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Introduction: Yield formation of kiwifruit (Actinidia chinensis Planch.) is

associated with soil water conditions. In the hilly areas of subtropical humid

regions in China, sloping cultivation is a common practice. Slope position

influences soil water distribution, possibly inducing variations in kiwifruit

growth, physiology, and yield. However, the underlying pathways through

which sloping cultivation affects kiwifruit yield remain unclear.

Methods: Therefore, a two-year field investigation was conducted to evaluate the

differences in soil water content (SWC), actual evapotranspiration (ETc act), growth

physiology, and yield of kiwifruit between upper and lower slopes. The primary

factors influencing kiwifruit yield were identified using the random forest and partial

least squares path modeling (PLS-PM).

Results: Results showed that SWC on lower slopes was significantly higher than

that on upper slopes, exceeding the appropriate SWC for kiwifruit growing and

yield formation. In contrast, upper slopes exhibited superior growth physiology

performance, yield, and water productivity (WPc), compared to lower slopes.

Specifically, upper slopes significantly increased ETc act, WPc, chlorophyll content

index (CCI), shoot dry weight (SDW), fruit number (FN), and yield by 4.05%, 34.8%,

10.3%, 52.8%, 33.8%, and 39.3%, respectively. PLS-PM revealed that yield was

directly influenced by FN and fruit weight. Soil water (average SWC and SWC at

fruit development stage) and water consumption (ETc act and ETc act at fruit

development stage) indirectly and positively affected yield by influencing growth

physiology (CCI and leaf dry weight per unit shoot leaf area) and yield

components. These pathways collectively explained 93.1% of yield variations.
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Discussion: This study can provide a reference for kiwifruit water management

under sloping cultivation in subtropical humid regions. Specifically, supplement

irrigation on upper slopes is recommended during dry periods, while drainage

improvement is recommended on lower slopes to avoid excessive soil water

accumulation or prolonged high SWC.
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1 Introduction

Kiwifruit (Actinidia chinensis Planch.), an important economic

crop in subtropical regions, is abundant in trace elements and

essential vitamins, earning the reputation of the “King of Fruits”

(Xue et al., 2019). It thrives in sunlight but is sensitive to intense

direct exposure, and its fleshy root system is highly susceptible to

soil water fluctuations (Calabritto et al., 2024; Zheng et al., 2024). In

subtropical humid climates, frequent short-duration heavy rainfall

during the rainy seasons often causes excessive water accumulation

in the root zone. Notably, precipitation is mostly concentrated at

the fruiting stage of kiwifruit (from May to September), adversely

affecting yield formation, increasing disease risk, and severely

limiting local production. Cultivation on sloping land can facilitate

drainage during the rainy seasons, consequently reducing soil

erosion and excessive water accumulation (Monsieurs et al.,

2015). Additionally, this practice can provide suitable light and

soil conditions to support root respiration, promoting photosyn-

thetic efficiency, and nutrient accumulation (Yao et al., 2024),

ultimately contributing to higher yield. Considering these advan-

tages, sloping land cultivation is widely used for sustainable kiwi-

fruit production in subtropical humid regions of China.

Slope position, as a critical topographic factor, poses an indirect

effect on crop growth physiology by regulating spatial and temporal

soil water distribution, thus influencing yield formation (Zhu et al.,

2015). Driven by gravity, soil water moves from upper to lower

slopes, typically resulting in higher soil water storage on lower

slopes (Shan et al., 2023), which in turn leads to differences in crop

water consumption at different slope positions (Zhu et al., 2015;

Horel and Zsigmond, 2023). In heavy rainfall regions, soil on lower

slopes is more prone to reaching saturation, consequently limiting

further infiltration due to its higher initial soil water content (SWC)

(Chen et al., 2021; Phi et al., 2013). Tang et al. (2014) found that

SWC on lower slopes were 50.9%-77.3% higher than that on upper

slopes under the same planting pattern in hilly dryland of southern

China. Soil water status impacts crop nutrient uptake, root devel-

opment dynamics, and crop adaptability to soil conditions. Both

water excess and deficit possibly cause poor fruit development and a

low fruit-setting rate in kiwifruit, severely constraining yield for-

mation. In general, appropriate soil water condition for kiwifruit

growth and yield ranges from 60% to 80% of field capacity (FC) (He

et al., 2023). For instance, Zheng et al. (2023) demonstrated that

kiwifruit subjected to water stress (about 15%−45% of full irrigation
02
amount) during the fruit expansion stage, exhibited severe reduc-

tions in yield.

Crop growth and physiological processes are closely associated

with yield formation. Previous studies have pointed out that crop

yield and its components correlated positively with leaf number

(LN), leaf area, shoot length (SL), and leaf dry weight (LDW) (Rana

et al., 2023). Besides, leaf morphology (e.g. leaf area and rounder

leaves) had a strong positive impact on fruit sugar content

(Rowland et al., 2020). Notably, lower slopes typically exhibit

significantly more leaves compared to middle-upper slopes due to

higher SWC (Zhang et al., 2019), potentially increasing photosyn-

thetic capacity for dry matter accumulation (Heslop et al., 2023; Li

et al., 2025) In addition, chlorophyll content is another key factor in

yield formation and is highly sensitive to soil water availability

(Yetik and Candoğan, 2023; Ghimire et al., 2024). Slope position

indirectly affects chlorophyll content by altering soil water distri-

bution, thereby influencing yield. Generally, higher chlorophyll

content is observed on lower slopes, contributing to higher crop

yield due to higher SWC and nutrient availability (Chen et al., 2023;

Koide and Kobayashi, 2025). Considering the uneven precipitation

in subtropical humid regions of China, although lower slopes

typically maintain higher SWC than upper slopes, the soil water

levels may exceed the appropriate range for kiwifruit development,

potentially creating unfavorable growth conditions. Conversely,

possibly moderate stress on upper slopes may enhance yield of

kiwifruit. Therefore, it is necessary to clarify the direct and indirect

effects of slope position on kiwifruit growth and physiology for

optimizing yield in subtropical humid regions.

Sloping position can cause non-uniform distribution of soil

water, which in turn leads to variations in crop water consumption

and growth physiology. These differences ultimately regulate yield

performance through both direct and indirect pathways. However,

the primary determinants of kiwifruit yield remain insufficiently

elucidated under sloping cultivation in subtropical humid regions.

