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Abstract: Differentiated nitrogen (N) application styles and dosages can directly affect crop yield
and planting costs. To maximize the efficiency of N fertilizer utilization and solve the problem of
increasing production without increasing income, the Decision Support Systems for Agrotechnology
Transfer (DSSAT) model was used in this study to carry out experiments simulating different N
application styles and dosages for potatoes at 15 meteorological observation stations in the north-
east region of China during 2013-2017. The present study aims to analyze the relationship among
yield, cost, and net gains under different N fertilizer management scenarios by combining the cost-
benefit method. The main conclusions are as follows: (1) the staged and incremental application of
N fertilizer during the potato growth period can promote a yield increase. The lowest yield was
achieved by a one-time basal application of N fertilizer at sowing, and the highest yield was observed
when N fertilizer was applied in a 1:1 ratio at sowing and the end of tuber formation, respectively.
(2) The range for N fertilizer application to achieve the highest potato yield at each station is
275-330 kg-ha~!. (3) The highest potato yield under sufficient N application treatments did not corre-
spond to the highest net gains. Potato net gains at all stations showed an increasing-then-decreasing
trend with the increase in N application. The highest gains were obtained when 220 kg‘ha_l,
220 kg-ha_l, and 275 kg~ha_l of N fertilizer were applied in a 1:1 ratio as a basal fertilizer and
supplementary fertilizer at sowing, and the end of tuber formation in Heilongjiang, Jilin, and Liaon-
ing provinces, respectively. This study provides a reference program for potato planting with the
highest benefits for regional governments, farmers, and enterprises and aims to improve the status
quo of potato planting, increasing production without increasing income.

Keywords: DSSAT-SUBSTOR; nitrogen fertilizer application styles; nitrogen fertilizer application
level; potato; yield; income

1. Introduction

Potato was listed as the fourth-largest food crop, following wheat, rice, and maize,
with both vegetable and forage functions [1]. The high-yield cultivation of potatoes can, to a
certain extent, guarantee world food security [2]. With advancements in agricultural science
and technology, various kinds of functional fertilizers have caused environmental pollution
and the problem of increasing production without increasing income while also increasing
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the level of crop yields [3]. As China’s largest commodity grain base, the three northeastern
provinces (Liaoning, Jilin, and Heilongjiang) are advantageous potato production areas [4].
Analyzing the yield and economic benefits of potato in this region under different planting
management practices holds great practical significance, which can provide theoretical
guidance on potato planting to local governments, enterprises, and farmers, promoting the
high-quality development of local agriculture [5].

Crop yield is closely related to crop varieties, field management measures, and en-
vironmental factors [6]. The rational use of fertilizers, as an important field management
measure, is conducive to increasing crop yield [7]. Potato is suitable for growing in fertile
conditions, and its growth and yield are closely related to fertilizer content [8]. During the
growth and development of potatoes, the crop continuously draws nutrients from the soil.
When soil nutrition is insufficient, timely fertilization is needed to avoid stagnant growth
and lowered yields [9]. Nitrogen (N) is a critical factor in promoting the formation of
potato yield and quality, being one of the most sensitive elements in the growth process of
potatoes [10]. Numerous studies have proven that N fertilization application is an effective
way to improve potato yield and quality [3,11,12]. However, there is no consensus on how
to apply N fertilizer to achieve more desirable planting results and higher yields.

In terms of the N fertilizer application style (N-AS), some research results show that
N fertilizer inputs at different periods increase yield by an average of 6.3% compared to
basal applications (applied before sowing). In addition to fertilization at the sowing stage,
supplemental application of N fertilizer to potato during the tuber expansion stage can
enhance the absorption of fertilizer and increase yield [13]. It has also been shown that
applying N fertilizer before the peak plant demand for nutrients, i.e., at the end of tuber
formation, replenishes the nutrients required for tuber expansion promptly, providing a
superior yield increase [14]. Conversely, it was concluded that the potato yield increased
with higher N fertilizer application, while additional N fertilizer at all stages of potato
did not result in significant yield increases [15]. On the other hand, it was proven that
an appropriate reduction in basal fertilizer inputs and the proper supplementation of N
fertilizers can improve yield [16].

Potato yield is not only affected by N-AS but also by N fertilizer application levels (N-
AL) [17]. Insufficient N fertilizer results in dwarfed, yellowed potato plants and weakened
growth, which in turn affects tuber formation and leads to lower yields [18]. On the
contrary, abundant N fertilizer leads to luxuriant plant growth, enhanced photosynthesis,
and the increased accumulation of organic matter, which contributes to improving the yield
and quality of potatoes [19]. Many studies have shown that the rational application of
additional N fertilizer can effectively promote the above-ground growth of potatoes, with
yield improving with the increase in N [20,21].

