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Definition
In order to meet the growing food demand of the global population and maintain sustainable soil
fertility, there is an urgent need to optimize fertilizer application amount in agricultural production
practices. Most of the existing studies on the optimal K rates for apple orchards were based on case
studies and lack information on optimizing K-fertilizer management on a regional scale. Here, we used
the method of combining meta-analysis with the K application rate-yield relationship model to
quantify and summarize the optimal K rates of the Loess Plateau and Bohai Bay regions in China. We
built a dataset based on 159 observations obtained from 18 peer-reviewed literature studies
distributed in 15 diﬀerent research sites and evaluated the regional-scale optimal K rates for apple
production. The results showed that the linear plus platform model was more suitable for estimating
the regional-scale optimal K rates, which were 208.33 and 176.61 kg K ha−1 for the Loess Plateau
and Bohai Bay regions of China, respectively. Compared with high K application rates, the optimal K
rates increased K use eﬃciency by 45.88–68.57%, with almost no yield losses. The optimal K rates
also enhanced the yield by 6.30% compared with the low K application rates.

1. Introduction
Apple is the fourth most important fruit crop in the world after all citrus, grapes, and bananas and widely
distributed around the world, especially in China, due to its strong adaptability to the growing
environment
[2][3].

[1].

Delicious and nutritious apples are a kind of fruit that everyone eats widely in daily life

The per capita consumption of apples in the world increased sharply from 2.1 kg in 2008 to 9.2 kg

in 2013 [4][5]. The global population is expected to reach 9 billion by the mid-21st century [6]. Responding
to the future apple demand originated from the rapid population growth will require increasing apple
yields without expanding orchard areas and increasing environmental risks while maintaining soil fertility.
China is the largest apple producer in the world

[7][8][9][10].

As of 2013, the annual fresh apples yields

were about 39.7 million tons, and the planting area was 2.41 million hectares, accounting for 49 and 46%
of the world’s apple yields and planting area, respectively
and climatic conditions
sustainable

apple

[11][12]

inevitably cause yield loss
process of apples

[16][17][18],

[13][14]

. Irrational fertilization, especially insuﬃcient fertilization, will

Potassium (K) is an essential nutrient element in the physiological growth

increasing the yield and quality of apples [19][20] by participating in important

biochemical processes such as photosynthesis
protein synthesis

[15],

Apple growth requires not only suitable soil

but also a reasonable fertilization strategy necessary for maintaining a

production
[15].

[5].

sugar transport

[28]

[15][21][22][23],

various enzyme activation [24][25][26][27],

and stomatal activity [29]. However, many farmers in poverty-

stricken areas, especially in Africa, did not apply K due to the sky-high cost of K-fertilizer
deﬁciency in large areas of farmland
region

[33].

[31][32],

[30],

resulting in K

making K a key limiting factor in agro-production in the

In view of the irreplaceability of K-fertilizer in apple production, rational K-fertilizer

management is an important agronomic practice to increase apple yield and maintain soil K fertility.
However, the rational K application rate for apple production varies greatly among the research results of
diﬀerent regions. So much, in fact, that the optimal K rate at the regional scale required for raising yield
is not easy to forecast, and K-fertilizer is usually applied in production practices higher than the amount
needed by crops. Excessive K-fertilizer application reduces the absorption of cations such as calcium,
magnesium by crops

[29],

deterioration of soil fertility

destroys the nutritional structure and balance in the soil, aggravates the
[34],

weakens crop productivity, and causes apple ‘bitter pit disease’ [35][36][37].