Based on this, a field investigation was conducted in a subtropical

humid region to systematically evaluate the effects of slope position

on kiwifruit yield. The objectives of this study were: (1) to compare

the differences in SWC, water consumption, growth physiology, and

yield between upper and lower slopes; (2) to identify the potential

factors influencing yield; and (3) to elucidate the pathways through

which key factors influenced yield under sloping cultivation. This

study can provide a reference for water management in kiwifruit

cultivation on sloping land in subtropical humid regions.
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2 Materials and methods

2.1 Experimental site description

A field investigation was conducted from March to August in

both 2019 and 2020 in Gangkou Town, Yueyang County, Hunan

Province, China (29°04’46’’ N, 113°10’24’’ E, mean altitude of

60.0 m, Figure 1A). The site features hilly terrain with typical

slopes ranging from 10° to 15°. The area has a subtropical humid

monsoon climate, characterized by distinct seasonal precipitation,

with an annual average of 1423 mm. The mean annual temperature

is 16.9 °C, the mean wind speed is 2.4 m s−1. The annual sunshine

duration reaches approximately 1656 h, and the frost-free period

lasts about 270 days. The soil at the experimental site is classified as

silty clay loam (12.3% sand, 53.8% silt, and 33.9% clay) according to

USDA soil texture classification system. In the 0−120 cm soil

profile, the average soil bulk density, FC, and saturated soil water

content (qs) were 1.40 g cm−3, 0.297 cm3 cm−3, and 0.448 cm3 cm−3,

respectively, with a pH of 4.50 and an average organic matter

content of 11.0 g kg−1. Basic physical properties of the 0−120 cm soil

profile are detailed in Table 1. The soil water characteristic curve for
Frontiers in Plant Science 03
the 0−120 cm profile was determined using the centrifuge method

to estimate soil hydraulic parameters based on the van Genuchten

model (van Genuchten, 1980). The residual SWC (qr) was 0.0755
cm3 cm−3, the inverse of the air-entry value (a) was 0.0173 cm−1,

the empirical coefficient (n) was 1.339, and the soil saturated

hydraulic conductivity (Ks) was 17.92 cm d−1.

2.2 Kiwifruit field management

In 2016, two-year-old kiwifruit vines (Actinidia chinensis cv.

‘Hongyang’) were planted on sunny slopes in the orchard. The vines

were 5−6 years old during the investigation period (2019−2020) and

had reached full bearing maturity. According to the technical

regulations of China for kiwifruit production in hills or mountains

(NY/T 5108-2002), the orchard was divided into multiple operating

units of 0.3−0.5 ha. The width and length of each operating unit

were 40−50 m and 80−85 m, respectively. The elevation difference

between the top and bottom of each unit ranged from 12 m to 20 m.

The pergola system was adopted for cultivation, with vines planted

on ridges at a planting spacing of 2.0 m and row spacing of 3.0 m

(Figure 1B). There were drainage ditches with a depth and bottom

width of 30 cm between the planting rows. To ensure pollination, a

10:1 female-to-male ratio (10 female vines per male vine) was used.

Excluding male vines, the planting density was 1515 vines ha−1. The

phenological cycle of the vines commenced with bud-leaf develop-

ment in early March and ended with harvest in mid-to-late August.

As the deep groundwater depth (> 20 m) and abundant precipita-

tion during the growing season, the water supply for the vines solely

depended on precipitation. Weeds exceeding 20 cm in height were

removed mechanically, and pruning was performed twice annually

(spring and winter). Organic fertilizers were applied as both base

and topdressing at a rate of 75 t ha−1 to maintain soil fertility.

2.3 Kiwifruit field investigation

Given the small area (40−50 m × 80−85 m) and low elevation

difference (12−20 m) within each operating unit of kiwifruit, multi-

point sampling was carried out at two representative slope positions

(upper and lower) during two growing seasons to evaluate the

effects of slope position on soil water distribution and water

consumption. Eight sampling points were arranged at each slope
FIGURE 1

The location of the experimental site (A) and kiwifruit plant arrangement (B).
TABLE 1 Soil physical properties of the 0–120 cm profile in the

experimental site.

Soil depth
(cm)

Bulk density (g
cm−3)

qs (cm3

cm−3)
FC (cm3

cm−3)

0−5 1.43±0.04 0.484±0.026 0.303±0.007

>5−10 1.25±0.05 0.407±0.009 0.260±0.014

>10−20 1.28±0.03 0.448±0.023 0.304±0.014

>20−30 1.22±0.04 0.480±0.014 0.304±0.013

>30−40 1.31±0.04 0.464±0.011 0.295±0.008

>40−60 1.51±0.05 0.456±0.034 0.317±0.007

>60−80 1.57±0.02 0.447±0.017 0.300±0.007

>80−100 1.49±0.04 0.425±0.019 0.291±0.013

>100−120 1.54±0.05 0.423±0.010 0.304±0.008

0−80 1.41±0.04 0.455±0.021 0.302±0.009

0−120 1.45±0.04 0.445±0.019 0.301±0.010
qs and FC represent saturated water content and field capacity, respectively.
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position in a representative operating unit, with a minimum spacing

of 15 m between points to ensure spatial independence. At each

sampling point, three measurement replicates were taken to ensure

statistical reliability. Field data included meteorological data, SWC,

growth physiology indicators, as well as yield and its components.

2.4 Data collections and calculations

2.4.1 Meteorological data collection

A HOBO U30 automatic weather station (Onset, Bourne, MA,

USA) was installed at a distance of approximately 30 m from the

experimental site to collect hourly meteorological data during the

growing season, including precipitation, solar radiation, maximum

and minimum temperatures, relative humidity, and wind speed at a

height of 2 m. Daily reference evapotranspiration (ETo) was

calculated using the Penman-Monteith equation (Allen et al.,

1998). Both ETo and effective precipitation illustrated pronounced

temporal fluctuations (Figure 2). ETo ranged from 1.3 to 7.14 mm

for the 2019 season and 1.0 to 7.6 mm for the 2020 season, with

higher values observed during summer (June to August). A total of

36 and 32 effective precipitation events occurred during the two

growing seasons, predominantly in July, accumulating 617.5 mm in

the 2019 season and 598.6 mm in the 2020 season, respectively. It

can be seen that the meteorological conditions during both seasons

were similar.

