connectivity between deep and shallow domains and signals a shift from a coupled regime—
where multiple storage pools jointly regulate surface fluxes—to a decoupled regime dominated by shallower and faster
flow paths. Here, reorganization refers to this structural redistribution of water-age contributions driven by changing
subsurface connectivity, including the contraction or loss of intermediate flow paths rather than a simple shift in the

relative magnitude of existing contributions.
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Figure 1. Shift from coupled to segregated flow structure with age polarization under groundwater decline. (a) Under wetter
conditions, shallow, intermediate, and deep flow paths jointly contribute to ET and streamflow. (b) Under drier conditions,
weakening hydraulic connectivity suppresses intermediate-age contributions, producing age segregation between young
local water and older deep storage. Arrows illustrate dominant source regions rather than exact flow trajectories.
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To examine this possibility, we design a set of controlled hillslope experiments that systematically increase ET forcing
and track the resulting evolution of water storage partitioning and water age structure. The hillslope represents the
fundamental hydrologic unit (Fan et al., 2019) where vertical and lateral processes interact, and subsurface flow
organization is most directly expressed. This framework allows ET and streamflow age dynamics to be interpreted
jointly within a common hillslope-scale context. The controlled configuration enables clear diagnosis of mechanism,
providing a baseline understanding that can inform interpretation of more complex real-world systems where multiple

interacting processes operate simultaneously.

2 Methods

To examine how enhanced ET forcing influences subsurface storage partitioning and internal water age distribution,
we conducted controlled numerical experiments in a synthetic quasi-three-dimensional domain (Bearup et al., 2016;
Danesh-Yazdi et al., 2018; Mikkelson et al., 2013). The domain represents a 100 m long, 1 m wide, and 9.4 m deep
hillslope with a uniform surface gradient of 0.1 (Figure S3). The hillslope was discretized using a terrain-following
grid (Maxwell, 2013) at 5 m resolution along-slope and 0.2 m across-slope, with 20 vertical layers of variable
thickness: 0.5 m in the deeper subsurface, gradually refining to 0.3 m and 0.1 m near the surface to better resolve
shallow processes. The upper 10 layers (4.4 m) constitute the root zone, where ParFlow and CLM exchange water
fluxes. Subsurface hydraulic properties were specified uniformly. Saturated hydraulic conductivity was set to 0.05 m
h, porosity to 0.20, and van Genuchten parameters to o = 1.0 m™ and n = 2, and residual saturation (Srs) to 0.2.
These hydraulic properties were adopted from previous ParFlow—EcoSLIM studies (Maxwell et al., 2019; Yang et al.,
2022). Together with the prescribed tree-covered vegetation, these parameter values are broadly representative of
semi-arid woody hillslopes commonly characterized by shallow soils, weathered bedrock, and limited subsurface
water storage. This configuration serves as the reference state for subsequent perturbation experiments.

Water fluxes were simulated using the integrated hydrologic model ParFlow—CLM(Kollet and Maxwell, 2008, 2006;
Maxwell and Miller, 2005), which resolves coupled land surface processes and variably saturated subsurface flow
with lateral groundwater dynamics. The governing equations of ParFlow—CLM and the particle-tracking formulation
used in EcoSLIM are summarized in Text S1 of the Supplementary Information. The system was forced with a
representative semi-arid meteorological record from the Little Washita watershed in Oklahoma (USA), providing
realistic atmospheric demand and precipitation variability for a water-limited hillslope environment (Maxwell et al.,
2019; Kollet and Maxwell, 2008). The model was spun up for three years, and the third-year state was used to initiate
particle tracking. EcoSLIM (Maxwell et al., 2019; Yang et al., 2021a; Yang et al., 2022) simulations were then
conducted for 20 years to allow age distributions to approach dynamic equilibrium. All ParFlow—CLM and EcoSLIM
simulations were performed with an hourly time step.

