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Effects of irrigation and
fertilization management
on kiwifruit yield, water
use efficiency and quality
in China: A meta-analysis

Yuehua Ding*, Chunfeng Shang*, Long Zhao™, Shanshan Jin?,
Chenyang Li*, Shanshan Yin* and Golam Jalal Ahammed™

tCollege of Horticulture and Plant Protection, Henan University of Science and Technology,
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The water-saving and fertilizer-reduction strategies is important for sustainable
agricultural development. However existing kiwifruit water-saving and fertilizer-
reduction studies showed significant contradictions in the results of water and
fertilizer management. Studies have reported conflicting findings on irrigation:
some suggest over-irrigation increases yield and WUE, while others advocate
low-volume irrigation. Consequently, this study offers a comprehensive meta-
analysis encompassing 1038 observations, with the objective of evaluating the
influence of water management and optimized fertilization on the yield, water
use efficiency (WUE), and quality of kiwifruit. The results showed that the
response of kiwifruit to water management was particularly significant in areas
with annual average rainfall > 800 mm and field water holding capacity > 28%,
and excessive irrigation had a greater negative impact on yield and WUE. With the
increase of tree age, the yield-increasing effect of kiwifruit on water and fertilizer
optimization gradually weakened. In terms of irrigation methods, drip irrigation
has more advantages than traditional irrigation methods. Reducing super-
optimal input (SOI) water input can increase kiwifruit yield by 16.24% and WUE
by 20.06%. In terms of fertilization management, reducing the input of SOI
nitrogen fertilizer can significantly increase the yield of kiwifruit by 32.76%, while
reducing the input of SOI nitrogen, phosphorus and potassium can increase the
yield by 3.45%. The contents of soluble sugar and vitamin C increased by 6.35%
and 18.37%, respectively, but the contents of titratable acid and soluble solids
decreased by 4.35% and 6.18%, respectively. In addition, the optimal nitrogen
fertilizer level for kiwifruit varies from region to region, and it is generally
recommended to be between 100 — 105 kg/ha per hectare. In summary,
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scientific and reasonable water and fertilizer management can significantly
improve the yield and quality of kiwifruit, optimize WUE, and reduce water and
fertilizer waste, providing theoretical basis and practical guidance for sustainable
agricultural development.

KEYWORDS

meta-analysis, Actinidia chinensis, fertilizer management, irrigation, fruit quality,

yield, WUE

1 Introduction

Kiwifruit(Actinidia chinensis), renowned for its high nutritional
content, is a widely cultivated fruit abundant in vitamin C,
carbohydrates, proteins, and essential minerals (Zhao et al., 2023;
Wu et al,, 2023; Satpal et al.,, 2021). A marked increase in global
kiwifruit production has been observed, rising from 3.622 million
tons in 2014 to 4.518 million tons in 2020. Concurrently, the
cultivation area expanded from 224,000 hectares to 280,000
hectares over the same period (Li, 2022). In China, kiwifruit
production is predominantly concentrated in the central,
southern, and southwestern regions, where both the planting area
and total yield surpass those of other regions; however, the yield per
unit area remains relatively modest (Lu et al., 2016).This
phenomenon shows that while expanding the planting area helps
to increase total yield, optimizing water and fertilizer management
is urgently needed to improve yield per unit area.Water and
fertilizer serve as foundational components of agricultural
production, with fertilizer constituting approximately one-third of
the overall management expenses in kiwifruit orchards. The
prevalent practice of excessive fertilization and irrigation in
China, aimed at mitigating the risk of yield loss, has led to
significant resource wastage and environmental degradation,
including the eutrophication of groundwater and leaching of soil
nutrients (Wang et al., 2018a, 2018b; Lv et al, 2020; Cui and
Shoemaker, 2018; Li et al., 2017; Davidson et al., 2015). As societal
awareness of ecological issues and the economic implications of
chemical fertilizers grows, the adoption of fertilizer- and water-
saving strategies in agriculture has gained considerable momentum.
Water and fertilizer serve as foundational components of
agricultural production ... the adoption of fertilizer- and water-
saving strategies in agriculture has gained considerable momentum
(Wang et al,, 2019).

A study suggested that optimizing irrigation schedules based on
soil water balance is an effective approach, particularly in arid
regions, providing a solution for efficient water management in
flood-irrigated maize fields (Yi et al., 2022).

Efficient use of water and fertilizer is critical for sustainable
agricultural development, especially in arid and semi-arid regions
where resource scarcity and environmental concerns are
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intensifying. The term super-optimal inputs refers to
agricultural practices that exceed the optimal levels of water
and nutrient application, often leading to resource wastage,
reduced efficiency, and environmental degradation. In contrast,
water-saving strategies aim to maximize crop productivity per
unit of water applied, through techniques such as deficit
irrigation or improved irrigation scheduling. Similarly,
fertilizer-reduction refers to strategies that maintain yield while
decreasing fertilizer input, often by optimizing nutrient timing,
type, and dosage through data-driven approaches (Wu et al,
2025; Yi et al., 2022).

However, existing studies on irrigation and fertilization often
show inconsistent results, particularly across different climates,
cropping systems, and management scales. Many have focused on
localized experiments with limited transferability to broader policy
or regional planning. Gong et al. (2025) proposed a dynamic
optimization of soil phosphorus status (DOP) approach that
reduces phosphorus use by up to 47.4% in China without
sacrificing yield, offering a model of nutrient management that
integrates spatial heterogeneity, crop-specific requirements, and
long-term planning (Gong et al., 2025).

These findings highlight the urgent need to integrate more
regionally adaptive and resource-efficient management practices
into irrigation scheduling and fertilization planning. In particular,
flood-irrigated maize fields with varying cultivation histories
require context-sensitive strategies to balance productivity with
environmental sustainability.