2.4.2 Soil water content measurements
and calculations

Time domain reflectometry (TDR, IMKO Micromodultechnik

GmbH, Bodenheim, Germany) was used to determine SWC (cm3

cm−3) during the growing season. There was a significant linear

relationship between actual SWC determined by the oven-drying

method (SWCact) and measured SWC using TDR (SWCact =

SWCTDR + 0.102, r2 = 0.746, n = 65, p < 0.001). TRIME tubes

(150 cm length) were installed at distances of 0, 30, and 60 cm from

the vine trunks, with 15 cm of each tube left above ground to

prevent rainwater intrusion. SWC was measured at 20-cm depth

intervals within the 0−120 cm soil profile, representing an average

SWC for each soil layer. These measurements were conducted at the
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beginning of key growth stages of kiwifruit, i.e., bud-leaf develop-

ment (G1, mid-March), flowering (G2, mid-May), fruit setting (G3,

mid-June), fruit development (G4, early July), fruit maturity (G5,

late July), and harvest (G6, mid-August).

The total actual evapotranspiration (ETc act) and ETc act at each

growth stage, reflecting water consumption of kiwifruit during the

growing season, was determined using the water balance equation

(Zhang et al., 2023):

ETc act = Pe + I + Q + DSWS

Pe =
0 P < 5

0:75(P − 5) P ≥ 5

(

Where Pe is the effective precipitation (mm); I is the irrigation

amount (mm), which is set to zero due to rain-fed irrigation for

kiwifruit in the experimental site; Q is the water exchange capacity

in the main root zone (mm), with negative values indicating leakage

and positive values indicating upward water supply from the lower

to upper soil layers, calculated from water flux using Darcy’s law

and parameters of van Genuchten model (van Genuchten, 1980;

Mualem, 1976); and DSWS is the variation in water storage in the

main root zone.

2.4.3 Growth physiology measurements

At harvest, three kiwifruit vines with uniform growth and no

signs of pests or diseases were selected at each sampling point. From

each vine, five fully expanded green leaves on fruiting shoots within

the middle canopy were collected from four directions (east, south,

west, and north). Relative leaf chlorophyll content, expressed as the

chlorophyll content index (CCI) (Parry et al., 2014; Padilla et al.,

2018), was measured using a CCM-200 PLUS chlorophyll meter

(Opti-Sciences Inc., New Hampshire, USA), with three replicate

measurements per leaf. Additionally, four new shoots oriented in

different directions were cut off at the base to determine leaf number

(LN), shoot length (SL, cm), single leaf area (SLA, cm2), as well as

shoot and leaf dry weights (SDW and LDW, g shoot−1). SL was

measured from the base to the shoot tip using a tape with a precision

of 1 mm. The maximum length and width of all green leaves per

shoot were also measured with the tape to estimate SLA. Leaf area
FIGURE 2

ETo, air temperature, and effective precipitation (Pe) in the 2019 (A) and 2020 (B) growing seasons of kiwifruit.
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was calculated by multiplying maximum leaf length and width by a

factor of 0.763 (Tan et al., 2018). This factor was derived from a linear

regression (R2 = 0.994, n = 43, p < 0.001) validated against

measurements obtained from an AM 300 leaf area meter (ADC

BioScientific Ltd., UK). Shoots and leaves were separated, cleaned of

surface dust, oven-dried at 105 °C for 1 h, then at 85 °C until a

constant weight was achieved. To reduce the influence of variation in

shoot and leaf dry weights, shoot dry weight per unit shoot length

(SSL, g cm−1) and leaf dry weight per unit shoot leaf area (LLA, g

m−2) were calculated as follows:

SLA = 0:763 · L · W

SSL =
SDW
SL

LLA =
104LDW

on
i=1SLA

Where L is the maximum leaf length (cm). W is the maximum

leaf width (cm), and n is the leaf number of the selected shoot.
2.4.4 Yield components

At harvest, three representative kiwifruit vines with consistent

growth and free from diseases were selected at each sampling point

to determine yield. After removing undersized or damaged fruits,

the number of fruits per vine (FN) was counted. All fruits from each

vine were harvested and weighed using an electronic balance with a

precision of 0.01 g to determine individual fruit weight (FW) and

yield per vine. Notably, yield per vine was directly obtained by

weighing the total harvested fruits. The yield per vine was converted

into unit area yield (t ha−1) based on the planting density (1515

female vines ha−1). Combining the yield (Y, kg ha−1) and ETc act,

water productivity (WPc, kg m−3) can be calculated as follows

(Fernández et al., 2020):

WPc =
100Y
ETc   act

2.5 Data processing and statistical analysis

Given the similar meteorological conditions in 2019 and 2020

growing seasons and no significant effects of year and the interactions

between year and slope on the measurements (p > 0.05), the values for

each sampling point were averaged across the two seasons for

analysis. SPSS 21.0 (IBM Corp., Armonk, NY, USA) and Origin

2024 (OriginLab, Northampton, MA, USA) were used to analyze the

effects of slope position on soil water and yield. Data following a

normal distribution were analyzed using one-way analysis of variance

(ANOVA), whereas non-parametric Mann-Whitney U test were

applied for non-normally distributed data. A two-way ANOVA

was also carried out to evaluate the effects of slope position, soil

depth, and their interactions on SWC. When a significant difference

(p < 0.05) was detected, multiple comparisons were carried out using

the least significant difference (LSD) method, with different lowercase

letters indicating significance at the a = 0.05 level.
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Considering the non-normal distribution in some variables,

Spearman correlation analysis and Mantel test were used to explore

the relationships between yield performance and soil water condi-

tions (average SWC and SWC at G1-G6 in main root zone), water

consumption (ETc act and ETc act at G1-G5), and growth physiology

(CCI, LN, SL, SLA, SDW, LDW, SSL, and LLA) indicator.