The formulation and optimization of management practices for potato cultivation
have become key areas of concern for the government and the agricultural sector [22,23].
For farmers, the number of inputs and the level of income determine their decision to
plant potatoes and develop field management practices, which also contributes to the
implementation of the potato staple food strategy and alleviation of the pressure on food
security [5,24]. Currently, most of the research related to potato planting management
concentrates on the suitability of the potato growing environment [25,26], potato growth
monitoring, and yield estimation [27-29]. The main objectives of this study were (i) to
clarify the effects of different N-AS and N-AL on potato yield, (ii) to explore N application
strategies for maximizing yield and economic benefits, and (iii) to compare the geographic
variability of optimal N fertilizer management strategies.

2. Materials and Methods
2.1. Study Area
The three northeastern provinces (Heilongjiang, Jilin, and Liaoning) are among the top

three black soils in the world. This region is mainly located in the Songliao Plain, the Three
Rivers Plain, the pre-mountainous terraces, and the inter-mountainous basins and valleys.
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The study area is dominated by a temperate continental monsoon climate. Although the
latitude is high, most of the area belongs to the temperate monsoon climate zone, with rain
and heat at the same time. The region is an important production base for potatoes and
one of the most significant potato export destinations in China. In this paper, 15 meteoro-
logical observation stations uniformly distributed in potato growing areas in Heilongjiang
province (Nenjiang—N], Beian—BA, Fujin—F], Tailai—TL, Suifenhe—SFH), Jilin province
(Qian’an—QA, Nong’an-NA, Dunhua—DH, Meihekou—MHK, Gongzhuling—GZL), and
Liaoning province (Donggang—DG, Jianping—]P, Liaozhong—LZ, Suizhong—SZ, and
Wafangdian—WEFD) were selected as typical stations. The distribution of the stations is
shown in Figure 1.
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Figure 1. Study area and the distribution of study stations.

2.2. Experimental Design

In this study, the potato cultivar Yanshu#4, which is widely planted in the northeast
region, was selected for simulation experiments with different N-AS and N-AL combination
scenarios. The N fertilizer applied in this paper was urea (chemical formula CH4N;O, with
an effective N content of 46%). Urea was applied in four types: all basal (CK1); basal + the
end of tuber formation (1:1) (M1); basal + the middle of tuber expansion (1:1) (M2); and
basal + the end of tuber formation (3:1) (M3). The N fertilizer application amount was
set at eight levels (0 kg/hm? (CK2); 55 kg/hm? (L1); 110 kg/hm? (L2); 165 kg/hm? (L3);
220 kg/hm? (L4); 275 kg/hm? (L5); 330 kg/hm? (L6); 385 kg/hm? (L7)). As shown in
Table 1, the experiments include a total of 32 treatment groups. The CK1 treatment is the
control group of N-AS, and the CK2 treatment is the control group of N-AL.

Table 1. Experimental treatments.

. Nitrogen Fertilizer Application Styles (N-AS)
Experimental Treatments

CK1 M1 M2 M3
CK2 (0 kg/ hm?) CK1CK2 M1CK2 M2CK2 M3CK2
L1 (55kg/ hm?) CK1L1 MI1L1 M2L1 M3L1
Nitro fertili L2 (110 kg/ hm?) CK1L2 Mi1L2 M21.2 M3L2
gen fertilizer )
application levels L3 (165 kg/hmz) CK1L3 M1L3 M2L3 M3L3
(N-AL) L4 (220 kg/hm~) CK1L4 M1L4 M2L4 M3L4
L5 (275 kg/ hm?) CK1L5 M1L5 M2L5 M3L5
L6 (330 kg/ hm?) CK1L6 Mi1L6 M2L6 M3L6

L7 (385 kg/hm?) CK1L7 M1L7 M2L7 M3L7
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2.3. Data Sources and Processing
2.3.1. DSSAT-SUBSTOR Model

The SUBSTOR model was developed based on the CERES cereal crop model, which
simulates a total of five phenological stages of potato, including sowing to germination,
germination to sprout elongation, sprout elongation to tuber formation, tuber formation
to tuber expansion, and tuber expansion to harvesting of tubers [30]. The outputs of the
SUBSTOR potato crop growth model include 12 metrics, such as tuber fresh weight, tuber
dry weight, total weight, tuber N content, and maximum N content [31]. In this study, the
localized results were used as the genetic parameters of the crop varieties of Yanshu#4,
and the parameter adjustment region was located in Changchun City, Jilin province. The
mean relative error (MRE) was adopted as the standard to evaluate the applicability of the
DSSAT model by comparing the differences between the simulated and measured values
of seedling emergence date, tuber initiation date, maximal LAI value, and yield [32].