.The previous section discussed the relationship between
kiwifruit yield and water and fertilizer management, especially the
effect of fertilization on yield. Plant nutrition plays a pivotal role in
crop management, with nitrogen being an indispensable nutrient
for both crop growth and agricultural yields (Kuypers et al., 2018;
Wang et al., 2021; Yang et al, 2017; Tilman et al., 2011). The
strategic application of nitrogen fertilizer is widely recognized as a
key practice for enhancing crop productivity. However, it is crucial
to note that the relationship between crop yield and nitrogen
fertilizer input is not linear (Li Y. et al., 2019; Li MLE. et al,, 2019;
Gu et al, 2017; Hawkesford, 2014). As the amount of fertilizer
gradually increases, reaching an optimal level, continuous
fertilization beyond this point can lead to a decrease in yield.
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Studies have indicated that excessive nitrogen application rates,
surpassing 50 kg/ha, can adversely affect kiwifruit yield (Pinto et al.,
2021). Over-application of nitrogen can result in the substantial
accumulation of nitrate nitrogen in the soil profile, thereby altering
the soil’s physical and chemical properties (Edwards et al., 2018;
Zhou et al., 2016). Nutrient elements are adjusted throughout the
growth cycle of kiwifruit according to its growth needs and
environmental conditions to ensure its healthy growth and
improve yield and quality.

Furthermore, the balanced input of the primary nutrients—
nitrogen, phosphorus, and potassium—is essential not only for
manipulating yield but also for influencing the quality of kiwifruit.
Optimal fertilizer application has been shown to yield the highest
returns, with the application of nitrogen and potassium having
minimal impact on fruit acidity and soluble solids, although it can
compromise fruit firmness (Pacheco et al., 2008). The role of nitrogen
and phosphorus in sustaining the yield and quality of ‘Hayward’
kiwifruit has been highlighted (Guarconi and Ventura, 2011). The
differential demands of kiwifruit for these nutrients suggest a
propensity for efficient phosphorus utilization, with potentially
lower soil phosphorus requirements and higher soil potassium
demands (Liu et al., 2000). The impact of nitrogen and potassium
application rates, ranging from 125 to 250 kg/ha for nitrogen and a
fixed 200 kg/ha for potassium, on the mineral composition of
kiwifruit has been significant (Santoni et al., 2016). Despite the
existing body of research on the individual effects of nitrogen,
phosphorus, and potassium on kiwifruit yield and quality, a
comprehensive analysis of the combined application of these
fertilizers and the implications of reducing their application rates
on kiwifruit yield and quality is lacking. The optimal input (OI) levels
of nitrogen (N), phosphorus (P) and potassium (K) in kiwifruit
planting are determined according to the specific soil, climate and
planting varieties in different regions. For example, the optimal
nitrogen, phosphorus and potassium levels of Wuzhi No.3 kiwifruit
planted in Heping County, Guangdong Province are: nitrogen (N)
100 - 105 kg/ha, phosphorus (P) 135 — 140 kg/ha, potassium (K) 170
- 175 kg/ha. These values can be regarded as the critical values of
nitrogen, phosphorus and potassium in kiwifruit planting under
certain conditions. It should be noted that these values are not
fixed, but need to be adjusted according to specific soil test results,
local climatic conditions and rootstock varieties. If the amount of
fertilizer is insufficient, it can be adjusted by increasing the amount
and frequency of fertilizer application; however, excessive fertilization
should be avoided. If too much fertilizer is applied, the fertilizer
concentration in the soil can be diluted by a large amount of water,
and measures to remove damaged leaves and prune damaged roots
can be taken. Therefore, a quantitative and systematic synthesis of
how varying fertilization levels affect kiwifruit yield and quality is
imperative for informed practical application.

Furthermore, research has shown that optimizing phosphorus
fertilizer application can lead to a substantial reduction in
phosphorus use. A dynamic optimization approach demonstrated
a 47.4% reduction in phosphorus fertilizer use without any adverse
effects on yield, offering a more sustainable solution for agricultural
fertilizer management in China (Gong et al., 2025).
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Water serves as a fundamental resource for agricultural
productivity, with irrigation being a significant consumer of
freshwater resources (Busschaert et al., 2022). In China,
agriculture, particularly irrigation, is the primary user of water,
and the scarcity of water resources poses a notable constraint on the
agricultural sector’s development (Li et al., 2020; Li et al.,, 2021).
Research indicates that judicious application of deficit irrigation can
often optimize crop water productivity (Wu et al., 2021; Khapte
et al,, 2019; Patane and Cosentino, 2009). Kiwifruit, recognized for
its substantial water requirements among deciduous fruit trees,
necessitates the optimization of irrigation practices to curtail water
usage while sustaining or enhancing yield (Gao et al, 2023).
Observations reveal that within a specific range, an increase in
irrigation volume correlates with elevated levels of reducing sugars
and vitamin C in kiwifruit. However, beyond this threshold, a
continued increase in irrigation can lead to a marked reduction in
titratable acidity, soluble solids, and dry matter content (Wang
et al,, 2018a; Wang et al., 2018b). Additionally, excessive irrigation
combined with high fertilization rates can exacerbate nutrient
leaching, thereby impacting crop yields (Muhammad et al., 2022;
Wang et al,, 2021). Consequently, integrating irrigation and
fertilization management at the field scale is deemed critical for
the sustainability of agricultural systems (Dai et al., 2019).

However, there are some contradictions in the existing research
on the effects of irrigation and fertilizer application. The existing
research on water saving and weight loss of kiwifruit shows that
there is a significant contradiction between water saving and
fertilization management results. In light of this, a meta-analysis
is warranted to synthesize the overarching findings from a broad
spectrum of existing research (Hedges et al., 1999). The utility of
meta-analysis lies in its capacity to account for the diverse water and
fertilizer use efficiencies reported in various studies, and to provide a
comprehensive examination of the effects of water and fertilizer
optimization on kiwifruit trees, an area that has been previously
understudied. It allows for the systematic dissection of a multitude
of potential factors that could influence dependent variables,
thereby enabling the extraction of meaningful conclusions from a
body of literature (Stanley, 2001). Consequently, the present study
undertakes a meta-analytic review of field trials related to kiwifruit
production, with the following three objectives: (1) To evaluate the
effects of fertilization and irrigation on kiwifruit yield in China,
considering factors such as average annual rainfall, soil water
retention capacity and irrigation techniques; (2) To analyze the
effects of different irrigation and fertilization practices on water use
efficiency (WUE) of kiwifruit; (3) To assess the effects of nitrogen,
phosphorus and potassium fertilizers on the quality indexes
of kiwifruit.

