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A B S T R A C T   

Understanding the relationship between agroforest age and soil water dynamics is crucial for effective land and 
water resources management. However, the complexities of these dynamics, such as soil water recharge and 
depletion, hamper in-depth understanding, particularly in water-scarce regions. In this study, we examined soil 
water recharge and depletion in relation to the stand age of apple trees, a widely planted and representative 
deep-rooted agroforest, over four years in a semi-arid region on China’s Loess Plateau (CLP). We collected soil 
cores to >20 m depth from four apple orchards (referred to as ‘agroforests’) with variable stand ages (established 
in 2008, 2005, 1998, and 1994). For comparison, we selected adjacent cropland as land use prior to agroforestry 
practices (‘control’). We measured soil water content and tritium distributions to model soil water dynamics and 
estimate water ages across different soil profiles. Our results show that recharge amounts (and depths) in shallow 
soils were 298.4 mm (7 m), 303.4 mm (6.6 m), 300.6 mm (5.4 m), and 483.1 mm (7.6 m), whereas deep soils had 
net depletions of 111.1 mm, 391.9 mm, 192.8 mm, and 108.9 mm for AP2008, AP2005, AP1998, and AP1994, 
respectively. The tritium peak depths, which indicate the 1963 bomb peak depth, significantly differed between 
agroforested and non-agroforested plots. In particular, agroforestation reduced the seepage velocity of soil water 
over 20 years. Furthermore, our tritium tracer water age model suggests that the age of transpired deep soil water 
exceeded 200 years in the oldest orchard. These findings highlight a complex interaction between newly infil-
trated water and existing water, possibly due to variations in soil pore size distributions. The results of this study 
offer valuable insights into the ecohydrological impacts of agroforestation on the CLP and in similar climatic 
regions.   

1. Introduction 

In the past six decades, nearly one-third of the global land area has 
experienced significant transformations (Winkler et al., 2021). This land 
use has had far-reaching consequences for global sustainability, 
including climate change, biodiversity loss, and food security (Song 
et al., 2018). Agroforestry, which was described as a deliberate admix-
ture of woody perennials or trees on the same unit of land as agricultural 
crops, has been widely adopted worldwide (Nair, 2013). Apple orchards 
as ‘economic forests’, dominate agroforestry in China’s Loess Plateau, 

accounting for 22% and 27% of the coverage and fruit production of the 
global totals, respectively (Gao et al., 2021). However, like afforestation, 
agroforestry practices also significantly impact regional soil water dy-
namics and hydrological processes (Evaristo et al., 2019; Li et al., 2019a; 
Schwärzel et al., 2019), which subsequently affect plant water stress and 
physiological traits (Yan et al., 2017). Nevertheless, our understanding 
of how land cover change, particularly in relation to agroforest age, 
influences soil water dynamics, particularly recharge and depletion, 
remains limited. 

The impact of land cover change on soil water dynamics is complex 
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(Jia et al., 2017). First, land use influences rainfall partitioning, which 
then modifies net precipitation, that is, water that infiltrates into soils 
(Miralles et al., 2010). Second, land use changes the water infiltration 
patterns. Meta-analyses indicate that converting grasslands or croplands 
to forests increases infiltration rates (Archer et al., 2016; Sun et al., 
2018), likely due to altered soil structure and/or root exudates (Ben-
gough, 2012). Higher infiltration rates can enhance water recharge in 
the unsaturated zone (Archer et al., 2016), increasing evapotranspira-
tion and subsequent soil water depletion (Feng et al., 2016). However, 
afforestation does not necessarily increase soil water storage in the un-
saturated or saturated zones. Compared with crops and herbaceous 
plants, trees, having deeper roots (Canadell et al., 1996) and higher 
evapotranspiration, consume more water, leading to drainage to deeper 
soil layers or groundwater (Kim and Jackson, 2012). 

As forests mature, changes in canopy structure, root distribution, and 
soil properties (Rosenqvist et al., 2010; Scott and Prinsloo, 2008) can 
affect soil water recharge dynamics. These dynamics, however, are 
nonlinear, making them challenging to understand, particularly when 
comparing forests of different ages. 

In areas without agroforestry, such as cropland, plants typically use 
shallow soil water from recent infiltration (referred to as ‘young water’), 
establishing a long-term balance between soil water recharge and 
evapotranspiration. However, in agroforestry areas, deep roots tend to 
access ‘old water’ from deeper parts of the soil. While studies increas-
ingly examine water ages in streams and groundwater (Jasechko et al., 
2016; Kirchner, 2016), quantifying soil water age or transpiration water 
age is uncommon (e.g., Evaristo et al., 2019). Global estimates suggest 
that ~18% of plants extract water from deeper unsaturated soils or rocks 
using past precipitation (Miguez-Macho and Fan, 2021). For example, 
tritium radioactive tracers revealed that transpiration water in mature 
apple orchards could be several decades old (Zhang et al., 2017). 
Depleting this ‘old’ deep soil water could decrease groundwater 
recharge and streamflow (Li et al., 2019a). Therefore, understanding 
how agroforest age relates to the age of available water for transpiration 
is crucial for unraveling the complex interplay between ‘new’ and ‘old’ 
water in the unsaturated zone. 