The minimum meteorological datasets required for the DSSAT model operation in-
clude day-by-day maximum temperature (°C), day-by-day minimum temperature (°C),
day-by-day precipitation (mm), and day-by-day radiation (MJ-m~2-d~1). In addition, the
latitude, longitude, and elevation of the weather station are required. The radiation is
converted based on the number of hours of sunshine (h). The meteorological data required
for this study were obtained from the China Meteorological Administration Scientific Data
Sharing Service Network (http://www.cma.gov.cn/, accessed on 24 August 2023) and
were imported and saved through the Weather Man module. The soil data required for the
DSSAT-SUBSTOR potato crop growth model mainly include the basic soil hydraulic and
nutrient parameters such as soil bulk weight (g/cm?), saturated water content (g/cm?),
field water-holding capacity (g/cm?), cation exchange (cmol/kg), organic carbon content
(%), wilting coefficient, organic matter content (g/ cm?), and soil pH. The necessary soil
data were obtained from the measured data of each experimental station and the China
Soil Database (http://vdb3.soil.csdb.cn/, accessed on 24 August 2023). The soil data were
imported and saved through the SBuild module provided by the DSSAT model. Field man-
agement data mainly include crop varieties, sowing methods, amount and date of fertilizer,
and irrigation. An area of 700 m? was set up in each experimental site for management, and
the first deep loosening and shallow soil cultivation should be carried out after the flush of
seedlings, with a sowing depth of 22 ¢m, a plant spacing of 30 cm, and a sowing density of
60,000 plants/hm?. All potatoes were sown on 2 May and harvested on 24 September, with
a uniform rehydration rate of 2250 m®/hm? at the early stage of tuber formation. The field
management data of the present study was based on the experiment, and the data were
input and saved with the help of XBuild module provided by DSSAT.

2.3.2. Potato Cultivation Cost Data

In this study, the experiment was set up at 15 weather stations with a total of
32 treatments at each station. The required seed potato amount and labor time were
uniform across treatments at each station, except for eight gradients set for N application,
i.e., different amounts of urea. According to the results of the field research, the amount
of seed potatoes per hectare was set at 3000 kg, the labor time was calculated according
to four labor days, and all costs were calculated according to the current year’s prices in
the affiliated places (the prices of potatoes and seed potatoes were from the China Potato
Network (http://www.potato.agri.cn/, accessed on 24 August 2023), the National Whole-
sale Agricultural Product Market Price Information System of the Ministry of Agriculture
(http:/ /pfscnew.agri.gov.cn/, accessed on 24 August 2023), and the price of urea and the
price of labor days from the National Compendium of Agricultural Products).

2.3.3. Economic Gains Model

Cost-benefit theory is a common analytical approach in microeconomics that can be
used to analyze and evaluate the relationship between benefits and costs [33]. In this paper,
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the economic gains from potato yield are equal to the gross benefit from potatoes minus
the total input cost, which is calculated by the Formula (1).

Ep =Gp — Tc, 1)

where E}, and Gp are economic benefits and gross gains, respectively. In this study, the gross
gains from potatoes were defined as potato yield multiplied by the price of commercial
potatoes. Tc is the total costs (CNY), which refers to the cost of engaging in potato
cultivation, including the costs of N fertilizer inputs, seed potato inputs, and labor costs.

3. Results
3.1. Effects of Nitrogen Fertilizer Management on Potato Yields
3.1.1. Effects of N-AS

The yield data of potatoes under four different N-AS treatments were analyzed, and
the results are shown in Figure 2. It can be seen that potato yields under the M1 treatment
were the highest. Compared with CK1, there was a significant increase in potato yields
under M1, M2, and M3 treatments (p < 0.001). In addition, there was less difference
(p > 0.05) in potato yields under the M2 and M3 treatments. The above results showed that
compared with the treatment of total basal application, the application of N fertilizer at
different stages could promote the increase in potato yields, and the greatest yield increase
was achieved by basal application at the time of sowing and supplementary application at
the end of tuber formation with a ratio of 1:1. The yield increase in the 1:1 application at
sowing time and at the middle of tuber expansion was closer to that of the 3:1 application
at sowing time and at the end of tuber formation.

