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Abstract: Differences in crop yield between different fields in the same region have existed for a
long time. Methods for improving the productivity of low-yield fields are a hot topic in large-scale
agriculture. This experiment was carried out in potato planting farmland and at a potato experimental
station in the Loess Plateau in China to study the effects of soil moisture and soil nutrients on potato
yield potential and yield gap. The relationships between potato yield and soil nutrient factors were
analyzed using the grey correlation method. The grey correlation method is a new technique for
performing prediction, relational analysis and decision-making in many areas. The results indicate
that (1) the high-yield group at the potato experimental station (HE) was 72,678 kg/ha; the mean-yield
group at the potato experimental station (ME) was 36,083 kg/ha; the high-yield group in the potato
planting farmland (HF) was 34,259 kg/ha; and the mean-yield group in the potato planting farmland
(MF) was 19,386 kg/ha. (2) The yield gap (YG1) between HF and MF was 14,873 kg/ha; the yield
gap (YG2) between ME and the MF was 16,697 kg/ha; the yield gap (YG3) between HE and the MF
was 53291 kg/ha. (3) The effects of soil moisture and nutrients on potato yield were ranked from
large to small: soil available potassium content > soil nitrate nitrogen content > soil organic matter
content > soil water content > soil available phosphorus content. The results of correlation analysis
and grey correlation analysis showed that the available potassium had the strongest correlation with
potato tuber yield. (4) The content of nitrate nitrogen was significantly correlated with the content of
available potassium and available phosphorus, while the water content was significantly correlated
with the content of organic matter. According to the influence of soil moisture and nutrients on
the potato tuber yield, it is suggested that integrated water and fertilizer cultivation measures be
implemented, and the input of potash fertilizer and nitrogen fertilizer be increased.
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1. Introduction

Potato (Solanum tuberosum L.) is one of the major traditionally cultivated food crops in the Loess
Plateau of China, accounting for 36% of China’s total potato cultivation area [1]. The annual planting
area of potatoes in the Loess Plateau is about 15.3 × 104 ha; second only to corn and small grains.
The average yield per unit area of the three major grain crops used to be much higher than the world
average level, and the planting area will continue a downward trend in the short term. In recent years,
the yield per unit area has basically not increased. The improvement of potato yield per unit area and
full production capacity is an important way of solving problems related to food security in China.
In addition, the policy of reforestation in China over many years has led to a decrease in total cultivated
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area, so increasing potato yield per unit area is the main way of ensuring the stability of the grain
yield [2,3].

DeDatta first put forward the concept of yield difference, which was mainly focused on rice [4].
Currently, the yield levels defined by researchers include simulated yield potential, experimental
yield potential, high-yield farmer yield and average farmer yield [5–7]. Some of these grades may be
substituted by different researchers for the particular situation they are studying. The research scales
of crop yield gap are divided into global scale, regional scale and field scale [8]. Previous studies on
potato yield potential and the factors affecting yield difference have mainly explored these issues with
respect to supplying water and fertilizer and agricultural measures [9–11]. Zhang et al. conducted the
coupling effect of water and fertilizer on potato plants in the Loess Plateau and obtained the average
yield of 53,628 kg/ha [12].

Generally, large numbers of potatoes are cultivated by small farmers, with varying yield potential
and tuber size in the Loess Plateau of China. There are three possible reasons for the large variation in
yield in the same region. First, potatoes are sensitive to soil nutrients, and different fertilizer application
may be the primary reason for this result [13]. Second, the difference of soil moisture supply between
irrigated and rainfed fields is another important reason for the large variation in yield in the same
region [6]. The storage capacity of soil moisture and nutrients is the third reason for the large difference
in potato yield [14]. In addition, different potato varieties may be another potential reason for this result.
The potato tuber yield increases with the increase in soil moisture content, modern potatoes were more
sensitive to soil water and nitrogen than traditional potatoes [15]. Some researchers have analyzed
the regression relationship between soil water storage in 0–100 cm cultivated layer and potato yield;
the results showed that the correlation coefficient between soil water storage in 20–40 cm cultivated
layer and potato yield was the highest [16–18]. Many previous studies have shown that potato yield
and fertilizer application amount are significantly correlated, and reasonable fertilizer application can
significantly improve potato starch content and yield [19–21]. The results showed that the effect of
fertilizer on the increase of potato yield ranged from large to small: potassium fertilizer > nitrogen
fertilizer > phosphate fertilizer [22]. The results showed that the effects of nitrogen, phosphorus and
potassium fertilizer on potato yield were, in turn, decreasing [23]. Therefore, it is of great importance
to explore the influence of basic soil fertility on potato yield in the main potato growing areas in the
Loess Plateau to guide rational fertilization and field management in this region.

