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Abstract: Nitrogen is an essential nutrient for plant growth. However, the excessive use of nitrogen
fertilizers not only increases production cost, but also has negative a impact on the environment.
The purpose of this study was to quantify the source-sink characteristics and length of each growth
stage in two potato varieties under different nitrogen application rates. This clarifies the source-
sink coordination characteristics of the nitrogen-efficient variety and the source-sink coordination
mechanisms of high nitrogen use efficiency (NUE). Field experiments were conducted in 2019, 2020,
and 2021 using a split-plot design, with a nitrogen application rate of (0; 150 kg·ha−1; 300 kg·ha−1) as
the main plot and variety (J, nitrogen-efficient variety Jizhang 12; Y, nitrogen-inefficient variety Youjia
70) as the subplot. The results showed that the yield and NUE of Jizhang 12 at 300 kg·ha−1 were,
on average, 90.73% and 75.15% higher than those of Youjia 70, respectively. The NUE and nitrogen
utilization efficiency of Jizhang 12 increased on average, with decreasing N application at 68.66% and
24.53%, which were higher than those of Youjia 70 at 62.89% and 10.86%. Quantitative analysis of
the source and sink showed that the Jizhang 12 had a higher source and sink capacity of 23.45 g and
51.85 g, respectively, and the maximum source and sink activity was on average 0.28 g·plant−1·d−1

and 1.47 g·plant−1·d−1 higher, and the growth period of the source and sink was on average 24 days
and 7 days longer, respectively. On the basis of these results, the nitrogen-efficient varieties had a
higher yield base and a smaller reduction in NUE with reduced N application. In terms of source-sink
growth, N-efficient varieties lasted longer at the seedling and tuber initiation stages, when potatoes
grew above ground and source organs grew for longer periods, providing a solid foundation for
later sink growth, as evidenced by their higher source-sink activity, capacity, and growth time than
N-inefficient varieties.

Keywords: nitrogen use efficiency; nitrogen-efficient varieties; source-sink capacity; source-sink
activity; growth stage

1. Introduction

Nitrogen (N) is the most essential nutrient element for plants and is one of the major
limiting factors for agricultural productivity. For over a century, since the Haber-Bosch
process utilized atmospheric nitrogen to produce ammonia, it has paved the way for the
large-scale production of nitrogen fertilizers. Supplying crops and planting systems with
nitrogen through fertilizers is one of the key measures for producing sufficient food to
meet the growing demand of the population [1,2]. Over the past 60 years, with crop
yields quadrupling, nitrogen fertilizer application has increased by 10 times [3]. However,
the use of nitrogen fertilizers not only consumes a significant amount of energy but also
causes severe environmental damage, such as the eutrophication of freshwater and marine

Agronomy 2023, 13, 1083. https://doi.org/10.3390/agronomy13041083 https://www.mdpi.com/journal/agronomy

https://doi.org/10.3390/agronomy13041083
https://doi.org/10.3390/agronomy13041083
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0002-0806-3888
https://doi.org/10.3390/agronomy13041083
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy13041083?type=check_update&version=2


Agronomy 2023, 13, 1083 2 of 19

ecosystems and the emission of nitrogen oxides and ammonia into the atmosphere, among
others [4–6]. The relatively high price ratio of food/fertilizer encourages farmers to apply
excessive amounts of nitrogen to obtain higher yields and profits, leading to the gradual
accumulation of nitrogen in the soil and the risk of nitrogen leaching [7]. However, simply
reducing the amount of nitrogen fertilizer applied would cause crops to experience a
temporary nitrogen deficiency. Therefore, optimizing cultivation practices and applying
nitrogen-efficient varieties have become increasingly important under conditions favorable
to excessive fertilization (such as subsidy economies, low fertilizer prices, and high grain
prices), long-term nitrogen deficiency or other soil, and climate limitations.

Potatoes (Solanum tuberosum L.) are a dicotyledonous plant belonging to the family
Solanaceae. Over the past 60 years (1961–2021), China’s total potato production has
increased by six times (from 12.9 million tons in 1961 to 94.36 million tons in 2021), while
the planting area has thrice (from 1.3 million hectares in 1961 to 5.78 million hectares
in 2021). Both the planting area and production rank first in the world, accounting for
about one-fourth of the world’s total [3]. The Inner Mongolia Autonomous Region is
one of the main potato-producing regions in China, with a total potato planting area of
277.4 thousand hectares in 2021, accounting for 5.95% of the national potato planting area;
the total output accounts for 6.91% of the national potato output, with a yield of only
22.39 tons per hectare [8]. However, the input for potato production is not low. The input
for potato production in Inner Mongolia is 14,280 yuan per hectare, with nitrogen fertilizer
accounting for 3.0% of the input [9]. The nitrogen fertilizer input cannot be fully utilized,
and the nitrogen use efficiency of potatoes has been between 30% and 35% for a long time.I
In some areas, the nitrogen use efficiency is as low as approximately 20% [10]. With the
increasing demand for potatoes and the continuous increase in potato production, the
application of nitrogen fertilizer will gradually increase, while the productivity that can be
provided by nitrogen fertilizer is decreasing.

Crop yield, quality, and resource use efficiency are also influenced by crop-source
and sink relationships [11]. Many studies have elucidated the theory and technology
for achieving high yields by regulating source-sink relationships [12–17]. The Sigmoid
curve, which is a mathematical function with an S-shape, is commonly used to describe the
functional relationship between plant height, weight, leaf area index, or seed germination
and time, nitrogen application, and herbicide dosage, etc. [18]. The Logistic equation
describes a symmetric growth curve with an asymptotic maximum value. The Richards
function can describe an asymmetric curve with an asymptotic maximum value, but it
has more parameters than the logistic function. The β-sigmoid function, proposed by Yin
et al. [19], is a relatively simple and robust function that can handle the asymmetric growth
of plants. Using this asymmetric growth function, source-sink relationships were quantified
under different crops and experimental conditions. Yin et al. [20] characterized the source-
sink relationship during the wheat grain filling stage using the β-sigmoid function. Shi
et al. [21] quantified the source-sink relationship during the rice grain filling stage using
the β-sigmoid function. Mao et al. [22] quantified cotton biomass allocation under different
densities using the β-growth model. Potatoes and cereals have different source-sink
relationships; a potato harvesting organ is not a reproductive organ. Therefore, tubers
can be formed earlier so that higher yields can be obtained in a shorter time [23]. Zhang
et al. [11] constructed the quantitative relationship between source and sink during potato
growth under different water and potassium conditions based on the β-sigmoid function.

This study applied the β-sigmoid growth function to analyze the effects of nitrogen
application on the growth characteristics of the source and sink throughout the entire
growth period of potato varieties with different nitrogen use efficiencies, as well as the
duration of each growth stage, to reveal the coordination mechanism of the source and sink
in nitrogen-efficient potatoes. These findings have important theoretical implications for
optimizing nitrogen fertilizer application techniques and promoting the use of nitrogen-
efficient varieties to improve nitrogen use efficiency.
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2. Materials and Methods
2.1. Site Overview

Field experiments were conducted from May to October in 2019, 2020, and 2021 at the
Potato Experimental Research Base in Da Lupu Village, Haolai Mountain Town, Wuchuan
County, Hohhot City, Inner Mongolia Autonomous Region, China (41◦17′ N, 111◦61′ E,
1591 m a.s.l). The site is located on the northern foot of the Yin Mountains, and has a
temperate continental monsoon climate. The area has an annual average rainfall of 354
mm, and a frost-free period of 124 days in the last five years. The temperature and rainfall
during the three-year growth period are shown in Figure 1. The soil type was chestnut
calcareous soil, and the basic nutrients in the 0–20 cm soil layer are shown in Table 1.
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Figure 1. Daily air temperature and precipitation during the potato growing seasons of 2019–2021.
Tmin: minimum air temperature; Tavg: average air temperature; Tmax: maximum air temperature.