N-AS CK1 B M1 B3 M2 M3
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Figure 2. Differences in potato yields under different nitrogen application styles (**** represents a
significant difference at 0.001 level, and Ns represents no significant difference).

3.1.2. Effects of N-AL

The potato yield data under different N-AL treatments were analyzed, and the results
are shown in Figure 3. Figure 3a shows the results of the comparison of overall potato
yields under different N-AL treatments at all stations, and the yields under the seven
different N-AL treatments reached a highly significant difference level compared with CK2.
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The above results indicated that the amount of N applied had a significant effect on yield.
The L5 treatment reached the highest value of yield, and the four N fertilizer gradients,
L4, L5, L6, and L7, showed small differences in yield increase. The statistic analysis of
potato yield data at each station under seven different N-AL treatments was performed,
and the results are shown in Figure 3b. It is observed that the simulated yield results of
each station are consistent with the overall simulated yield results, which indicates that
increasing N fertilizer dosage can significantly improve potato yields. When the N fertilizer
dosage reaches the L5 gradient, i.e., 275 kg/ hm?, the yield reaches the highest value. And
when the N fertilizer dosage continues to increase, the yield gradually decreases instead.
The yield under the treatments of L4~L7 can reach a higher value, and the range of its N
fertilizer dosage is 220-385 kg/ hm?.
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Figure 3. Variation in potato yield at different N-AL: (a) differences in overall potato yield at
different N-AL (**** represents a significant difference at 0.001 level); (b) differences in potato yield at
different stations.

3.1.3. Effects of N-AS and N-AL Interactions

Figure 4 illustrates the impacts of various N-AS and N-AL interactions on potato
production and demonstrates the major influence of the interaction effect on potato output.
This demonstrated that the highest yield was obtained under the M1 treatment and that
the yield first increased and then progressively decreased with increasing N application.
This pattern was consistent with the yield effects of N-AS and N-AL alone on potato
yield. Nonetheless, a minor variation in the amount of N applied was observed, which
corresponded with the decline in yield. For instance, under all M1 treatments, the highest
potato production was found in L5, whereas under M2 treatments, the best yield was
found in L6.

Figure 5 displays the matching N-AS and N-AL for the potatoes that had the maximum
yield in the research area from 2013 to 2017 at various stations. It demonstrates that the
M1 treatment produced the maximum potato yield among the various N-AS and that L4,
L5, and L6 produced the highest yield at various stations or in different years among the
various N-AL conditions.

Of all the stations and years, almost 5% of the stations had the highest yield under L4
conditions, whereas under L5 and L6 conditions, roughly 51% and 44% of the stations had
the highest yield of potatoes, respectively. Among the various provinces, the M1L4, M1L5,
and M1L6 treatments at the stations in Heilongjiang province were able to obtain the maxi-
mum potato production, accounting for 8%, 60%, and 32% of all N application treatments.
In Jilin province, M1L5 accounted for 56% of all applied N treatments, which yielded the
maximum yield, while M1L6 accounted for 44%. The percentages of M1L4, M1L5, and
M1L6 treatments in all applied N treatments that corresponded to the maximum yield in
Liaoning province were, respectively, 8%, 40%, and 52%. According to the aforementioned
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findings, potatoes are better suited in northeast China for applying N fertilizer at the L5-L6
level and in the M1 way:.
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Figure 4. Box plot of changes in potato yield under different N-AS and N-AL interactions.

Area Site 2013 2014 2015 2016 2017
Nenjiang MILS MILS MILS MILS MILS

Bei'an MILS MIL5 MIL6 MIL6 MIL6

Heilongjiang Fujin MIL5 MIL5S MIL6 MIL5S MIL6

Province

Tailai MILS MIL4 MIL5S MIL5  MILS

Suifenhe MIL6 MIL5S MIL4 MIL6 MIL6

Qian‘an MILS MIL6 MILS MILS  MILS

Nongan MILS MIL5 MIL6 MIL5 MIL6

Dunhua MIL6 MILS MIL6 MIL6 MIL6

Jilin Province

Gongzhuling MIL5 MI1L6 MIL5 MIL5 MILS5

Meihekou MIL5S MIL6 MILS MIL6 MIL6
Jianping MIL4 MILS MILS MIL6 MIL6
Liaozhong MILS MIL5 MILS MIL6  MIL6
Liaoning Donggang MIL6 MIL6 MIL6 MIL6 MIL6
Province
Suizhong MILS MILS MILS MIL6 MIL6

Wafangdian MIL4  MILS MI1L6 MIL5 MI1L6

Figure 5. N-AS and N-AL corresponding to the highest potato yield at different stations during
2013-2017.