Previous studies have pointed out that there is a significant positive correlation between crop
fertilization yield and basic soil fertility, and crop fertilization yield increases with the increase of
basic soil fertility [24,25]. Fan et al. [26] used the contribution rate of soil fertility to evaluate the
influence of basic soil fertility on fertilizer yield, and improving the basic soil fertility could increase
crop yield. Under the condition of reasonable fertilization, the higher the soil base fertility, the better
the stability and sustainability of crop yield [27]. However, there are no reports on the current situation
of soil foundation fertility in the main potato producing areas in the loess plateau, and the effect of
soil foundation fertility on potato yield in the main potato producing areas is still unclear. It is very
important to explore the relationship between basic soil fertility and fertilization effect and potato yield
to guide potato scientific fertilization under soil fertility in different ecological zones.

This study collected data from 294 test sites of the main potato planting farmland and potato
experimental station of typical peasant households in the Loess Plateau from 2015 to 2018. The present
study tries to (1) investigate the effects of soil moisture and nutrients on the yield and yield gap in the
main potato growing areas in the Loess Plateau, and (2) explore the main limiting factors affecting the
field potato yield in this area, so as to provide a certain basis for potato yield increase in the Loess
Plateau. Answering these questions is important for selecting better field management techniques and
providing better ideas to increase potato tuber yield in the Loess Plateau region.
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2. Materials and Methods

2.1. Site Description

The main potato planting farmland and potato experimental station were located in the Loess
Plateau of China (36◦40′–39◦21′N, 108◦46′–109◦44′E, altitude of 772–1320 m above sea level), which
belongs to the typical hilly landscape of the Loess tableland area, with an arid and semi-arid continental
monsoon climate (Figure 1). The average annual rainfall ranges from 300 to 700 mm. The total annual
radiation ranges from 5016 to 5852 MJ/m2. The average annual temperature is 9 ◦C. The frost-free
period ranges from 156 to 205 days. The soil type mainly comprises yellow spongy soils and wind sand.
The average sand, silt and clay contents in the 0–80-cm soil profile were measured with a laser particle
size analyzer (Dandong Haoyu Technology Co., Ltd.), and the values were 53.2%–81.1%, 11.32%–3.2%
and 7.6%–21.4%, respectively. The organic matter content in the tested soil ranges from 2.16 to 20.2 g/kg.
The nitrate nitrogen content ranges from 2.17 to 20.12 mg/kg. The available phosphorus content ranges
from 1.49 to 33.78 mg/kg. The available potassium content ranges from 14 to 175.3 mg/kg. There are
168 sampling sites in the main potato plantation, and each sampling site has 5 replicates, for a total
of 840 sampling sites. There are 126 sampling sites in the main potato planting farmland, and each
sampling site has 5 replicates, for a total of 630 sampling sites.
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2.2. Sample Collection and Analysis

The distance between the two sampling sites of the farmland was about 30 km, and potato fields
with an area greater than 0.2 hm2 were randomly selected. The location software was used to record
the name of the sample plot and its longitude and latitude, and to collect and record planting practices
and fertilization of the sample plots at the same time. Plant spacing and row spacing of potatoes were
measured with a tape. After the potato and soil samples had been collected, they were marked and
sealed and taken back to the laboratory for analysis.