2 Materials and methods
2.1 Data acquisition

We searched the Web of Science, CNKI, Wanfang and Google
Scholar databases for research literature published from May 2002
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to February 2023 on the effects of irrigation and fertilization
management on kiwifruit yield, WUE and quality. Our search
strategy includes keywords such as  kiwifruit ¢,  fertilization °, ¢
irrigation , ‘ nutrient *, “ yield ,  WUE ‘ and ‘ quality , which are not
limited by publication date or language. In order to reduce the risk
of data bias and ensure the reliability of the study, we have

developed specific criteria for the selection of papers:

1. We included studies based on field trials, excluding those
conducted in greenhouses or with potted plants.

10.3389/fpls.2025.1534702

5. For all variables, studies had to present the mean, sample
size (n), standard error (SE), or standard deviation (SD),
either in tabular or graphical form. If only n and SE were
provided, SD was calculated as SD = SE /. In cases where
SE and SD were not reported, SD was estimated as the
mean value multiplied by 0.1. Data presented graphically
were extracted using the WebPlotDigitizer-4.2.

. We excluded data about the interaction between water and
fertilization effects; the included data were categorized into
water or fertilization subsets.

2. Studies were required to present kiwifruit yield data, with
water use efficiency(kg/m?®) defined as the ratio of yield to The literature screening process is depicted in Figure 1. Additional
water consumption at the field level (WUE = yield/water ~ data not readily available in publications, such as annual average
consumption), which is also known as WUE. rainfall, were sourced from the National Meteorological Science Data
3. We prioritized studies with a randomized block  Center. Considering the varying climatic, edaphic, and irrigation
experimental design, favoring those with data repeated  conditions in China’s kiwifruit cultivation areas, we categorized the
over at least two years. Studies lacking repetitive data  annual average rainfall into < 800 mm and > 800 mm, the field water
were excluded. Observations from different years and  holding capacity into < 28% and > 28%, and tree age into < 8 years and
locations within a single study were treated as > 8 years. These threshold values for annual rainfall (>800 mm) and
independent experiments and included in our dataset. field capacity (>28%) were determined based on the mean and
4. The studies must have reported or allowed the calculation  interquartile range of the collected dataset. These cutoffs correspond
of specific nitrogen, phosphorus, and potassium  to hydrological conditions where excessive water input can increase
fertilizer applications. risks of nutrient leaching and root zone hypoxia, particularly in humid
Keywords:"Kiwi*","irrigat™","fertilizat*","quality","nutrient",
"yield , water use efficiency",and so on
(®)]
S
IS
(6]
; v
$ Records from databases: Additional records
CNKI. WANFANG DATA(n=2583) identified through
Web of Science. Google Scholar(n=2426) other sources(n=18)
Records after
duplicates removed
(n=4076) Step1:Unrelated papers
selected according to
> @ title/abstract(n=3899)
<
g Records excluded I:I‘> Step2:Read the full text
o (n=4032) carefully and exclude
$ papers that do not meet
the requirements
@ according to the
Studies included in screening criteria(n=133)
meta-analysis
(n=44)
FIGURE 1

Database literature retrieval screening flow chart.
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areas (Gao et al,, 2023; Wang et al,, 2018b). Irrigation systems were
classified as drip irrigation and other systems, including small pipe
outflow, micro-sprinkler irrigation, and combined drip and sprinkler
systems. Ultimately, we amassed data from 44 publications comprising
1038 paired observations, which were categorized into 328 observations
for kiwifruit yield, 624 for fruit quality, and 86 for WUE (kg/m®) The
geographical distribution of the experimental sites is illustrated in
Figure 2. Details of the publications and data lists are given in

Supplementary Materials.

2.2 Subgroup analysis

The term “ OI of water and fertilizer” denotes the minimum
amount required to achieve maximum yield. The optimum levels of
nitrogen, phosphorus and potassium in kiwifruit cultivation should be
determined according to local specific soil, climate and planting
varieties, such as Wuzhi No.3 kiwifruit planted in Heping County,
Guangdong Province. The optimum levels of nitrogen, phosphorus
and potassium were N: 100 - 105kg/ha, P: 135 - 140kg/ha, K: 170 -
175kg/ha. The absence of fertilization is indicated as “None.” The input
of nitrogen fertilizer is categorized as “N” when it exceeds the sub-
optimal input (SBI) level (N+) but is less than the SOI level (N-), with
the inputs of phosphorus and potassium fertilizers held constant.
Similarly, “P” and “K” represent the inputs of phosphorus and
potassium fertilizers, respectively, which are above the sub-optimal
(P+, K+) but below the SOI (P—, K-) levels. The combination “NK”
signifies a scenario where the input of potassium fertilizer is below the