These negative impacts are very detrimental to the sustainable development of agricultural systems. K
use eﬃciency (KUE) is usually used to evaluate excessive K application [38], deﬁned as the ratio of yield to
corresponding K application. Globally, high KUE is needed to improve the sustainable development of an
[39]

agricultural system. However, the estimated global KUE for cereal production is only 19%

[39]

, indicating

that excessive K application may lead to signiﬁcant loss of K (e.g., leaching or erosion) and serious
problems with low KUE

[40]

. Li et al.’s [41] research on Red Fuji apple in Shaanxi showed that on the basis

of applying nitrogen and phosphorus fertilizer, the yield increased at a decreasing rate with an increase in
K application rate, and the amount of K-fertilizer had appropriate limits. Furthermore, Jin et al.

[42]

found

that the yield of Red Fuji apple improved with an increase in K application rate below a certain value and
exceeded this value, resulting in a decrease in yield. Therefore, a reasonable K application rate is an
eﬀective method to maintain crop yield and improve KUE.
We have been facing the serious unscientiﬁc application of K-fertilizer in most regions for a long time and
the social, economic, ecological, and environmental problems caused by it, determining that the
appropriate K application rate has become one of the hot topics in agriculture in the world today
[43][44][45].

Although there were many studies on the eﬀect of K-fertilizer on apple yield based on ﬁeld

experiments, these results were applicable to speciﬁc sites rather than large-scale agro-ecological
regions.
Apple is an important economic fruit crop in China. Considering the biological characteristics,
meteorological conditions, and geographic locations, China was divided into four diﬀerent apple
cultivation regions: Loess Plateau, Bohai Bay, the old channel of the Yellow River, and the Southwest Cold
Highland (Figure 1). In the four apple cultivation regions, the Loess Plateau and Bohai Bay are the two
major apple-producing regions in China

[46]

, and they are recognized by the United Nations Food and

Agriculture Organization as the world’s best eugenic regions for apples, maintaining their green and
sustainable development in the soil-environment system. It is an important foundation for meeting
people’s living quality needs and maintaining the international competitiveness of China’s apple industry.
Based on this, this study focuses on these two regions.

Figure 1. Geo-location of the four major apple cultivation areas in China and the speciﬁc apple orchard
test sites in the literature compiled by meta-analysis.
To the best of our knowledge, the method of combining meta-analysis with a yield-fertilizer relational
model had not been attempted to evaluate and quantify the regional-scale optimal K rate based on the
sustainability of apple yield in the two major apple-producing regions of the Loess Plateau and Bohai Bay
in China recently. A meta-analysis helps to identify speciﬁc data patterns only when data from a wide
range of agronomic conditions and production systems are combined and analyzed in environmental and
agronomic contexts

[47]

. In the present study, by means of meta-analysis we aim to integrate the

published literature and establish the data sets of apple yield, K application rate, and KUE in the Loess

Plateau and Bohai Bay of China and reveal the regional-scale optimal K rate for maintaining apple yield
and improving KUE. We intended to settle the following confusions: (1) What are the regional-scale
optimal K rates in apple cultivation areas in the Loess Plateau and Bohai Bay in China? (2) What is the
relationship between indigenous K supply (IKS) and K application? (3) How will apple yield and KUE
change if the regional-scale optimal K rate is applied?

2. Indigenous K supply (IKS) in Diﬀerent Production Regions
It is essential to analyze the indigenous K supply (IKS) in order to estimate the optimal K rate for apple
orchards in diﬀerent regions. So, we counted the distribution of IKS in the Loess Plateau and Bohai Bay of
China (Figure 3). The average IKS for these two regions was 28.33 t ha−1, ranging from 14.57 to 39.47 t
ha−1, of which 63.95% were concentrated between 22–34 t h−1 (Figure 3a). Generally speaking, less Kfertilizer was applied in areas with a higher IKS under certain target yields

[48].

The mean IKS for the

Bohai Bay area was 34.55 t ha−1, which was 37.24% higher than that for the Loess Plateau (Figure 3b),
the fewest optimal K application (176.61 kg K ha−1), and the maximum predicted yield (39.89 t ha−1)
were estimated for the corresponding area (Namely Bohai Bay) (Figure 2), indicating that IKS played a
key role in the rational formulation of K management policies and ﬁnal yield. Simultaneously, this also
seems to conﬁrm that the amount of K-fertilizer required for harvest response yield does decrease as IKS
increase. Jing et al.