EcoSLIM uses the transient flow fields and ET fluxes generated by ParFlow—CLM to simulate particle advection and
molecular diffusion, thereby explicitly tracking the transport pathways and residence times of water within the coupled
land—groundwater system. Diagnostics were derived from the twentieth year. During the final analysis year, the
domain consistently contained on the order of 10° actively circulating particles. Over the course of that year, 2.17 x
10° particles exited the domain as subsurface outflow and 2.48 x 10° were removed via ET. Because particle inflow
4
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and release were continuous, the in-domain particle population remained approximately constant while flux-specific
particles were sampled as they exited. This high particle density and sustained turnover enable robust, high-resolution
characterization of flux age structure under different ET forcing scenarios.

Building upon this baseline configuration, four primary forcing scenarios were constructed: a baseline case, a +1 C
warming perturbation, a 50% increase in maximum leaf area index (LAI), and a combined warming—greening
scenario. The +1 <C warming perturbation represents a moderate future climate signal (Ipcc, 2021). The LAI
perturbation magnitude reflects an enhanced yet plausible continuation of observed multi-decadal greening trends
(Piao et al., 2020). Satellite observations indicate widespread increases in vegetation greenness globally, with
particularly strong greening occurring in several hotspot regions (Chen et al., 2019). These greening trends have
various drivers, such as CO: fertilization, climate change, and land management(Chen et al., 2019; Piao et al., 2020).
The imposed 50% increase in maximum LAl is therefore intended as an enhanced perturbation to explore the
hydrologic consequences of sustained vegetation expansion rather than to reproduce a specific observed magnitude of
change. Baseline and perturbed LAI values are summarized in Table S1.

To evaluate structural robustness, three additional experimental groups were conducted in which key system properties
were modified relative to the reference parameter set. In the first group, vegetation type was changed from trees to
shrubs, representing shallower rooting systems and reduced transpiration demand. In the second group, subsurface
hydraulic parameters were adjusted, with saturated hydraulic conductivity set to 0.1 m h™!, porosity to 0.39, van
Genuchten parametersto a =3.5 m™" and n = 2, and Syes to 0.01 (Mikkelson et al., 2013), representing a transition from
relatively low-porosity, semi-arid soils to more permeable, coarse-textured subsurface conditions. In the third group,
hillslope gradient was reduced to 0.05, representing weaker topographic control on lateral drainage and groundwater
convergence. In total, four hillslope configurations—the reference, modified vegetation, modified hydraulic
properties, and reduced slope configurations—were each simulated under four ET forcing scenarios: baseline, +1 <C
warming, a 50% increase in maximum LAI, and combined warming—greening, yielding a total of 16 model scenarios.
Each scenario employed particle tracking to characterize the evolution of subsurface water age structure. The objective
of this experimental design is not to reproduce a specific field site or exhaustively sample parameter uncertainty, but
rather to diagnose how key controls on terrestrial water cycling influence system behavior under increasing ET
demand. Representative baseline values were therefore adopted and systematically perturbed to examine the direction

and robustness of hydrologic responses across contrasting system configurations.

3 Results

3.1 Water fluxes

Under baseline conditions, seasonal water fluxes exhibit a pronounced late-summer transition governed by the
interaction between groundwater storage and ET demand (Figure 2). Following gradual recovery during winter and
spring, groundwater levels continue to rise and reach their shallowest condition between May and July (Figure 2c).
Air temperature increases after early spring (Figure S1), and following a rainfall event in June, ET reaches its annual

maximum in July (Figure 2a).
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Figure 2. Seasonal evolution of water fluxes and states under baseline and enhanced ET-forcing scenarios. Panels show
monthly mean (a) evapotranspiration (ET), (b) streamflow (Q), (c) water table depth (WTD), and (d) saturated storage
change (ASS), calculated from hourly model outputs during the corresponding analysis year. Precipitation (P) is shown on
the secondary axis in each panel. Enhanced ET forcing through warming (+1 <C), greening (MaxLAI+50%), and their
combination amplifies seasonal groundwater depletion, resulting in deeper water tables and larger storage losses during
the late growing season.

