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Effects of irrigation and
fertilization management
on kiwifruit yield, water
use ef� ciency and quality
in China: A meta-analysis
Yuehua Ding1, Chunfeng Shang1, Long Zhao1*, Shanshan Jin2,
Chenyang Li1, Shanshan Yin3 and Golam Jalal Ahammed1*

1College of Horticulture and Plant Protection, Henan University of Science and Technology,
Luoyang, China, 2College of Agricultural Equipment Engineering, Henan University of Science and
Technology, Luoyang, China, 3College of Information Engineering, Henan University of Science and
Technology, Luoyang, China
The water-saving and fertilizer-reduction strategies is important for sustainable
agricultural development. However existing kiwifruit water-saving and fertilizer-
reduction studies showed signi�cant contradictions in the results of water and
fertilizer management. Studies have reported con�icting �ndings 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
in�uence of water management and optimized fertilization on the yield, water
use ef�ciency (WUE), and quality of kiwifruit. The results showed that the
response of kiwifruit to water management was particularly signi�cant in areas
with annual average rainfall > 800 mm and �eld 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 signi�cantly 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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scienti�c and reasonable water and fertilizer management can signi�cantly
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
signi�cant 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 ef�cient water management in
�ood-irrigated maize �elds (Yi et al., 2022).

Ef�cient 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
02
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 ef�ciency, and environmental degradation. In contrast,
water-saving strategies aim to maximize crop productivity per
unit of water applied, through techniques such as de�cit
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
sacri�cing yield, offering a model of nutrient management that
integrates spatial heterogeneity, crop-speci�c requirements, and
long-term planning (Gong et al., 2025).

These �ndings highlight the urgent need to integrate more
regionally adaptive and resource-ef�cient management practices
into irrigation scheduling and fertilization planning. In particular,
�ood-irrigated maize �elds 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 M.F. 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.
frontiersin.org
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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 pro�le, 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 in�uencing 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 �rmness (Pacheco et al., 2008). The role of nitrogen
and phosphorus in sustaining the yield and quality of ‘Hayward’
kiwifruit has been highlighted (Guarc�oni and Ventura, 2011). The
differential demands of kiwifruit for these nutrients suggest a
propensity for ef�cient 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
�xed 200 kg/ha for potassium, on the mineral composition of
kiwifruit has been signi�cant (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 speci�c 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
�xed, but need to be adjusted according to speci�c soil test results,
local climatic conditions and rootstock varieties. If the amount of
fertilizer is insuf�cient, 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 signi�cant 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 de�cit irrigation can
often optimize crop water productivity (Wu et al., 2021; Khapte
et al., 2019; PatanŁ 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 speci�c 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 �eld 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 signi�cant contradiction between water saving and
fertilization management results. In light of this, a meta-analysis
is warranted to synthesize the overarching �ndings 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 ef�ciencies 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 in�uence 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 �eld 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
ef�ciency (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 speci�c criteria for the selection of papers:
Fron
1. We included studies based on �eld trials, excluding those
conducted in greenhouses or with potted plants.

2. Studies were required to present kiwifruit yield data, with
water use ef�ciency(kg/m3) de�ned as the ratio of yield to
water consumption at the �eld level (WUE = yield/water
consumption), which is also known as WUE.

3. We prioritized studies with a randomized block
experimental design, favoring those with data repeated
over at least two years. Studies lacking repetitive data
were excluded. Observations from different years and
locations within a single study were treated as
independent experiments and included in our dataset.

4. The studies must have reported or allowed the calculation
of speci�c nitrogen, phosphorus, and potassium
fertilizer applications.
tiers in Plant Science 04
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

���
n

p
. 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.

6. We excluded data about the interaction between water and
fertilization effects; the included data were categorized into
water or fertilization subsets.
The literature screening process is depicted in Figure 1. Additional
data not readily available in publications, such as annual average
rainfall, were sourced from the National Meteorological Science Data
Center. Considering the varying climatic, edaphic, and irrigation
conditions in China’s kiwifruit cultivation areas, we categorized the
annual average rainfall into � 800 mm and > 800 mm, the �eld water
holding capacity into � 28% and > 28%, and tree age into � 8 years and
> 8 years. These threshold values for annual rainfall (>800 mm) and
�eld capacity (>28%) were determined based on the mean and
interquartile range of the collected dataset. These cutoffs correspond
to hydrological conditions where excessive water input can increase
risks of nutrient leaching and root zone hypoxia, particularly in humid
FIGURE 1

Database literature retrieval screening �ow chart.
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areas (Gao et al., 2023; Wang et al., 2018b). Irrigation systems were
classi�ed as drip irrigation and other systems, including small pipe
out�ow, 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/m3) 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 speci�c 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”
signi�es a scenario where the input of potassium fertilizer is below the
Frontiers in Plant Science 05
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 insuf�cient, 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 de�ned 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 de�ned 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
FIGURE 2

Field trial sites in China included in this meta-analysis.
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