Table 1. Basic nutrients of 0–20 cm soil in 2019–2020.

Year Organic Matter
(g·kg−1)

Alkali-Hydrolyzable N
(mg·kg−1)

Available P
(mg·kg−1)

Available K
(mg·kg−1) pH

2019 9.76 43.75 16.13 123.46 8.00
2020 9.40 47.12 9.20 50.69 9.01
2021 15.68 53.02 21.08 62.90 8.08

2.2. Experiment Design

A split-plot design was used, in which the main plots were nitrogen application rates,
including three levels of pure nitrogen (0, 150, and 300 kg·ha−1). The subplots were potato
varieties, including two varieties: Jizhang 12 (nitrogen-efficient variety, J) and Youjia 70
(nitrogen-inefficient variety, Y). There were a total of six treatments with four replicates each,
and each subplot had an area of 30 m2. The nitrogen fertilizer used in the experiment was
urea (containing 46% N), the phosphorus fertilizer was calcium superphosphate (containing
18% P2O5), and the potassium fertilizer was potassium sulfate (containing 51% K2O). The
P2O5 and K2O application rates in all subplots were 225 kg·ha−1, and basal fertilizer
was applied once. Two-thirds of the urea basal fertilizer was applied, and the remaining
one-third was top-dressed during hilling.

2.3. Crop Management

The variety used in the experiment, “Jizhang 12”, was bred from Atlantic and 99-
6-36 by the Hebei Academy of Cold Region Crop Research, Shijiazhuang, China, while
“Youjia 70” was bred from Summer Beauty and Ben 420 by Inner Mongolia Kunyuan Taihe
Agricultural Technology Co., Ltd, Xilingol, China. Planting was conducted on 1 May, 9 May,
and 6 May in 2019, 2020, and 2021, respectively, using manual furrow planting with a row
spacing of 60 cm and plant spacing of 28 cm, resulting in a planting density of 60,000 plants
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per hectare. Basal fertilizer was applied directly to the soil before sowing, and nitrogen
topdressing was applied around plants before intertillage on 10 July, 15 July, 13 July in
three years, respectively, and the yield was measured and harvested on 24 September,
20 September, and 25 September, respectively. Other field management practices were
consistent with general field management.

2.4. Yield Measurement and Calculation of Nitrogen Use Efficiency

The yield measurement was conducted by taking two rows of plants in each plot, with
an area of 5 m × 1.2 m = 6 m2. During the yield measurement, all the tubers were dug up,
sorted by size, counted, and weighed.

The calculation method for the yield and its components is as follows:
Yield (t·ha−1): The weight of all tubers per unit area at harvest is converted to t·ha−1.
Tuber count (unit·plant−1): The number of tubers per unit area is converted to

unit·plant−1 at harvest.
Average tuber weight (g): The yield per plant divided by the number of tubers per

plant is calculated as the average tuber weight.
Commercial tuber rate (%): The weight of tubers larger than 150 g divided by the total

weight of tubers is multiplied by 100.
The calculation methods for nitrogen use efficiency (NUE), nitrogen uptake efficiency

(NUpE), and nitrogen utilization efficiency (NUtE) are as follows [24]:

NUE =
Tuber weight at maturity

N application rate
= NUpE×NUtE (1)

NUpE =
total N in plant at maturity

N application rate
(2)

NUtE =
Tuber weight at maturity

total N in plant at maturity
(3)

The data for the total N in plant at maturity were obtained from the last sampling
before yield measurement. Total nitrogen content was determined by the Kjeldahl method
after digestion with H2SO4-H2O2.

2.5. Quantification of Source-Sink Relationship

Samples were taken 10 days after emergence, and subsequently every 10 days, for a
total of seven times during the growth period. The stem, leaf, and tuber were separated
and weighed fresh, then dried at 105 ◦C for 30 min and further dried at 75 ◦C to a constant
weight to determine the dry matter content of each organ. The dry weight per plant
of the source organs (stem and leaf) and the sink organ (tuber) were calculated. The β-
Sigmoid growth function described by Yin et al. [19] was used to quantify the source-sink
relationship and fit the dynamic relationship between the above-ground (source) and tuber
(sink) after potato emergence [11]:

Capacity =

 Cmax

(
1 + te−t

te−tm

)(
t
te

) te
te−tm t ≤ te

Cmax t > te

, (4)

where t is the number of days after emergence, Cmax is the maximum weight of the above-
ground or tuber at te, and tm is the time of maximum growth rate. The first derivative of
Equation (4) reveals the changing trend of source and sink activities over time:

Activity = Amax

(
te − t

te − tm

)(
t

tm

) tm
te−tm

, (5)
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where Amax is the maximum activity obtained at tm and is calculated by:

Amax = Cmax

[
2te − tm

te(te − tm)

](
tm

te

) tm
te−tm

, (6)

The above-grounds were fitted using data from seven samples and the tubers were
fitted using data from seven samples and yield measurements. The fresh and dry weights
of the above-ground and tuber were fitted using Equation (4), and the corresponding results
were used to determine the growth stages in Section 2.6. The dry weights of the above-
ground portions and tubers were used to represent the changing capacity (Equation (4))
and activity (Equation (5)) of the source and sink, respectively.

2.6. Determination of Growth Stages

Seedling stage: The potato enters the seedling stage when 75% of the plants have
emerged.

Tuber initiation stage: In previous studies on potato tuber formation, it was indicated
that tubers form when the top of the stolon swells. A diameter greater than 3.0 mm is the
sign of a potato entering into the tuber initiation stage [25]. Under the conditions of this
experiment, it was not possible to determine the time of entry into the tuber initiation stage
by measuring the diameter of the tuber. Therefore, following Meng’s study [25], the sign of
a potato entering the tuber initiation stage was determined by reaching a fresh weight of
1.5 g per tuber.

Tuber bulking stage: The equilibrium of dry weight between the aboveground and
tuber parts is recognized as the sign of entry into the tuber bulking stage [26].

Starch accumulation stage: The equilibrium of fresh weight between the aboveground
and tuber parts is recognized as the sign of entry into the starch accumulation stage [26].
The potato starch accumulation stage continues until the end of the dry weight growth of
the tuber.

The determination method is shown in Figure 2.Agronomy 2023, 13, x FOR PEER REVIEW 6 of 20 
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Figure 2. Growth stages determination method. (a) The magnification of box a, indicating the
beginning of the tuber initiation stage; (b) The magnification of box b, indicating the beginning of the
tuber bulking stage and the Starch accumulation stage, respectively.
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2.7. Statistical Analysis

To compare the differences in the yield and its components, nitrogen use efficiency
(NUE) and its influencing factors among different treatments, analysis of variance (ANOVA),
multiple comparisons, and correlation analysis were performed using IBM SPSS 22 (IBM
Corp, Armonk, NY, USA). Duncan’s new multiple range test was used for ANOVA, the
least significant difference (LSD) method was used for multiple comparisons, and Pear-
son’s correlation analysis was used. The β-Sigmoid growth function was fitted using the
Gaussian method from iterative nonlinear least squares regression using the SAS software
(SAS Institute Inc., Cary, NC, USA) package PROC NLIN [20].