The ‘Grain-for-Green Program’ implemented on the CLP stands as 
one of the world’s largest ecological engineering and afforestation ini-
tiatives. This program effectively promoted regional greening (Chen 
et al., 2019) and reduced soil and water erosion (Chen et al., 2015). 
Despite numerous studies assessing its impact on deep soil water 
depletion (Bai et al., 2020; Zhang et al., 2018b) and regional hydro-
logical processes (Schwärzel et al., 2019; Wang et al., 2011), a consid-
erable knowledge gap exists regarding the interplay between ‘new’ and 
‘old’ soil water in thick vadose zones. In the deep vadose zone of the CLP, 
infiltration water is assumed to move via translatory flow or piston flow 
(Huang et al., 2017; Tao et al., 2021a), displacing the old soil water by 
recently infiltrated new water. The hydrologic connectivity between 
precipitation and deep soil water dynamics has been rarely considered, 
with preferential flow assumed to occur only at the edges of the CLP via 
macropores, cracks, and fissures (Xiang et al., 2018). In the last decade, 
several studies have provided evidence supporting the loosely defined 
‘ecohydrological separation’ hypothesis, also known as the ‘two water 
worlds’ hypothesis (Brooks et al., 2010; Evaristo et al., 2015). This hy-
pothesis posits that plants use water isotopically distinct from the water 
recharging the groundwater system and discharging into streams. 
Among the many unresolved questions regarding the ecohydrological 
separation hypothesis and soil–plant water relations in general, the 
interplay between new and old soil water in thick vadose zones remains 
a significant area of inquiry. 

Various studies have suggested slow, piston-like water movement on 
event or monthly timescales in water-limited areas (Wang and Wang, 
2018; Wu et al., 2021). Our study contributes to this existing body of 
knowledge by conducting a multi-year analysis of soil water dynamics 
and their relationship with agroforest age. Specifically, we aim to pro-
vide clear answers to the following questions: (1) How does agroforest 

age influence soil water dynamics, particularly in terms of recharge and 
depletion? (2) What is the ‘age’ of depleted soil water? (3) How do 
agroforests affect soil water dynamics in water-limited settings? 

2. Materials and methods 

2.1. Site description 

Our study site was located in the Changwu Tableland on the southern 
CLP (35◦14′ N, 107◦41′ E; 1,200 m above sea level, Fig. 1). The site 
experiences a continental monsoon climate with a seasonal precipitation 
pattern. Historical annual precipitation (1957–2020) averages 584.6 
mm, ranging between 296.0 mm (1995) and 954.3 mm (2003). The 
majority of rainfall (54%) occurs between July and September. The 
area’s long-term mean annual potential evapotranspiration 
(1957–2015), calculated using the FAO Penman-Monteith equation 
(Allen et al., 1998), is 896.9 mm. Mean monthly temperatures hover 
around 9.3 ◦C, reaching their lowest in January (–4.6 ◦C) and peaking in 
July (22 ◦C). From 2016 to 2020, there was an increasing trend in 
precipitation, with amounts from May to October reaching 441, 470, 
500, 668, and 518 mm, respectively. The increased precipitation in 
2018–2020 exceeded the historical average of 481.5 mm (Fig. 2), sug-
gesting increased water recharge during these years. 

The study area features fairly uniform soil physical properties due to 
horizontal loess soil (Li et al., 2019c). Soil textures and bulk densities 
display minor changes within the 0–10 m soil layer but fluctuate with 
depth below 10 m (Fig. 2b). 

Exotic apple orchards and non-irrigated cropland form the dominant 
vegetation at the site. Apple orchards have been cultivated since the 
1980s to enhance local income. Orchards planted in different years 
share similar tree spacing, fertilization patterns, management regimes, 
and soil physical properties. These make the space-for-time substitution 
method (Pickett, 1989) applicable for characterizing dynamic water 
patterns throughout the orchards’ lifespan. The orchards’ growing 
period typically spans April (blossom) to October (fruit bearing), with 
peak water use in June and July (Wang and Wang, 2017). The 
groundwater table is below 30 m and unavailable for orchard water use. 