[49]

also reached similar conclusions on the role of INS (abbreviation for indigenous N

supply) in two paddy rice species.

Figure 3. Statistics of soil indigenous K supply (IKS) from apple production areas in Loess Plateau and
Bohai Bay of China (a) and comparison of IKS between these two areas (b). Mean, average IKS of the
entire study area; SD, standard deviation. ★ represents the average IKS at regional scale.

Figure 3. Statistics of soil indigenous K supply (IKS) from apple production areas in Loess Plateau and
Bohai Bay of China (a) and comparison of IKS between these two areas (b). Mean, average IKS of the
entire study area; SD, standard deviation. ★ represents the average IKS at regional scale.

Apple trees have the instinct to store nutrients in advance. They are pre-absorbed and stored by a roots’
sensitive response to changes in soil K and their own needs to prevent potential demand when K supply is
deﬁcient. In the soil with abundant IKS, apple trees can absorb and store more K in advance, so the
application of less K fertilizer can maintain soil K nutrients and be absorbed and used by apple roots, and
at the same time obtain the potential optimal yield. Similarly, apple trees can only absorb and store less
K in advance in soils with lacking IKS. Therefore, the potential optimal yield can be obtained only by
applying more K fertilizer to supplement soil K nutrients and for apple roots to absorb and utilize.

3. K Use Eﬃciency and Agronomic Eﬃciency of K under Diﬀerent K
Input
K use eﬃciency (KUE) and the agronomic eﬃciency of K (KAE) are two important indicators for measuring
agriculture production sustainability

[50][51][52]

. Figure 4 depicts the variation trend of KUE and KAE under

diﬀerent K rates so as to establish their response curves to K rates. Both KAE and KUE in the study area
decreased exponentially with an increase in K rates and were comparatively higher under low K
application conditions (Figure 4). The mean values were 80.97, 93.76 kg kg−1 for KUE, and 11.78, 24.13
kg kg−1 for KAE in the Loess Plateau and Bohai Bay, which were lower than 145.87, 225.85 kg kg−1 for
KUE, and 26.02, 29.00 kg kg−1 for KAE under the optimal K rates, respectively (Figure 2). This fact
showed that the estimated Optimum K rate based on the L+P model could not only greatly increase the
yield (Figure 2) but signiﬁcantly increase the KAE and KUE (Figure 4). This was similar to the conclusion
reported by Lammerts van Bueren

[53]

that NUE was comparatively high at low N rates and reduced with

increasing N rates. The high NUE might be due to the higher leaf area index and leaf N concentration,
which led to greater accumulation of dry matter and greater N uptake from the soil

[54]

. In addition,

formulating a reasonable amount of K-fertilizer was likely to achieve high KAE under low K levels.
Synchronizing K-fertilizer supply with crop K demand through reasonable K-fertilizer regulation will
improve both KUE and KAE.

Figure 4. K use eﬃciency (KUE) and agronomic eﬃciency of K (KAE) in apple-growing regions of (a)
China’s Loess Plateau and (b) Bohai Bay. *** indicates signiﬁcance at the 0.001 level.

4. Yield and K Fertilizer Eﬃciency of the Optimum K Rate
An optimal K rate that takes into account both high yield and fertilizer eﬃciency is what fruit growers
hope most in apple production. However, the phenomenon of applying less or more K-fertilizer was more
common in most apple orchard management practices. Therefore, we hoped to further elaborate on the
importance of optimizing K management in apple production by comparing the diﬀerences in yield, KUE,
and KAE between high K, optimized K, and low K rates. Firstly, the L + P model was used to calculate the
region optimal K rate, and the high K and low K rates were deﬁned as the K-fertilizer application rate
higher than and lower than the region optimal K rate. For our research regions, 78.94 and 75.86% of the
K application rates were higher than the optimal K rate, and 12.28 and 24.14% were less than the optimal
K rate in diﬀerent K fertilizer treatments at all sites in the Loess Plateau and Bohai Bay, respectively.
Then, the average values of all low K and high K treatments in diﬀerent regions were calculated as
representatives of low K and high K fertilizer, respectively. The corresponding yield was calculated by the
L+P model, and the corresponding KUE (or KAE) was calculated based on the exponential relationship
between K application rates and KUE (or KAE), respectively.