3. Results
3.1. Yield and Its Components

Table 2 shows the yield and its components in the two potato varieties with different
nitrogen use efficiencies at different nitrogen application rates. The results of the three-year
experiment were similar, showing significant effects of variety and nitrogen application rate on
yield and an interactive effect. The number of tubers was mainly affected by the variety, while
the weight of a single tuber was influenced by the nitrogen application rate, as well as the variety
in 2019 and 2020. Except for 2021, both variety and nitrogen application rates had significant
effects on the marketable tuber rate. The yield, weight of a single tuber, and commercial tuber
rate of the same potato variety decreased with a reduction in nitrogen application rate.

Table 2. Yield and its components of two potato varieties at different nitrogen application rates.

Years N Rate
(kg·ha−1) Varieties Yield

(t·ha−1)
Tuber

Number
Per Plant

Weight Per
Tuber (g)

Commercial
Tuber Rate

(%)

2019 0 J 24.19 c 4.20 a 94.92 c 35.79 c
Y 10.91 d 2.23 c 79.36 c 9.54 d

150 J 42.56 b 4.37 a 162.66 b 70.01 ab
Y 25.81 c 3.11 b 138.17 b 59.89 b

300 J 54.53 a 4.35 a 211.75 a 83.10 a
Y 30.35 c 3.07 b 167.15 b 71.86 ab

2020 0 J 14.59 b 3.65 a 66.81 b 14.75 c
Y 6.46 d 2.03 b 54.00 c 1.12 d

150 J 22.41 a 3.91 a 96.30 a 39.57 b
Y 8.91 c 1.96 b 76.08 b 13.73 c

300 J 24.57 a 3.93 a 105.63 a 51.78 a
Y 8.41 cd 1.90 b 74.10 b 18.22 c

2021 0 J 17.95 cd 3.78 b 79.12 c 29.42 c
Y 10.23 d 2.22 c 76.41 c 21.08 c

150 J 38.67 b 4.58 a 140.27 b 58.15 b
Y 18.50 c 2.56 c 120.77 b 53.28 b

300 J 49.42 a 4.71 a 174.15 a 79.43 a
Y 23.34 c 2.63 c 150.48 b 61.83 ab

ANOVA
2019 C *** *** ** **

R *** * *** ***
C × R ** ns ns ns

2020 C *** *** *** ***
R *** ns *** **

C × R ** ns ns ns
2021 C *** *** ns ns

R ** ns *** ***
C × R ** ns ns ns

Different letters indicate multiple comparisons of an indicator between treatments in individual years, while
having the same letter indicates a non-significant difference. Multiple comparisons of means were performed
at the 0.05 level. For ANOVA, it is a separate year of comparison, where C is the varieties and R is the N rate,
“*” means significant difference at 0.05 level, “**” means significant difference at 0.01 level, and “***” means
significant difference at 0.001 level.

For the same potato varieties, the yield, weight per tuber, and commercial tuber rate
all showed a decreasing trend with the decrease of nitrogen application rate. In 2019 and
2021, the two-year average yield, weight per tuber, and commercial potato rate significantly
decreased in the 0 and 150 nitrogen treatment groups by 59.46% and 21.86%, 54.90% and
21.50%, and 59.88% and 21.14%, respectively, for Jizhang 12 compared to the treatment
to a nitrogen application rate of 300. Youjia 70 decreased by 60.64% and 17.49%, 50.96%
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and 18.48%, and 77.09% and 15.35%, respectively. Comparing different potato varieties
under the same nitrogen application rate, Jizhang 12 had a higher yield, number of tubers,
weight of a single tuber, and marketable tuber rate than Youjia 70 did. Under the 0, 150, and
300 kg·ha−1 nitrogen application rates, the average yields of Jizhang 12 in 2019 and 2021
increased significantly by 99.37%, 83.35%, and 93.61%, respectively, compared to Youjia
70. The number of tubers per plant increased significantly by 79.59%, 57.78%, and 59.00%,
whereas the weight of a single tuber increased by 11.74%, 16.99%, and 21.49%, and the
marketable tuber rate was 112.92%, 13.25%, and 21.57% higher, respectively.

In 2020, due to hail during the tuber bulking stage, the yield, weight of a single tuber,
and marketable tuber rate were severely affected. Compared with the average values of
2019 and 2020, the yield of all treatments decreased by an average of 14.14 t·ha−1, the
weight of a single tuber decreased by an average of 48.37 g, and the marketable tuber rate
decreased by an average of 26.81%.

3.2. Nitrogen Use Efficiency, Nitrogen Uptake Efficiency, and Nitrogen Utilization Efficiency

Table 3 shows the nitrogen use efficiency (NUE), nitrogen uptake efficiency (NUpE),
and nitrogen utilization efficiency (NUtE) of the two potato varieties under the different
nitrogen application rates. As shown in Table 3, the NUE of potatoes was significantly
affected by nitrogen application rates and varieties, whereas NUpE was also affected by
nitrogen application rates and varieties, with the exception of 2021. In terms of nitrogen
application rates, NUE and NUpE increased with a decreasing nitrogen application rates.
In the two-year average of 2019 and 2021, for the 150 kg·ha−1 nitrogen application rate,
compared to the 300 kg·ha−1 nitrogen application rate, the NUE of Jizhang 12 increased
significantly by 59.15% and that of Youjia 70 increased by 58.53%. The NUpE of Jizhang
12 increased by 33.86%, whereas that of Youjia 70 increased by 48.42%. In terms of variety
comparison, the NUE and NUpE of Jizhang 12 were significantly higher than those of
Youjia 70. In the two-year averages of 2019 and 2021, for both nitrogen use efficiency and
NUpE, at the 150 kg·ha−1 and 300 kg·ha−1 nitrogen application rates the NUE of Jizhang
12 increased by 40.33% and 40.02%, respectively, and the NUpE increased by 30.79% and
45.73%, respectively, compared to Youjia 70. The NUtE showed inconsistent results over
the three years, with significant effects of nitrogen application rates in 2019 and significant
effects of varieties in 2020.

Table 3. NUE, NUpE and NUtE of two potato varieties at different nitrogen application rates.

Years N Rate
(kg·ha−1) Varieties NUE (g·g N−1) NUpE (g N·g N−1) NUtE (g·g N−1)