The July ET peak triggers a rapid groundwater decline. With relatively modest rainfall in July and August,
groundwater drawdown continues even though ET weakens slightly in August; ET remains substantial through
August-September, pushing the water table to its annual maximum depth in September (deepest condition). Consistent
with this progression, saturated storage shows pronounced net losses over July—September (Figure 2d), indicating
that ET during this period is supported in part by groundwater withdrawal. Concurrently, the domain-averaged ET

age increases (Figure 3a), consistent with greater reliance on older subsurface storage.
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Figure 3. Monthly mean (a) ET age and (b) outflow age under baseline and enhanced ET-forcing scenarios. Values represent
monthly averages calculated from hourly outputs during the corresponding analysis year. Missing outflow-age values
indicate months with zero outflow, during which no outflow age could be computed. Enhanced ET forcing generally
increases both ET and outflow ages and amplifies seasonal age contrasts, while periods of absent outflow reflect temporary
groundwater—surface decoupling at the hillslope outlet.

After September, ET declines from late-summer levels (September) and continues decreasing through autumn
(October—November), reaching a minimum in mid-winter (December—January), before gradually increasing again in
late spring (April-May). Although precipitation remains moderate during autumn and winter (October—February),
both atmospheric demand and vegetation activity are strongly reduced (Figure S1). Lower air temperature suppresses
evaporative demand, while reduced LAI during the dormant season limits transpiration, jointly constraining ET. As a
result, water inputs exceed atmospheric losses during this period, allowing groundwater storage to progressively
recover from autumn through spring, with groundwater levels becoming shallow again by May.

Streamflow closely tracks seasonal groundwater dynamics (Figure 2b). Discharge reaches its annual maximum in
June, when groundwater levels are shallow, and declines toward a minimum in September as the water table reaches
its deepest condition. In contrast to the maximum ET age observed during late-summer groundwater drawdown,
outflow age changes in the opposite direction during August-October, declining sharply as outflow becomes
dominated by very young water (Figure 3b). This age decrease reflects hydraulic disconnection between the channel
and deeper groundwater once the water table drops below the outlet elevation (Figure S2), effectively suppressing
older groundwater contributions.

In addition to the late-summer minimum in streamflow, two secondary discharge declines are evident (Figure 2b):
one in January and another in May. The January dip reflects a delayed drainage adjustment following enhanced
recharge and temporarily strengthened hydraulic connectivity in autumn. After the October rainfall temporarily
increases subsurface water availability, the system undergoes accelerated drainage through November and December,
progressively depleting stored water. By January, despite a modest precipitation peak, discharge declines because
much of the transiently accumulated storage has already been drained (Figure S3). The May reduction, in contrast,
corresponds to a sharp increase in ET relative to April. As atmospheric demand rises and vegetation activity resumes,
increased ET suppresses groundwater discharge, producing a secondary decline before peak flow is reached in June.

This seasonal transition sets the stage for the structural reorganization of internal water age described below.

3.2 Age distributions

Under baseline conditions, ET and outflow exhibit two persistent age components: young, locally recharged water
and older groundwater-sourced water (Figures 4-6 and S4-S6). These components vary seasonally but generally
coexist. Although ET ages are computed across the entire hillslope, the discussion below focuses on the downslope
portion (approximately the lower 20 m). In this zone, soil saturation remains close to unity for much of the year
(Figure S3), maintaining strong lateral convergence and vertical hydraulic connectivity across the profile. The shallow
subsurface therefore remains well coupled to deeper groundwater storage, and water availability is rarely limiting. As
a result, the ET age spectrum in this region reflects contributions from both locally recharged downslope water and

older upslope groundwater storage.
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Particle source diagnostics further confirm this spatial separation of age components. ET particles with ages between
0.5-1 year predominantly originate within the lower ~20 m of the hillslope, indicating a locally recharged downslope
water source (Figure S7). In contrast, particles with ages between 1-2.5 years are traced to positions upslope of 20
m, demonstrating that older ET contributions are supplied by more distal upslope groundwater storage (Figure S8).
This age-dependent upslope shift in source location confirms that the two age components correspond to locally
recharged downslope water and older upslope groundwater storage.

Following the late-summer drying (around September), the water table deepens. As the system desaturates,
intermediate subsurface flow paths that connect shallow storage to deeper groundwater weaken. In the subsequent
months, ET remains at a moderate level and continues to draw partly on deeper soil water, so the intermediate-age
component does not vanish immediately. However, as ET gradually decreases toward winter, its reliance on deeper
water diminishes and the contribution of locally stored shallow water becomes more prominent. This seasonal shift in
water use progressively reduces the relative contribution of older water in the ET age distribution, as reflected by the
gradual fading of high-density colors in the older age range (Figures 4 and 5).