10.3389/fpls.2025.1534702

optimal level, while the nitrogen fertilizer input is above (N+K-) but
below (N-K-) the optimal nitrogen input. Conversely, “PK” indicates
that with the potassium fertilizer input below the optimal level, the
phosphorus fertilizer input is above (P+K-) but below (P-K-) the
optimal phosphorus input. The acronym “NPK” refers to simultaneous
changes in the ratios of nitrogen, phosphorus, and potassium fertilizers.
It encompasses four combinations: N+P+K+, N+P+K-, N-P-K+, and
N-P-K-. Here, N+P+K+ and N+P+K- imply nitrogen and phosphorus
fertilizer inputs are above the optimal levels when the potassium input
is either above or below the optimal level. N-P-K+ and N-P-K- indicate
nitrogen and phosphorus fertilizer inputs are below the optimal levels
when the potassium input is above or below the optimal, respectively. If
the fertilizer input is insufficient, the amount and frequency of
fertilization can be increased, but at the same time, too much
fertilization should be avoided. If the fertilizer input is too much, the
fertilizer concentration in the soil can be diluted by a large amount of
water to remove the damaged leaves and trim the damaged roots. In
each study included in the meta-analysis, the amount of fertilizer was
adjusted according to the nutrient level in the soil. In the
Supplementary Material, the data on nitrogen, phosphorus and
potassium levels in the soil of the test site were supplemented. High
water level (W+) and low water level (W-) are defined relative to the
optimal water input, with high indicating above and low indicating
below this benchmark. High water level (W+) and low water level (W
—) are defined as water input higher and lower than the optimal water
input, respectively. The optimum water level is the basis of water
adjustment, which is determined by the growth stage, climatic
conditions, soil type, soil moisture and root distribution range of
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1 1 1 1 1 1 1 1
0 550
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Field trial sites in China included in this meta-analysis.
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kiwifruit. Inputs above and below these levels reduce yield and WUE.
We compared the observed yield and maximum yield of each study to
assess how much yield and WUE were reduced by non-optimal
inputs. When performing subgroup analysis, if the number of
subgroup data is less than two, the subgroup is not considered.For
clarity, the following abbreviations were used throughout the figures
and analysis: W+ (super-optimal water input), W— (sub-optimal
water input), N+ (nitrogen input above optimal level), N— (nitrogen
input below optimal level), and similarly for P+/P— and K+/K-.

2.3 Meta-analysis

To quantify the effects of non-optimal water and fertilizer
inputs on different response variables (kiwifruit yield, quality, and
WUE), the natural logarithm of the response ratio (RR) was used as
a measure of the effect size in this meta-analysis, and the ratio of the
given variable (X,;,) in the treatment group to the given variable
(Ximax) in the control group was used to calculate RR as follows:

Effect sizes were computed as log response ratios (Equation 1);
the sampling variance (Equation 2) and study weights (Equation 3)
were derived accordingly. The overall mean effect (Equation 4) and
its 95% confidence interval (Equation 5) were estimated under a
random-effects model, and heterogeneity was assessed using I*
(Equation 6).

X
RR=In (—”) =In (X,p) — In (Xpnar)) 1)
Xmax

Among them, the average yield, quality, and WUE of kiwifruit
under non-optimal water and fertilizer input are the quality and WUE
values related to the optimal water and fertilizer input (the
highest yield).

The variance (v) of the effect value can be calculated based on
sample size, mean, and standard deviation (Luo et al., 2006):

Sgbs Srznax

v = +— (2)

2 2
nabsxobs nmameax

Where, Sy, 1ops-and Xe.are the standard deviation, sample size
and mean of the non-optimal input (treatment group), and S, P>
Xavare the standard deviation, sample size and mean of the OI
(control group), respectively. Due to the different statistical accuracy of
the data in each study, the weighted response ratio (RR + +) was used
to calculate the effect value of the treatment group and the control
group to improve the accuracy of the effect value (Curtis et al.,, 1998).
The calculation formula of the weighted response ratio and its weight is
as follows:

m k
i=12j=1winRij

RR ++ = P —
i:lEj:lwij

©)

1

Among them, m is the number of comparison groups, and k is
the comparison number of corresponding groups, and wy; is the
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weight of the effect value of the item ij. The smaller the variance in
the study, the greater the weight, indicating that the index is more
important in the comprehensive evaluation process. For the
convenience of explanation, all the analysis results in this study
were expressed as the percentage change of the weighted response
ratio RR + +=e"¥*-1x100%25 (Du et al., 2018).

The standard error of the weighted reaction ratio RR + + is
calculated as follows:

. )

221211‘;1”’17

The 95% confidence interval (95% CI) was calculated as follows:

S(RR + +) =

95%CI = RR ++ +1.96 x S(RR + +) (6)

To ascertain the impact of reduced fertilizer application and water
conservation on kiwifruit yield, quality, and water use efficiency
(WUE), a meta-analysis was conducted utilizing R - 4.1.0 software.
This analysis aimed to compute the average effect size and the
corresponding 95% confidence interval. An effect is deemed
significant if the 95% confidence interval does not overlap with the
line of no effect. Heterogeneity among studies is suggested by a p-value
greater than 0.1 in conjunction with an I* statistic exceeding 50%,
necessitating the use of a random effects model; otherwise, a fixed
effects model is appropriate. The meta-analytic outcomes for kiwifruit
yield, quality, and WUE, as generated by R, indicated substantial
heterogeneity across studies (p > 0.1 and I* > 50%), thereby justifying
the application of a random effects model. The presence of reporting
bias could potentially skew the results of a meta-analysis, with
publication bias being particularly influential (Rosenberg, 2005).
Egger’s test is a widely recognized quantitative technique for
assessing funnel plot asymmetry, serving to identify the presence of
publication bias (Egger et al., 1997). The results of this study for
kiwifruit yield (fertilization: p = 0.36; irrigation: p = 0.07), WUE
(p = 0.24), single fruit weight (p = 0.08), soluble sugar (p = 0.73),
titratable acid (p = 0.42), soluble solids (p = 0.83), and vitamin C
(VC) content (p = 0.31) suggested the absence of publication bias.
Heterogeneity among studies was evaluated using the I” statistic and
Cochran’s Q-test. When I? > 50% and p > 0.1, the heterogeneity was
considered substantial, and a random-effects model was applied.
Otherwise, a fixed-effects model was used. Egger’s regression test
was applied to assess publication bias, with a p-value greater than 0.1
indicating low likelihood of bias (Egger et al,, 1997). Additionally,
effect sizes were weighted using inverse-variance weighting, which
gives greater weight to studies with smaller standard errors and thus
higher precision.