3.2. Effects of Nitrogen Fertilizer Management on the Economic Gains of Potato
3.2.1. Potato Planting Costs

The cost price of planting potatoes (including labor, fertilizer, and seed potato costs)
and the selling price of commercial potatoes, whose inter-annual and inter-regional patterns
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are displayed in Figure 6, are the primary elements influencing the economic benefits of
potatoes. Figure 6a shows that labor prices are rising gradually but at a very tiny amplitude.
The three provinces’ urea levels differ somewhat from one another and exhibit less variation
over time. The prices of commercial and seed potatoes at each station throughout various
years are shown in Figure 6b,c. For the majority of stations, it has been discovered that
these two costs vary just slightly over the course of a year, with a smaller number of stations
showing more significant variations.
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Figure 6. Main cost prices of potatoes in northeast China, 2013-2017: (a) daily laborer price and urea
price; (b) seed potato price; (c) commercial potato price.

3.2.2. Changes in Potato Yield and Net Gains under Different Nitrogen Fertilizer
Management Conditions

In the northeastern region of China, experiments were conducted from 2013 to 2017 on
potatoes under various N-AS and N-AL interaction treatments. Thirty-two different modes
of N application treatments were applied to each station. The net potato gains under all the
N application treatments in the experiments at each station were calculated by combining
the cost of potato production in each region (as shown in Figure 6). Figure 7 displays the
yield of potatoes and the corresponding economic benefits for each location across various
years. Potato yield is displayed in the left column of the heat map in Figure 7, while the
corresponding economic gains are displayed in the right column. A variety of values are
represented by different hues, where bigger values are indicated by colors closer to red and
smaller values are indicated by colors closer to purple.

Comparison with the control trial (CK1) revealed that among the four N-AS, the lowest
net gains of potatoes under all basal application treatments corresponded to the lowest
potato yield, suggesting that the improved fertilizer application promoted potato yield and,
thus, increased net gains. In addition, the benefits under the M1 treatment were higher
than those under the other three N-AS treatments. There was no great difference between
the benefits under the M2 and M3 treatments, but the benefits of the above three N-AS were
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higher than those under the CK1 treatment. Comparison with the control experiment CK2
reveals that under each N-AS treatment, the potato economic returns gradually increased
with the increase in N-AL, basically consistent with the changing trend of potato yield with
the increase in N-AL, which illustrates that the application of N fertilizer helps to enhance
the potato yield, thus increasing the economic gains.

60,000
40,000
20,000

60,000
40,000
20,000

60,000
40,000
20,000

60,000
40,000
20,000

60,000
40,000

20,000

Figure 7. Potato yield (kg/ hm?) and economic gains (CNY) of each station under different N
treatments in northeast China, 2013-2017: (a) yield in 2013; (b) economic gains in 2013 (c) yield
in 2014; (d) economic gains in 2014; (e) yield in 2015; (f) economic gains in 2015; (g) yield in 2016;
(h) economic gains in 2016; (i) yield in 2017; (j) economic gains in 2017.

3.2.3. Analysis of Differences in Net Potato Gains in Northeastern China

For different provinces, the net gains of potatoes under different treatments in the
three northeastern provinces varied, and the minimum net gain, maximum net gain, and
maximum growth rate were calculated for each station in different years; the results are
shown in Tables 2—4.

The net gain of potatoes under all the non-N application treatments at each sta-
tion in Heilongjiang province is notable, i.e., the range of the minimum net gain is
4226.40-14,500.00 CNY, the range of the maximum net gain under N application treat-
ments is 18,799.66-52,030.41 CNY, and the average value of the maximum net gain at each
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station is 32,953.02 CNY. The minimum growth rate of net gains under the N application
treatment was 126%, and the maximum was 345% compared with the non-N application
treatment, with an average increase rate of 241%. In Jilin Province, the net gains of pota-
toes under all the non-N application treatments at each station ranged from 4646.90 to
12,250.04 CNY, and the highest net gains under the N application treatments ranging from
12,443.05 to 35,693.64 CNY, with the mean value of the highest net gains at each station at
24,614.22 CNY. The minimum value of the increase rate of net gain of the N application
treatments was 120% compared to that of the non-N application treatments, and the maxi-
mum value was 259%. The average increase rate of gains was 193%. In Liaoning province,
the range of net gains from potatoes under all non-N application treatments at the stations
was 5010.00-22,271.70 CNY, and the range of maximum net gains under N application
treatments was 14,907.91-66,923.81 CNY, with a mean value of the maximum net gains of
37,527.89 CNY at each station, and a minimum net gain rate of 64%, a maximum of 289%,
and an average of 164%.