By January, when ET demand is minimal, water use is largely confined to shallow near-surface storage (Figure S9).
Meanwhile, portions of the intermediate-age water stored in deeper soil layers were reduced during transient drainage
in the preceding months, and the delayed drying signal from upslope areas has propagated downslope. The combined
effect of prior drainage and delayed signal transmission results in a temporary loss of intermediate-age contributions,
producing the pronounced age gap observed in early winter (January, Figures 4 and 5). Here, the term age gap refers
to a marked depletion of intermediate-age contributions that separates younger and older water components within the
age distribution. Notably, this age-gap formation coincides with the January dip in streamflow (Figure 2b), indicating

that the short-lived autumn recharge did not fully reverse the preceding drying signal.
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Figure 4. Monthly spatial distribution of ET age along the hillslope under baseline conditions. The vertical axis represents
x-location along the hillslope, with 0 m corresponding to the hillslope toe and 100 m to the upslope boundary. Colors indicate
the probability density of ET ages. Under baseline conditions, ET age distributions evolve seasonally from a relatively
continuous age structure in autumn to a pronounced depletion of intermediate-age contributions in winter (January),
producing a temporary age gap that separates younger and older water components before reconnecting during the
subsequent recovery period.



228

229

230
231
232
233

234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250

& 100
° (a) Sep (b) Oct (c) Nov (d) Dec
N 0.05
50 age gap age gap 0.01
25 ) /
’é & 0 5e-3
o & 100 1e-3
e \)QG}O (e) Jan (f) Feb (9) Mar (h) Apr
2 & Se-4°=
< =
50 age gap =
g 08 28R / / S 1e-4 %
S 2y / 8
5§ & 0 5e-5
®
O F 100 - :
S Qa}° (i) May () Jun (k) Jul (1) Aug 1e-5
N 75
50 5e-6
25 0
\00 0

0 4 8 12 160 4 8 12 160 4 8 12 160 4 8 12 16
ET age (year) ET age (year) ET age (year) ET age (year)

Figure 5. Monthly spatial distribution of ET age along the hillslope under combined warming—greening forcing. Colors
indicate the probability density of ET ages. Compared with the baseline case (Figure 4), enhanced ET forcing promotes
earlier and more pronounced depletion of intermediate-age contributions, resulting in a larger and more persistent age gap
and stronger separation between young and old water components.

Particle source diagnostics (Figure 7) reveal two spatially distinct ET source regions, with contributions originating
from both proximal downslope storage and more distal upslope portions of the hillslope. Following late-summer
depletion, contributions from the slope segment immediately upslope of the lower 20 m zone are markedly reduced.
This segment corresponds to the transition from energy-limited to water-limited conditions (Figure S10) and
represents a key bridging pathway linking deeper upslope storage to downslope ET (Figure 1). ET increases markedly
along the downslope transition zone (approximately 20-60 m), particularly during July—September (Figure S10).
However, soil saturation in this region does not reach the more favorable moisture conditions observed at the hillslope
toe (lower 20 m, Figure S3), rendering it more vulnerable to moisture limitation during dry or drought periods. This
vulnerability likely disrupts intermediate subsurface flow paths, contributing to the observed contraction of bridging
connectivity and the emergence of the ET age gap.

Outflow responds more abruptly than ET. In September, groundwater levels reach their annual minimum, and at the
hillslope outlet the water table drops below the land surface elevation, effectively disconnecting deeper groundwater
from the channel. As a result, older groundwater contributions rapidly diminish, leaving outflow dominated by very
young, locally recharged water generated primarily through saturation-excess runoff (Figure 6a).

As precipitation increases in October, older groundwater contributions begin to reappear at the outlet. However, this
re-emergence remains separated from the young component by a pronounced age gap, reflecting the incomplete
recovery of intermediate-age contributions (Figure 6a). Unlike ET, which can actively tap locally stored deeper soil
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water through root uptake and thus temporarily retain intermediate-age contributions, outflow behaves as a passive
drainage flux. Once hydraulic connectivity weakens, intermediate-age contributions decline immediately and remain
suppressed until subsurface connectivity is progressively restored through seasonal recharge.