3 Results

3.1 Overview of the dataset

Variations in soil conditions, cultivar selection, and agricultural
practices significantly influence the yield, quality, and water use
efficiency (WUE) of kiwifruit. On average, non-optimal water
input, as compared to the optimal level, has been observed to
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reduce kiwifruit yield and WUE by 18.18% (95%CI: -21.20% to
-15.05%) and 6.03% (95% CI: -11.23% to -0.53%) (Figure 3). The
aggregate detrimental effects of sub-optimal fertilization on kiwifruit
yield, single fruit weight, soluble sugar content, soluble solids, and
vitamin C (VC) content were reductions of 23.04% (95% CI: -25.52%
to -20.48%), 8.67% (95% CI: -10.82% to -6.46%), 2.74% (95% CI:
-6.80% to 1.50%), 4.24% (95% CI: -6.78% to -1.63%), and 6.25% (95%
CI: -10.93% to -1.32%), respectively. In contrast, the titratable acidity
increased by 2.38% (95% CI: -0.08% to -4.90%) with non-optimal
fertilization compared to the optimal condition (Figures 4, 5).

3.2 Response of kiwifruit yield and WUE to
water and fertilizer input

The impact of sub-optimal fertilizer inputs on kiwifruit yield
was examined, revealing significant reductions in yield compared to
optimal levels. Specifically, the effects of low phosphorus and
potassium (P-K+) and low nitrogen with high potassium (N-P-K
+) on yield reduction were not significant. In contrast, non-optimal
nitrogen, phosphorus, and potassium fertilizer inputs collectively
led to a substantial decrease in kiwifruit yield (Figure 4). The most
pronounced impact was observed with the absence of fertilization
(-53.45%), followed by low potassium (K-) input (-48.27%), and low
nitrogen (N-) input (-44.82%). The least effect on yield was
attributed to the combination of low nitrogen, low phosphorus,
and low potassium (N-P-K+) input (-0.15%), with the next highest
effects being high nitrogen, high phosphorus, and high potassium
(N+P+K+) input (-3.45%), and high nitrogen, high phosphorus,
and low potassium (N+P+K-) input (-7.66%). It is important to
note that the effect of the N-P-K+ combination should be further
verified due to the small sample size (n=3). When nitrogen,
phosphorus, and potassium were applied sub-optimally (N-, P-,
K-), the rate of yield reduction was significantly higher than when
applied super-optimally (N+, P+, K+). Furthermore, the mixed
application of nutrients showed that the effect on yield from high

10.3389/fpls.2025.1534702

nitrogen and low potassium (N+K-) input (-22.82%) was similar to
that of high phosphorus and low potassium (P+K-) input
(-20.88%), yet both were substantially less than the effects from
low nitrogen and low potassium (N-K-) input (-42.94%) and from
the combination of low nitrogen, low phosphorus, and low
potassium (N-P-K-) input (-37.38%).

The impact of non-optimal water input on kiwifruit yield and
WUE was found to be influenced by the annual average rainfall and the
field’s water holding capacity (Figures 6a, 7a). Irrespective of these
factors, it was observed that super-optimal water input(W+) led to a
significant reduction in both kiwifruit yield (by 14.19%) and WUE (by
18.48%). Conversely, sub-optimal water input (W-) resulted in a yield
decrease of 18.52%, with its effect on WUE being negligible. When the
annual average precipitation exceeded 800mm, the negative impact of
super-optimal water input (W+) on kiwifruit yield and WUE was more
pronounced, at 16.43% and 20.78%, respectively. In contrast, under
conditions of sub-optimal water input (W-) and lower annual average
precipitation (< 800 mm), the yield and WUE of kiwifruit decreased by
24.12% and 13.06%, respectively. Additionally, under the same field
capacity, the sub-optimal water input (W-) had a more substantial
effect on kiwifruit yield across different water holding capacities (< 28%,
by 16.54%; > 28%, by 20.28%), whereas its effect on WUE remained
minimal and statistically insignificant.

The influence of non-optimal water input on kiwifruit yield and
WUE is modulated by tree age and irrigation techniques (Figures 6b,
7b). The impact of both SOI and sub-optimal water input on kiwifruit
yield and WUE attenuates with an increase in tree age. Specifically,
SOI water input markedly diminished the yield and WUE of kiwifruit
in trees less than 8 years old by 19% and 22.32%, respectively. In
contrast, this level of water input did not exert a significant negative
effect on trees older than 8 years. Drip irrigation, when applied with
SOI water, had a more pronounced negative impact on kiwifruit yield
(-16.24%) and WUE (-20.06%) than other irrigation methods.
Conversely, under sub-optimal water input, while other irrigation
methods could significantly enhance kiwifruit WUE by 17.10%, they
generally led to a reduction in yield and WUE. It is noteworthy that

|
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|
|
WUEH I ® ! (86)
|
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20 15 ~10 -5 0 5

Percentage change(%)

FIGURE 3

Comparison of the effects of non-optimal water input on kiwifruit yield and water use efficiency (WUE) relative to optimal water input levels. The
point estimates and bar plots correspond to the mean effect size and the 95% confidence intervals, respectively. The figures encapsulated in
parentheses indicate the number of comparative analyses incorporated within the meta-analytic framework.
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FIGURE 4

Comparison of the effects of non-optimal fertilization rates on kiwifruit yield relative to optimal fertilization rates. Points and bars represent the average
effect and 95% confidence interval, respectively. The numbers in parentheses represent the number of comparisons used in the meta-analysis.

under the same irrigation method, the detrimental effect of
insufficient irrigation on kiwifruit yield was more pronounced than
that of over-irrigation, with the effect on WUE being inversely related.

