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A B S T R A C T

Soil pore water is like blood cycling in soil and plant system. However, beyond enrichment or depletion in bulk 
water content, we know little about how the heterogeneous turnover rates of soil water in differently sized pores 
affect or are affected by slope-scale water cycling. In this study, a Mollisol was collected from the Upper, Middle 
and Lower position along a typical rolling slope. At each position, bulk soil cores were sampled from three depths 
(10, 20, and 45 cm), and respectively centrifuged to step-wisely collect soil water stored in five differently sized 
pores. After comparing the stable isotopic signatures of H and O (δ2H and δ18O) in each soil pore water, we 
observed that: (1) On average, > 83.5% of soil water was stored in pores < 6 μm, with stronger predominance at 
the Lower slope position and 45 cm deep. (2) Pore water δ2H and δ18O decreased with slope positions and depth, 
jointly resulting in enhanced Deuterium excess (d-excess) by 5.67‰ at the Lower slope position and by 3.56‰ at 
45 cm deep. (3) Pore water δ2H and δ18O generally increased as pores became finer, and the d-excess maximized 
at 5.13‰ in Mesopores but minimized at –0.7‰ in Fine pores. The heterogeneous isotopic signatures and d- 
excess suggested that soil pore water did not cycle at the same rate but much more slowly in finer pores, resulting 
in much more advanced evaporative fractionation in smaller pores. Soil pores restructuring along the slope and 
profile, together with unequal evaporative fractionation and infiltration recharge, may have collectively 
contributed to the enhanced d-excess at Lower slope position and deeper layer. This is the first pore-scale evi
dence to decipher how water was partitioned across different spatial scales along hillslopes.

1. Introduction

Soil pore water is the principal storage and transport medium in the 
terrestrial water cycle (Vereecken et al., 2022), decisively regulating 
how precipitation is partitioned among evapotranspiration, infiltration 
and lateral runoff (Fatichi et al., 2020; Bonetti et al., 2021). Although 
soil water has been repeatedly monitored and modeled (Romano, 2014), 
most previous studies have represented it as a bulk scale variable, such 
as volumetric or gravimetric water content (Fatichi et al., 2020). Such 
bulk representation falls short when attempting to resolve the spatial 
heterogeneity of soil water stored in different pore domains, where 

water retention time and bioavailability may vary substantially (Rabot 
et al., 2018; Schlüter et al., 2020). As proposed in the “Two Water 
Worlds” hypothesis (Renée Brooks et al., 2010; McDonnell, 2014), the 
highly mobile water in Macropores (e.g., > 34 μm) and the tightly bound 
water in Micropores (e.g., < 6 μm) differ substantially in cycling rates 
and thus ecological functions (Radolinski et al., 2021). Hence, root 
water uptake, evaporative fractionation, and preferential flow do not act 
uniformly on the entire soil water reservoir. Instead, their effects are 
closely associated with the heterogeneous distribution and connectivity 
of water across different pore-size classes (Sprenger et al., 2017). 
Further zooming out in the field, repeated tillage practices, seasonal 
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rainfall and erosion events may further heterogenize the soil pore 
structure and thus pore water retention time through soil profiles and 
over topographic positions (Chandrasekhar et al., 2018; Chen et al., 
2021), mostly by the unequal evaporative fractionation and recharge 
rates introduced by prevailing processes such as runoff and infiltration 
(Knighton et al., 2019; Jarecke et al., 2021). Nevertheless, despite such 
broadly reconciled importance to distinguish soil water storage and 
availability across pore classes, it lacks a holistic framework as to 
quantitatively identify the hierarchical water partitioning across 
different pore domains, soil depths and topographic positions in sloped 
field.

In general, Macropores serve as the main pathways for preferential 
flow and facilitate rapid infiltration and drainage (Beven and Germann, 
2013), whereas the water in Micropores constrained by capillary and 
adsorptive forces has limited mobility and slow turnover rates, and thus 
functions as an important storage pool (Wardak et al., 2022). However, 
the amount of soil water that can be effectively used by crops remains 
highly variable in both space and time (Zhao et al., 2018), given that the 
water potential range available for crop water uptake generally varies 
from –0.03 to –1.5 MPa (Nasta et al., 2023). Such variability is largely 
controlled by soil texture and structure (He et al., 2022), crop type, and 
seasonal changes (Liu et al., 2023a). For instance, coarse-textured or 
poorly structured soils tend to route more water through connected 
large pores, limiting retention in crop-accessible Mesopores (Rabot 
et al., 2018), vice versa for finer-textured or well-aggregated soils (De 
Lima et al., 2022; Henrique Novotny et al., 2023). Among crops, lucerne 
can exploit deeper pore water unavailable to wheat (Gaiser et al., 2012), 
whereas barley can maintain uptake from more saline and lower- 
potential pore domains than rice (Reddy et al., 2017; Munns et al., 
2020). Sprenger et al. (2019) also claimed that the mobile and tightly 
bound water in a silty loam soil did not mix well despite intense rainfall 
events and high soil wetness (new water), but very likely being slowly 
rewetted with isotopically depleted winter/spring rain (old water). 
Apart from these inherent soil and crop properties, soil pore water 
cycling is also influenced by and meanwhile participates in local water 
redistribution across soil depth (Sprenger et al., 2017) and topographic 
positions (Jarecke et al., 2021). For instance, through soil profile, soil 
water stored in the upper layer exchanges more frequently with the 
atmosphere (i.e., via precipitation and evaporation), whereas the deeper 
soil received water through percolation and remains relatively isolated 
with limited evaporation and thus slower turnover rates (Floriancic 
et al., 2024). Across different topographic positions, apart from the 
erosional induced selective soil particle redistribution and pore 
restructure (Li et al., 2021), local soil water cycling is more regulated by 
runoff transport and lateral subsurface flow (Chen et al., 2021), thereby 
resulting in systematic differences in recharge frequency and residence 
time between upper and lower slope positions (Knighton et al., 2019). 
Yet, no matter how well understood in theory, we lack quantitative 
evidence to distinguish the relative role of soil pore water turnover rates, 
infiltration, evaporation and topographic redistribution at different 
scales in hillslope water cycling.