By mid-winter (January—February), the earlier drying signal has largely drained through the system, while concurrent
recharge gradually rebuilds storage (Figure 6a). Consequently, the age gap narrows progressively through late winter
and spring, signaling the seasonal reactivation of intermediate pathways and the gradual restoration of subsurface

connectivity.

g \BLBselne \_(b) Temperature+1K

Jul I W e g N A S —————

Jun M~ e— N~
May M N e~

Apr N N~
Mar.m N e~ N ————
Feb{~——""""""" N e —
Jan NN N o~~~
Dec NV—" NN N o ~N~T—e
Nov |

Oct! \ collapse of old water contribution

collapse of old water contribution
Sep

A \ (c) MaxLAI+50% (d) Temperature+1K MaxLAI+50%
ug-

Jul e N T T S

?

Jun W_ N e ~—————
Apr Me_ A~ N A ———————
N A T e——— AN~
Mar N
FEb'\—‘M\/\_W N A T ~—
Jan \ \ e ————
1 wider age gap (age polarization)

Nov -
Oct collapse of old water contribution collapse of old water contribution

ot
Sep

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Outflow age (year) Outflow age (year)

Figure 6. Monthly outflow age distributions under four ET-forcing scenarios: (a) baseline, (b) warming (+1 <C), (c) greening

(MaxLAl +50%), and (d) combined warming—greening forcing. The horizontal axis shows outflow age, and the vertical axis

represents individual months from September to August. Each colored curve represents the probability density distribution

of outflow ages for a given month. All monthly distributions use the same probability-density scale and are vertically offset

only for visual clarity. Under baseline conditions, the older-age component temporarily disappears in September. Under
the enhanced ET-forcing scenarios, a similar collapse occurs in October. Enhanced ET forcing also produces a wider
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265 separation between younger and older age components, resulting in a more pronounced age gap and stronger age
266 polarization under the combined warming—greening scenario.
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268 Figure 7. Source regions of particles contributing to December ET in the lower 20 m zone of the hillslope for selected age
269 ranges under different ET-forcing scenarios. Left panels show the corresponding ET age distributions as a function of
270 distance along the hillslope. Blue rectangles indicate the selected age intervals used to identify the particle populations
271 shown in the right panels. Right panels show the inferred source locations of these ET-contributing particles in the x-y
272 domain, where x represents distance along the hillslope and y represents the across-slope direction.

273 3.3 Warming and greening

274  Warming and vegetation greening both intensify this seasonal reorganization of ET age structure. Under these
275  scenarios, intermediate-age contributions collapse more abruptly during late summer, so that a clear age gap emerges
276  earlier than in the baseline case and remains prominent through the subsequent months (Figures S4-S5). The

277  combined warming—greening scenario shows the strongest amplification: a distinct separation between shallow and
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deep age components is already evident by November, and the two components remain largely disconnected through
winter and spring. Only by the following May does a weak partial reconnection begin to appear, indicating a delayed
and incomplete return of intermediate-age contributions (Figure 5). Overall, enhanced ET forcing advances the onset
of age segregation and prolongs the period over which ET draws from two separated shallow and deep source pools.
Outflow exhibits an even more abrupt response under warming and greening (Figures 6b-6d). In September,
discharge effectively collapses. Under the combined warming—greening scenario, October outflow is almost entirely
composed of very young water, with older groundwater contributions nearly absent and a pronounced age gap
separating the young and older components. Throughout the following months, the reconnection between young and
older components remains weak. Even into early summer (around May), the restoration of intermediate-age
connectivity remains incomplete, indicating a delayed and structurally weakened recovery of groundwater—surface
water coupling.

Importantly, these perturbations do not introduce a fundamentally new behavior but amplify the baseline seasonal
pattern of groundwater—surface decoupling. Warming and greening advance its onset, extend its duration, and in some
cases push the system toward a quasi-persistent decoupled regime. In addition to advancing the onset of age
segregation, warming and greening also enhance the polarization of the age spectrum, with young components
becoming increasingly concentrated at very short residence times while older contributions are either shifted toward
longer ages or temporarily suppressed. Taken together, these patterns indicate that progressive groundwater

decoupling under enhanced ET forcing drives a shift toward faster and shallower terrestrial water cycling.