Subsequently, the random forest (RF) method was applied to

identify potential important factors influencing kiwifruit yield

based on a 90% cumulative contribution threshold with ntree =

1500 and nrep = 300 permutation tests. This method can handle

high-dimensional data processing and nonlinear interactions

among variables (Niu et al., 2026). Variable importance was

assessed by the increase in mean squared error. Multicollinearity

among potential variables was assessed using variance inflation

factor (VIF) (Gao et al., 2026). Variables with VIF > 5 were

removed. Finally, partial least squares path modeling (PLS-PM)

was conducted to determine the influence pathways and primary

factors affecting kiwifruit yield. To further evaluate the stability and

significance of the path coefficients, bootstrap resampling

(n = 6000) was used. The Mantel test, RF, and PLS-PM were

performed using the ‘vegan’, ‘randomForest’, ‘rfPermute’, ‘ggplot2’,

and ‘plspm’ packages in R software.
3 Results

3.1 Effects of slope position on spatial and
temporal soil water distribution

3.1.1 Spatial distribution of soil water

Both slope position and soil depth significantly influenced SWC

(p < 0.01), but their interaction was not statistically significant (p >

0.05, Figure 3). During the growing season, SWC varied consistently

with soil depth on both upper and lower slopes (Figure 3A). In the 0

−80 cm soil layer, SWC generally increased with soil depth, exhibiting

an increase of 58.4% to 63.6% from the 0−20 cm to the 60−80 cm soil

layer. Below 80 cm, SWC stabilized at 0.272−0.275 cm3 cm−3 (90.5%

−93.5% FC) on upper slopes and 0.304−0.310 cm3 cm−3 (approach to

100% FC) on lower slopes, demonstrating that the 0−80 cm soil layer

can represent the main root water exchange zone (effective root zone)

for kiwifruit water uptake. The coefficient of variation (CV) of SWC

in the vertical profile during the growing season ranged from 0.079 to

0.213, indicating low and moderate variability (0.1 < CV < 1.0). In the

main root zone (0−80 cm), the CV decreased with increasing depth

(Figure 3B), revealing greater fluctuations in surface SWC and

relative stability in deeper layers. Additionally, SWC in each layer

was significantly lower on upper slopes compared to lower slopes

(p < 0.05), with reductions of 8.96%−15.85%.

3.1.2 Temporal distribution of soil water

Consistent variations in SWC in the main root zone of kiwifruit

were observed on both upper and lower slopes, with an initial increase

followed by a decline (Figure 4). Growth stage, slope position, and their

interaction significantly influenced SWC (p < 0.01). The maximum
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SWCs were detected (0.264−0.267 cm3 cm−3) at G5, which was

significantly higher than SWCs at other growth stages. This increase

is attributed to higher precipitation from July to August (Figure 2).

Moreover, average SWC in the main root zone ranged from 0.219 to

0.264 cm3 cm−3 for upper slopes and from 0.241 to 0.267 cm3 cm−3 for

lower slopes (Figure 4B), corresponding to 72.5%−87.4% FC and 80.1%

−88.4% FC, respectively. Similar to the vertical profile of SWC, upper

slopes exhibited significantly lower SWC in the main root zone in

comparison to lower slopes during the growing season (p < 0.05), with

reductions of 7.4%−18.0%, except at G3−G5 (Figure 4A).

3.2 Effect of slope position on ETc act
during kiwifruit growing season

According to the water balance equation, ETc act during the

growing season ranged from 560.2 to 617.2 mm (Table 2), with low

variability at two slope positions and the study area (CV < 0.1).

Specifically, ETc act on upper slopes was significantly higher by

4.05% than that on lower slopes (p < 0.05).

To further characterize water consumption patterns of kiwi-

fruit, ETc act was analyzed at four key growth stages (Table 3).
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As flowering and fruit setting generally represent the transition

from vegetative to reproductive growth, these stages were combined

into a single flowering-fruiting stage (G2−3) for analysis. ETc act

initially increased and subsequently declined during the growing

season, with the lowest proportion detected at G1 (4.3%−4.6%) and

the highest proportion at G4 (77.8%−80.6%).

3.3 Effects of slope position on growth
physiology of kiwifruit

At harvest, CCI, LN, SL, SLA, SDW, LDW, SSL, and LLA were

21.4−23.6, 10.7−12.8, 50.4−68.0 cm, 77.0−82.9 cm2, 7.2−11.0 g

shoot−1, 13.2−15.7 g shoot−1, 0.16−0.17 g cm−1, 150.5−161.5 g

cm−2, respectively (Table 4). Slope position had a significant effect

on CCI and SDW (p < 0.05). Compared with lower slopes, upper

slopes significantly increased CCI by 10.3% and SDW by 52.8%,

respectively. Other indicators of growth were slightly higher on

upper slopes than on lower slopes (p > 0.05). These findings indicate

that the upper slope position can promote kiwifruit growth, dry

matter accumulation, and chlorophyll synthesis under the subtrop-

ical humid region.
FIGURE 4

Variations in soil water content on upper and lower slopes (A) and in the region (B) in the main root zone (0−80 cm) of kiwifruit during the growing
season. G1−G6 correspond to bud-leaf development, flowering, fruit setting, fruit development, fruit maturity, and harvest stages, respectively.
Different lowercase letters denote significant differences among different growth stages at the same slope position at a = 0.05. **p < 0.01. n = 24
for upper and lower slopes, and n = 48 for the region at each growth stage. The region values are presented for reference only and were not used
in statistical comparisons.
FIGURE 3

Soil water content distribution (A) and coefficient of variation (B) in the 0−120 cm soil profile during the growing season of kiwifruit. Different
lowercase letters denote significant differences between upper and lower slopes in the same soil layer at a = 0.05. **p < 0.01; NS, no significant
difference. Region values represent the average soil water content of upper and lower slopes. n = 144 for upper and lower slopes, and n = 288 for
the region.
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3.4 Effects of slope position on yield
of kiwifruit

At harvest, FN, FW, yield, and WPc were 63.9−85.5, 62.9−64.3

g, 6.16−8.58 t ha−1, and 1.060−1.429 kg m−3, respectively (Table 5).

Slope position significantly influenced yield components and WPc
(p < 0.05). Compared with lower slopes, upper slopes increased FN

by 33.8%, yield by 39.3%, and WPc by 34.8%. A slightly higher FW

was also observed on upper slopes (p > 0.05), which was 2.2% higher

than that on lower slopes. These results demonstrate that the

position of upper slopes can promote kiwifruit yield formation in

the subtropical humid region.