2019 150 J 16.20 a 0.055 a 298.50 a
Y 11.15 b 0.040 b 275.03 ab

300 J 10.10 b 0.041 b 245.72 ab
Y 6.57 c 0.024 c 268.86 b

2020 150 J 9.96 a 0.030 a 331.09 a
Y 3.89 b 0.015 c 261.85 ab

300 J 5.30 b 0.022 b 247.09 b
Y 2.27 c 0.010 c 223.08 ab

2021 150 J 15.54 a 0.029 a 534.74 a
Y 11.48 ab 0.023 ab 495.73 b

300 J 9.84 b 0.022 ab 452.66 b
Y 7.79 b 0.018 b 439.07 b

ANOVA
2019 C ** ** ns

R *** ** *
C × R ns ns ns

2020 C *** *** *
R ** * ns

C × R * ns ns
2021 C * * ns

R * ns ns
C × R ns ns ns

Different letters indicate multiple comparisons of an indicator between treatments in individual years, while
having the same letter indicates a non-significant difference. Multiple comparisons of means were performed
at the 0.05 level. For ANOVA, it is a separate year of comparison, where C is the varieties and R is the N rate,
“*” means significant difference at 0.05 level, “**” means significant difference at 0.01 level, and “***” means
significant difference at 0.001 level.
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In 2020, due to hail damage, NUE, NUpE, and NUtE were lower than in the other
two years. Compared to the average values of 2019 and 2021, at 150 and 300 N application
rates, NUE of Jizhang 12 decreased by 5.91 g·g N−1 and 4.66 g·g N−1, respectively, and
that of Youjia 70 decreased by 7.43 g·g N−1 and 4.91 g·g N−1, respectively. NUpE of
Jizhang 12 decreased by 1.19 g N·g N−1 and 1.00 g N·g N−1, respectively, and that of
Youjia 70 decreased by 1.72 g N·g N−1 and 1.07 g N·g N−1, respectively. NUtE of Jizhang
12 decreased by 85.53 g·g N−1 and 102.10 g·g N−1, respectively, and that of Youjia 70
decreased by 123.53 g·g N−1 and 130.89 g·g N−1, respectively.

3.3. Source and Sink Growth

Table 4 shows the dry weight fitting parameters for the different treatments, where the
maximum value of source and sink reflecting its capacity; the time at which the maximum
source and sink capacity reflecting its growth time. Figure 3 shows the measured dry
weight and fitting curves of source organs (stems and leaves) and sink organs (tubers)
during the growth of potatoes. The fitting of both equations is good, with R2 greater
than 0.92.
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Figure 3. Actual dry and fresh weight and their corresponding fitting curves of two potato varieties
at different nitrogen application rates. The year and treatment are noted in the upper left corner of
the figure. Points are measured value; lines are fitting curve; shaded areas are growth stage. The
fitting curve parameters are recorded in Tables 4 and 5.
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Table 4. Fitting parameter values for source and sink capacity and activity of two potato varieties at
different nitrogen application rates.

Year N Rate
(kg·ha−1) Varieties

Estimated Parameter of Source Estimated Parameter of Sink
Cb/Ca

Ca tea tma Amaxa R2 Cb teb tmb Amaxb R2

2019 0 J 31.5 94
(9/8)

54
(7/30) 0.53 0.95 107.7 97

(9/11)
74

(8/19) 2.37 0.95 3.42

Y 11.4 56
(7/27)

10
(6/21) 0.31 0.97 59.0 87

(8/27)
54

(7/25) 1.13 0.94 5.16

150 J 50.3 92
(9/10)

50
(7/30) 0.84 0.99 172.2 96

(9/14)
75

(8/24) 4.12 0.98 3.42

Y 21.4 55
(8/10)

6
(6/22) 0.63 0.97 117.4 88

(9/12)
57

(8/12) 2.32 0.98 5.49

300 J 82.3 86
(9/13)

46
(8/4) 1.46 0.96 206.0 88

(9/15)
67

(8/25) 5.07 0.98 2.50

Y 24.0 50
(8/10)

2
(6/23) 0.88 0.97 133.5 83

(9/12)
51

(8/11) 2.63 0.99 5.56

2020 0 J 14.8 66
(8/19)

37
(7/21) 0.35 0.98 57.1 90

(9/12)
67

(8/20) 1.33 0.97 3.85

Y 9.3 46
(8/5)

17
(7/7) 0.29 0.95 27.4 82

(9/10)
49

(8/8) 0.54 0.95 2.96

150 J 28.5 61
(8/21)

30
(7/21) 0.70 0.97 86.3 84

(9/13)
64

(8/24) 2.24 0.97 3.03

Y 14.1 48
(8/10)

17
(7/10) 0.42 0.95 36.4 81

(9/12)
48

(8/10) 0.73 0.96 2.58

300 J 39.1 63
(8/30)

33
(7/31) 0.95 0.98 100.0 77

(9/12)
59

(8/26) 2.94 0.97 2.56

Y 15.9 49
(8/18)

15
(7/15) 0.47 0.94 43.0 71

(9/9)
47

(8/16) 1.08 0.96 2.71

2021 0 J 16.4 62
(8/13)

26
(7/8) 0.38 0.96 83.6 91

(9/11)
65

(8/16) 1.80 0.97 5.10

Y 12.5 55
(8/10)

13
(6/29) 0.34 0.93 80.9 83

(9/7)
60

(8/15) 1.91 0.92 6.47

150 J 41.3 78
(9/1)

22
(7/7) 0.77 0.96 182.9 88

(9/11)
62

(8/16) 4.05 0.96 4.43

Y 22.0 49
(8/8)

9
(6/29) 0.68 0.94 119.1 80

(9/8)
54

(8/13) 2.72 0.97 5.42

300 J 72.3 71
(9/1)

38
(7/30) 1.57 0.96 257.6 82

(9/12)
62

(8/23) 6.74 0.98 3.56

Y 34.9 52
(8/13)

22
(7/17) 0.98 0.97 170.1 76

(9/6)
55

(8/16) 4.38 0.96 4.87

The value in parentheses indicates the date corresponding to the days after emergence (M/d). For the source
part: Ca, the maximum value of source capacity (g·plant−1); Amaxa, the maximum value of source activity
(g·plant−1·d−1); tma, the time at which the maximum source activity is reached (DAE); tea, the time at which
the maximum source capacity is reached (DAE). For the sink part: Cb, the maximum value of sink capacity
(g·plant−1); Amaxb, the maximum value of sink activity (g·plant−1·d−1); tmb, the time at which the maximum sink
activity is reached (DAE); teb, the time at which the maximum sink capacity is reached (DAE).

Table 5. Fitting parameter values for shoot and tuber fresh weight of two potato varieties at different
nitrogen application rates.

Year N Rate
(kg·ha−1) Varieties

Estimated Parameter of Shoot Estimated Parameter of Tuber

Ca tea tma Amaxa R2 Cb teb tmb Amaxb R2

2019 0 J 235.2 96
(9/10)

40
(7/16) 3.54 0.96 500.9 97

(9/11)
70

(8/15) 10.23 0.95

Y 110.7 51
(7/22) 9 (6/20) 3.30 0.98 236.8 85

(8/25)
48

(7/19) 4.35 0.93

150 J 339.9 73
(8/22)

38
(7/20) 7.05 0.98 821.5 96

(9/14)
71

(8/20) 17.85 0.98

Y 222.1 49 (8/1) 13
(6/29) 6.65 0.97 474.4 87

(9/11) 51 (8/6) 8.66 0.98

300 J 522.6 63
(8/21)

35
(7/28) 13.03 0.96 1016.9 88

(9/15)
63

(8/21) 22.72 0.98

Y 235.8 45 (8/5) 1 (6/22) 9.48 0.98 549.7 83
(9/12) 45 (8/5) 10.19 0.98

2020 0 J 120.5 65
(8/18)

32
(7/16) 2.76 0.98 289.5 89

(9/11)
65

(8/18) 6.53 0.97
Y 80.8 46 (8/5) 15 (7/5) 2.56 0.94 119.6 81 (9/9) 44 (8/3) 2.29 0.95

150 J 245.1 58
(8/18)

27
(7/18) 6.30 0.97 461.9 83

(9/12)
63

(8/23) 11.86 0.98

Y 124.3 47 (8/9) 15 (7/8) 3.80 0.94 160.5 80
(9/11) 43 (8/5) 3.10 0.96

300 J 320.1 58
(8/25)

29
(7/27) 8.23 0.98 543.4 76

(9/11)
58

(8/25) 15.56 0.97
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Table 5. Cont.