Although some widely applied conventional physical approaches, 
such as soil water retention curves, can characterize the energetic state 
of soil water (Pan et al., 2019; Zehe et al., 2019), they remain limited in 
resolving water sources, mixing pathways, and evaporation- 
fractionation histories (Penna et al., 2018). Recently, stable hydrogen 
and oxygen isotopic signatures (δ2H and δ18O) have well developed to 
take well advantages of their fractionation records during phase changes 
as water moves and exchanges with other spheres (e.g., evaporation or 
freezing) (Sprenger et al., 2016). For instance, by comparing the isotopic 
signatures in the bulk water extracted from bare surface soil and biocrust 
covered soil, Cao et al. (2025) observed significantly enriched δ2H and 
δ18O signatures in biocrust covered soil and in turn quantitatively 
proved the intensified soil water fractionation induced by biocrust. 
Given the distinct energies required across different pore domains to 
bind water to soil particle surfaces (Oerter et al., 2014), both the rate of 

atmospheric vapor exchange and the intensity of kinetic fractionation 
can vary markedly among pore-size classes (Gaj and McDonnell, 2019). 
This merits the δ2H and δ18O composition as a credible protocol to 
quantitatively trace the water cycling pathways across different soil pore 
domains (Mueller et al., 2014; Sprenger et al., 2018), and in turn their 
roles at soil profile and slope scales. By mixing isotopically “light” and 
“heavy” water in sequence into a homogenized sandy loam soil to 
simulate drying and rewetting, Bowers et al. (2020) pioneered in 
recording the prolonged mixing time in the pool of water extracted at 
high tension over daily timescale. Dusek and Vogel (2024) also claimed 
that the isotopic composition of pore water is governed by a complex 
pore-size effect, but they merely based on indirect inferences from bulk- 
soil isotope patterns together with theoretical considerations of 
adsorption- and pore-size-dependent isotope fractionation. Beyond δ2H 
and δ18O, deuterium excess (d-excess) has also been widely used to di
agnose non-equilibrium kinetic fractionation and hydrological mixing 
processes (Dansgaard, 1964), such as evaporation imprints and water 
mixing histories along soil profiles (Hamani et al., 2024). Although d- 
excess can provide complementary information to indicate the relative 
differences in evaporative fractionation and hydrological history, it re
mains quite challenging and thus scarcely succeeded in separately 
obtaining and determining the δ2H and δ18O signatures of soil water 
stored in different pore domains/depths/positions as in the field 
conditions.

The black soil region in the northeastern part of China is character
ized by rolling topography (Liu et al., 2023b). Thanks to the cold climate 
conditions (Liu et al., 2021) and high soil organic matter content (Wang 
et al., 2022), local soil had developed a well-connected structure with 
complex pore hierarchy (Peng et al., 2024). Yet, as the breadbasket of 
China, repeated tillage practices and seasonal erosion events had sys
tematically reshaped soil pore structure and thus soil water recharge 
pathways and retention behaviors through soil profile and across slope 
positions (Li et al., 2021; Zhu et al., 2023; Yuan and Fan, 2024). 
Therefore, to resolve the complex soil water cycling at different scales in 
sloped field, bulk soil was sampled from different depths at different 
slope positions from a typical rolling slope. By subjecting individual bulk 
samples to high-speed centrifugation, we managed to step-wisely collect 
the soil water stored in five differently sized pores, enabling to actually 
measure and quantitatively compare the variations of pore-water δ2H 
and δ18O. We aimed to: (1) quantitatively identify the isotopic differ
entiation of pore water across five size classes and discuss the pore- 
specific variations in evaporative fractionation and retention time; (2) 
determine how soil depth and slope position reshape the spatial distri
bution of soil pore water, and in turn resolve the hierarchical water 
partitioning processes across different scales in sloped field.

2. Materials and methods

2.1. Study area

The study area is located in the Hebei watershed at Heshan Farm, 
Nenjiang, Heilongjiang Province, China (125◦15′45.71″–125◦20′46.79″ 
E, 48◦59′03.71″–49◦02′35.70″ N), a representative agricultural water
shed in the rolling black soil region of Northeast China (Wang et al., 
2024; Fig. 1a). The Hebei watershed covers approximately 28.0 km2 

and comprises nine small sub-catchments (Wang et al., 2023). Elevation 
ranges from 317 to 399 m a.s.l., and the landscape is characterized by 
long and gentle slopes, with typical gradients of 1.7%–10.5% and slope 
lengths of 500–4000 m (Zhang et al., 2025). Local agricultural fields are 
predominately covered with black soil, classified as Udic Isohumosols in 
the Chinese Soil Taxonomy and Udic Mollisols in the U.S. Soil Taxon
omy. The mean annual precipitation is approximately 534 mm, most of 
which occurs between June and September. The average annual air 
temperature over the past 20 years was 1.8 ◦C (Hu et al., 2024). Seasonal 
freeze–thaw is pronounced in this region, during late autumn and early 
spring. The area has been cultivated for more than 60 years, typically 
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under a maize–soybean rotation (Liu et al., 2011). To provide the 
meteorological context for the soil pore water observations, daily air 
temperature and precipitation records for the year preceding soil sam
pling (July 2024–June 2025) were obtained from the Nenjiang meteo
rological station (WMO station 50557; 49.17◦ N, 125.23◦ E; 243 m a.s. 
l.), the nearest national meteorological station to the study area. These 
records were summarized as monthly mean air temperature and 
monthly total precipitation and are presented in Table S1 in the 
Supplementary Material.