2.2. Soil sample collection 

We selected four apple orchards (Malus pumila Mill.), planted in 
2008, 2005, 1998, and 1994 (named AP2008, AP2005, AP1998, and 
AP1994) to represent different orchard ages (see Table 1 for details). We 
refer to these apple orchards as ‘agroforestry’ stands. The orchard 
growth rate increased with orchard age from AP2008 to AP1998, as 
evidenced by variations in DBH, but declined in AP1994. All the or-
chards had similar heights due to pruning and dwarfing practices. 
AP2005 and AP1998 had higher leaf area indices (LAIs) than AP2008 
and AP1994 (Table 1), suggesting dense canopy distribution and high 
productivity during the mature period. 

In each orchard, we identified four representative trees with similar 
growth conditions. Soil cores were collected in October 2020, July 2016, 
and April 2017 for various analyses. Samples collected in October 2020 
and July 2016 were used to compare soil water content and determine 
soil water dynamics, while samples collected in October 2020 and April 
2017 were used to compare soil tritium depths and determine soil 
porewater velocity. 

Three soil cores were taken along the quarter-point at the half di-
agonal position in October 2020 (Fig. 1c). Fresh soil was sampled at 20 
cm intervals using a portable hand auger from the soil surface until no 
roots were found (13.6, 20, 25.4, and 27 m in AP2008, AP2005, AP1998, 
and AP1994, respectively). The soils were sampled within a month for a 
better comparison between orchards. The collected fresh soil samples 
were oven-dried at 105℃ for at least 24 h to determine the soil gravi-
metric water content. Volumetric water content was calculated using the 
bulk density at the corresponding depth, as per Lu et al. (2019). Soil 
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cores were also collected in July 2016 and April 2017 to determine fine 
root distribution, soil water content, and soil water age (Li et al., 2019c). 
The four-year interval between sampling allows for comparison of soil 
water recharge and depletion patterns between orchards. Soil cores to a 
depth were also taken in an adjacent cropland and the same orchards in 
April 2017. The collected fresh soils were placed into 50 mL air-tight 

polyethylene bags and stored at –20℃ until analysis. Soil tritium dis-
tributions were measured to determine soil water age and porewater 
velocity. 

Fig. 1. (a, b) Location of the study site on China’s Loess Plateau (CLP); (c) locations of the sampling orchards; (d) distribution of soil cores in each orchard.  

Fig. 2. (a) Monthly precipitation (P) and potential evapotranspiration (PET) from 2016 to 2020; (b) soil texture and bulk density from 0 to 25 m.  
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2.3. Determining soil water age and porewater velocity 

In the 1960 s, atomic and hydrogen bomb tests significantly 
increased atmospheric radioactive tritium, which peaked in 1963. This 
tritium, with a half-life of 12.3 years (Ojovan et al., 2019), also spiked in 
the deep unsaturated zones on the CLP and is believed to represent the 
water recharged by precipitation that year (Shi et al., 2021; Tao et al., 
2021a). To determine soil tritium content, we used a cryogenic vacuum 
distillation system (LICA, LI-2000, China) to extract water from fresh 
soil, following the technique described by Voltas et al. (2015). This 
technique has an extraction efficiency of at least 98%. 

We extracted approximately 8 mL soil water, mixed it with a scin-
tillation solution (Hisafe3) in an 8:12 ratio, and stored it in the dark for 
12 h prior to analysis. The test sample was measured using a low- 
background liquid scintillation counter (Quantulus 1220, PerkinElmer, 
Singapore) for 400 min. After correcting for background noise, the 
measured tritium activities (CPM, count per minute) were transformed 
into tritium units. 

We determined tritium peak depths using Tao et al. (2021a)’s 
method. This method involves fitting a modified Gaussian function to 
the soil tritium data through a nonlinear least square procedure. Soil 
porewater velocity (mean ± SE) was then calculated using the tritium 
transport depth and time: 

υ =
d
n

(1)  

where υ represents porewater velocity (m yr− 1),d is the soil tritium peak 
depth (m), and n is the number of years between 1963 and the year of 
soil core collection. Tritium peak depth (d) was averaged over the two 
periods of soil sampling (April 2017 and October 2020), with n 
approximated as: (2020.8 + 2017.3)/2 − 1963 + 1 = 57 years. 

Soil water storage (mm) from depth i (m) to j (m), Si− j, was calculated 
as: 

Si− j =

∫ j

i
θi− j × 1000dz (2)  

where S is soil water storage (mm), and θi− j is the average soil water 
content between soil depth i (m) and j (m). 

Using the tritium peak-depth method, we determined the soil water 
age in each soil layer. The depleted deep soil water age (DA, years) was 
calculated using the deep soil water depletion amount and water age in 
each soil layer within the soil water depletion zones from 2016 to 2020: 

DA =

∫ zmax
zmin

(θi,2016 − θi,2020)* i
υ dz

∫ zmax
zmin

(θi,2016 − θi,2020)dz
(3) 

where zmin and zmax are the minimum and maximum depths (m) of the 
deep soil water depletion zone, and i is soil depth (m), θi,2016 and θi,2020 

are the soil water contents in soil depth i in 2016 and 2020 (m3/m− 3), 
respectively. 