Year N Rate
(kg·ha−1) Varieties

Estimated Parameter of Shoot Estimated Parameter of Tuber

Ca tea tma Amaxa R2 Cb teb tmb Amaxb R2

Y 138.2 47
(8/16)

14
(7/14) 4.23 0.95 188.2 70 (9/8) 44

(8/13) 4.53 0.96

2021 0 J 135.1 61
(8/12)

16
(6/28) 3.24 0.96 397.6 90

(9/10)
62

(8/13) 8.23 0.97

Y 104.1 52 (8/7) 4 (6/20) 3.33 0.95 318.3 82 (9/6) 55
(8/10) 7.02 0.92

150 J 340.1 74
(8/28)

13
(6/28) 6.98 0.96 958.8 86 (9/9) 61

(8/15) 21.18 0.95
Y 196.9 46 (8/5) 4 (6/24) 7.09 0.96 485.6 79 (9/7) 50 (8/9) 10.52 0.97

300 J 533.2 58
(8/19)

31
(7/23) 13.89 0.96 1278.6 81

(9/11)
59

(8/20) 31.61 0.98

Y 295.6 53
(8/14) 12(7/7) 8.28 0.97 694.6 75 (9/5) 52(8/13) 16.90 0.96

The value in parentheses indicates the date corresponding to the days after emergence (M/d). For the shoot part:
Ca, the maximum value of shoot fresh weight (g·plant−1); Amaxa, the maximum value of fresh shoot growth rate
(g·plant−1·d−1); tma, the time at which the maximum fresh shoot growth rate is reached (DAE); tea, the time at
which the maximum shoot fresh weight is reached (DAE). For the tuber part: Cb, the maximum value of tuber
fresh weight (g·plant−1); Amaxb, the maximum value of fresh tuber growth rate (g·plant−1·d−1); tmb, the time at
which the maximum fresh tuber growth rate is reached (DAE); teb, the time at which the maximum tuber fresh
weight is reached (DAE).

The three-year average source capacity (Ca) was lower for the 0 and 150 kg N ha−1

treatments compared to the 300 kg N ha−1 treatment, with decreases of 67.03% and 36.30%,
respectively, for Jizhang 12 and decreases of 52.71% and 19.72%, respectively, for Youjia 70.
Under the 0, 150, and 300 kg N ha−1 treatments, the three-year average Ca of Jizhang 12
was higher than that of Youjia 70 by 88.82%, 108.43%, and 165.40%, respectively (Table 4).
The three-year average sink capacity (Cb) was lower for the 0 and 150 kg N ha−1 treatments
compared to the 300 kg N ha−1 treatment, with decreases of 52.70% and 19.69%, respectively,
for Jizhang 12 and decreases of 48.21% and 19.17%, respectively, for Youjia 70. Comparing
the two varieties, under the 0, 150, and 300 kg N ha−1 treatments, the three-year average Cb
of Jizhang 12 was higher than that of Youjia 70 by 64.89%, 79.15%, and 79.34%, respectively
(Table 4). It can be seen that both source and sink capacity decreased with a decreasing
nitrogen application rate, and Jizhang 12, a high nitrogen use efficiency variety, had higher
capacities than Youjia 70, a low nitrogen use efficiency variety.

According to Table 4, except for the no nitrogen treatment of Jizhang 12 in 2021
and all treatments of Youjia 70 in 2020, the time to reach the maximum source capacity
(tea) of potatoes increased with a decrease in nitrogen application. In 2019, the increase
in tea for Jizhang 12 in the 0 and 150 nitrogen application treatments compared to the
300 nitrogen application treatment was 8 and 6 days, respectively, whereas for Youjia 70, it
was 6 and 5 days, respectively. Comparing the two varieties, the three-year average tea
of Jizhang 12 was longer than that of Youjia 70 by 22, 26, and 23 days under the 0, 150,
and 300 nitrogen application treatments, respectively. The time to reach maximum sink
capacity (teb) averaged over three years was 10 and 7 days longer in the 0 and 150 nitrogen
application treatments for Jizhang 12 compared to the 300 nitrogen application treatment,
and 6 days longer for Youjia 70 in both the 0 and 150 nitrogen application treatments.
Comparing the two varieties, the three-year average teb of Jizhang 12 was longer than that
of Youjia 70 by 9, 7, and 6 days under the 0, 150, and 300 nitrogen application treatments,
respectively. Therefore, reducing nitrogen application can increase the growth time of
the potato source and sink capacity organs. The nitrogen use efficient variety Jizhang 12
had longer growth times for both source and sink organs compared to the nitrogen use
inefficient variety Youjia 70, and the increase in growth time was greater with decreasing
nitrogen application.

Table 4 shows that the date on which the source capacity reached its maximum was
advanced as the nitrogen application rate decreased, and in all nitrogen treatments, it
occurred earlier in Youjia 70 than in Jizhang 12. The date when the sink capacity reached its
maximum varied between the two varieties with changes in the nitrogen application rate.
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Jizhang 12 showed a trend of advancing the date as nitrogen application rate decreased,
except for the year 2020, while Youjia 70 showed the latest date in the 150 kg N/ha treatment,
with both the reduction and increase of nitrogen application rate leading to an earlier date
of maximum sink capacity. Additionally, the date on which the sink capacity reaches its
maximum is later in Jizhang 12 than in Youjia 70.

3.4. Source and Sink Activity

As shown in Table 4 and Figure 4, the activity of both source and sink exhibits a trend of
initially increasing and then decreasing over time. The time when the source activity reaches
its maximum (tma) is earlier than the time when the sink activity reaches its maximum (tmb),
and the decrease in sink activity is faster after reaching the maximum value. The time for
both source and sink activities to reach their maximum values is earlier with a decrease in
nitrogen application rate, and Youjia 70 reaches its maximum earlier than Jizhang 12. The
J300 treatment had the highest maximum source activity (Amaxa) and maximum sink activity
(Amaxb) in 2019, 2020, and 2021, with Amaxa being 1.46 g·plant−1·d−1, 0.95 g·plant−1·d−1,
and 1.52 g·plant−1·d−1, and Amaxb being 2.34 g·plant−1·d−1, 1.30 g·plant−1·d−1, and
3.13 g·plant−1·d−1, respectively. In the three-year period, Amaxa and Amaxb both decreased
with a decrease in nitrogen application rate, and Youjia 70 was lower than Jizhang 12.
Compared to the 300 nitrogen application rate, the average Amaxa of Jizhang 12 was
67.35% and 39.83% lower at the 0 and 150 nitrogen application rates, respectively, while
the average Amaxa of Youjia 70 was 56.26% and 22.95% lower, respectively. The average
Amaxb of Jizhang 12 was 60.45% and 27.46% lower at the 0 and 150 nitrogen application
rates, respectively, while the average Amaxb of Youjia 70 was 54.37% and 27.27% lower,
respectively. In comparison between the two varieties, at the 0, 150, and 300 nitrogen
application rates, the average Amaxa of Jizhang 12 was 35.39%, 37.34%, and 75.95% higher
than that of Youjia 70, respectively, while the average Amaxb was 82.74%, 110.83%, and
106.25% higher, respectively.

Figure 4. Dynamic changes in source and sink activity of two potato varieties at different nitrogen
application rates. The year and the source or sink, are marked in the top left of the figure. The
treatments represented by the different line are shown in the legend.