3.4 Structural robustness across parameter configurations

To evaluate whether the age-gap formation and deep—shallow decoupling depend on a specific parameter choice, we
examined three additional parameter groups involving vegetation type, subsurface hydraulic properties, and hillslope
gradient. Across all configurations, the qualitative reorganization pathway identified under the reference parameter
configuration remains evident, although its magnitude varies. When vegetation was changed from trees to shrubs
(Figures S11-S12), overall ET demand and seasonal water stress were reduced. As expected, both ET and outflow
age structures became less polarized, and the seasonal age gap weakened, yet the separation between shallow and deep
contributions remained discernible. This behavior is consistent with the stress-controlled nature of the mechanism:
reduced water demand dampens, but does not eliminate, connectivity-driven reorganization.

Modifying subsurface hydraulic properties (Figures S13-S14) altered the balance of connectivity pathways without
disrupting the underlying pattern. Higher saturated hydraulic conductivity and porosity enhanced lateral groundwater
movement toward the hillslope toe, increasing the relative contribution of older groundwater to outflow. At the same
time, larger a and lower residual saturation weakened capillary linkage between the root zone and deeper storage,
reducing the older-water fraction in ET. As a result, outflow exhibited a greater proportion of old water, whereas ET
shifted toward younger sources. In both fluxes, the age gap remained detectable but substantially muted, primarily
reflecting a redistribution between young and old contributions. In contrast, reducing hillslope gradient (Figures S15—

S16) weakened both lateral drainage and vertical hydraulic connectivity, amplifying seasonal decoupling. Under these
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conditions, old-water contributions nearly vanished during winter months in both ET and outflow, and the age gap
became more pronounced during the rest of the year.

Together, these results indicate that parameter perturbations modulate the intensity and manifestation of groundwater—
surface decoupling, but do not alter the underlying reorganization of flow paths. The emergence of age segregation

under sustained stress therefore appears robust across variations in vegetation, hydraulic properties, and slope gradient.

4. Discussion

Fan et al. (2017) has emphasized that vegetation water use is regulated by two hydrologic regimes: shallow soil
moisture supplied by rainfall infiltration and deeper groundwater accessible through hydraulic connectivity. Similarly,
tracer studies show that streamflow integrates a fast, young-water regime and a slower, old-water regime linked to
deeper storage (Floriancic et al., 2024). Our findings refine this dual-regime perspective by showing that under dry or
drought conditions, declining hydraulic connectivity weakens the groundwater-controlled regime and may even lead
to partial decoupling from deeper storage. Importantly, this mechanism does not contradict observations from many
drought studies reporting an increase in the fraction of “old water” during dry periods (Von Freyberg et al., 2018;
Wilusz et al., 2019). Even when groundwater contributions diminish, source water ages may remain elevated because
vegetation increasingly relies on water stored below the actively recycled shallow soil layer. Such water corresponds
to deeper vadose-zone storage recharged by past infiltration events (Miguez-Macho and Fan, 2021), rather than
groundwater stored below the water table. What we emphasize here is that increasing hydrologic stress does not
necessarily lead to progressively greater dependence on the deepest groundwater reservoir; rather, its contribution
may be suppressed as connectivity contracts (Figure 1). While derived from controlled hillslope experiments, the
mechanism identified here isolates a fundamental reorganization pathway that may operate in real catchments under
sustained stress.

The structural shift identified here is unlikely to weaken under ongoing global change. Sustained warming and
widespread vegetation greening increase atmospheric and biological water demand from above (Yang et al., 2023b;
Pokhrel et al., 2021), while groundwater extraction reduces subsurface storage from below (Jasechko et al., 2024).
These combined pressures intensify overall water stress and weaken deep—shallow hydraulic connectivity. The
documented eastward shift of the hydroclimatic dry—wet boundary along the 100th meridian west in North America—
reported to have migrated approximately 140 miles eastward since 1980 (Seager et al., 2018a; Seager et al., 2018b)—
suggests that an expanding fraction of landscapes is becoming increasingly water-limited, a condition under which
subsurface connectivity is more prone to weakening. Recurrent groundwater drought and widespread baseflow decline
further reflect this progressive loss of subsurface buffering (Elsaidy et al., 2025; Tan et al., 2020). Under such
conditions, contraction of intermediate flow paths and groundwater—surface decoupling may become increasingly
prevalent rather than exceptional.