2.2. Soil sampling

Sub-catchments 2 and 8 within the Hebei watershed, respectively 
with an area of 3.59 and 2.30 km2, were selected for field sampling 
(Fig. 1a). In each sub-catchment, two slopes oriented approximately 
perpendicular to each other were selected: S1 and S2 in Sub-catchment 
2, and S3 and S4 in Sub-catchment 8 (Fig. 1a). Three sampling positions 
were selected along each slope at intervals of 200 m, hereafter termed as 
Upper, Middle, and Lower slope position. This sampling protocol 
resulted in 12 sampling points across the four slopes. At each sampling 
point, soil cores were seperately collected from three depths: 0–10, 
10–20, and 30–45 cm (Fig. 1b).

Fig. 1. Research area and experimental design: (a) location of the Hebei watershed study area; (b) sampling scheme across slope positions and soil depths; (c) 
experimental design for soil pore water collection.

Fig. 2. Soil temperature and soil water content at the study site in the Hebei watershed: (a) Sub-catchment 2; (b) Sub-catchment 8.
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Before soil sampling, soil temperature and volumetric water content 
were monitored in-situ from July 1 to July 3, 2025, respectively at three 
depths at each of the Upper, Middle, and Lower slope position. The 
monitoring records showed that soil temperature generally decreased 
with depth, whereas soil water content increased, and that Sub- 
catchment 2 generally had higher soil water content than Sub- 
catchment 8 (Fig. 2). Based on such field hydrothermal context, soil 
sampling was conducted on July 3, 2025.

At each sampling point, three undisturbed soil cores were collected 
from each depth using stainless-steel cutting rings (each ring of 50 mm 
in height, 50.46 mm in inner diameter and a volume of approximately 
100 cm3). The cultivated topsoil in the study area generally extends to a 
depth of 20 cm, whereas local surveys indicate that the black soil layer in 
the Heshan Farm watershed is approximately 44–50 cm thick (Liu et al., 
2024c). Therefore, the 0–10 and 10–20 cm intervals represented the 
cultivated topsoil, while the 30–45 cm interval represented the deeper 
part of the black soil layer. Although the thickness of the black soil layer 
varied slightly among slope positions because of hillslope erosion and 
deposition, all three sampling intervals remained within the black soil 
layer and did not reach the parent material. The sampled soils were 
predominantly characterized by a silt loam texture, and their selected 
properties are presented in Table 1.

2.3. Experimental design

The undisturbed bulk soil cores were divided into two subgroups 
(Fig. 1c): (1) The soil cores from the first subgroup were rewetted with 
distilled water to reach saturation and then subjected to stepwise high- 
speed centrifugation. The mass of each soil core was recorded after 
centrifugated at each speed to calculate the amount of water released 
from the corresponding pore size range, based on which the equivalent 
pore diameters were calculated from the centrifugal potentials corre
sponding to the applied rotational speeds. For more details, please refer 
to Subsection 2.4. (2) The bulk soil cores from the second subgroup were 
maintained at their field moisture content to preserve the natural dis
tribution of pore water at the time of sampling and were then subjected 
to stepwise high-speed centrifugation. The pore water discharged at 
each centrifugation speed was collected and then used to determine and 
analyze pore water δ2H and δ18O signatures. For more details on isotopic 
measurement and calculation, please refer to Subsection 2.5. For both 
subgroups, no artificial isotopic tracers were added to the soil cores.

2.4. Stepwise centrifugation and pore size classification

For the first subgroup, the saturated soil cores were subjected to 
stepwise high-speed centrifugation to generate progressively higher 
matric suction, releasing water from larger pores at lower speeds and 
from smaller pores at higher speeds. Eight speeds of 900, 1700, 2200, 
2800, 3100, 5300, 6900, and 8100 r min− 1 were applied for 30, 45, 60, 
60, 60, 90, 90, and 90 min, respectively (Yang et al., 2021; Table 2). The 
temperature was maintained at 19 ◦C throughout the centrifugation. 
After each centrifugation step, the saturated soil cores were weighed 
immediately. After the completion of the eight speeds, the soil remain
ing in each ring was transferred to a pre-weighed aluminum box and 
oven-dried at 105 ◦C to constant dry mass. Soil bulk density was 
calculated from the dry soil mass and the ring volume. The residual 
volumetric water content at each suction level was calculated from the 
dry soil mass, ring volume, and cumulative water loss.

The matric suction levels corresponding to the eight centrifugation 
speeds are listed in Table 2. The equivalent pore diameter at each suc
tion level was determined using the capillary equation (Eq. (1)): 

di =
4γcosα

ψ i
(1) 

where di is the equivalent pore diameter (m), γ is the water–air 
interfacial surface tension (N m− 1), α is the water–air contact angle, and 
ψ i is the positive magnitude of matric suction (Pa) at the ith centrifu
gation step. At the centrifugation temperature of 19 ◦C, γ was set to 
0.07289 N m− 1. Assuming circular capillaries and complete wetting 
(α ≈ 0◦

), Eq. (1) can be expressed in practical units as: 

di (μm) ≈
291.6

ψ i(kPa)
(2) 

The commonly used relationship d(μm) ≈ 300/ψ (kPa) is the 
rounded form of Eq. (2) and was used to define the operational pore 
diameter boundaries listed in Table 2.