Agronomy 2023, 13, 1083 12 of 19

3.5. Source-Sink Relationships

Figure 3 shows the changes in growth trends of source and sink organs, which rep-
resent the transition time from the growth center of aboveground source organs to that
of underground sink organs (growth center transition time). As shown in Figure 3, with
decreasing nitrogen application rates, the growth center transition time of potato plants
was advanced, and the effect was more pronounced in the Jizhang 12 variety. On aver-
age over three years (2019–2021), compared with the 300 kg·ha−1 nitrogen treatment, the
growth center transition time of Jizhang 12 was advanced by 17 days and 8 days under the
0 kg·ha−1 and 150 kg·ha−1 nitrogen treatments, respectively, while that of Youjia 70 was
advanced by 9 days and 4 days, respectively. Comparing the two varieties, except for 2021,
the growth center transition time of Jizhang 12 was later than that of Youjia 70 under each
nitrogen application rate. For the two years average of 2019 and 2020, the growth center
transition time of Jizhang 12 was later than that of Youjia 70 by 6 days, 12 days, and 15 days
under the 0 kg·ha−1, 150 kg·ha−1, and 300 kg·ha−1 nitrogen treatments, respectively. Fur-
thermore, analysis of the sink/source ratio (Cb/Ca) in Table 4 shows that, except for the
Youjia 70 treatment in 2019, the Cb/Ca ratio increased with decreasing nitrogen application
rates, and in 2019 and 2021 the Cb/Ca ratio was higher in Youjia 70 than in Jizhang 12.

3.6. Growth Stages and Its Relationship to Yield

Table 6 shows the emergence dates of potato seedlings in the three-year experiment.
The potatoes were sown on 1 May, 9 May, and 6 May in 2019, 2020, and 2021, respectively.
Under different nitrogen application rates and varieties, differences in emergence dates
were observed, indicating that the nitrogen application rate and variety affect potato
sprouting and emergence time. Increasing nitrogen application rate delayed the emergence
date of potatoes. In the treatment with 300 kg·ha−1 of nitrogen application rate, the
emergence dates of Jizhang 12 and Youjia 70 were 47–50 days and 50–52 days after sowing,
respectively. The average emergence dates of Jizhang 12 were earlier by 8 and 13 days
under 0 and 150 kg·ha−1 of nitrogen application rate, respectively, and those of Youjia 70
were earlier by 6 and 10 days, respectively. The emergence date of the nitrogen use efficient
variety Jizhang 12 was earlier than that of the nitrogen use inefficient variety Youjia 70, and
the number of days of advancement increased as the nitrogen application rate decreased.

Table 6. Emergence dates of two potato varieties at different nitrogen application rates.

N Rate
(kg·ha−1) Varieties

Date of Emergence (M/d)

2019 2020 2021

0 J 6/6 (36) 6/14 (36) 6/12 (37)
Y 6/11 (41) 6/20 (42) 6/16 (41)

150 J 6/10 (40) 6/21 (43) 6/15 (40)
Y 6/16 (46) 6/23 (45) 6/20 (45)

300 J 6/19 (49) 6/28 (50) 6/22 (47)
Y 6/21 (51) 6/30 (52) 6/25 (50)

The number in parentheses is the number of days between the emergence date and the sowing date (number of
days after sowing).

Table 7 shows the start, end time, and duration of each phenological stage of potato
growth. According to Table 7, except for Youjia 70 in 2020, the duration (LD) of the potato
seedling stage in all treatments showed an increasing trend with decreasing nitrogen
application rate. In 2019 and 2021, compared with the treatment with 300 kg·ha−1 of
nitrogen application rate, Jizhang 12 had a longer LD by 4 days and 3 days, respectively,
under 0 and 150 kg·ha−1 of nitrogen application rate, while Youjia 70 had a longer LD by 3
days and 1 day, respectively. At the same nitrogen application rate, the LD of the seedling
stage in Jizhang 12 was longer than that in Youjia 70. The average LD of the seedling
stage in Jizhang 12 was longer by 6, 7, and 5 days than that in Youjia 70 under 0, 150, and
300 kg·ha−1 of nitrogen application rate, respectively. In addition, there was a significant
positive correlation between the LD of the seedling stage and the number of tubers per
plant (Figure 5I).
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Table 7. Start and end time and duration length of growth stage of two potato varieties at different
nitrogen application rates.

Year N Rate
(kg·ha−1) Varieties

Seeding Stage Tuber Initiation Stage Tuber Bulking Stage Starch Accumulation Stage

Start Stop LD Start Stop LD Start Stop LD Start Stop LD

2019 0 J 0 (6/6) 13
(6/19) 13 13

(6/19)
41

(7/17) 28 41
(7/17)

53
(7/29) 12 53

(7/29)
97

(9/11) 44

Y 0
(6/11)

5
(6/16) 5 5

(6/16)
27

(7/8) 22 27
(7/8)

43
(7/24) 16 43

(7/24)
87

(9/6) 44

150 J 0
(6/10)

13
(6/23) 13 13

(6/23)
49

(7/29) 36 49
(7/29)

58
(8/7) 9 58

(8/7)
96

(9/14) 38

Y 0
(6/16)

5
(6/21) 5 5

(6/21)
31

(7/17) 26 31
(7/17)

46
(8/1) 15 46

(8/1)
88

(9/12) 42

300 J 0
(6/19)

9
(6/28) 9 9

(6/28)
47

(8/5) 38 47
(8/5)

58
(8/16) 11 58

(8/16)
88

(9/15) 30

Y 0
(6/21)

3
(6/24) 3 3

(6/24)
26

(7/17) 23 26
(7/17)

40
(7/31) 14 40

(7/31)
83

(9/12) 43

2020 0 J 0
(6/14)

16
(6/29) 15 16

(6/29)
44

(7/28) 29 44
(7/28)

54
(8/7) 10 54

(8/7)
90

(9/12) 36

Y 0
(6/20)

6
(6/26) 6 6

(6/26)
35

(7/25) 29 35
(7/25)

51
(8/10) 16 51

(8/10)
82

(9/10) 31

150 J 0
(6/21)

14
(7/5) 14 14

(7/5)
50

(8/10) 36 50
(8/10)

58
(8/18) 8 58

(8/18)
84

(9/13) 26

Y 0
(6/23)

5
(6/28) 5 5

(6/28)
37

(7/30) 32 37
(7/30)

54
(8/16) 17 54

(8/16)
81

(9/12) 27

300 J 0
(6/28)

13
(7/11) 13 13

(7/11)
48

(8/15) 35 48
(8/15)

56
(8/23) 8 56

(8/23)
77

(9/13) 21

Y 0
(6/30) 7 (7/7) 7 7 (7/7) 36

(8/5) 29 36
(8/5)

50
(8/19) 14 50

(8/19)
71

(9/9) 21

2021 0 J 0
(6/12)

11
(6/23) 11 11

(6/23)
38

(7/20) 27 38
(7/20)

47
(7/29) 9 47

(7/29)
91

(9/11) 44

Y 0
(6/16)

9
(6/25) 9 9

(6/25)
34

(7/20) 25 34
(7/20)

42
(7/28) 8 42

(7/28)
83

(9/7) 41

150 J 0
(6/15)

9
(6/24) 9 9

(6/24)
36

(7/21) 27 36
(7/21)

44
(7/29) 8 44

(7/29)
88

(9/11) 44

Y 0
(6/20)

6
(6/26) 6 6

(6/26)
32

(7/22) 26 32
(7/22)

42
(8/1) 10 42

(8/1)
80

(9/8) 38

300 J 0
(6/22)

8
(6/30) 8 8

(6/30)
40

(8/1) 32 40
(8/1)

49
(8/10) 9 49

(8/10)
82

(9/12) 33

Y 0
(6/25) 6 (7/1) 6 6 (7/1) 33

(7/28) 27 33
(7/28)

44
(8/8) 11 44

(8/8)
76

(9/9) 32

Start and Stop represent the start and end time of the growth stage, respectively. The value before parenthe-
ses indicates the number of days after emergence (d), and the value in parentheses indicates the date (M/d)
corresponding to the number of days after emergence. LD indicates the duration length of the growth stage (d).