The potato experimental station sampling sites were selected according to the variety of potato,
and the amount of fertilizer and irrigation throughout the whole growth period. Plant spacing and row
spacing of potatoes were measured with a tape. After the potato and soil samples had been collected,
they were marked and sealed and taken back to the laboratory for analysis.

Potato tuber samples were taken every year from September 1 to September 18. The fresh tuber
weight per plant (g plant−1) was determined from the plants harvested (10 plants) from the central
rows of the plots. Soil samples and potato tuber samples were collected simultaneously. The soil
measurements were made in the horizontal direction at three observation sites: 10 cm from the
plants, towards the furrow at 30 cm, and towards the ridge at 30 cm. Soil organic matter content
was determined by potassium dichromate volumetric method (external heating method) with five
replications and with a sampling depth interval of 20 cm to 100 cm [28]. A spectrophotometer (UV-VIS
8500, China) was used to determine the soil nitrate nitrogen content. First, 0.5 g of fresh soil was put
into a 100 mL triangular bottle. In addition, 50 milliliters of 2 mol/L potassium chloride and the solution
were added together. The solution was shaken for half an hour and reached uniformity. The solution
was then filtered, and 5 mL was placed in a spectrophotometer at a wavelength of 210 nanometers.
This methodology was carried out in accordance with Wang et al. [29]. Available phosphorus was
determined by molybdenum antimony anti-spectrophotometry method with NaHCO3 extraction [30].
Available potassium was determined by flame photometry method with NH4OAc extraction [30].

According to the classification method of Lobell and Ortiz-Monasterio [31], the potato yield data
sets collected were divided into four categories. The first type is denoted the high-yield test, and
the top 5% of the high-yield potato data planted in the potato experimental station (HE) is extracted.
The second category is recorded as the average yield in the test, and 80% of the mean-yield data of
potatoes planted at the potato experimental station (ME) is extracted. The third category is classified
as the high yield of farmers, and the top 10% of the yield data of potato planting farmland (HF) is
extracted. The fourth category is denoted peasant household average, and the first 80% of the mean
potato field yield data in the potato planting farmland (MF) is extracted.

Accordingly, with respect to the definition of the yield gaps among these four types—HE, ME, HF
and MF—YG1 is the yield gap between HF and MF, YG2 is the yield gap between ME and MF, YG3 is
the yield gap between HE and MF.

2.3. Grey Correlation Method

The grey correlation method put forward by Deng [32] provides a theoretical basis for the analysis,
modeling, prediction and control of small samples and limited information systems [33]. In this study,
the grey correlation method was used to explore the best combination of soil parameters in order
to achieve the minimum resource input to obtain the required yield. The best parameter settings
for one response can be detrimental to other responses. Therefore, multi-objective optimization is
needed to obtain optimal parameter settings. In the grey correlation method, the experimental values
of the measured quality characteristics are normalized within the range of 0–1. When the correlation
coefficient is greater than 0.7, the independent variable is considered to be the influencing factor, and
the important factor of correlation degree ranges from 0.5 to 0.7 [33]. This can be defined as “grey
association generation”. The grey correlation coefficient is then calculated, which can be used to sort
the evaluation objects and find out the primary and secondary factors from the complex system under
investigation, so as to provide information for comprehensive decisions for the system, and to improve
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the comprehensive benefit. The overall soil parameters that affect yield depend on the calculation of
grey relational grade. The multi-attribute process optimization problem is transformed into a single
objective problem [34]. The highest grey relational grade will be regarded as the best combination of
parameters. For “grey correlation generation”, the potato yield was obtained by the principle of “the
higher the better”. The calculation process is as follows:

(1) The reference sequence X0 and the comparison sequence Xi

Determine the reference sequence that reflects the behavior characteristics of the system and the
comparative sequence that affects the behavior of the system. The data sequence reflecting the behavior
characteristics of the system is called the reference sequence. The data sequence composed of factors
that affect the behavior of the system is called the comparative sequence.