For two consecutive suction levels corresponding to equivalent pore 
diameters d1 and d2, and residual volumetric water contents θ1 and θ2, 
respectively, where d1 > d2 and θ1 > θ2, the relative pore volume rep
resented by the water released within d2 < d < d1 was calculated as (Eq. 
(3)): 

Pd2 − d1 =
θ1 − θ2

θs
(3) 

Where Pd2 − d1 is the relative pore volume represented by the water 
released within this pore diameter interval, θ1 and θ2 are the residual 
volumetric water contents at two consecutive suction levels, and θs is the 
saturated volumetric water content. Water remaining after the highest 
centrifugation suction was assigned to the finest pore class below the 
final equivalent pore diameter boundary.

The pore sizes were then rounded up and classified into five pore size 

Table 1 
Selected soil properties by slope position and depth.

Slope 
position

Depth 
(cm)

Bulk 
density (g 

cm− 3)

Sand 
(%)

Silt (%) Clay 
(%)

SOM (g 
kg− 1)

Upper 
slope

10 1.27 ±
0.10

16.36 
± 12.42

72.03 
± 9.24

11.61 
± 3.55

54.4

20 1.37 ±
0.18

14.53 
± 9.66

72.79 
± 6.24

12.68 
± 4.28

49.7

45 1.50 ±
0.06

14.29 
± 13.93

75.15 
± 11.52

10.56 
± 2.57

45.0

Middle 
slope

10 1.24 ±
0.23

9.89 ±
4.42

77.91 
± 2.94

12.20 
± 2.31

50.9

20 1.32 ±
0.15

17.50 
± 14.42

70.12 
± 11.08

12.38 
± 7.45

46.5

45 1.37 ±
0.20

16.06 
± 11.55

74.02 
± 9.56

9.92 ±
2.50

42.1

Lower 
slope

10 1.38 ±
0.15

35.34 
± 21.24

55.68 
± 18.69

8.97 ±
2.95

38.8

20 1.43 ±
0.18

28.39 
± 40.36

61.52 
± 34.29

10.10 
± 6.59

36.8

45 1.41 ±
0.33

25.28 
± 32.15

65.60 
± 26.93

9.12 ±
5.23

34.7

Note: Values are mean ± SD.

Table 2 
Centrifugation settings used for pore-size separation.

Rotation speed 
(r min− 1)

Duration 
(min)

Suction 
(cm)

Equivalent pore 
diameter(μm)

Pore-size 
class

900 30 88.8 ≥ 34.0 Macropores
1700 45 316.6 9.5–34.0 Mesopores
2200 60 530.3 6.0–9.5 Small pores

2800 60 859 3.5–6.0 Micropores
3100 60 1053 3.0–3.5
5300 90 3018 1.0–3.0
6900 90 5216 0.6–1.0

8100 90 7189 0.4–0.6 Fine pores
Residue – – < 0.4

Note: Equivalent pore diameters were rounded; each interval includes its lower 
bound.
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classes as listed in Table 2, following Cameron and Buchan (2006), Lu 
et al. (2014) and Zaffar and Lu (2015). We must acknowledge that the 
pore size classification applied in this study was more to practically 
compare pore water distribution and variations of isotopic compositions 
among different slope positions or profile layers. It did not represent a 
universal pore size classification protocol. After the high-speed centri
fugation, the soil core deformation was < 10%, indicating that the soil 
core volume did not remain constant during centrifugation. Such vol
ume compression may alter void ratio and pore size distribution (Hu 
et al., 2013; Liu et al., 2024b), yet we merely employed this protocol 
to obtain pore water and compare the relative changes of pore water 
properties among samples from different slope positions or soil layers, 
rather than as an accurate description of soil water retention curves or 
reconstructure of pore volume distribution.

2.5. Pore water isotope measurement and d-excess calculation

Soil cores in the second subgroup were maintained at field moisture 
content and centrifuged using the same speeds and durations as the 
saturated subgroup. Water released at each step was not just weighed, 
but also collected and then analyzed for δ2H and δ18O using a cavity 
ring-down spectroscopy water isotope analyzer (Picarro L2130-i, Pic
arro Inc., USA). Raw isotope values were calibrated using laboratory 
reference waters normalized to the VSMOW-SLAP scale (Gonfiantini, 
1978), and expressed in per mil (‰) (Eq. (4)). Analytical precision 
was better than ± 0.5‰ for δ2H and ± 0.1‰ for δ18O. 

δ =

(
Rsample

Rstandard
− 1

)

× 1000(‰) (4) 

where Rsample and Rstandard were the ratios of heavy to light isotopes in 
sample pore water and standard water, respectively. For hydrogen iso
topes, R = 2H/1H; for oxygen isotopes, R = 18O/16O. The δ values of 
international Vienna Standard Mean Ocean Water (VSMOW) were 0‰ 
for both δ18O and δ2H.

Deuterium excess (d-excess) was used as a complementary isotope 
parameter to evaluate relative differences in evaporative fractionation 
and water mixing history, and was calculated as follows (Eq. (5)): 

d − excess = δ2H − 8δ18O (5) 

For each extracted water sample, d-excess was calculated from the 
measured δ2H and δ18O and assigned to the operational pore-size class 
corresponding to that centrifugation step.