A gradual loss of groundwater connectivity weakens the subsurface buffering capacity that stabilizes surface fluxes.
As deep storage becomes less engaged, the hydrologic memory carried by long-residence water diminishes.
Consequently, antecedent storage conditions exert a weaker influence on subsequent ET and streamflow, and fluxes
become more directly controlled by short-term atmospheric forcing. With reduced temporal persistence, the capacity
14
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to infer future fluxes from present storage states declines. At the same time, the diminished participation of deep
storage reduces the system’s ability to absorb and moderate climatic extremes, weakening its resilience. Such a system
is therefore both more sensitive to external forcing and inherently more difficult to predict under sustained stress (Shi
etal., 2022).

Although the additional parameter configurations examined here consistently preserved the underlying reorganization
pattern, natural catchments involve simultaneous variations in vegetation, topography, subsurface properties, and
climatic forcing, all of which may vary across spatial and temporal scales. As emphasized by Bl&chl and Sivapalan
(1995), different processes may dominate at different spatial and temporal scales, and their interactions may amplify,
suppress, or otherwise modify the manifestation of the mechanism identified in this study. In addition, several
processes not explicitly represented here, including snow accumulation and melt, mountain-block recharge, and other
forms of scale-dependent catchment heterogeneity, may alter the timing and magnitude of groundwater connectivity
changes (Jencso et al., 2009; Somers and Mckenzie, 2020). For example, in snow-influenced mountain catchments,
sustained drought and declining groundwater storage may favor the development of age segregation and deep—shallow
decoupling, whereas seasonal snow storage and delayed snowmelt recharge may buffer or postpone this development.
These competing effects highlight that, when upscaling from idealized hillslopes to real catchments, the connectivity-
driven reorganization identified here may exhibit greater spatial heterogeneity and temporal variability, depending on
which processes dominate at a given scale. Future work is therefore needed to evaluate this connectivity-driven
reorganization across nested spatial scales in real catchments where multiple processes interact simultaneously. Such
evaluation could combine groundwater-level, streamflow, and ET observations to diagnose the loss and recovery of
hydraulic connectivity with stable water isotopes and geochemical tracers to fingerprint the associated changes in

water-source contributions.

5. Summary

This study demonstrates that sustained increases in ET demand may fundamentally reorganize the internal age
structure of terrestrial water cycling. Using controlled hillslope experiments with integrated hydrologic modeling and
particle tracking, we show that progressive groundwater storage decline weakens intermediate-age flow paths and
separates shallow, rapidly recycled water from deeper, long-residence storage. Under enhanced warming and
greening, this seasonal age polarization emerges earlier, persists longer, and becomes more pronounced, driving
outflow and ET toward increasingly young water sources. This connectivity-driven shift remains evident across
variations in vegetation type, soil hydraulic properties, and slope gradient. Rather than progressively increasing
groundwater dependence under drought, sustained hydrologic stress can suppress effective groundwater engagement,
shorten hydrologic memory, and shift landscapes toward a shallower and faster mode of water cycling. Progressive
groundwater decoupling therefore represents a structural transition in terrestrial water systems, with implications for

predictability, resilience, and water resource stability under ongoing climate and vegetation change.
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Code and data availability

ParFlow version 3.14.1 was used in this study:

https://github.com/parflow/parflow/archive/refs/tags/v3.14.1.zip

EcoSLIM version 1.31 was employed for particle tracking:

https://github.com/reedmaxwell/EcoSLIM/archive/refs/tags/v1.31.zip

Minor modifications were made to the EcoSLIM source code to accommodate the experimental configuration
described here.
All ParFlow and EcoSLIM run scripts for the full set of scenarios, together with the post-processing and figure-

generation scripts, are available at https://doi.org/10.6084/m9.figshare.31410108
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