Let the reference sequence (also known as the parent sequence) be X0 = {X0(k) | k = 1, 2..., n};
meanwhile, let the comparison sequence (also known as subsequence) be Xi = {Xi(k) | k = 1,2..., n}, I = 1,
2..., m.

(2) The transformation of the original data has to be dimensionless before correlation analysis to
transform it into a comparable data sequence, because the units of each index are not consistent.
In this study, the initial value transformation is selected for the original sequence.

(3) Calculated correlation coefficient, ξ

ξi(k) =
min

i
min

k

∣∣∣x0(k) − xi(k)
∣∣∣+ ρmax

i
max

k

∣∣∣x0(k) − xi(k)
∣∣∣∣∣∣x0(k) − xi(k)

∣∣∣+ ρmax
i

max
k

∣∣∣x0(k) − xi(k)
∣∣∣ (1)

Type in the factor ξi(k): X0 and Xi at the k point correlation coefficient, ρ:
discrimination coefficient, generally take 0.5,

∣∣∣x0(k) − xi(k)
∣∣∣: X0 series and Xi series in k absolute

difference, min
i

min
k

∆i(k)
∣∣∣x0(k) − xi(k)

∣∣∣: represents the second-order minimum absolute difference,

max
i

max
k

∣∣∣x0(k) − xi(k)
∣∣∣: represents the second-order maximum absolute difference.

(4) Seek the correlation: ri

ri =
1
n

n∑
k=1

ξi(k) (2)

Take the average value of the correlation coefficient of each index, namely, the correlation degree
(r) of each index.

(5) Arrange the association order and list the incidence matrix.

According to the size of correlation degree ri, rank the correlation order.

2.4. Statistical Analysis

The differences between all treatments were detected using Tukey’s multiple comparisons tests at
the 0.05 significance level. Statistical analyses and data plotting were performed using SPSS Statistics
Software 16.0 and Sigma Plot 14.0, respectively.

3. Results

3.1. Potato Yield Potential and Yield Gap

The classification of potato tuber yield and tuber yield gap in Loess Plateau is shown in Figure 2.
The results showed that there was a significant difference between HE and ME, while there was no
significant difference between ME and HF. The highest potato tuber yield was observed in HE, and
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was 101.4%, 112.1%, and 274.9% higher than those in ME, HF and ME, respectively. The potato tuber
yield of ME was 5.3% higher than HF. The order of potato tuber yield gap from large to small was
YG3 > YG2 > YG1. The highest potato tuber yield gap was observed in YG3, which was 69% and 72%
higher than that in YG2 and YG1, respectively.

Sustainability 2019, 11, x FOR PEER REVIEW 6 of 16 

 

significant difference between ME and HF. The highest potato tuber yield was observed in HE, and 
was 101.4%, 112.1%, and 274.9% higher than those in ME, HF and ME, respectively. The potato tuber 
yield of ME was 5.3% higher than HF. The order of potato tuber yield gap from large to small was 
YG3 > YG2 > YG1. The highest potato tuber yield gap was observed in YG3, which was 69% and 72% 
higher than that in YG2 and YG1, respectively. 

 
Figure 2. Classification of potato tuber yield and tuber yield gap in the Loess Plateau. HE, the high-
yield group in potato experimental station; ME, the mean-yield group in potato experimental station; 
HF, the high-yield group in potato planting farmland; MF, the mean-yield group in potato planting 
farmland. YG1 is the yield gap between HF and MF; YG2 is the yield gap between ME and MF; and 
YG3 is the yield gap between HE and MF. The solid line in the middle of the box represents the median 
value. The box boundary represents the upper quartile and the lower quartile. Whisker caps indicate 
90th and 10th percentiles. Different letters above the bars indicate a significant difference at P < 0.05. 