The Global Meteoric Water Line (GMWL; δ2H = 8δ18O + 10; Craig, 
1961) and the Qiqihar Local Meteoric Water Line (LMWL; δ2H =

7.59δ18O − 0.14; Wang et al., 2020) were used as global and regional 
meteoric reference lines, respectively. The Qiqihar LMWL was derived 
from monthly precipitation isotope records from the Qiqihar station of 
the Global Network of Isotopes in Precipitation. These lines served as 
meteoric references for comparing the relative departure and cumula
tive evaporative imprint of pore water among pore-size classes, soil 
depths, and slope positions.

2.6. Data analysis

Data analysis was conducted using MATLAB (MathWorks, USA) and 
Excel 2021 (Microsoft, USA), and figures were prepared using Origin 
2022 (OriginLab, USA). The differences in δ2H, δ18O, and d-excess 
among slope positions, soil depths, and pore size classes were evaluated 
using one-way analysis of variance (ANOVA). When the ANOVA result 
was significant, multiple comparisons were performed using the least 
significant difference (LSD) test at P < 0.05.

3. Results

3.1. Pore size composition and pore water distribution in undisturbed soil 
cores

Soil pore size composition and pore water distribution varied 
markedly across slope positions and soil depths (Fig. 3). Overall, Mi
cropores and Fine pores were predominant, accounting for 51.6% – 
91.0% of the total pore space. Pore water was also concentrated mainly 
in these smaller pore (< 6 μm) domains, which together accounted for 
approximately 83.5% of total pore water. Along the soil profile, Mac
ropores generally decreased with depth, whereas smaller pore classes 
became increasingly dominant, with pronounced variations in pore 
structure across the soil profile (Fig. 3). At the Upper slope position, the 
proportion of Fine pores increased from 45.3% at 10 cm to 53.8% at 20 
cm, and then to 61.05% at 45 cm (Fig. 3a, 3d and 3 g). The Fine pores at 
45 cm were 15.75% more than those at 10 cm (Fig. 3a and 3g). 
Consistently, the proportion of pore water stored in Fine pores increased 
from 77.8% to 88.9% throught depths (Fig. 3a and 3g).

Across slope positions, the proportion of larger pore classes was 
generally lower at the Lower slope than at the Upper slope and Middle 
slope (Fig. 3). At the layer of 20 cm, for example, Macropores respec
tively accounted for 20.4%, 12.2%, and 6.99% of the total pore space at 
the Upper, Middle, and Lower slope (Fig. 3d, 3e and 3f). The proportion 
of Macropores at the Lower slope was 13.41% lower than that at the 
Upper slope (Fig. 3d and 3f). In contrast, the proportion of pore water 
associated with those pores (size > 34 μm) increased from 37.7% at the 
Upper slope to 51.9% at the Middle slope, and then to 61.1% at the 
Lower slope (Fig. 3d, 3e and 3f). The centrifugation-derived soil pore 
water properties reported in this section were used only for comparisons 
among samples, and therefore cannot represent the actual soil water 
retention curves.

3.2. Distribution of pore-water δ2H and δ18O across pore size classes, soil 
depths and slope positions

Across the four selected slopes, δ2H ranged from –81.96‰ to 
–51.42‰, with a mean of –66.65‰, whereas δ18O ranged from –11.49‰ 
to –5.54‰, averaging at –8.55‰ (Fig. 4d). The scatter plot of δ2H and 
δ18O illustrates a clear linear relationship, where most samples scattered 
below and to the right of the Global Meteoric Water Line and the Qiqihar 
LMWL (Fig. 4d). Across the five pore-size classes, the δ2H and δ18O 
increased as pore size became finer (Fig. 4c and 4 g), both of which 
reached the maximum values in the finest pores (δ2H: –64.5‰; δ18O: 
–7.9‰) and minimized in the Mesopores (δ2H: –69.12‰; δ18O: –9.31‰). 
Across the soil profile, the δ2H decreased by 3.52‰ and δ18O by 0.88‰ 
from 10 to 45 cm depth (Fig. 4b and 4f). Along the three slope positions, 
both the δ2H and δ18O decreased significantly by approximately 7.45‰ 
and 1.64‰ as the elevation descended (Fig. 4a and 4e), with the decline 
in δ2H being greater than that in δ18O.

3.3. Distribution of pore water d-excess across different pore size classes

Among all pore-size classes, the pore-water d-excess generally 
decreased in finer pores, but not linearly. After averaging at 3.41‰ in 
the Macropores (≥ 34 μm), the d-excess peaked at 5.13‰ in the Meso
pores (9.5 – 34 μm), and then significantly declined to –0.704‰ in the 
Fine pores (< 0.6 μm) (Fig. 5). Similar patterns were observed for all the 
four selected slopes, but the pore-specific variations were most pro
nounced on S3 in Sub-catchment 8 (2.96‰ to –5.67‰, Fig. 5c), and least 
evident on S2 in Sub-catchment 2 (merely differenced by 4.72‰, 
Fig. 5b). Between the two sub-catchments, the average pore-water d- 
excess in Sub-catchment 2 (i.e., S1 and S2) was 1.27‰ and 4.73‰ 
(Fig. 5a and 5b), significantly higher than those in Sub-catchment 8 
(–1.17‰ for S3 and 2.3‰ for S4) (Fig. 5c and 5d).
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3.4. Distribution of pore water d-excess across soil depths

Across soil depths, the soil pore water d-excess generally increased in 
deeper soil layers. After ranging from –2.58‰ to 2.88‰ at 10 cm, d- 
excess increased to –0.03‰ to 6.74‰ at 45 cm, suggesting progressively 
weaker evaporative influence with depth (Fig. 6). Similar depth-related 
increases were observed for the four selected slopes, but the magnitude 
of variation differed among slopes. The strongest depth variations were 
observed on S4 in Sub-catchment 8, where d-excess increased from 
–0.52‰ at 10 cm to 4.01‰ at 45 cm. The least depth variations appeared 
on S3 in Sub-catchment 8, where d-excess varied only from –2.58‰ to 
–0.03‰ (Fig. 6c and 6d).