3.5 Selection of potential factors
influencing the kiwifruit yield under sloping
cultivation

Yield was significantly positively correlated with ETc act, ETc act

at G4, LLA, FN, and FW (Mantel’s r = 0.220−0.845 and Mantel’s

p < 0.05, Figure 5A). Moreover, Spearman correlation analysis

demonstrated that there were significantly positive correlations

among CCI and most variables of soil water and water consumption

(r > 0.452). RF analysis identified 13 potential variables related to

soil water (average SWC, SWC at G1, and SWC at G4), water

consumption (ETc act, ETc act at G2−3, and ETc act at G4), growth

physiology (LLA, SSL, SDW, CCI, and LN), and yield component

(FN and FW) can affect yield (R2 = 79.7%, Figure 5B). Specially, FN

was determined as the most important factor, with an increase in

MSE of 33.2%.
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3.6 Influence pathway for yield of kiwifruit
under sloping cultivation

After screening suitable factors using collinearity diagnostics

(VIF < 5) and retaining variables with the highest importance from

RF analysis (cumulative contribution > 90%), PLS-PM was adopted

to establish the direct and indirect pathways influencing yield. The

explanatory variables jointly explained 93.1% of the yield variation

(GoF = 0.687, Figure 6A). Yield components (FN and FW) had a

significantly positive direct effect on yield (0.979, p < 0.05). Soil water

(average SWC and SWC at G4) and water consumption (ETc act and

ETc act at G4) indirectly and positively influenced yield by affecting

growth physiology (CCI and LLA) and yield components (path

coefficients: 0.395 and 0.742, respectively, p < 0.05, Figure 6B).

Furthermore, growth physiology also indirectly influenced yield

through its effects on yield components.
4 Discussion

4.1 Effects of slope position on soil water
and ETc act of kiwifruit during
growing season

In the present study, slope position significantly affected the

spatial and temporal variations in soil water. Generally, SWC on

both slopes increased with depth in the 0−80 cm soil layer

(Figure 3). Surface soil was influenced by soil evaporation, precip-

itation, and root water uptake, whereas fewer roots were concen-

trated in deeper layers, leading to weaker root water uptake (Zhao

et al., 2025). As a result, SWC exhibited a gradual increase with

increasing soil depth. Moreover, the lower CV of SWC below 80 cm

depth and no significant difference in SWC between the upper and

lower sections of the 60−80 cm soil layer (Figure 3) indicate that

kiwifruit roots were mainly distributed in the 0−80 cm soil layer.

This finding is consistent with previous studies on kiwifruit (Green

and Clothier, 1995; Wang et al., 2010). Specially, Wang et al. (2010)

noted that 72.75% of the lateral roots of kiwifruit were distributed in

the 0−60 cm soil layer, while 92.07% offine roots were distributed in

the 0−80 cm soil layer, with a significant reduction in root density

beyond 80 cm in the horizontal direction. Consequently, the 80 cm
TABLE 2 Descriptive statistics of ETc act during the growing season of kiwifruit.

Slope position n
Maximum Minimum Mean S.D.

CV
-––mm-––

Upper 24 617.2 579.0 600.8 a 15.3 0.025

Lower 24 605.8 560.2 577.4 b 13.0 0.022

Region 48 617.2 560.2 590.3 18.0 0.030

Analysis of variance (p value)

Slope position < 0.01**

Year 0.155NS

Slope position × Year 0.986NS
Region includes both upper and lower slopes. S.D. indicates standard deviation. Different lowercase letters within a column denote significant differences between upper and lower slopes at
a = 0.05. The region values are presented for reference only and were not used in statistical comparisons. **p < 0.01; NS, no significant difference.
TABLE 3 Descriptive statistics of ETc act proportion at key growth stages

of kiwifruit.

Slope position n ETc act (mm)

Proportion of ETc act

(%)

G1
G2
−3

G4 G5

Upper 24 600.8 4.6 11.6 77.8 6.0

Lower 24 577.4 4.3 10.4 80.6 4.7

Region 48 590.3 4.5 11.0 79.1 5.4
G1 is bud-leaf development stage; G2−3 is flowering-fruiting stage; G4 is fruit development
stage; and G5 is fruit maturity stage.
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depth can be considered the main root water exchange zone or

effective root zone for kiwifruit.

As the growing season progressed, SWC on both slopes initially

increased and then declined, reaching a maximum at G5. This peak

is attributed to high and concentrated precipitation during this

period (Figure 2), as SWC is generally positively correlated with

precipitation (Koster et al., 2004). After the rainfall, soil water was

redistributed through root water uptake, evaporation, and gravity

drainage (Shan et al., 2023), causing fluctuations in SWC within the

main root zone and a subsequent reduction in SWC at harvest

(Figure 4). Additionally, SWC on upper slopes was significantly

lower than that on lower slopes during the growing season (p < 0.05,

Figures 3, 4), consistent with the findings of Shan et al. (2023) in the

loess gully region. On upper slopes, gravity can facilitate downward

water infiltration through macropores, and lateral flow along the

slope can contribute to the water replenishment lower slopes,

thereby reducing water retention in the soils of upper slopes (Lee

and Kim, 2019).

Slope position also significantly influenced ETc act of kiwifruit.

Low variability in ETc act (CV < 0.1, Table 2) was found during the

growing season, indicating stable water consumption influenced by

precipitation, soil water storage, and soil water exchange.

Furthermore, ETc act was significantly higher on upper slopes

than on lower slopes (p < 0.05, Table 2). This finding is in

agreement with the findings of Bosquilia et al. (2019), who reported

an increase in ETc act at higher slope positions. This phenomenon

can be attributed to differences in plant transpiration and soil

evaporation. Upper slopes may experience higher soil evaporation
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due to greater solar radiation, longer sunshine duration, and higher

wind speeds compared to lower slopes (Lin et al., 2023).

Simultaneously, these conditions may also enhance photosynthesis

and leaf transpiration rate (Bansouleh et al., 2009) resulted from

higher CCI (Table 4), thereby contributing to a larger ETc act.

Notably, higher ETc act was observed at G4. One reason is higher air

temperature and radiation from July to August at the experimental

site (Figure 1). Another reason is the higher water demand for

canopy transpiration and fruit growth associated with the vigorous

growth of kiwifruit vines (He et al., 2023).