3.2. Effects of Different Yield Groups on Soil Water and Nutrient Content 

There was a significant difference in soil water content between HE and MF (Figure 3a). The soil 
water content decreased with the increase of potato tuber yield. The order of soil water content from 
large to small was MF > HF > ME > HE. The highest soil water content was observed in MF, and was 
16.8%, 35.4% and 53.6% higher than those in HF, ME and HE, respectively. There was no significant 
difference in soil organic matter content between the different yield groups (Figure 3b). The highest 
soil organic matter content was observed in MF (6.1 g/kg), and was 15%, 23.8% and 19.3% higher than 
those in HF, ME and HE, respectively. At the potato experimental station, the soil organic matter 
content was higher in HE than that in ME, but the soil organic matter content was higher in MF than 
in HF in the potato planting farmland. 

Figure 2. Classification of potato tuber yield and tuber yield gap in the Loess Plateau. HE, the high-yield
group in potato experimental station; ME, the mean-yield group in potato experimental station; HF, the
high-yield group in potato planting farmland; MF, the mean-yield group in potato planting farmland.
YG1 is the yield gap between HF and MF; YG2 is the yield gap between ME and MF; and YG3 is the
yield gap between HE and MF. The solid line in the middle of the box represents the median value. The
box boundary represents the upper quartile and the lower quartile. Whisker caps indicate 90th and
10th percentiles. Different letters above the bars indicate a significant difference at P < 0.05.

3.2. Effects of Different Yield Groups on Soil Water and Nutrient Content

There was a significant difference in soil water content between HE and MF (Figure 3a). The
soil water content decreased with the increase of potato tuber yield. The order of soil water content
from large to small was MF > HF > ME > HE. The highest soil water content was observed in MF,
and was 16.8%, 35.4% and 53.6% higher than those in HF, ME and HE, respectively. There was no
significant difference in soil organic matter content between the different yield groups (Figure 3b). The
highest soil organic matter content was observed in MF (6.1 g/kg), and was 15%, 23.8% and 19.3%
higher than those in HF, ME and HE, respectively. At the potato experimental station, the soil organic
matter content was higher in HE than that in ME, but the soil organic matter content was higher in MF
than in HF in the potato planting farmland.

There was a significant difference in soil nitrate nitrogen content between ME, HF and MF
(Figure 3c). The order of soil nitrate nitrogen content from large to small was ME > HF > HE > MF. The
highest soil nitrate nitrogen content was observed in ME (5.6 mg/kg), and was 6.3%, 29.8% and 114.8%
higher than those in HF, HE, and MF, respectively. There was no significant difference in soil available
phosphorus content between different yield groups (Figure 3d). The soil available phosphorus content
increased with the increase of potato tuber yield. The highest soil available phosphorus content was
observed in HE (14.5 mg/kg), and was 9.9%, 14.1% and 29.7% higher than those in ME, HF, and MF,
respectively. The soil available potassium content was significantly higher in potato planting farmland
than in the potato experimental station (Figure 3e). The highest soil available potassium content was
observed in MF (50.1 mg/kg), and was 3.5%, 430.5% and 444.6% higher than those in HF, ME and
HE, respectively.
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available phosphorus (d), and available potassium (e) in different yield groups. HE, the high-yield
group in potato experimental station; ME, the mean-yield group in potato experimental station; HF, the
high-yield group in potato planting farmland; MF, the mean-yield group in potato planting farmland.
The solid line in the middle of the box represents the median value. The box boundary represents the
upper quartile and the lower quartile. Whisker caps indicate 90th and 10th percentiles. Different letters
above the bars indicate a significant difference at P < 0.05.