Between the two sub-catchments, the average pore-water d-excess in 
Sub-catchment 2 was 2.998‰, significantly higher than that in Sub- 
catchment 8 (0.567‰). The maximum value was observed at 45 cm 
on S2 in Sub-catchment 2 (12.96‰), whereas the minimum value 
occurred at 10 cm on S3 in Sub-catchment 8 (–12.98‰) (Fig. 6b and 6c).

3.5. Distribution of pore water d-excess over slope positions

Along the slope positions, the soil pore water d-excess generally 

increased from the Upper to Lower slope, with an average difference of 
5.67‰ (Fig. 7). Although similar increasing patterns were observed 
across the four selected slopes (Fig. 7), the variations were unequal: 
5.90‰ for S1, 4.60‰ for S2, 4.76‰ for S3, and 7.42‰ for S4. More 
frankly, the mean d-excess was significantly higher in Sub-catchment 2 
(5.67‰) than in Sub-catchment 8 (–0.84‰). The variations of d-excess 
among slope positions were relatively small on S2 in Sub-catchment 2 
(Fig. 7b), but were much more pronounced on S4 in Sub-catchment 8 
(Fig. 7d).

4. Discussion

4.1. Pore architecture and pore water filling defined the physical basis of 
soil water storage

The disproportionally more water stored in the Micropores and Fine 
pores (51.6%–91.0% of total space vs. 83.5% of total water) (Fig. 3), 
suggests that most water in the undisturbed soil was not stored in the 
coarser and more conductive pore domain, but in the smaller pores with 
stronger capillary and matric retention. This pattern is physically 
consistent with the pore-size control on soil water retention (Jarvis, 

Fig. 3. Relative proportions of pore size classes and actual pore water filling across slope positions, soil depths, and the four observed slopes in the Hebei watershed. 
Panels (a–c), (d–f), and (g–i) represent 10, 20, and 45 cm. Columns indicate Upper, Middle, and Lower slopes, and bars denote the four observed slopes (S1–S4). 
Colors represent pore size classes, and hatched areas indicate the pore proportion that was actually filled with water at the sampling time.
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2007; Rabot et al., 2018), where Macropores appeared to be more 
relevant for short-term water transport and Micropores and Fine pores 
were the dominant water storage space. Such pore-specific variations 
were also evident across soil depths, where the Fine pores increased 
from 45.3% at 10 cm to 61.05% at 45 cm at the Upper slope position, but 
the water filled in those Fine pores increased from 77.8% to 88.9% 
(Fig. 3). While tillage disturbance, root channels, biological activities, 
and repeated wetting–drying in the Upper layer may help maintain 
relatively coarser pores, the Lower layer susceptible to compaction, 
aggregate rearrangement, and reduced biological pore formation was 
collectively favorable for finer pores and stronger water retention 
(Shaheb et al., 2021; Lucas et al., 2022). Nevertheless, across varying 
slope positions, the reduction of Macropores from 20.4% at the Upper 
slope to only 6.99% at the Lower slope did not result in less pore water 
actually filling in those Macropores, but an increase from 37.7% to 
61.1% (Fig. 3). This suggests that pore function was not only determined 
by pore-size abundance, but also by whether a given pore domain was 

filled and connected under specific topographic conditions. The accu
mulation of water in depressed positions, deposition of finer soil parti
cles and poor drainage may have allowed the coarser pores to remain 
highly frequently water filled (Dymond et al., 2021).

4.2. Pore-scale retention regulated isotopic differentiation among pore 
size classes

The consistently enhanced δ2H and δ18O signatures as the pore size 
became finer (Fig. 4c and 4 g) were primarily because the pore-specific 
physical constraints, together with the different abundance of pore do
mains (Fig. 3), jointly regulated the pore water mobility, residence time, 
and exposure to evaporative kinetic fractionation (Dusek and Vogel, 
2024). For the coarse pores, e.g., Macropores > 34 μm, the fast infil
tration and transport rates allowed recent precipitation to replenish 
water more efficiently (Radolinski et al., 2022), resulting in greater 
mobility, shortened residence time and in turn reduced exposure to 