Compared with the yield of low K-fertilizer, the optimal K rate yield increased by 6.03% in the Loess
Plateau and Bohai Bay regions. The study by Xu et al.

[55]

showed that low K-fertilizer inhibited root

development by signiﬁcantly reducing root-shoot ratio, root activity, and the organ biomass of apple
trees, thereby reducing yield, while optimal K fertilizer could make carbohydrates transfer from
vegetative organs to storage organs by increasing photosynthetic eﬃciency, carbon and nitrogen
metabolism enzyme activities, thereby increasing fruit weight and yield

[55][56]

. Although the optimal K

rate has almost the same yields as the high K rate in all regions (Figure 5b), KUE at the optimal K rate
enhanced by 45.88 and 70.52% and raised KAE by 68.57 and 77.45% for the Loess Plateau and the Bohai
Bay districts, respectively (Figure 5c,d). It was fully revealed that a high K application rate not only leads
to a serious waste of K resources and increases the ﬁnancial burden of fruit growers but also may
aggravate soil fertility degradation in orchards

[57]

. Zhang et al. [58] studied the response of fruit quality to

K application rate and showed that plenty accumulation of K in the soil was caused by overuse K
application during the orchard rest stage. The optimal K rate could assure both a high yield and KUE; a
low K-fertilizer rate limited the potentiality for production growth, while a high K-fertilizer rate caused
overabundance K in the soil and endangered soil health. The optimal K rate estimated in our study could
synergistically improve apple yields and KUE. Therefore, the optimal K rate could be used as advice or
reference for K-fertilizer management in apple orchards in the study zones.

Figure 5. K rate (a) apple yield, (b) K use eﬃciency (KUE), (c) and agronomic eﬃciency of K (KAE), (d)
under three K-fertilizer levels (low K rate, optimal K rate and high K rate) in apple planting regions of
China’s Loess Plateau and Bohai Bay.

5. Uncertainty of Optimum K Rate
5.1. Based on Diﬀerent Research Targets
Diﬀerent research objectives will lead to diﬀerent optimal K rates, making it clear that the research aim
was essential when formulating an optimal K-fertilizer management policy. Allison et al.
optimal K rate policy based on response to yield, and Jiang et al.

[60]

[59]

reported the

reported the optimal K rate to

maximize economic beneﬁts. Crop yield was directly or indirectly involved no matter what kinds of
research goals were pursued. Therefore, maximizing crop yield was often regarded as the ﬁrst goal when
determining the optimal K rate

[61]

. In this study, the optimal K rate was certainly diﬀerent from that

determined by yield if the research goal was to pursue economic income, ecological beneﬁts, social
beneﬁts, or other goals

[62].

5.2. Based on Speciﬁc Sites
The reference K application rate obtained from existing studies with similar soil and climate conditions
was reasonable and feasible when making the optimization K-fertilizer management strategies at smallscale ﬁelds. However, it was not scientiﬁc enough to improve the K-fertilizer management for large-scale
regions only by relying on the results obtained from studies conducted in individual sites. The results
obtained from diﬀerent ﬁeld trials on a regional scale could provide relatively reliable guidance and
reference for large-scale regions K-fertilizer management [63]. In our study, the estimated optimal K rate
was derived from the comprehensive results of multiple ﬁeld trials on a regional scale, taking into account
the impact of diﬀerent levels of K application rates. Recommending appropriate K inputs should be
adjusted to match the production conditions of speciﬁc-site research to account for the diﬀerences in
uncontrollable factors (e.g., soil and climatic conditions) between diﬀerent test sites. Jiang et al.