3.3. The Relationship between Potato Tuber Yield and Soil Water and Nutrient Content

Potato tuber yield was significantly correlated with soil water content, soil organic matter content
and soil available potassium content (P < 0.01) (Figure 4). The soil water content of farmland soil in the
Loess Plateau ranged from 4.8% to 24%, and the data of 60% soil water content were distributed in the
range of 6% to 12%. The water content in the areas with yield of less than 20,000 kg/ha was higher than
that in areas with yield greater than 20,000 kg/ha. The coefficient of determination between potato
tuber yield and soil water content was 0.155 (Figure 4a). The soil organic matter content ranged from
2.15–12.49 g/kg, among which 60% of organic matter data were distributed in the range of 4–6 g/kg
(Figure 4b). Areas with potato tuber yields less than 20,000 kg/ha had a high content of organic matter
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and a large coefficient of variation. The soil organic matter content was stable when the yield was
greater than 20,000 kg/ha (Figure 4b).
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Soil nitrate content ranged from 0.21 to 20.12 mg/kg, and 89% of values for soil nitrate content
were below 7 mg/kg (Figure 4c). Soil nitrate nitrogen content for potato tuber yields greater than
40,000 kg/ha was less than 5 mg/kg. The soil nitrate nitrogen content for yields less than 40,000 kg/ha
varied significantly in this region (Figure 4c). The content of available phosphorus in the soil ranged
from 1.98 to 33.78 mg/kg (Figure 4d). The soil available phosphorus content of potato tuber yields
greater than 60,000 kg/ha was relatively low (Figure 4d). The content of available phosphorus in soil
with yields less than 40,000 kg/ha was significantly different (Figure 4d). The available potassium
content of soil in the Loess Plateau area ranges from 5 to 89.5 mg/kg (Figure 4e). There are two
significant value ranges for the available potassium content: the first is that the available potassium
content in 43.9% of the farmland soil is higher than 40 mg/kg, and the second is that the available



Sustainability 2019, 11, 5621 9 of 14

potassium content in 52.9% of the experimental soil is lower than 20 mg/kg. The content of available
phosphorus in soil with potato tuber yields greater than 40,000 kg/ha was lower than that of potato
tuber yields less than 20,000 kg/ha (Figure 4e).

3.4. Correlation Analysis and Grey Correlation Analysis

The amount of fast-effect phosphorus is in a normal distribution, and the production, moisture
content, organic matter, nitrate and the fast effect potassium are not in a normal distribution (Table 1).

Table 1. The main characteristics of yield, soil moisture and nutrient content were tested by K-S.

Items Yield Soil Water Organic
Matter

Nitrate
Nitrogen

Available
Phosphorus

Available
Potassium

Average 28.918 7.335 5.574 3.986 12.224 32.420
Range 94.889 12.67 11.332 19.91 31.8 84.5

Standard error 15.499 2.965 2.258 3.907 5.506 25.540
Z value 1.391 2.316 2.299 2.649 1.042 4.003

Sig 0.042 0.000 0.000 0.000 0.228 0.000

There was an extremely significant negative correlation between yield and water content, organic
matter and available potassium. These results indicated that the lower the content of soil water content,
organic matter and available potassium, the more the potato absorbed during the growth process,
and the higher the potato yield. The content of available potassium had the greatest influence on
potato yield (−0.448) (Table 2). The yield was positively correlated with soil nitrate nitrogen. There
was a significant positive correlation between water content and organic matter, indicating that the
larger the water content was, the larger the organic matter content in the soil was, indicating that soil
organic matter played a positive role in soil water retention. There was a significant positive correlation
between nitrate nitrogen and available phosphorus, and a significant negative correlation between
nitrate nitrogen and available potassium, indicating that nitrate nitrogen plays a very important role in
the absorption of various nutrients by plants in soil.

Table 2. The correlation coefficient between potato yield and soil moisture and nutrients were tested by
correlation analysis.

Indicator Yield Water
Content

Organic
Matter

Nitrate
Nitrogen

Available
Phosphorus

Available
Potassium

Yield 1
Water content −0.308 ** 1

Organic matter −0.246 ** 0.334 ** 1
Nitrate nitrogen 0.193 ** 0.067 −0.043 1

Available phosphorus 0.115 −0.047 −0.109 0.169 ** 1
Available potassium −0.448 ** 0.008 0.063 −0.432 ** −0.093 1

Note: ** The correlation is significant when the confidence (double measure) is 0.01.

Grey correlation analysis results show that the influence of potato tuber yield from large to small
is soil available phosphorus > soil organic matter > soil nitrate nitrogen > soil available potassium
(Table 3). Soil nutrient content was negatively correlated with potato absorption during potato harvest.
Therefore, the order of effect of soil nutrients on potato tuber yield was soil available potassium > soil
nitrate nitrogen > soil organic matter > soil water content > available phosphorus.
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Table 3. Grey correlation analysis of soil water content, soil organic matter, soil nitrate nitrogen, soil
available phosphorus, soil available potassium and potato yield.