The DA uncertainty mainly originates from υ in Eq. (3) due to the 
uncertainty of the estimated soil tritium peak depth (d). This uncertainty 
can be calculated using the first-order perturbation analysis of Eq. (3): 

SE(DA) = SE(d)*
n
d2*

∫ zmax
zmin

(θi,2016 − θi,2020)*i*dz
∫ zmax

zmin
(θi,2016 − θi,2020)dz

(4)  

3. Results 

3.1. Soil water dynamics variability 

Soil water content varied considerably from July 2016 to October 
2020. There were signs of recharge in shallow soils and depletion in 
deeper layers depending on orchard age (Fig. 3). Younger orchards 
(AP2008 and AP2005) experienced soil recharge up to 7 m and 6.6 m, 
respectively, while AP1998 reached 5.4 m. The oldest orchard (AP1994) 
had the deepest recharge at 7.6 m. Over time, AP2008 and AP2005 
maintained relatively high soil water contents from 0 to 7 m, ranging 
from 0.2 to 0.25 m3/m− 3. AP1998 and AP1994 had lower water contents 
from 0 to 10 m, ranging from 0.15 to 0.20 m3/m− 3. By October 2020, 
AP2008 and AP2005 had stable soil water contents in the upper 7 m 
(0.25–0.30 m3/m− 3), while soil water in AP1998 and AP1994 decreased 
gradually in the upper 6 m (0.30–0.17 m3/m− 3). The increase in soil 
water storage in shallow soils was calculated as 298.4, 303.4, 300.6, and 
483.1 mm in AP2008, AP2005, AP1998, and AP1994, respectively. 

Despite the recharge in shallow soils from July 2016 to October 
2020, deep soil water contents decreased remarkably (Fig. 3), especially 
in older orchards. The main areas of depletion over the last four years 
were 7–12 m in AP2008, 6.6–20 m in AP2005, 13–24 m in AP1998, and 
22–25 m in AP1994, which decreased deep soil water storage by 111.1, 
391.9, 192.8 and 108.9 mm, respectively. 

3.2. Soil tritium distribution and water age 

Soil tritium concentrations followed a bell-shaped distribution with 
soil depth (Fig. 4). The tritium displacement depths, averaged over two 
sampling periods, were 7.25, 7.15, 6.75, 5.70, and 6.15 m in cropland, 
AP2008, AP2005, AP1998, and AP1994, respectively, over 57 years 
since 1963 (Fig. 4). This suggests a difference in tritium displacement 
depths of approximately 1.55 m (7.25 m − 5.7 m = 1.55 m) and an 
average porewater velocity from 0.13 m yr− 1 in cropland to 0.10 m yr− 1 

in AP1998 after nearly 20 years of agroforestation. 
Assuming uniform piston soil porewater velocities (0.13 m yr− 1) 

across all orchards, each 0.2 m soil increment represents a 1.54-year 
increment. Applying Eq. (3) to depleted deep soil water content and 
velocity, we found that the ages of depleted deep soil water were (mean 
± SE) 76.0 (±2.3), 107.4 (±3.0), 137.0 (±4.2), and 202.4 (±7.0) years 
in AP2008, AP2005, AP1998, and AP1994, respectively. The shallower 
tritium peak depth in orchards suggests a slower soil porewater velocity, 
less than 0.13 m yr− 1, in old orchards, implying that the water used by 
apple trees is considerably older than the present precipitation. 

4. Discussion 

4.1. Implications of agroforest age on soil water dynamics 

The age of apple trees on the CLP has significant implications for soil 
water dynamics. Although LAIs of the apple trees changed with stand 
age, a four-year study showed that the interception difference between 8 
and 18 year-old apple orchards is just about 2.4%, which can be negli-
gible (Wang and Wang, 2020). Our study revealed that soil water 
infiltration varies with the age of apple orchards, resulting in distinct 
soil moisture patterns. Shallow soils in these orchards (0 to 5.4–7.6 m) 
likely recharged between July 2016 and October 2021. Liu et al. (2010) 
reported that an intense precipitation event (954 mm) recharged the soil 
to a depth of 5 m in a winter wheat field at the same site over a seasonal 
time scale. However, few studies have demonstrated the cumulative soil 
water recharge depth reaching below 5 m on the CLP over multiple years 
(Liu and Shao, 2016; Wang and Wang, 2018). This suggests recharge to 

Table 1 
Information on basic vegetation variables in four orchards.  