The length of the tuber initiation stage determines the number of tubers. Jizhang
12 showed a decreasing trend in LD of tuber initiation stage with decreasing nitrogen
application in both 2019 and 2021, whereas Youjia 70 exhibited the longest LD of tuber
initiation stage at 150 kg·ha−1 nitrogen application in 2019 and 2020. In 2021, the LD of
the 300 kg·ha−1 nitrogen application treatment was only 1 day longer than that of the
150 kg·ha−1 nitrogen application treatment. The three-year average LD of tuber initiation
stage was longer for Jizhang 12 than for Youjia 70 under the same nitrogen application
treatment. The average LD of the tuber initiation stage over three years was 3 days, 5 days,
and 9 days longer for Jizhang 12 than for Youjia 70 at the 0, 150, and 300 kg·ha−1 nitrogen
application treatments, respectively. In addition, there was a significant positive correlation
between LD of tuber initiation stage and yield, single tuber weight, and number of tubers
per plant (Figure 5B,F,J).

The difference in LD in the tuber bulking stage between different nitrogen application
treatments did not exceed 3 days, and there was no consistent pattern of change with
the nitrogen application over three years. However, under the same nitrogen application
treatment, except for the no nitrogen treatment in 2021, Youjia 70 had a longer LD of
tuber bulking stage than Jizhang 12. Over three years, the average LD of tuber bulking
stage was 3 days, 6 days, and 4 days longer for Youjia 70 than for Jizhang 12 at the 0, 150,
and 300 kg·ha−1 nitrogen application treatments, respectively. There was no correlation
between the LD of the tuber bulking stage, the yield, and its components.

The LD of starch accumulation stage showed an increasing trend with decreasing
nitrogen application, except for Youjia 70 in 2019. Over three years, compared with the
300 kg·ha−1 nitrogen application treatment, the average LD of starch accumulation stage
was 13 days and 8 days longer for Jizhang 12 at the 0 and 150 kg·ha−1 nitrogen application
treatments, respectively, and 7 days and 3 days longer for Youjia 70, respectively. However,
the length of LD of starch accumulation stage for the two varieties did not exhibit a
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consistent pattern over three years. There was a significant negative correlation between
LD of starch accumulation stage and yield and single tuber weight (Figure 5B,H).

Figure 5. Correlation of growth stage length of days to yield and its components. The figures show
the correlations between seedling stage, tuber formation stage, tuber expansion stage and starch
accumulation stage and yield (A–D), weight per potato (E–H) and number of potatoes (I–L). The error
bar is the standard error; the line is the result of a linear fitting; R2 is the coefficient of determination;
“ns” means no significant, “*” means significant difference at 0.05 level, and “**” means significant
difference at 0.01 level.

4. Discussion
4.1. Yield and Its Component Factors

Nitrogen nutrition is one of the important limiting factors in potato yield forma-
tion [23,27,28]. Nitrogen application has a significant impact on all growth parameters
that show positive growth [29]. The nitrogen supply mainly affects the size of potato
tubers [30]. However, different scholars have obtained different results regarding whether
the application of nitrogen fertilizer affects the number of tubers per unit area. For example,
Sharma and Arora [31] indicated that the application of nitrogen fertilizer does not affect
the number of tubers per unit area. On the other hand, Lynch and Rowberry [32] argued
that nitrogen application affects the number of tubers per plant, average tuber weight,
plant growth, and leaf area duration, thereby affecting yield. In this study, reducing the
amount of applied nitrogen significantly decreased the potato tuber yield, average tuber
weight, and commercial tuber rate. When the nitrogen application rate was reduced from
300 kg·ha−1 to 0 kg·ha−1, the average tuber weight and commercial tuber rate decreased by
54.90% and 59.88%, respectively, indicating that nitrogen application affects yield mainly
through its effects on the average tuber weight and commercial tuber rate. Different
scholars have found that different varieties have different optimal responses to nitrogen
fertilizer application [11,33]. In this study, the results showed that under the same nitrogen
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application rate, the high nitrogen use efficiency variety Jizhang 12 had significantly higher
yields, number of tubers per plant, average tuber weight, and commercial tuber rate than
Youjia 70, with an increase in the number of tubers per plant by up to 79.59%.

4.2. Nitrogen Use Efficiency

Zebarth et al. found that NUE decreased when nitrogen input increased [34], but
Ospina et al. found that the magnitude of the decline in NUE began to decrease with
increasing nitrogen fertilizer application in a study of more potato varieties and higher N
fertilizer gradients [35]. In this experiment, at a nitrogen application rate of 150 kg·ha−1,
the NUE of Jizhang 12 was 15.87 g·g N−1, and 4.55 g·g N−1 higher than Youjia 70. When
the nitrogen application rate increased from 150 kg·ha−1 to 300 kg·ha−1, the NUE of
both varieties decreased, with Jizhang 12 and Youjia 70 at 9.97 g·g N−1 and 7.18 g·g N−1,
respectively, and the former had a higher NUE by 2.79 g·g N−1. These results suggest that
Jizhang 12 is more efficient at reducing nitrogen fertilizer application.

Moll et al. [24] defined nitrogen efficiency as the yield (or biomass) of plants formed
per unit of nitrogen supply, and further divided it into two parts: nitrogen uptake efficiency
(NUpE) and nitrogen utilization efficiency (NUtE). The results of studying nitrogen use
efficiency and its components in potatoes showed that both nitrogen application rate and
variety significantly affected nitrogen use efficiency and its components [36,37]. In this
experiment, nitrogen use efficiency and nitrogen uptake efficiency increased as the nitrogen
application rate decreased, with Jizhang 12 showing a greater increase than Youjia 70.
There was no consistent pattern for nitrogen utilization efficiency between varieties and
nitrogen application rates, with significant effects of nitrogen application rate observed
in 2019, significant effects by variety observed in 2020, and no significant differences
observed in 2021. This is because the nitrogen utilization efficiency of crops depends not
only on the productivity of crops per unit of nitrogen but also on the amount of mature
material transferred from source organs to sink organs [38]. By comparing the source-
sink capacities of the two varieties (Table 4), it was found that Youjia 70 had a higher
sink/source ratio. There are also unpublished data from this experiment indicating that
Jizhang 12 has higher photosynthetic enzyme activity and higher photosynthetic nitrogen
use efficiency (PNUE). This trade-off relationship between nitrogen utilization efficiency
and photosynthetic efficiency makes the difference in nitrogen utilization efficiency between
the two varieties insignificant.