4.2 Effects of slope position on growth
physiology of kiwifruit

Slope position reflects the gradient variation in ecological

factors, such as water availability, nutrient levels, and sunlight

exposure, which directly or indirectly affect plant growth and

physiological processes. In this study, global Spearman correlation

analysis revealed that a significant positive correlation between CCI

and SWC (Figure 5). However, significantly lower CCI was ob-

served on lower slopes where significantly higher SWC was detected

(Figure 3; Table 4). The apparent contradiction indicates that

chlorophyll content can be not only related to soil water, but may

also related to other environmental factors, such as temperature,

light, and soil nutrient (Chen et al., 2023; Koide and Kobayashi,

2025) in this subtropical humid region. Due to poorer soil drainage

associated with silty clay loam with 12.3% sand content on lower

slopes during rainy season in the subtropical humid region, SWC in
TABLE 5 Kiwifruit yield and its components at harvest.

Slope position n FN FW (g) Yield (t ha−1) WPc (kg m−3)

Upper 24 85.5 ± 14.8a 64.3 ± 10.1a 8.58 ± 2.36a 1.429 ± 0.29a

Lower 24 63.9 ± 17.8b 62.9 ± 10.5a 6.16 ± 1.56b 1.060 ± 0.20b

Region 48 76.1 ± 16.2 63.7 ± 10.3 7.57 ± 2.39 1.267 ± 0.31

Analysis of variance (p value)

Slope position < 0.01** 0.484NS < 0.001*** < 0.001***

Year 0.057NS 0.211NS 0.101NS 0.070NS

Slope position × Year 0.934NS 0.989NS 0.849NS 0.852NS
FN is fruit number per vine; FW is individual fruit weight; and WPc is water productivity. Different lowercase letters with a column denote significant differences between upper and lower slopes
at a = 0.05. **p < 0.01; ***p < 0.001; NS, no significant difference.
TABLE 4 Statistics of growth physiology indicators of kiwifruit at harvest.

Slope position n CCI LN SL (cm) SLA (cm2)
SDW

(g shoot−1)
LDW

(g shoot−1)
SSL

(g cm−1)
LLA

(g m−2)

Upper 24 23.6 ± 8.9a 12.8 ± 6.8a 68.0 ± 22.9a 82.9 ± 11.5a 11.0 ± 3.2a 15.7 ± 6.9a 0.17 ± 0.06a 161.5 ± 43.7a

Lower 24 21.4 ± 9.2b 10.7 ± 4.5a 50.4 ± 26.2a 77.0 ± 15.1a 7.2 ± 4.1b 13.2 ± 5.1a 0.16 ± 0.09a 150.5 ± 11.8a

Region 48 22.6 ± 9.1 11.7 ± 6.0 59.7 ± 25.8 80.5 ± 13.2 9.0 ± 3.9 14.6 ± 6.2 0.17 ± 0.07 156.3 ± 35.0

Analysis of variance (p value)

Slope position < 0.01** 0.680NS 0.232NS 0.110NS < 0.001*** 0.900NS 0.834NS 0.075NS

Year 0.147NS 0.351NS 0.265NS 0.140NS 0.622NS 0.269NS 0.276NS 0.056NS

Slope position × Year 0.853NS 0.984NS 0.954NS 0.939NS 0.919NS 0.995NS 0.992NS 0.932NS
f

CCI, leaf chlorophyll content index; LN, leaf number; SL, shoot length; SLA, single leaf area; SDW, shoot dry weight; LDW, leaf dry weight; SSL, shoot dry weight per unit shoot length; and LLA,
leaf dry weight of shoot per unit leaf area. **p < 0.01, ***p < 0.001.; NS, no significant difference.
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the main root zone ranged from 80.1%−88.4% FC throughout the

growing season, substantially exceeding the commonly recom-

mended SWC threshold for kiwifruit growth (60%−80% FC,

Figure 4) (He et al., 2023). Xia et al. (2026) also noted that lower

sand content (< 12.85%) inhibits water infiltration, leading to water

accumulation. Prolonged high SWC in the clay loam can reduce air-

filled porosity below critical levels for adequate oxygen diffusion

(Dorau et al., 2018), thereby creating conditions of insufficient soil

aeration in the root zone. In some fine-textured soils, aeration is a

limiting factor for plant growth even at SWC near FC (Ahmad and

Li, 2021), particularly under excess water or in the absence of a

proper drainage system (Morales-Olmedo et al., 2015). Uteau et al.

(2015) noted that oxygen transport was limited under near FC up to

-200 hPa, causing a decline in oxygen partial pressures. Likely,

Balogh et al. (2011) found higher respiration rates under SWC

around 30%−40% in a structured silty clay loam. In contrast, upper

slopes had lower SWC (72.5%−87.4% FC, Figure 4), which re-

mained within or closer to the recommended range for most of the

growing season, avoiding the detrimental effects of excessive soil

water. Therefore, the relatively lower SWC on upper slopes may
Frontiers in Plant Science 09
thus have favored better root function and nutrient acquisition,

supporting higher chlorophyll synthesis. Additionally, upper slopes

generally receive more direct solar radiation, which can alter canopy

architecture. The middle canopy, where CCI measured, may expe-

rience moderate shading by upper leaves, stimulating the synthesize

of photosynthetic pigments to improve light capture (Deng et al.,

2023). Consistent with these advantages, upper slopes exhibited

significantly higher SDW relative to lower slopes (p < 0.05, Table 5),

aligning with the findings of Sun et al. (2021) on citrus, which

attributed this to stronger sunlight and higher effective radiation on

upper slopes, promoting dry matter accumulation (Lee et al., 2023).