Orchards DBH 
(cm) 

Height 
(m) 

LAI 
(m2 m− 2) 

Root depth 
(m) 

Tree density 
(plants ha− 1) 

AP2008  13.8  3.2  1.7 9.6–13.6 737 
AP2005  16.4  3.1  2.3 11.7–20.0 1003 
AP1998  20.5  3.1  2.2 21.7–25.4 793 
AP1994  20.4  3.3  1.7 23.2–27.0 1167 

DBH, diameter at breast height; LAI, leaf area index. DBH, height, and LAI are 
the mean of measured values (2016–2020); root depths (unpublished data) are 
measured values from April 2017 to October 2020. 
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deeper layers during wet years. The greater recharge depths observed in 
apple orchards could be attributed to higher precipitation and decreased 
orchard productivity during these years. 

Rainfall plays a critical role in controlling soil water status. In 2019, 
precipitation levels were significantly higher than historical average, 
which would have increased water content and promoted greater infil-
tration depth. In addition to the rainfall amount, other rainfall charac-
teristics also influence the soil water dynamics. In 2019, the number of 
days when rainfall amount >10 mm, an indicator of extreme precipi-
tation (Li et al., 2012), is 25 days. This is greater than the historical 
average (18.4 days). Also, the total annual precipitation divided by the 
number of wet days (defined as rainfall amount >1.0 mm) in 2019 is 
12.1 mm/day, compared to 8.6 mm/day of historical average. This in-
dicates a higher intensity and duration of extreme rainfall events in 
2019. Extreme precipitation promotes greater infiltration into deeper 
soil layers (Shao et al., 2019). These water infiltration patterns, how-
ever, are episodic, and have a fast transit time, which is different from 
soil matrix flow (Good et al., 2015). In addition, cooler spring temper-
atures in recent years may have decreased orchard growth and pro-
ductivity. In 2020, the orchards experienced an almost 50% and 90% 
decrease in LAI and fruit yield, respectively, compared to a typical 
growth year (Tao et al., 2021b). It is believed that the reduced number of 
canopy branches and lower LAI decreased transpiration and enhanced 
soil water recharge in shallow soils (Ma et al., 2019; Ye et al., 2021). 
Consequently, higher precipitation and lower water demand may have 
increased shallow soil water recharge across all orchards at our study 
site. 

While clear recharge was observed in shallow soils, the depths and 
amounts of recharge varied across the four studied orchards. The water 
infiltration depth followed a bell-shaped curve with orchard age, with 
the deepest recharge depths in AP2008 and AP1994. Several factors 

could contribute to this pattern. First, the shallow soil water content in 
July 2016 decreased with orchard age, potentially reducing soil hy-
draulic conductivity and water infiltration depth in older orchards (van 
Genuchten, 1980). Second, the mature orchards (AP2005 and AP1998) 
had lower shallow soil water contents than the others, causing more 
water to fill the soil pores in the upper soil layer and thus reducing the 
soil water infiltration depth. Third, the older orchard (AP1994) had a 
lower LAI and, consequently, lower water demand, resulting in more 
precipitation infiltrating deeper soil layers. 

The oldest orchard (AP1994) had the highest water recharge, 
consistent with an earlier CLP study showing soil water levels 
rebounding to their original levels (Jia et al., 2017). Meanwhile, soil 
water depletion was highest in mature orchards, likely due to the higher 
water demand of mature trees and reduced availability of deep soil 
water (Tao et al., 2021c). Thus, the overall soil water status and plant 
water demand determine soil water depletion. 

Recharge depths in the orchards reached up to 7 m, while soil water 
depletion extended beyond 20 m, indicating that recharge water cannot 
completely compensate for deep soil water depletion. This limitation in 
water recharge depth can be attributed to low annual precipitation 
(584.6 mm), with almost half lost through evaporation (Wang and 
Wang, 2017). Consequently, there is a low likelihood that these non- 
native apple trees are overusing water. The water recharging the 
topsoil could be used in the following normal or dry year (Tao et al., 
2021b). 

This finding contrasts with studies conducted in the humid tropical 
Amazon, where high annual rainfall (2,000 mm) results in soil water 
recharge depths exceeding 10 m, thus compensating for any seasonal 
deficits in deep soil water (Markewitz et al., 2010; Rempe and Dietrich, 
2018). Several studies have reported that plants on the CLP can extract 
soil water from depths >25 m, suggesting the presence of deep root 

Fig. 3. Soil water distribution in July 2016 and October 2020 in AP2008, AP2005, AP1998, and AP1994. Green area represents soil water recharge, and pink area 
represents soil water depletion. Dashed lines indicate water recharge depths in the four orchards. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

Fig. 4. Tritium distributions in cropland, AP2008, AP2005, AP1998, and AP1994. A modified Gaussian function was fitted to the tritium concentrations to determine 
tritium peak depths. Uncertainties (±) represent standard errors. 
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water uptake in a semi-arid setting characterized by a thick vadose zone. 
Our study supports this observation, providing direct in-situ evidence of 
deep soil water depletion patterns resulting from agroforestry practices. 
The depth of deep soil water depletion increases consistently with the 
one-way water mining patterns reported by Li et al. (2019c). 