Indicator Water Content Organic
Matter

Nitrate
Nitrogen

Available
Phosphorus

Available
Potassium

Correlation 0.934 0.933 0.927 0.942 0.890
Sequence 2 3 4 1 5

4. Discussion

Analysis of yield gap and yield potential is an important basis for improving crop production [35].
Under conditions in which there are excellent environmental factors, Haverkort and Struik [36] used
the model to predict a maximum potato yield of 140,000 kg/ha. In this investigation, the yield of the
high-yielding potato group in the Loess Plateau region reached up to 72,678 kg/ha, achieving 51.9% of
the predicted high-yield of the model, indicating that the potato crops in this region had great potential
for increased production. Therefore, the maximum yield of potato can be divided into two steps:
the first step is to study the field management and nutrient management of the high yield potatoes
through the experimental field, and the second step is to promote the high-yield technology of the
experimental field to the farmland. The results of this study showed that the average yield of potatoes
was 29,000 kg/ha, which was close to the yield data of this region collected by Xu et al. [37] for many
years, indicating that the potato yield in this region had been relatively stable over the years, and the
change of potato planting measures and planting area of farmers was relatively small. In addition,
there was no significant difference between the yield data of the HF and the ME in this study, which
indicated that the whole area had the basic ecological conditions to realize the yield of the average
yield group of the experiment, and some farmers had mastered the technical requirements of potato
high yield.

Yield gaps are calculated on the basis of three different levels of potentially limited water and
nutrient yields for land-based cereals, taking into account weather, soil and crop characteristics.
The fertility of the soil determines the level of grain production [38]. The results of this study indicated
that the significant factors affecting potato tuber yield were soil water content, soil organic matter
content, soil nitrate nitrogen content and soil available potassium content, among which the soil
available potassium content in the soil had the greatest influence factor. Soil water storage is an
important factor affecting potato yield [18]. The results of this study show that soil water content and
yield have a significant negative correlation. There may be two reasons for this phenomenon. On the
one hand, the potato needs more water throughout the whole growth stage [39], and areas with large
potato yields before harvest have a good supply of soil water. On the other hand, part of the potato
ground withers and soil moisture evapotranspiration increase after harvest, and the mature stage of
potato is the peak period of soil evaporation, while the evaporation of other growth stages is relatively
stable [40].

This study concluded that the average content of organic matter in this area was 5.56 g/kg,
belonging to level 6 in the Second National Soil Census Nutrient Classification Standard [41]. The
content of organic matter absorbed in potato during the growth period was about 19%, and only
a small amount of organic matter accumulated in the subsoil [42]. The data of soil organic matter
measured in this study indicated that the content of soil organic fertilizer in the whole Loess Plateau
area was relatively low, which might be related to the low amount of application and large cumulative
consumption. In this study, potato tuber yield was negatively correlated with organic matter content.
There were no significant differences between different yield groups, which may be related to the
large amount of organic fertilizer applied to the experimental field. The distribution of moisture and
nitrate nitrogen in soil profile is significantly changed by planting crops, which is mainly related to
the absorption and utilization of crops [43]. There was a significant positive correlation between soil
nitrate nitrogen content and yield, and potato yield increased first and then decreased with the increase
of nitrogen fertilizer application [44]. It is speculated that the higher the nitrogen content accumulated
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in the field soil, the higher the nitrogen fertilizer applied in the early stage. The possibility that the
fertilizer loss rate was too high, and the potato yield was reduced due to factors such as precipitation
was not excluded.