Table 2. Net income in Heilongjiang Province.

Year Gains NJ BA FJ TL SFH

Min net income (CNY)  5893.84 8018.60 7485.02 9584.88 12,690.00
2013 Max net income (CNY) 20,479.66 28,894.22 23,960.34 29,417.70 46,937.02

Max growth rate (%) 2.47 2.60 2.20 2.07 2.70

Min net income (CNY)  11,790.80 11,368.50 9416.40 8751.12 4226.40
2014 Max net income (CNY)  38,946.86 37,535.16 25,567.06 21,692.80 18,799.66

Max growth rate (%) 2.30 2.30 1.72 1.26 3.45

Min net income (CNY)  9113.80 9641.20 13,834.20 7475.30 13,275.40
2015 Max net income (CNY) 36,619.11 35,367.81 40,846.51 22,245.91 52,030.41

Max growth rate (%) 3.02 2.67 1.95 1.98 2.92

Min net income (CNY)  9618.49 10,084.20 14,500.00 9607.10 6227.70
2016 Max net income (CNY) 40,174.93 41,820.25 40,385.28 23,863.98 23,896.38

Max growth rate (%) 3.18 3.15 1.79 1.48 2.84

Min net income (CNY)  9835.10 11,223.24 13,837.85 9379.20 7371.00
2017 Max net income (CNY) 37,949.92 38,933.91 42,237.92 25,827.17 29,395.56

Max growth rate (%) 2.86 2.47 2.05 1.75 2.99

Table 3. Net income in Jilin Province.

Year Gains QA NA DH GZL MHK

Min net income (CNY) 11,614.82 12,250.04 9646.29 9629.51 8856.46
2013 Max net income (CNY) 26,085.98 34,801.40 33,178.08 26,183.74 24,646.82

Max growth rate (%) 1.25 1.84 2.44 1.72 1.78

Min net income (CNY)  5902.50 11,814.05 6943.23 11,830.19 10,020.36
2014 Max net income (CNY) 15,429.25 34,388.40 24,461.88 31,183.13 30,455.27

Max growth rate (%) 1.61 191 2.52 1.64 2.04

Min net income (CNY)  9600.96 8861.86 9503.27 10,934.59 10,954.07
2015 Max net income (CNY) 21,076.44 23,200.84 33,280.82 30,385.57 31,284.55

Max growth rate (%) 1.20 1.62 2.50 1.78 1.86

Min net income (CNY) 5708.84 5332.30 4762.48 4646.90 8450.22
2016 Max net income (CNY) 15,511.89 15,230.04 16,960.54 12,443.05 30,313.24

Max growth rate (%) 1.72 1.86 2.56 1.68 2.59

Min net income (CNY)  7092.90 4895.50 5627.90 5323.00 11,788.60
2017 Max net income (CNY) 20,276.63 14,870.14 18,648.89 15,365.33 35,693.64

Max growth rate (%) 1.86 2.04 2.31 1.89 2.03
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Table 4. Net income in Liaoning Province.

Year Gains JP LZ DG SZ WFD

Min net income (CNY) 17,5944 13,968 17,257.6 16,239.5 22,271.7
2013 Max net income (CNY) 28,869.04 28,916.05 58,277.28 30,461.15 42,011.04

Max growth rate (%) 0.64 1.07 2.38 0.88 0.89

Min net income (CNY) 16,845.6 12,118.6 19,417.6 10,832.8 15,709.15
2014 Max net income (CNY) 34,096.16 29,449.21 67,641.31 26,170.76 45,180.26

Max growth rate (%) 1.02 1.43 2.48 142 1.88

Min net income (CNY) 19,123 11,866 11,144 14,299.4 16,114
2015 Max net income (CNY) 33,673.81 27,756.36 37,474.26 36,085.96 41,983.76

Max growth rate (%) 0.76 1.34 2.36 1.52 1.61

Min net income (CNY)  12,355.8 5010 10,650.05 17,418.4 20,154.4
2016 Max net income (CNY) 28,963.79 14,907.91 36,498.34 47,084.99 40,035.79