[64]

conducted a nutritional analysis on apple orchards in three soil types of brown loam, alluvial soil, and
brown soil in Shandong Province, China. The results showed that the available K content in brown loam
was signiﬁcantly higher than that in brown soil and signiﬁcantly lower than that in alluvial soil. Apple
trees are not only highly dependent on climatic conditions, especially precipitation, but also extremely
sensitive. Drought leads to the deterioration of the soil’s physicochemical environment, and apple trees
ﬁnd absorbing required nutrients diﬃcult. When rain causes waterlogging, soil nutrients are easily lost to
aﬀect fruit yield. Except for uncontrollable factors, the K application rates should also be mediated on the
types of K-fertilizer, timing of K-applied, apple trees species, and management practices
results of Feng et al.

[66]

and Chen et al.

[67]

[65].

The research

both showed that the rational application of KCL fertilizer in

apple orchards had a slightly better yield-increasing eﬀect than K2SO4. The results of Zhao et al. [62]
showed that the combined application of organic fertilizers and chemical fertilizers signiﬁcantly increased
apple yields compared to a single application of chemical fertilizers. Pramod Kumar et al.

[68]

reported

that the rational management of K-fertilizer, fertilizer ratio, and fertilization timing during the apple
growth period could obtain a higher yield than that of traditional K-fertilizer. Applying the optimized K
management practices could reduce the amount of K-fertilizer needed to achieve the target yield. Based
on this, the adjustment of K application rates needed to integrate consideration controllable factors (such
as types of K-fertilizer, the timing of K-applied, apple trees species, and management practices) and
uncontrollable factors (such as soil and climate) in some speciﬁc locations. The unreasonable K
application rate (excessive or insuﬃcient K-fertilizer) formulated based on fruit growers’ experience rather
than K demand for physiological growth of apple trees was widespread and has long been applied in most
regions. The over-fertilization of K cannot greatly increase the yield of areas with sophisticated
management practices and proper plant conditions, but it will intensify environmental risk and soil
degradation in this region. Moreover, we should minimize the input of K-fertilizer in areas with high K
application. The negative eﬀect of inadequate K application on yield should also not be neglected
[69][70][71].

Reasonably increasing K application rates in some regions with a low IKS or improper climatic

conditions will help avoid output loss (Appendix A [72][73][74][75][76][77][78][79][80][81][82][83][84][85][86][87]).

6. Conclusions
Through the comparison and evaluation of ﬁve models of the relationship between K application rate and
yield for advantageous apple-producing regions of China, the L + P model was established as the best
estimation model of the relationship between K application rate and yield at the regional scale, and the
optimum K rates for the Loess Plateau and Bohai Bay were estimated to be 208.33 and 176.61 kg K ha−1,
respectively. We found that the optimal K rate estimated based on the model signiﬁcantly improved the
KUE and KAE without almost causing apple yield loss. The target yield could be achieved by applying less
K-fertilizer in regions with a larger IKS. The apple yield would be reduced by 6.03% when the K application
rate was lower than the optimum K rate. Although an equivalent yield could be obtained from the
optimum K rate and a high K application rate, the optimal K application rate could improve KUE and KAE
by 45.88–68.57% and 70.52–77.45%, respectively. In view of the results, it should be considered wise to
moderately reduce K application rate by reference to the optimal K rate in apple planting regions that
overuse K-fertilizer, and increase K application rate in low K-fertilizer rate areas to improve apple yield

and maintain the sustainable development of soil K-fertilizer fertility. Overall, the assessment of regional
K-fertilizer application rates provides evidence for how to coordinate the regulation of optimal K rate
management, crop yield maintenance, and sustainable soil fertility.
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