3.3 Response of kiwifruit quality to
nitrogen, phosphorus and potassium
fertilizer input

3.3.1 Response of single fruit weight of kiwifruit
to changes in nitrogen, phosphorus and
potassium fertilizers

Except for a sole increase in phosphate fertilizer application, which
marginally elevates the individual fruit weight of kiwifruit, alterations
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in other fertilizer combinations tend to result in a significant decrease
in single fruit weight (Figure 5a). When juxtaposed with the optimal
rate of fertilizer application, it is the variation in nitrogen fertilizer
input (NK) that exerts the most substantial impact on kiwifruit’s
individual fruit weight, with a reduction of 16.91%. This effect notably
surpasses the influence of phosphorus fertilizer input adjustments
(PK), which results in a 9.44% decrease. Furthermore, the modulation
of nitrogen fertilizer input (N) alone, either increased or decreased, has
a slightly more pronounced effect on the single fruit weight of
kiwifruit, at a 6.44% reduction, compared to the potassium fertilizer
input (K), which yields a 4.12% reduction. The combined application
of nitrogen, phosphorus, and potassium fertilizers generally has a
more substantial effect on the single fruit weight of kiwifruit than does
the application of a single type of fertilizer.
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Comparison of the effects of non-optimal fertilization rate on different fruit quality indexes relative to the optimal fertilization rate in kiwifruit. Effects of
fertilizer treatments on fruit quality parameters: (a) fruit weight; (b) soluble sugar; (c) titratable acid; (d) soluble solids; (e) vitamin C. The point and bar
plots represent the average effect and the 95% confidence interval, respectively. The numbers in parentheses represent the number of comparisons

used in the meta-analysis.

3.3.2 Response of soluble sugar in kiwifruit to
changes in nitrogen, phosphorus and potassium
fertilizers

The soluble sugar content in kiwifruit was found to be
significantly diminished by 6.35% due to the application of SOI
levels of nitrogen, phosphorus, and potassium fertilizers.
Specifically, alterations in the phosphate fertilizer input (P)
exerted the most pronounced effect on kiwifruit’s soluble sugar
levels, causing a reduction of 20.59% (Figure 5b). However, given

Frontiers in Plant Science

the small sample size of n=5, these results warrant further
verification. Additionally, the absence of fertilizer treatment had a
notably negative impact, decreasing the soluble sugar content by
15.83%. While adjustments to potassium fertilizer input (K) slightly
elevated the soluble sugar content of kiwifruit, this effect was not
statistically significant. In contrast, when nitrogen or phosphorus
fertilizer inputs were modified in conjunction with a reduced
potassium fertilizer application, the soluble sugar content of
kiwifruit experienced a significant increase of 12.44% for the
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nitrogen and potassium combination (NK) and 18.87% for the
phosphorus and potassium combination (PK), respectively.
Furthermore, changes in the combined nitrogen, phosphorus, and
potassium (NPK) fertilizer input led to a significant reduction in
kiwifruit’s soluble sugar content by 6.1%.

3.3.3 Response of kiwifruit titratable acid to
changes of nitrogen, phosphorus and potassium
fertilizers

Among the various fertilization treatments, the sole exception
to an increase in titratable acidity of kiwifruit was observed when
potassium fertilizer was diminished alongside alterations in
nitrogen (NK) or phosphorus (PK) fertilizer inputs, resulting in a
minor decrease. Conversely, the remaining treatments were
associated with an increase in titratable acidity (Figure 5c¢). In
contrast to the optimal fertilization rate, both the absence of
fertilization and the application of an NPK fertilizer mixture
notably elevated the titratable acidity levels in kiwifruit, with
comparable variation ranges (No Fertilization: 5.00%; NPK:
4.68%). Adjusting solely the input levels of nitrogen, phosphorus,
or potassium fertilizers marginally affects the titratable acidity of
kiwifruit, yet the impact is statistically insignificant. The application
of fertilizers in quantities exceeding the optimal levels for nitrogen,
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phosphorus, and potassium notably augmented the titratable
acidity of kiwifruit by 4.35%.

3.3.4 Response of soluble solids of kiwifruit to
changes in nitrogen, phosphorus and potassium
fertilizers

Among the various fertilizer inputs, the alteration in potassium
fertilizer input had the most pronounced impact on the soluble
solids content of kiwifruit. Adjustments to potassium fertilizer
input, whether increases or decreases, resulted in a 12.49%
reduction in the percentage change of kiwifruit’s soluble solids
(Figure 5d). Similarly, no fertilization treatment also significantly
reduced the soluble solids content of kiwifruit by 11.25%. The effect
of changing the input of nitrogen fertilizer or phosphorus fertilizer
on the soluble solids of kiwifruit was similar when the potassium
fertilizer was reduced, which decreased by 3.24% (NK) and 2.99%
(PK), respectively. Among all fertilization treatments, solely the
variation in the NPK fertilizer mixture input demonstrated a
positive, albeit minor and statistically insignificant, impact on the
soluble solids of kiwifruit. Conversely, the application of fertilizers
at levels exceeding the optimal rates for nitrogen, phosphorus, and
potassium notably elevated the soluble solids content of kiwifruit
by 6.18%.
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Comparison of the effect of non-optimal water input on the water use efficiency (WUE) of kiwifruit relative to the optimal water input under different
annual average rainfall (< 800 mm and > 800 mm) (a), field water holding capacity (< 28% and > 28%) (a), tree age (< 8years and > 8 years) (b) and
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respectively. The numbers in parentheses represent the number of comparisons used in the meta-analysis.

3.3.5 Response of VC content in kiwifruit to
changes in nitrogen, phosphorus and potassium
fertilizers

The input of SOI NPK fertilizer significantly reduced the VC
content of kiwifruit by 18.37%. Compared with only changing the
amount of nitrogen fertilizer input, there was almost no effect on the VC
content of kiwifruit; however, various fertilization treatments resulted in
a reduction of VC content in kiwifruit (Figure 5¢). The variation range
of VC content in kiwifruit was similar without fertilization and only
changing the input of phosphate fertilizer (None: -7.25%; p: -7.06%), but
the sample size of the treatment only changing the input of phosphate
fertilizer was small (n = 3), and thus the results need to be further
verified. Compared with the optimal amount of fertilizer, increasing or
decreasing the amount of potassium fertilizer input (K) had little effect
on the VC content of kiwifruit (-2.97%), but changing the amount of
nitrogen fertilizer input (NK) when the amount of potassium fertilizer
decreased would reduce the VC content of kiwifruit by 8.08%, which
was higher than the effect of changing the amount of phosphorus
fertilizer input (PK) on the VC content of kiwifruit when the amount of
potassium fertilizer decreased (-3.23%).
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4 Discussion