Max growth rate (%) 1.34 1.98 2.43 1.70 0.99

Min net income (CNY) 15,026.8 8774.2 8846 12,229.9 20,809.5
2017 Max net income (CNY) 35,383.98 29,098.98 34,411.18 43,216.58 62,418.68

Max growth rate (%) 1.35 2.32 2.89 2.53 2.00

Overall, within the northeastern region from 2013 to 2017, the maximum net gain of
potatoes was 52,030.41 CNY, and the average of the maximum net gain across stations
was 31,698.38 CNY, with the highest mean value of the maximum net gain of potatoes in
Liaoning province, followed by Heilongjiang province, and Jilin province.

3.3. Nitrogen Application Decisions for Potato

In the northeast, a total of 15 meteorological stations were chosen for N fertilizer trials,
with four distinct N application methods tested at each location. There were a total of
20 treatments on N application styles at each location across the five-year experiment period.
In the northeast, there were 300 experimental cases in all, and there were eight N application
levels for every N application style. In the spatial arrangement of the 300 experimental
instances, it was discovered that 79% of the cases did not receive the maximum profits
when the highest yield was attained. This information is based on data on the relationship
between the highest potato yield and the highest net gains in different cases (Figure 8).
Heilongjiang, Jilin, and Liaoning provinces accounted for 78%, 87%, and 71%, respectively.
This phenomenon suggests that the failure to obtain the highest net gains at the time of
the highest potato yield is not a fortuitous event and that the scenario with the highest
percentage of N application treatments corresponding to the highest net gains among
all sites in each province can be considered as a reference for the future development or
adjustment of potato field planting management decisions in that province.

As shown in Figure 5, in 20132017, the N application treatments corresponding
to the highest net gains of potatoes among the sites in the three northeastern provinces
differed slightly. Among all the treatments corresponding to the highest net gains within
the sites in Heilongjiang province, the M1L4 treatment accounted for the largest share,
with a weighting of 76%, the M1L5 treatment accounted for 20%, and the M1L6 treatment
accounted for 4%. The largest share of all treatments corresponding to the highest gains
within each site in Jilin province was also the M1L4 treatment, with a weight of 68%, and
the M1L5 treatment, with a weight of 32%. The largest share of all treatments corresponding
to the highest gain within each site in Liaoning province was the M1L5 treatment with a
weight of 60%, M1L4 with a weight of 28%, M1L3 with a weight of 8%, and M1L6 with
a weight of 4%. The study found that the best field management program for potato
cultivation produced the highest gains. Treatments M1L4, M1L4, and M1L5 were the best
field fertilization management programs for potato cultivation in Heilongjiang, Jilin, and
Liaoning provinces, respectively.
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Figure 8. Correspondence between the highest potato yield and maximum net income under each
nitrogen application treatment at each site in the northeastern areas.

4. Discussion

Farmland management has traditionally included N fertilizer management as a critical
component. Through crop model simulation, the impacts of N fertilization on potato yield
were elucidated in this work, thereby validating the theory and range of applications for
N application in potatoes both domestically and internationally. The nutrient intake of
potatoes was seen to steadily decrease in the middle and late phases of growth. The peak
fertilizer need for potatoes has not yet been met by supplemental fertilizer. An excessive
amount of N fertilizer supplementation will cause above-ground stem and leaf extension,
often known as the “greedy green” phenomenon. This has an impact on the leaves’ ability
to photosynthesize efficiently, which hinders the timely movement of nutrients from the
above-ground to the tubers. In this case, the accumulation of dry matter is reduced, leading
to limited tuber expansion and lower yield [9]. Therefore, it is necessary to reduce the N
fertilizer application at this stage, which also verifies the experimental results that the potato
yield decreased due to the treatment of M2. It was thought that increasing the N application
led to an increase in the potato’s leaf area, number of leaf blades, and chlorophyll content, as
well as an acceleration of photosynthesis. These factors eventually increased the amount of
dry matter accumulation in the tubers and increased yield. [34]. However, by depriving the
subterranean tubers of nutrients necessary for growth, an overabundance of N fertilizer can
cause an overgrowth of above-ground stems and leaves. This event could result in reduced
yield, an imbalance in the allocation of dry matter, and delayed potato production. [34,35].
Consistent with the findings of other studies, the current study also revealed that potato
production at greater doses of N application displayed a decreasing tendency.