It is important to note that tree age in our study specifically relates to 
soil water depletion and does not directly control soil water. Root 
characteristics directly control deep soil water depletion. Studies on 
apple trees (Li et al., 2019c) and jujube trees (Wang et al., 2015a) have 
shown synchronized water consumption and rooting depths. However, 
fine roots at a specific depth (e.g., 5–10 m) do not guarantee water 
consumption (as observed in AP1998 and AP1994), as the soil water 
may have already depleted below the tree’s availability level. While a 
wet year might enhance tree growth and transpiration rates (Brito et al., 
2015; Eliades et al., 2018; Zhang et al., 2018a), it may not lead to higher 
water depletion amounts in deep soil layers because deep soil water 
depletion is presumed to happen in dry years (Song et al., 2020; Tao 
et al., 2021b, 2021c). 

4.2. Implications of agroforestation on porewater velocity and soil water 
age 

The soil tritium peak depths decreased from 7.25 m in cropland to 
5.70 m in AP1998 and 6.15 m in AP1994 (Fig. 4). This indicates that the 
older orchards (AP1998 and AP1994) had lower soil water infiltration 
depths than the other orchards, suggesting that croplands have greater 
soil water dynamics, particularly porewater velocities and soil water 
recharge, than orchards. 

Interestingly, the transition from cropland to AP1998 reduced 
porewater displacement by 1.55 m, or ~ 21%, over nearly 20 years. This 
finding contrasts the results of Sun et al. (2018), who reported that 
cropland had lower infiltration rates than forests, attributing it to a 
physical impermeable layer in cropland and higher organic matter 
content in forests. However, a relatively old forest had a higher infil-
tration rate and water storage in a northern temperate climate, allowing 
rainfall to infiltrate deeper soil layers via preferential flow (Archer et al., 
2016). 

Our earlier research demonstrated that shallow soil layers in older 
orchards do not contain denser roots and higher organic matter than 
younger orchards (Li et al., 2019b, 2019c), suggesting that they may not 
contribute to a higher infiltration capacity. Furthermore, soil water 
depletion in older orchards decreased water hydraulic conductance and 
thus infiltration rates. This is expected because hydraulic conductance is 
proportional to the soil water potential and soil water content (Van 
Genuchten, 1980). This also suggests that tritium moved slower in 
relatively dry soil layers in agroforested plots than in croplands. Multi- 
year soil water dynamic observations also indicated that annual pre-
cipitation only influences the 0–2.0 m for deeper-rooted shrub and 
pasture, but 0–4.0 m for shallow-rooted crop on the Chinese loessial area 
(Liu and Shao, 2016). When porewater velocity is reduced, more water 
would be retained in upper soil layer, which would be available for 
evapotranspiration, and thus less water available for drainage into 
deeper layers (Wohling et al., 2012; Wang et al., 2015b; Zhang et al., 
2016). Our study indicates that drying of deeper parts of the soil profile 
leads to an increasing depth of root water uptake to >25 m (e.g. AP1994, 
Fig. 3). Consequently, agroforestry practices on the CLP decrease pore-
water velocities. 

Root water uptake associated with agroforestry on the CLP appears 
to reduce potential groundwater recharge. In a 15-year-old apple or-
chard, rooting depth reached 18.4 m (Li et al., 2019c), suggesting that 
only a limited amount of infiltrated water could bypass the root zone, 
with most water transpired into the atmosphere. Consistent with other 
studies, shifting land use from shallow-rooted to deep-rooted vegetation 
decreases deep soil water recharge and, consequently, potential 
groundwater recharge (Allen and Chapman, 2001; Zhang et al., 2018c). 

In the Netherlands, soil water recharge decreased with forest age due 

to increased water interception (Van der Salm et al., 2006). At our study 
site, the high planting density of apple trees on limited land areas creates 
similar canopy structures (Table 1), resulting in minimal differences in 
interception among orchards, given the limited precipitation (Wang and 
Wang, 2017). Moreover, the soil at our study site is relatively fine; 
coarser soils may have more significant agroforestry effects on pore-
water displacement. Agroforestry practices on the CLP, which lead to 
increased soil desiccation and reduced groundwater recharge, could 
slow the transport rates of soil pollutants such as nitrates. Indeed, 
despite the orchards having been heavily fertilized, a recent field study 
found lower nitrate levels reaching the groundwater than expected 
(Huang et al., 2021b). 