4.3 Main factors influencing the
kiwifruit yield

Yield is an important economic indicator for evaluating the

sustainable development of kiwifruit production (Wang et al.,

2024). Under sloping cultivation, kiwifruit yield formation was

collectively influenced by soil water, water consumption, growth

physiology, and yield components. Yield formation was primarily
FIGURE 6

Direct and indirect effects on yield using PLS-PM (A), and standardized direct and indirect effects on yield (B). SWC is the average soil water content
in the main root zone during the growing season. SWC at G4 is the soil water content in the main root zone at fruit development stage. ETc act at G4
is the actual evapotranspiration at fruit development stage. CCI, leaf chlorophyll content index; LLA, leaf dry weight of shoot per unit leaf area; FN,
fruit number; and FW, fruit weight. ***p < 0.001; NS, not significant.
FIGURE 5

Mantel test analysis between yield and soil water, ETc act, and growth physiology (A), and random forest analysis demonstrating the potential
important factors of soil water, water consumption, growth physiology, and yield component for yield (B). SWC is the average soil water content in
the main root zone during the growing season. G1-G6 correspond to bud-leaf development, flowering, fruit setting, fruit development, fruit
maturity, and harvest stages, respectively. CCI, leaf chlorophyll content index; LN, leaf number; SL, shoot length; SLA, single leaf area; SDW, shoot
dry weight; LDW, leaf dry weight; SSL, shoot dry weight per unit shoot length; LLA, leaf dry weight of shoot per unit leaf area; FN, fruit number; and
FW, fruit weight. *p < 0.05; **p < 0.01, and ***p < 0.001.
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driven by yield components (FN and FW), which exerted the

strongest direct positive effect on yield (direct path coefficient =

0.979, p < 0.05, Figure 6). This finding is consistent with previous

studies that noted that the dominant role of FN and FW in final

yield determination in fruit crops (Richardson and McAneney,

1990; Marini, 2003). Notably, FN was significantly higher on

upper slopes than on lower slopes (p < 0.05, Table 5), and FW

was slightly higher on upper slopes, jointly contributing to the

higher yield observed on upper slopes.

Beyond direct effects, soil water (average SWC and SWC at G4)

and water consumption (ETc act and ETc act at G4) modulated

growth physiology (CCI and LLA), which influenced yield compo-

nents, thereby indirectly affecting yield (p < 0.05, Figure 6). In this

indirect pathway, CCI and LLA were identified as key intermediate

growth physiology variables. CCI reflects leaf photosynthetic ca-

pacity and nitrogen status (Immanuel and Miruna, 2024), while

LLA can indirectly indicate the efficiency of leaf dry matter

investment and canopy structure (Sullivan et al., 2026). Both soil

water and water consumption exerted significant positive effects on

growth physiology (Figure 6). Consistent with topographic hydro-

logical patterns, gravity-driven lateral flow transports soil water and

associated soluble nutrients (including nitrate nitrogen and potas-

sium) from upper to lower slopes (Wezel et al., 2002; Shan et al.,

2023), theoretically creating higher nutrient availability at lower

slope positions. However, our observation of significantly higher

CCI and LLA on upper slopes (Table 4) is inconsistent with this

expectation, revealing previously unrecognized constraints on nu-

trient utilization efficiency on lower slopes. On upper slopes, SWC

remained within a range conductive to kiwifruit growth (72.5%-

87.4% FC, Figure 4), while ETc act was significantly higher than on

lower slopes (Table 2). This higher ETc act further reflects enhanced

transpiration and photosynthetic activity (Jiang et al., 2022), which

promoted dry matter accumulation and fruit set (Bosquilia et al.,

2019). In contrast, lower slopes in this subtropical humid region

frequently experienced SWC exceeding the optimal upper threshold

(80.1%-88.4% FC, Figure 4), leading to potential excessive water

stress, particularly at G4 when concentrated and high-intensity

precipitation occurred. Due to the sensitivity of kiwifruit to soil

water (Calabritto et al., 2024; Zheng et al., 2024), this excessive

water likely impaired root function and reduced active water and

nutrient uptake (Rajan et al., 2024; Ding et al., 2025). Although

direct measurements of root hypoxia (e.g. root alcohol dehydroge-

nase activity or soil oxygen concentration) were not conducted in

this study, Ding et al. (2025) demonstrated that prolonged excessive

SWC in heavy soils significantly reduced root hydraulic conduc-

tance and nutrient adsorption in kiwifruit. These impairments

likely constrained CCI and LLA on lower slopes, and may contrib-

ute to lower ETc act and nutrient utilization. Notably, these find-

ings differed from our initial hypothesis that moderate water

deficit on upper slopes might directly enhance yield. Instead, the

relatively lower SWC on upper slopes fell within the appropriate

range (60%-80% FC) across most growth stages, thereby avoiding

the negative effects of excessive soil water accumulation and

supporting superior growth physiology and yield formation com-

pared to lower slopes.
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4.4 Management implications for sloping
cultivation in a subtropical humid region

Our findings demonstrate that compared to lower slopes, upper

slopes provided more suitable soil water conditions (72.5%–87.4%

FC) for kiwifruit growth, leading to higher yield and WPc. In

contrast, lower slopes frequently experienced excessive soil water

(80.1%–88.4% FC) that exceeded the optimal threshold (80% FC),

potentially impairing root function, chlorophyll synthesis, and dry

matter accumulation. Therefore, for sloping kiwifruit orchards in

subtropical humid regions, upper or mid−upper slopes for new

plantings are recommended to avoid excessive water in soil. On

lower slopes, drainage improvements such as deeper open ditches

or raised beds should be implemented to reduce SWC during rainy

seasons (Qi et al., 2025), especially at G4. Although upper slopes

had relatively lower SWC, the ETc act was significantly higher,

indicating active transpiration. As a result, supplemental irrigation

on upper slopes during dry periods could potentially stabilize yield

(Rey et al., 2016). Additionally, on upper slopes, moderate pruning

should be maintained to optimize light distribution and enhance

CCI and LLA, while on lower slopes, excessive nutrient application

should be avoided and soil aeration improved to mitigate

root hypoxia.
5 Conclusions

Based on a field investigation, this study systematically evalu-

ated the effects of slope position on soil water dynamics and

kiwifruit yield in a subtropical humid region. The differences in

spatiotemporal soil water distribution, ETc act, growth physiological

indicators, and yield between upper and lower slopes were analyzed.

Subsequently, the key factors influencing yield were identified under

sloping cultivation. The results revealed that slope position signif-

icantly influenced the spatial and temporal distribution of soil water

during the growing season (p < 0.01). Specifically, SWC in the main

root zone was significantly lower on upper slopes than on lower

slopes (p < 0.05), with more appropriate soil water conditions for

kiwifruit growth. Superior growth physiology, WPc, and yield

performance were observed on upper slopes. PLS-PM identified

yield components (FN and FW) as direct factors influencing yield.