The results of correlation analysis and grey correlation analysis in this study showed that the
content of available potassium in soil had a significant negative correlation with the yield, and the
determination coefficient reached 0.1599. Potassium plays an important role in the transportation
and accumulation of substances in potato plants [45]. Potato is an inefficient crop of potassium, and
only when the amount of potash is greater than the amount needed for potato growth can the potato
absorb enough potassium from the soil [46]. The potato tuber yield of the farmers group was low,
while the content of available potassium in the soil was high in our study. Buresh et al. [47] proved that
the content of available potassium in soil remained at a certain level even without the application of
potassium fertilizer. However, from the perspective of maintaining the potassium supply capacity and
sustainable utilization of soil, rational application of potassium fertilizer was still needed in agricultural
production. Zelelew et al. [48] found that unreasonable application of potassium fertilizer would lead
to a decline in the yield. However, the yield in the loess plateau area is still below its peak, which may
be due to the under-utilization of available soil potassium in the surveyed farmland. There was a
significant positive correlation between the content of available potassium in soil and potato yield [49].
Contrary to the results of this study, this may be related to the significant increase in the mineralization
capacity of available potassium in soil by mulching. The fertilization ratio in this study area is not
uniform, and the lack of other soil nutrients will have a negative effect on the growth and development
of potatoes, indirectly affecting the absorption of soil available potassium. When the soil nutrient
ratio is not reasonable, the efficiency of crops in absorbing certain nutrients will decrease. According
to the above conclusions, it can be concluded that the content of available potassium in the fields of
Loess Plateau area remains at a medium level, but the absorption and utilization efficiency of potato is
relatively low, so promoting the use of available potassium for potato is one of the keys to increase
production. In this experiment, the content of available potassium in the soil of the test group was
relatively low, which may be due to the homogenization treatment of the plot before planting to reduce
the influence of the original nutrients in the soil on the fertilization treatment. On the other hand, the
utilization rate of potash in the test group was far higher than that of the farmer group.

In this study, it was concluded that soil nitrate nitrogen content was significantly correlated
with soil available phosphorus content and soil available potassium content. In addition, soil nitrate
nitrogen content was positively correlated with available phosphorus and negatively correlated with
available potassium. The factors that affect the utilization efficiency of nitrogen fertilizer are nitrogen
application amount, water supplement amount, distribution of water and fertilizer application period,
application amount of organic fertilizer and application amount of potassium. Moderate irrigation
and fertilizer application are the prerequisite for high yield and healthy soil. The single application
of nitrogen is not conducive to the effective utilization of phosphate and potash [17]. Therefore, it is
necessary to study the relationship between fertilizer ratio and fertilizer use efficiency to determine
fertilizer ratio in the future. A moderate amount of nitrogen will promote crops on soil water and
nitrogen utilization, increase the biomass and potato yield [50,51]. Therefore, improving nitrogen
fertilizer application level is beneficial to the accumulation of phosphorus and potassium in soil and
further promotes the absorption and utilization of soil water by potato.

5. Conclusions

There is a large gap between the potato experimental station and the farmers in the Loess Plateau,
which means there is a huge potential for increased potato output in this region. An in-depth study of
the factors influencing the yield in this region, the development of appropriate farming and fertilization
measures, and the gradual elimination of yield differences at all levels will greatly increase the potato
yield in this region.
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In this study, the content of available potassium in the Loess Plateau soil had the greatest impact
on potato yield. It is suggested that a way be found to activate the available potassium in the soil of
this region to improve the utilization rate of potash in this region. Reasonable supply of soil potassium
fertilizer is the key measure for ensuring the sustainable utilization of soil potassium. Soil water content
is more important to the growth and development of potatoes, especially the rainfall conditions in this
area. It is suggested that the water supply should be improved under conditions of less rainfall during
the growth period of potatoes, so as to guarantee the basic conditions of potato growth and promote the
increase of yield. The soil nitrate nitrogen content is significantly correlated with that of other elements,
which indicates that the application of nitrogen fertilizer in combination with other fertilizers plays an
important role in the yield. Soil water content is the key to achieving potato growth and development.
Considering the low precipitation in this area, it is suggested that water-saving measures such as drip
irrigation be adopted to maintain high water content to provide potato growth needs.
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