Our findings revealed a soil tritium peak in cropland at 7.25 m, 
representing the displaced soil depth of the 1963 bomb peak. In contrast, 
AP1998 had a deep soil water depletion depth below 22 m. The 7.25 m 
soil tritium depth corresponds to an infiltration rate of 0.13 m yr− 1. 
Further calculations indicated that the orchards used soil water older 
than 200 years. Considering the adverse effect of agroforestry on pore-
water velocity, it is likely that the orchards had a higher calculated 
water age than cropland at the same soil depth and, thus, the depleted 
deep soil water could be older than our calculated values. While water 
age does not directly affect root water uptake, apple trees could tran-
spire ‘old soil water’ that is not readily available. This suggests that 
apple trees may need to grow deeper roots to fulfill their water re-
quirements, and larger trees could be more vulnerable to the detrimental 
effects of droughts (Bennett et al., 2015). Our findings align with a 
previous study suggesting that when shallow soil water is depleted, 
plants may extract water from deeper soil layers, which likely contain 
older water (Allen et al., 2019). 

4.3. Heterogeneous water movement patterns evident from soil water 
dynamics and tritium 

The ‘bell-shaped’ tritium distribution in each soil profile revealed a 
piston flow pattern of soil water movement, which is essential for using 
tritium peaks to determine soil water age and porewater velocity in the 
unsaturated zone (Huang et al., 2021a). Variations in the soil water 
profile showed that ‘new’ water infiltrated to depths over 5 m within 
four years, whereas resident ‘old’ water (as indicated by tritium) only 
moved 6–7 m in nearly 57 years. These patterns suggest that ‘new’ water 
has higher velocities than ‘old’ tritium water. Shallow soils are more 
prone to saturation, resulting in a faster increase in soil hydraulic con-
ductivity than deep soils. As such, ‘new’ water in surface and shallow 
soils is more likely to infiltrate deeper into the soil profile. In contrast, 
the movement of ‘old’ tritium water decreases as less ‘new’ water in-
filtrates deeper into the soil profile. 

The heterogeneity in porewater velocities for soil water and tritium 
water may arise from different water movement patterns in soil pore 
classes. Tritium water tends to remain in smaller pores, while infiltrated 
precipitation is more likely to be transported through larger pores, 
bypassing the smaller ones. This is because the water in large pores is 
more readily available for plant uptake due to lower matric tension. 

In saturated soils, hydraulic conductivity is related to the fourth 
power of the pore radius (Vervoort and Cattle, 2003), with larger pores 
the dominant pathway for precipitation movement through the soil 
profile. When soils are below field capacity, large pores that drain with 
the least tension become empty, while the remaining soil water in small 
pores has matric potentials that are lower than what gravity can drain 
(Brooks et al., 2010). As a result, the tritium water in small pores has a 
longer residence time than newly infiltrated precipitation. This phe-
nomenon aligns with the ‘ecohydrological separation’ concept, sug-
gesting a dichotomy between fast-moving water and slow water stored 
in presumably smaller pore spaces (Brooks et al., 2010). Our findings are 
consistent with the study by Zhang et al. (2019) that found chloride in 
small pores and infiltrated water in big pores. Hence, chemical tracers 
such as chloride can be used to quantify piston and preferential water 
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velocities in deep soil profiles. Although tritium is considered an ideal 
tracer for indicating soil water age following agroforestation on the CLP 
(Shi et al., 2021; Xiang et al., 2020), our study suggests that soil tritium 
water is more likely to represent water moving in small pores. 

4.4. Study limitations and implications 

Our study has several limitations that should be considered. First, the 
timing of our soil sample collection (April/July and October) may 
introduce some variability due to differences in meteorological condi-
tions, such as precipitation. However, we believe that the impact on our 
results is minimal as we compared cumulative soil water dynamics and 
porewater velocity across orchards at the same time interval, and the 
samples were collected almost simultaneously from all orchards. In 
addition, the effects of monthly weather patterns on deep soil water 
movement and depletion are expected to be limited in water-limited 
areas with apple trees. 

Another limitation concerns the challenges associated with the 
available measurement tools for observing in-situ deep soil water dy-
namics at shorter timescales Techniques such as oven-drying and 
neutron probe methods present challenges. Notably, obtaining accurate 
observations of deep soil water dynamics is particularly challenging for 
mature apple trees, exemplified by AP1998 and AP1994. This presents 
some real-world constraints associated with field studies such as ours. 
Several studies have reported that deep soil water content on the CLP 
does not change within a year (Li et al., 2019b; Suo et al., 2018; Wu 
et al., 2021). Meanwhile, we compared the soil water dynamics and 
porewater movement at orchard trees of different stand ages, using 
space-for-time substitution method. We believe that our approach helps 
to clarify the ecohydrological impacts of agroforestation relative to 
stand age. Thus, we focused on cumulative soil water variations and 
movement to illustrate changes in hydrological processes in the deep 
vadose zone due to agroforestry on the CLP. 