Fig. 4. Box plots of soil pore water δ18O (a–c) and δ2H (e–g), and the dual isotope plot (d), for samples from the Hebei watershed. Panel (d) shows the Global 
Meteoric Water Line (GMWL; δ2H = 8δ18O + 10) and the Qiqihar Local Meteoric Water Line (LMWL; δ2H = 7.59δ18O − 0.14), which were used as global and 
regional meteoric reference lines. Box plots indicate the median, interquartile range, and minimum–maximum values.
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evaporative fractionation (Wang et al., 2021). Consequently, the δ2H 
and δ18O signatures of the water stored in Macropores plotted closer to 
the Qiqihar LMWL than those of water stored in finer pores (Fig. 4d). As 
the pore size progressively decreased, the capillary and adsorptive 
constraints on water became stronger, where the enhanced matric forces 
limited water mobility (Bowers et al., 2020), slowed down its exchange 
with surrounding soil water, prolonged its residence time (Sprenger 
et al., 2019), and consequently exposed the water in smaller pores to 
more advanced evaporative fractionation over longer term (old water) 
(Fig. 4c, 4 g and 5). Accordingly, the δ2H and δ18O signatures of the 
water stored in Fine pores (< 0.6 μm) deviated away from the LMWL, 
ranging from –79.95‰ to  –51.42‰ and from –10.31‰ to –5.54‰ 
(Fig. 4c, 4d and 4 g). Yet, when represented by the d-excess, although in 
general declining with finer pore sizes, it did not follow a linear pattern, 
but appeared to peak in the Mesopores (9.5 ~ 34 μm) for all the four 
slopes (Fig. 5). This suggests that the water with the greatest effective 
transport potential was not necessarily stored in the coarsest pores, but 
may have resided within a functional pore-size range (i.e., Mesopores) 
that could receive recharge efficiently and remain hydrologically mobile 
and meanwhile avoiding excessive exposure to vapor exchange. This 
collectively resulted in d-excess in the Mesopores being approximately 
4.31‰ higher than in the Fine pores (Fig. 5).

The significantly different pore water cycling rates as quantitatively 
evidenced by the isotopic compartmentalization in this study generally 
agreed well with Dusek and Vogel (2024) and Xu et al., (2025), jointly 
advocating that the water stored in Fine pores was not mixed or 
recharged as fast as that in coarse pores during rainfall/irrigation events. 

Although not compared with groundwater or rainfall over different 
temporal resolutions as conducted in Dusek and Vogel (2024), our 
studies managed to systematically decipher the systematical variations 
of isotopic compartmentalization in pore-water in a full range of pore 
size classes rather than just differentiating mobile or bulk water. Yet, we 
must acknowledge that pore-water isotopes are not only the results from 
pore-structural differences in evaporative fractionation and recharge 
rates, but reflecting the integrated information from the differentiated 
responses of water across positions, depths, and pore-size classes to 
rainfall input, evaporative loss, and internal mixing (Ibarra and Evaristo, 
2024). The day-scale differences in mixing time among pore water 
sequentially extracted at low-, mid- and high-tension as pioneered by Xu 
et al. (2025) further highlight the sensitivity of pore-water isotopic 
signatures to rainfall, drought or irrigation events. This warrants future 
studies to verify the pore water isotopic differentiation across varying 
size classes over a wider range of soils and water-input regimes (Canet- 
Martí et al., 2023; Wardak et al., 2022), as well as integrate with long- 
term in-situ monitoring to better resolve the role of pore water cycling 
in slope-scale hydrological partitioning.

4.3. Slope position and soil depth reshaped pore-water isotopic 
fractionation

The linearly depleted δ2H and δ18O (Fig. 4b and 4f) yet significantly 
enhanced d-excess (Fig. 6) as observed from 10 cm to 45 cm was pri
marily because the Upper soil (10 cm) was directly exposed to the at
mosphere, subjected to more intensively to solar radiation, air 

Fig. 5. Distribution of pore water d-excess among different pore types across the four study slopes. (a, b) S1 and S2 in Sub-catchment 2; (c, d) S3 and S4 in Sub- 
catchment 8. The box plot represents the minimum and maximum, the 25% and 75% quartiles, and the median. Different lowercase letters indicate significant 
differences at P < 0.05.
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temperature variations, and wind speed changes (Liu et al., 2024a; Lyu 
and Wang, 2021). This not only preferentially removed the lighter iso
topes (1H and 16O), but also resulted in enriched 2H and 18O and 
significantly lower d-excess in the residual soil water in the Upper layer, 
as compared to the local meteoric water line (LMWL) (Fig. 4b, 4f and 6). 
Meanwhile, the soil pore structure became gradually compacted at 
depths (Fig. 3). On the one hand, the tightly compacted pore structure in 
the deeper layer may partly contribute to reduced evaporative frac
tionation, especially when considering that the relatively high organic 
matter content of the study soil may also help to preserve deep soil water 
for longer retention time (Yang et al., 2014). On the other hand, as water 
(mainly from precipitation) infiltrated downward into deeper soil, the 
largely suppressed evaporative fractionation in the 45 cm retained the 
isotopic signatures closer to those of the LMWL (Fig. 4d) and in turn 
preserved with higher d-excess (Fig. 6). Similar isotopic fractionation 
can also be observed among topographic positions. The isotopically 
enriched soil pore water with lower d-excess at the Upper slope (Fig. 4a, 
4f, 7) was mainly resulted from the less intensified erosion, thus limited 
contribution area for runoff-enabled soil–water recharge (mainly from 
precipitation), and in turn higher susceptibility to evaporative loss. In 
addition, the greater proportions of Macropores and Mesopores at the 
upper slope (Fig. 3a) favored rapid infiltration, making pore water more 
readily exposed to atmospheric exchange and intensified evaporative 
fractionation. By contrast, at the Lower slope position, since it practi
cally functioned as a topographic depositional zone that not only 
received precipitation but also accumulated runoff and fine-textured 
sediments generated from upper contributing area (Fig. 3). Dense 
texture, reinforced soil water content and thus weakened aeration 
jointly suppressed evaporative fractionation and consequently resulted 
in significantly higher pore-water d-excess at the Lower slope position 
(Fig. 7).