Based on existing literature, this study conducted a systematic
and quantitative analysis of the impact of water conservation and
fertilizer reduction on the yield and quality of kiwifruit. Based on
the meta-analysis of this study, it was found that inappropriate
water and fertilizer management significantly reduced kiwifruit
yield and water use efficiency (WUE).The meta-analysis revealed
that suboptimal fertilization practices led to a decrease in kiwifruit
yield, individual fruit weight, soluble sugar content, soluble solids,
and vitamin C content by 23.04%, 8.67%, 2.74%, 4.24%, and 6.25%,
respectively, while the titratable acidity increased by 2.38%
(Figures 4, 5). This outcome is primarily attributed to the fact
that excessive fertilization raises the soil’s hydrogen ion
concentration, causing soil acidification by decreasing pH (Cui
et al., 2013). This, in turn, hinders the complete absorption and
utilization of nutrients such as nitrogen, phosphorus, and
potassium by plants, thereby adversely affecting the yield
and quality of kiwifruit. Furthermore, nitrogen, phosphorus, and
potassium are essential nutrients required for plant growth and
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development (Ahammed et al., 2022). An inadequate supply of
nitrogen, phosphorus, and potassium fertilizers can restrict the
growth and development of kiwifruit plants, consequently
diminishing their yield and quality (Chu et al., 2021).

Reducing the application of SOI levels of nitrogen fertilizer and
combined nitrogen, phosphorus, and potassium fertilizers to optimal
levels can enhance kiwifruit yield by 32.76% and 3.45%, respectively
(Figure 4). Studies have indicated that nitrogen application in excess
of what is supported by soil, climate, and field management practices
may result in yield losses (Zhang et al., 2015; Gao et al.,, 2012). The
detrimental effect of insufficient application of individual nitrogen,
phosphorus, and potassium nutrients on kiwifruit yield was found to
be significantly greater than that of over-fertilization (Figure 4). This
can be attributed to the high demand for nitrogen, phosphorus,
potassium and other nutrients in kiwifruit. Although this study
considered the effects of annual average rainfall and soil water
holding capacity on kiwifruit yield and WUE, it may not fully
consider the combined effects of other environmental factors (such
as temperature, light, etc.). comparative analysis of the yield reduction
rates associated with varying inputs of nitrogen, phosphorus, and
potassium, particularly under conditions of low nitrogen and
potassium (N-K-), revealed a significant decrease in kiwifruit yield
by 42.94%. This suggests that kiwifruit has a relatively higher
requirement for nitrogen and potassium, while the demand for
phosphorus is comparatively lower, aligning with existing research
findings. The disproportionate yield response to nitrogen alone vs.
NPK combinations may be due to nutrient antagonism or dilution
effects. Nitrogen promotes vegetative growth, which directly
enhances yield, while excess phosphorus and potassium may
interfere with nitrogen uptake or balance, reducing synergistic
effects (Sardans and Pefuelas, 2021; Liu, 2021). This highlights
kiwifruit’s higher demand for N and K compared to P. In
correlation with yield results, both excessive and insufficient
applications of nitrogen and potassium fertilizers were found to
significantly reduce the single fruit weight of kiwifruit (Figure 5a).

Conversely, adjusting the application amount of phosphate
fertilizer increased the single fruit weight of kiwifruit by 1.32%
compared to the optimal fertilization level, potentially due to
variations in the number of fruits per plant among the sampled
kiwifruit trees. The impact of combined nitrogen, phosphorus, and
potassium fertilizer inputs on the single fruit weight of kiwifruit was
generally more pronounced than that of single nutrient applications.
This synergistic effect is attributed to the interactive relationships
between these three essential nutrient elements (Chu et al., 2021).
Potassium notably enhances the absorption and utilization efficiency
of nitrogen by plants, facilitating its rapid conversion into protein,
which in turn, contributes to an increase in the single fruit weight of
kiwifruit (Liu, 2021)Although the effect of nitrogen (-16.91%) and
phosphorus (-9.44%) fertilizer inputs on single fruit weight appeared
notably different, the confidence intervals of these estimates partially
overlap, indicating that the statistical significance of the difference
between them may be limited. Further subgroup analyses by
environmental factors such as tree age, rainfall, and soil capacity
were constrained by limited sample size in the included studies.
Nonetheless, the more pronounced effect of nitrogen may reflect its
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direct role in cell division and expansion during fruit development
(Liu, 2021), whereas phosphorus primarily affects energy metabolism.
These physiological differences might explain the observed
magnitude gap.

Kiwifruit, known for its nutritional richness, exhibits varying
responses in nutrient content to different fertilizer application rates.
This study analyzed the impact of fertilization on kiwifruit quality,
ensuring conditions were optimal for maximal yield. Relative to the
optimal fertilization strategy, modifications in nitrogen fertilizer
levels had minimal influence on the levels of soluble sugars,
titratable acidity, and vitamin C (VC) in kiwifruit (Figures 5b, ¢, e).
This insignificance may stem from the specific nitrogen requirements
of kiwifruit, where an appropriate nitrogen input can notably
enhance individual fruit weight without compromising fruit quality.
Conversely, a reduction in soluble sugar, soluble solids, and VC
content, and a rise in titratable acidity were observed in kiwifruit
(Figures 5b-e). Phosphorus, integral to plant nutrition, is a
constituent of key compounds including nucleic acids, proteins,
and enzymes. Insufficient phosphorus can restrict plant growth,
development, and metabolism (Poirier and Bucher, 2002; Sardans
and Penuelas, 2021). This study revealed that adjusting the levels of
nitrogen, phosphorus, and potassium fertilizers to match the
application rates at the peak yield point could markedly elevate the
soluble sugar and VC content in kiwifruit by 6.35% and 18.37%
(Figures 5b, ¢). Conversely, the titratable acidity and soluble solids
content were significantly lowered by 4.35% and 6.18%(Figures 5¢, d).
The role of potassium in plant cells includes osmotic regulation and
maintaining ionic balance. An excessive application of potassium
fertilizer may lead to competition between potassium ions and other
ions, such as Ca2+, Mg2+, NH4+, etc, for entry into fruit cells
(Srivastava et al., 2020; Sustr et al., 2019; Xu et al., 2020; Panda et al.,
20125 Sangha et al, 2023), potentially inhibiting VC synthesis.
Furthermore, an overabundance of potassium can escalate the
soluble solids content within the fruit, disrupting its acid-base
equilibrium and elevating the fruit's pH value. This shift can
accelerate fruit rancidity, thereby impairing fruit quality and flavor.