Using the space-for-time substitution method is suitable for exam-
ining the impact of tree age on soil water dynamics. Nonetheless, our 
study faces a limitation in understanding in-situ deep soil water dy-
namics at more refined temporal resolutions, such as seasonal varia-
tions. To overcome this limitation, future researchers should capitalize 
on advancements in sampling techniques, focusing on deep soils. 
Alternatively, they could refine the space-for-time substitution approach 
employed in our study to better understand the seasonal variations of 
soil water dynamics under these apple orchards. 

Sampling at the most extreme part of the year helped magnify or-
chard differences in soil water dynamics. Future studies incorporating 
high-accuracy instruments for soil water content measurements and fine 
root observations could provide further insights into the mechanisms 
underlying deep soil water depletion. 

It is important to note that while land cover changes, such as agro-
forestry and afforestation, offer benefits in terms of climate change 
mitigation, our study suggests that agroforestry may not always favor 
regional water resources. On the CLP, afforestation in water-limited 
environments contributes to global greening (Chen et al., 2019), but 
could also reduce groundwater recharge and streamflow generation 
(Feng et al., 2016; Wang et al., 2011), exacerbating water scarcity (Feng 
et al., 2016). Conversely, afforestation in energy-limited environments 
could increase groundwater recharge and dry season flows (Calder, 
2007). 

The radioactive tracer indicated that the depleted soil water could be 
hundreds of years old, implying that soil water recovery might take 
centuries, particularly for deeper soil layers with longer surface flow 
paths and greater evapotranspiration losses. 

Furthermore, the hydrological effects of land cover change can vary 
over time as agroforests mature, influencing ecohydrological dynamics. 
Factors such as forest management, tree species, forest structure, and 
forest density can influence seasonal and annual water yields from 
forested areas (Brooks et al., 2010; Zhang and Wei, 2021). Our study 

found differences in soil water recharge dynamics and movement rates 
likely associated with agroforest age, a common observation on the CLP. 
For example, a large-scale study that collected 9,263 soil samples from 
128 profiles of 7–25 m deep soil under various climates, soil textures, 
and plant types (shallow or deep roots) on the CLP found that plant age 
and normalized difference vegetation index (NDVI) dominated the 
vertical variability of soil water (Huang et al., 2021a). However, our 
understanding of apple tree water consumption per vegetation period is 
limited, and further research is needed to explore the relationship be-
tween soil water dynamics and transpiration amounts and rates. 
Nevertheless, it is conceivable that vegetation, such as grasses, between 
apple trees consumes some of the soil water, with variability in tran-
spiration amounts and rates affecting the soil water dynamics below the 
rooting zone. While we revealed differences in LAI values between or-
chards, we do not explain how LAI directly relates to soil water dy-
namics. High LAI values could be associated with high actual 
evapotranspiration and, thus, lower amounts of infiltration below the 
rooting zone. 

As we calculated volumetric water content to determine recharge 
and depletion using the bulk density at the corresponding depth, a 
possible source of uncertainty – and a caveat to the interpretation of our 
findings – is the dependency of volumetric water content on bulk 
density. 

Determining water age in streamflow (Cartwright and Morgenstern, 
2018) or groundwater (Jasechko, 2019) is relatively common, but non- 
uniform water flow in the vadose zone affects the accuracy of these 
measurements. However, methods such as introduced Cl– or NO3

– fer-
tilizers and radioactive 3H tracers can effectively model soil water 
movement to determine soil water age in deep vadose settings (Chen 
et al., 2023; Huang et al., 2016; Shi et al., 2021), providing an effective 
tool for understanding deep hydrological processes following land use 
changes. 

5. Conclusions 

Our study revealed that the age of apple orchards on the CLP 
significantly affects soil water dynamics, including soil water recharge 
and depletion patterns. Shallow soil water had recharge depths ranging 
from 5.4 to 7.6 m. Moreover, older orchards had greater depth and age 
of deep soil water depletion than younger orchards, with depths 
exceeding 22 m and water ages surpassing 200 years. Interestingly, older 
orchards had shallower tritium peak depths, indicating slower soil water 
velocities following agroforestation. These varied water movement 
patterns within agroforestry areas suggest the presence of flow path 
heterogeneities. Overall, our research offers valuable insights into the 
impact of agroforest age on soil water dynamics, with more noticeable 
reductions in infiltration rates and deep soil water recharge in agrofor-
estry areas than non-agroforestry areas on the CLP. Future research 
should investigate the mechanisms underlying these water dynamics 
and explore sustainable approaches to optimize water use efficiency in 
agroforestry systems. 
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