The depth-related increase in d-excess observed in this study was 
consistent with Yong et al. (2020) and Zhu et al. (2022), which collec
tively confirmed that the evaporative enrichment was strongest in sur
face soil water and weakened markedly with depth. The contrast d- 

excess between the Upper and Lower slope positions further highlights 
the additional influence of topographic controls (as illustrated in the 
conceptual scheme in Fig. 8). Our observations that Upper slope soil 
water was more strongly affected by evaporation and therefore exhibi
ted more pronounced isotopic alteration are in good line with Zhang 
et al. (2023), who reported that downslope with young and event 
water depended strongly on subsurface structure and lateral flow 
pathways. This interpretation is also validated by the greater soil water 
but lower temperature at deeper layer and at Lower slope position 
observed from the in-situ records (Fig. 2). Similar variations in soil 
moisture across soil depths and slope positions have also been reported 
by Jarecke et al. (2021) and Dymond et al. (2021). Unlike the conven
tional studies where the hillslope and profile-scale water cycling was 
primarily inferred from soil-moisture profiles or Richards-equation- 
based simulations (Bauser et al., 2022), this study quantitatively 
distinguished and visualized the extent of evaporative fractionation in 
soil pore water across topographic and profile positions. Given the 
likelihood of intensified precipitation unpredictability and hillslope 
hydrological heterogeneity under future climate conditions and land-use 
conversion modes (Li et al., 2009), such quantitative discrimination of 
pore-water cycling rates is urgently needed to develop holistic under
standing of water partitioning patterns across different terrain features 
and varying land use types.

4.4. Implications and limitations

Although the pore-size classes separated in this study could not fully 
represent the soil pore networks under field conditions, the evidently 
unequal isotopic signatures among different pore domains clearly 
demonstrate that soil water should not be interpreted as a single reser
voir. Crude changes in bulk soil water could not distinguish the coex
istence of rapidly renewed water in Macropores (Renée Brooks et al., 
2010), actively exchangeable water in Mesopores, or strongly retained 
water in Fine pores. The hierarchical partitioning of soil water across 
different scales in the sloped field demonstrated that soil depth and slope 

Fig. 6. Distribution of pore water d-excess among different soil depths across the four study slopes. (a, b) S1 and S2 in Sub-catchment 2; (c, d) S3 and S4 in Sub- 
catchment 8. Different lowercase letters indicate significant differences at P < 0.05.
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position shaped the local hydrothermal and structural setting, whereas 
pore structure and pore water filling provided the immediate physical 
basis for water retention, mobility, and isotopic differentiation within 
that setting. As conceptually illustrated in Fig. 8, this study helps to 
advance our current understanding by providing pore-scale quantitative 
evidence and emphasizing that ecohydrological fractionation may begin 
within the soil matrix itself, rather than only among broad compart
ments such as soil water, plant water (Sprenger et al., 2018), ground
water (Adams et al., 2020) or stream water (Dusek and Vogel, 2024). 
The redistribution and thus restructure of soil pores along hillslopes and 
across profiles further regulate the water cycling rates among layers and 
slope positions, although outperformed by the topographically and 
downwardly depressed evaporative fractionation at profile and slope 
scale (Fig. 8). Moreover, we also acknowledge that the centrifuge-based 
pore-water separation used here was more advantageous in isolating 
pore-specific isotope signals, but it failed to reproduce the non- 
equilibrium exchange, preferential flow activation, and temporal con
nectivity among pores during repeated drying-rewetting cycles over 
rainfall or irrigation events. In addition, this study was based on cross- 
sectional sampling at a single time point, and thus could not deter
mine how the observed pore-domain fractionation evolves over seasons 

or years. Under future climate conditions, changing rainfall intensity, 
longer dry intervals, and stronger event-scale recharge (Pendergrass 
et al., 2017; Feldman et al., 2024) may further interfere the relative 
contributions of Macropore flow rates, Mesopore exchange rates, and 
Fine pore retention ability. Therefore, long-term in-situ profile moni
toring, together with pore-fractionated isotopic signature and pore- 
network imaging would help further disentangle how pore-scale water 
storage and exchange regulate hillslope-scale evaporation and plant 
water availability.

5. Conclusion

To examine how pore class, soil depth and slope position jointly 
shaped soil water partitioning and isotope fractionation, soil water 
stored in differently sized pores were separately extracted, and 
compared their δ2H, δ18O and d-excess across depths and slope posi
tions. Micropores and Fine pores predominantly accounted for 51.6%– 
91.0% of the total pore space and stored about 83.5% of the extracted 
water. The enrichment of δ2H and δ18O toward finer pores, together 
with the highest d-excess in Mesopores, showed that pore water did not 
cycle at the same rates. Under the sampled conditions, Mesopores 

Fig. 7. Distribution of pore water d-excess among different slope positions across the four study slopes. (a, b) S1 and S2 in Sub-catchment 2; (c, d) S3 and S4 in Sub- 
catchment 8. The dashed lines indicate median values; solid lines represent the values for each sample (n = 45 independent samples). Different lowercase letters 
indicate significant differences at P < 0.05.
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appeared to serve as actively mobile water domain susceptible to less 
evaporation, whereas Fine pores stored more tightly retained water with 
advanced evaporative fractionation. The higher d-excess at deeper layer 
and Lower slope position further revealed the determined role of 
localized evaporative fractionation in slope-scale water partitioning, as 
relative to the efficient recharge of downward infiltration and abundant 
accumulation of upper land runoff. Although based on cross-sectional 
sampling and predetermined pore size classes, the hierarchical water 
partitioning evidenced by varying soil water pore isotopic signatures in 
this study advocates more advanced distinguish in pore water cycling 
rates, instead of crude soil water enrichment or depletion, to better 
understand hillslope hydrological processes and their responses to 
erosion events or tillage practices under changing climate conditions.
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