The yield and WUE of kiwifruit experienced respective
increases of 14.19% and 18.48%, when SOI water input was
adjusted to optimal levels. Conversely, augmenting sub-optimal
water input to optimal levels resulted in yield and WUE increases of
18.52% and 1.57%, respectively (Figures 6a, 7a). These findings
underscore the critical importance of precise water management.
Over-irrigation may induce root hypoxia in kiwifruit and contribute
to nutrient leaching from the soil, consequently diminishing yield
and WUE (Li et al., 2014) Insufficient water supply, on the other
hand, causes evident stress symptoms in plants, impeding normal
growth and development (Yang et al., 2012; Pahalvi et al., 2021).

Subgroup analysis revealed that the impact of non-optimal water
input on kiwifruit yield and WUE is contingent upon annual average
rainfall and the field’s water holding capacity (Figures 6a, 7a). In
regions with an annual average rainfall exceeding 800 mm and a field
water holding capacity above 28%, the adverse effects of SOI water
input on kiwifruit yield and WUE were markedly more pronounced
than in areas with lower rainfall and water holding capacity. This
disparity may arise from the enhanced water holding capacity of soils
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in regions with higher precipitation and water holding capacity.
Excessive irrigation in such areas can lead to waterlogging and
surface runoff, surpassing the water requirements of kiwifruit plants
and thus reducing their WUE (Yang et al., 2012). Over-saturation of
soil can impede oxygen circulation, degrade soil aeration, curtail
microbial populations and activity, and adversely affect soil fertility
and health (Wei et al,, 2021).

Moreover, in low-lying areas with poor drainage, soil saturation
can exacerbate salinization and potentially result in root death and
decline of kiwifruit plants. The influence of non-optimal water
input on kiwifruit yield and WUE is also moderated by tree age. The
study confirmed that the negative effects of both SOI and sub-
optimal water input on yield and WUE are mitigated with
increasing tree age (Figures 6b, 7b). This outcome can be ascribed
to the more extensive root systems of mature kiwifruit trees, which
foster a more stable ecosystem, bolster environmental and soil
adaptability, and confer greater resilience to drought and flood,
thereby decreasing reliance on irrigation water.

Additionally, as kiwifruit trees age, their leaf area expands,
escalating transpiration rates and influencing WUE. Appropriate
irrigation methods are pivotal for enhancing crop yields. Meta-
analysis results indicated that under drip irrigation, reducing SOI
water input to optimal levels significantly increased kiwifruit yield
and WUE by 16.24% and 20.06%, respectively—outperforming
other irrigation techniques (Figures 6b, 7b). This superiority is
largely attributed to the distinct soil water and salt transport
characteristics associated with different irrigation methods (Yu
et al., 2020). Drip irrigation delivers water directly to the root
zone, enabling precise soil moisture management while minimizing
surface evaporation and the risk of soil salinization. In contrast,
other irrigation methods, such as tubular outflow, may lead to water
pooling and localized hypoxia, which can significantly impede root
respiration and the transport of water and nutrients. Nonetheless,
other irrigation methods have been observed to enhance kiwifruit
WUE under sub-optimal water input conditions (Figure 7b),
possibly due to variations in irrigation water application across
studies. Furthermore, micro-sprinkler irrigation and combined
drip-sprinkler systems can more effectively manage water
distribution, reducing deep percolation losses.

5 Conclusions

This paper presents a meta-analysis of field experimental data
from kiwifruit production across various growth environments in
China. This study demonstrates that optimizing nitrogen,
phosphorus, and potassium (NPK) fertilizer levels, along with
water input, can significantly improve kiwifruit yield and water
use efficiency (WUE). In particular, reducing nitrogen fertilization
to optimal levels enhances yield and quality, highlighting kiwifruit’s
higher demand for nitrogen and potassium compared to
phosphorus. These findings provide valuable insights into water
and fertilizer management for kiwifruit cultivation. These findings
indicate that kiwifruit exhibits a relatively higher demand for
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nitrogen and potassium compared to phosphorus. Furthermore,
by optimizing water input, both the yield and WUE of kiwifruit
were increased by 14.19% and 18.48%, respectively. In regions with
an annual average rainfall exceeding 800 mm and a field water
holding capacity above 28%, the detrimental effects of SOI water
input on kiwifruit yield and WUE were considerably more
pronounced than in regions with lower rainfall and water holding
capacity. The impact of both SOI and sub-optimal water input on
kiwifruit yield and WUE was found to diminish with the increase in
tree age. Drip irrigation, in particular, emerged as a superior water-
saving technique in kiwifruit orchards, significantly boosting yield
and WUE by 16.24% and 20.06%, respectively. Based on the results
of this study, future research can further explore the changes in the
response of kiwifruit to water and fertilizer reduction at different
growth stages, and the best water and fertilizer management
strategies under different climatic and soil conditions. In addition,
the inclusion of economic cost analysis will help farmers and
decision-makers to better balance resource utilization and
economic benefits in practical applications. Future studies should
integrate temperature and light conditions to further refine
irrigation and fertilization recommendations tailored to local
environments. In addition, these results highlight the importance
of defining region-specific thresholds for water and nutrient inputs,
as environmental factors such as rainfall and soil capacity vary
widely across kiwifruit-producing areas. Future research should also
incorporate economic input-output analysis, soil microbial
community responses, and long-term sustainability modeling to
develop more integrated and practical irrigation-fertilization
strategies for farmers. Future studies should integrate temperature
and light conditions to further refine irrigation and fertilization
recommendations tailored to local environments.
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