The potato plant is grown for food as well as for financial gain [36]. Thus, while
considering its yields, attention should also be paid to the economic benefits. In this
study, we examined the effects of various N application treatments on potato yield in
China’s northeast and determined the most effective way to apply N fertilizer to increase
potato yield and economic gains. Potato yields under M1, M2, and M3 treatments were
found to be higher than those under CK1 treatment; therefore, it was determined that
administering N fertilizer in the form of "basal application + supplementary application”
might increase potato yields. Among them, the M1 treatment’s net benefits exceeded
those of the other three N application techniques, and adding more N fertilizer could
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significantly boost the gains when compared to applying no N at all, which was in line
with other research findings. [37,38]. The experimental findings demonstrated that when N
application increased, potato net gains first progressively climbed before starting to decline.
Additionally, when too much N fertilizer was used, the increase in yield did not balance the
rise in planting costs; therefore, the net gains declined under the excessive N application
treatment. This means that the net gains obtained at the maximum yield were frequently
not the highest [39]. This illustrates that pursuing the highest yield may not be in the best
interest of farmers [40]. In real production, achieving the highest yield requires careful
consideration of the expenses associated with nitrogen treatment, as high yields and large
economic gains are frequently not satisfied at the same time.

The elements influencing the economic benefits of potatoes in different regions and
sites may differ due to differences in management and cost levels in terms of spatial layout,
which is affected by natural conditions, resource endowment, economic base, and other
factors [41]. For this reason, it is crucial to investigate the regional heterogeneity of potatoes
under multi-scenario management conditions. In this study, it was found that the highest
potato yield could be achieved by applying 275-330 kg/hm? of N fertilizer in Heilongjiang,
Jilin, and Liaoning provinces. And when the application amount continued to increase,
it would lead to a decrease in yield, providing theoretical support for the differentiated
cultivation of potato in different provinces in China. Varieties of potatoes may account for
apparent variations in maximum N application values across China. Other factors that may
have an impact include soil type, soil N supply, fertilizer retention capacity, climate, and
cultivation and management practices in potato-growing regions [2,42].

This study did not consider the impact of local agricultural policies on the economic
benefits of regional potatoes, despite the fact that it examined the economic benefits of
the effectiveness of N fertilizer management of potatoes in the northeast region of China,
taking into account the variations among cities (counties) and the unevenness of regional
development to some extent. Furthermore, the yield of potatoes is the only metric used to
assess the effectiveness of N fertilizer management, and the next step needs to quantify
potato quality (e.g., content of starch, reducing sugar, total soluble sugar, and vitamins).
Additionally, potato growth and development are also affected by a variety of factors such
as potassium, phosphorus and other chemical elements, irrigation volume, and planting
density [43-45], and this study only explored the role of N on potatoes. Future studies on
the effects of other elements on potatoes may be taken into account, and the selection of N
application programs can be measured from the perspective of environmental protection,
which is the next focus of research.

5. Conclusions

The potato in northeastern China was chosen as the research object in this work,
and experiments on the impacts of different N-AS and N-AL on potato production and
economic gains in 2013-2017 were conducted using the DSSAT model as a tool. In order to
determine the best N fertilizer application program, model simulations and experimental
data were used to investigate the mechanism underlying the impacts of N fertilizer on
potato output and gains. The findings showed that adding N fertilizer helped to increase
potato production, but they did not imply that bigger yields would follow from adding
more N fertilizer. To obtain a high yield, it should be applied reasonably instead. The
potato yield in the northeast region showed an inverted “U” growth trend with the increase
in N application. In the specific N application program, the optimal application amount
is 275~330 kg/hm? (L5 and L6 treatments), and applying N fertilizer at different times is
better than applying it all at once at the time of sowing to increase yield. In the sowing
period and the end of tuber formation, the application of N fertilizer with the ratio of
1:1 (M1 treatment) increased the yield most. When it comes to economic benefits, the
highest net gains are frequently not achieved when more N fertilizer is used to encourage
higher potato yields. Therefore, in order to prevent needless financial losses brought on
by applying more N fertilizer carelessly in the hope of achieving a better yield, the link
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between yield, cost, and benefits should be fully and appropriately considered. In order
to maximize net gains from potato cultivation in the northeast, farmers in Heilongjiang,
Jilin, and Liaoning provinces are advised to apply N fertilizer at a ratio of 1:1 at the
end of tuber formation and at sowing, respectively, using 220 kg/hm?, 220 kg/hm?, and
275 kg/hm?. This study can serve as a resource for both research on the comprehensive
benefits of potatoes and practical field management considerations pertaining to potatoes.
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