Soil water (average SWC and SWC at G4) and water consumption

(ETc act and ETc act at G4) indirectly and positively affected yield, by

influencing growth physiology (LLA and CCI) and yield compo-

nents. This study can provide guidance for optimizing sloping land

cultivation to promote sustainable kiwifruit production. In practice,

supplemental irrigation on upper slopes during dry seasons is

recommended to stabilize yield, whereas drainage improvements

on lower slopes are critical to prevent excessive soil water, partic-

ularly during the fruit development stage. However, several limita-

tions should be noted that no measurements of direct nutrient

status and physiological processes limited a mechanistic interpre-

tation of hypoxia on lower slopes. Therefore, the future studies are

required to elucidate the underlying mechanism.
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Balogh, J., Pintér, K., Fóti, S., Cserhalmi, D., Papp, M., and Nagy, Z. (2011).
Dependence of soil respiration on soil moisture, clay content, soil organic matter,
and CO2 uptake in dry grasslands. Soil Biol. Biochem. 43, 1006–1013. doi: 10.1016/
j.soilbio.2011.01.017

Bansouleh, B. F., Sharifi, M., and Van Keulen, H. (2009). Sensitivity analysis of performance
of crop growth simulationmodels to daily solar radiation estimationmethods in Iran. Energy
Convers. Manage. 50, 2826–2836. doi: 10.1016/j.enconman.2009.06.028

Bosquilia, R. W., Neale, C. M., Duarte, S. N., Longhi, S. J., Ferraz, S. F. D. B., Muller-
Karger, F. E., et al. (2019). Evaluation of evapotranspiration variations as a function of
relief and terrain exposure through multivariate statistical analysis. Ecohydrol.
Hydrobiol. 19, 307–315. doi: 10.1016/j.ecohyd.2018.11.001

Calabritto, M., Mininni, A. N., Di Biase, R., Pietrafesa, A., and Dichio, B. (2024). Spatio-
temporal dynamics of root water uptake and identification of soil moisture thresholds
for precision irrigation in a Mediterranean yellow-fleshed kiwifruit orchard. Front.
Plant Sci. 15, 1472093. doi: 10.3389/fpls.2024.1472093

Chen, K., Pan, Y., Li, Y., Cheng, J., Lin, H., Zhuo, W., et al. (2023). Slope position-
mediated soil environmental filtering drives plant community assembly processes in
hilly shrublands of Guilin, China. Front. Plant Sci. 13, 1074191. doi: 10.3389/
fpls.2022.1074191
Chen, C., Zou, X., Singh, A. K., Zhu, X., Zhang, W., Yang, B., et al. (2021). Effects of
hillslope position on soil water infiltration and preferential flow in tropical forest in
southwest China. J. Environ. Manage. 299, 113672. doi: 10.1016/j.jenvman.2021.113672

Deng, H., Li, Y., Pang, C., Zhang, K., Tian, X., Wang, T., et al. (2023). Significant
increases in Donghong kiwifruit yield by a novel umbrella-shaped trellis system and
identification of associated molecular mechanisms. Front. Plant Sci. 14, 1143525.
doi: 10.3389/fpls.2023.1143525

Ding, Y., Shang, C., Zhao, L., Jin, S., Li, C., Yin, S., et al. (2025). Effects of irrigation and
fertilization management on kiwifruit yield, water use efficiency and quality in China: A
meta-analysis. Front. Plant Sci. 16, 1534702. doi: 10.3389/fpls.2025.1534702

Dorau, K., Luster, J., and Mansfeldt, T. (2018). Soil aeration: the relation between air-
filled pore volume and redox potential. Eur. J. Soil Sci. 69, 1035–1043. doi: 10.1111/
ejss.12717

Fernández, J. E., Alcon, F., Diaz-Espejo, A., Hernandez-Santana, V., and Cuevas, M.
(2020). Water use indicators and economic analysis for on-farm irrigation decision: A
case study of a super high density olive tree orchard. Agric. Water Manage. 237, 106074.
doi: 10.1016/j.agwat.2020.106074

Gao, R., Guan, Y., He, X., Wang, J., Fan, D., Ma, Y., et al. (2026). Multi-factor driving
force analysis of soil salinization in desert–oasis regions using satellite data. Water 18,
133. doi: 10.3390/w18010133

Ghimire, K., McIntyre, I., and Caffe, M. (2024). Evaluation of morpho-physiological
traits of oat (Avena sativa L.) under drought stress. Agriculture 14, 109. doi: 10.3390/
agriculture14010109

Green, S. R., and Clothier, B. E. (1995). Root water uptake by kiwifruit vines following
partial wetting of the root zone. Plant Soil 173, 317–328. doi: 10.1007/BF00011470
frontiersin.org

https://doi.org/10.1186/s12870-021-03018-1
https://doi.org/10.1016/j.soilbio.2011.01.017
https://doi.org/10.1016/j.soilbio.2011.01.017
https://doi.org/10.1016/j.enconman.2009.06.028
https://doi.org/10.1016/j.ecohyd.2018.11.001
https://doi.org/10.3389/fpls.2024.1472093
https://doi.org/10.3389/fpls.2022.1074191
https://doi.org/10.3389/fpls.2022.1074191
https://doi.org/10.1016/j.jenvman.2021.113672
https://doi.org/10.3389/fpls.2023.1143525
https://doi.org/10.3389/fpls.2025.1534702
https://doi.org/10.1111/ejss.12717
https://doi.org/10.1111/ejss.12717
https://doi.org/10.1016/j.agwat.2020.106074
https://doi.org/10.3390/w18010133
https://doi.org/10.3390/agriculture14010109
https://doi.org/10.3390/agriculture14010109
https://doi.org/10.1007/BF00011470
https://doi.org/10.3389/fpls.2026.1847750
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Zhu et al. 10.3389/fpls.2026.1847750
He, Z., Lu, X., Cui, N., Jiang, S., Zheng, S., Chen, F., et al. (2023). Effect of soil water
content threshold on kiwifruit quality at different growth stages with drip irrigation in
the humid area of Southern China. Sci. Hortic. 307, 111477. doi: 10.1016/
j.scienta.2022.111477

Heslop, A. D., Jahufer, Z., and Hofmann, R. W. (2023). Responses to water stress
extremes in diverse red clover germplasm accessions. Front. Plant Sci. 14, 1195058.
doi: 10.3389/fpls.2023.1195058
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