4.3. Sources, Sink Capacity, and Activity

During the nutritional stage of plant growth, the primary nitrogen sink organs are the
developing roots and leaves, whereas during the reproductive stage, the flowers, fruits,
and seeds become the main N sink organs [39]. Shi et al. [21] quantified the source-sink
relationship in rice during the grain-filling stage using a reverse β-sigmoid growth function,
showing that the source activity decreased from its maximum value to zero during this
stage. Unlike cereal crops, the harvesting organs of potatoes are not traditional reproductive
organs, but rather modified stems. Potatoes begin to form tubers at the top of their creeping
stems shortly after emergence, which enables them to produce a yield earlier and in a
shorter time than cereals and other crops [23]. Zhang et al. [11] used a non-reverse β-
sigmoid growth function to simulate the changes in the capacity and activity of potato
sources and sinks. The results showed that sink activity increased from zero to its maximum
value, then decreased to zero, and sink capacity increased sharply around 50 days after
emergence and reached its maximum at approximately 90 days after emergence. The test
also achieved a good fit for the growth of source and sink with R2 values greater than 0.92.
Source and sink activities increased and then decreased over time, with source activity
reaching its maximum earlier than sink activity, and sink activity decreasing more rapidly
after reaching its maximum value. The nitrogen application rate and variety had significant
effects on the time when the source and sink activities reached their maximum values.
When 300 kg·ha−1 of nitrogen was applied, the date when the source activity of Jizhang 12
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reached its maximum was approximately 39 days after emergence, and the date when sink
activity reached its maximum was approximately 63 days after emergence. Reducing the
nitrogen application rate and selecting cultivars with low nitrogen efficiency can advance
the time the source and sink activities reach their maximum values.

The positive effect of N on plant growth has been well established, and the source
capacity is significantly affected by the nitrogen application rate. As the nitrogen application
rate decreases, the leaf area index and photosynthetic activity of leaves decrease, and
the assimilates provided by leaves as sources are not sufficient to meet the demand of
sinks [40]. Similar results were obtained in this study. When the nitrogen application rate
was decreased from the conventional rate of 300 kg·ha−1, both the source and sink capacity
and activity of potatoes decreased, but decreasing the nitrogen application rate increased
the growth duration of both sources and sinks. The high nitrogen use efficiency cultivar
Jizhang 12 had higher source and sink capacity and activity, as well as longer growth
duration, and the growth duration of both source and sink increased more with decreasing
nitrogen application rate. However, due to the impact of nitrogen application on emergence
time, the date when the source and sink reach their maximum capacity appears to advance
as the nitrogen application rate decreases.

4.4. Source-Sink Relationship

The accumulation of dry matter and its distribution among various organs is an
important characteristic that determines crop productivity. Insufficient biomass allocation
to source organs may lead to yield reduction, whereas higher input to source organs may
result in higher total biomass, but at the expense of lower allocation to sink organs [41].
Li et al. showed that a more rational distribution of dry matter and nitrogen in the organ
could increase the stability of rice yield under low N conditions [42]. The results of this
experiment showed that reducing nitrogen fertilizer application advanced the growth
center transition time in both potato varieties, shifting the center of growth from source
organs to underground tubers earlier, leading to an increase in the potato sink/source
ratio. High yields and high nitrogen use efficiency often require a higher proportion of sink
organs, and the selection of new cultivars has greatly improved the harvest index (HI) of
crops. However, the potential for improving HI through cultivar selection is currently very
limited [43] and require the combination of cultivation measures and cultivar selection.
The differences among the different varieties in this experiment showed that the center
of growth transfer in high nitrogen use efficiency potato varieties occurred later, but the
growth center transition time was significantly advanced with a decrease in nitrogen
application, the source organs had longer growth times, and the tuber/source ratio was
lower than that of low nitrogen use efficiency varieties. Therefore, it can be inferred
that the source organs of high nitrogen use efficiency varieties are more vigorous, and
have longer growth times, and under the same sink/source ratio, have higher production
potential. As reducing nitrogen application directly affects the potato sink/source ratio,
this provides a possible way to maintain yield while reducing nitrogen application. The
center of growth transfer in high nitrogen use efficiency varieties is more conducive to
increasing the sink/source ratio by reducing nitrogen application.

4.5. Growth Stage

Oliveira et al. have shown that differences in tuber yield are related to the phenologi-
cal stage and the time of the first flowering on the crop main stem, which determines the
final tuber yield distribution [44]. The β-Sigmoid function provides the maximum weight,
growth termination time, and maximum growth rate time points, and all parameters have
direct biological significance [11]. Therefore, it is suitable to determine changes in potato
phenology by accurately estimating its growth time. In potato production, relevant environ-
mental conditions greatly influence the crop’s phenology, which in turn affects the maturity
of tubers, resulting in reduced yield and quality [45]. This study showed that reducing ni-
trogen fertilizer application advances the emergence date of potatoes, prolongs the seedling
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and starch accumulation stages, and reduces the duration of the tuber initiation stage,
but has little effect on the duration of the tuber bulking stage. Under different nitrogen
application rates, the nitrogen use efficient variety Jizhang 12 an had earlier emergence
time, longer seedling and tuber initiation stages, and a greater increase in emergence time
and extension of the seedling stage with decreasing nitrogen application. The nitrogen
use inefficient variety Youjia 70 had a longer tuber bulking stage. The starch accumulation
stage, determined as the final stage in this study, ended when the sink capacity reached
its maximum, which occurred around 10 September for both varieties in different years,
indicating that the two varieties have the same maturity period. Additionally, this study
found through correlation analysis between potato phenology, yield, and its components
that the length of the tuber initiation stage is positively correlated with the number of
tubers per plant, which is consistent with the findings of Men and Liu [26]. The length of
the starch accumulation stage is negatively correlated with yield, single tuber weight, and
commercial tuber rate, which may be related to the time when the source organ for starch
accumulation begins to age. Reducing nitrogen application leads to earlier aging of the
source organ, which cannot provide a sufficient material basis for tuber growth.

5. Conclusions

Quantitative analysis of the source and sink of potato varieties with different nitrogen
use efficiencies under different nitrogen application rates. Overall, increasing the growth
duration of the source and sink, advances the transfer of the growth center, and increases
the ratio of sink to source which makes it possible to ensure yield through source-sink
coordination under nitrogen shortage. However, reducing the nitrogen application rate
can lower the capacity and activity of the source and sink of potatoes and shorten the
duration of the tuber initiation stage, leading to lower yields. Among potato varieties with
different nitrogen use efficiency, nitrogen-efficient varieties have higher source and sink
capacity and activity, longer growth duration, later transfer of the growth center, earlier
emergence, and longer duration of the seedling and tuber initiation stages, which results in
sufficiently vigorous above-ground growth and more photosynthetic products. In addition,
the source and sink growth time, growth center transition time, and seedling stage time in
nitrogen use efficient varieties increased and advanced to a greater extent with a decrease
in nitrogen application rate, which is more conducive to increasing the sink/source ratio
by reducing nitrogen application. However, this study has several limitations. The choice
of the N source and the fertilizer application method made the nitrogen use efficiency
level of this experiment low; the number of samples taken was too large, which made it
difficult to extend it further. We believe that in future research and practical production,
we can improve the N efficiency of the crop in two ways: first, we could optimize the
N sources and application methods to improve the nitrogen use efficiency, such as the
application of slow-release fertilizers and fertilizer techniques. Second, we could identify
the key time points of potato growth and take samples at the key time points to reduce the
number of samples taken, which will save time for subsequent research on the coordination
mechanism of source and sink under other constraints.
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