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Abstract: Excessive nitrogen and insufficient calcium could significantly impact peanut yields. This
study investigated the effects of nitrogen and calcium fertilizers on nutrient absorption, utilization,
and yield; experiments were conducted using the peanut cultivar from Xianghua 2008 in a split-
plot arrangement with two calcium fertilizer levels (Cag: 0 and Caj: 568 kg CaO ha=1) in the
main plots and six nitrogen fertilizer gradients (Ng: 0, Nyso: 45.0, Nggg: 90.0, Ny12.5: 112.5, Ny35:
135.0, and Nys75: 157.5 kg N ha—1) in subplots between 2015 and 2016 in Changsha, China. We
examined the impact of different rates of calcium and nitrogen fertilizers on the net photosynthetic
rate (Pn), agronomic traits, dry matter quality, yield and yield composition, nutrient accumulation,
and distribution. The combined application of calcium and nitrogen fertilizers significantly affected
the yield and yield components, Pr, main stem height, dry matter, and nutrient accumulation. Under
the same calcium level, nitrogen application significantly increased the main stem height and Pn and
promoted the accumulation of dry matter and nutrients in the plant, particularly in the kernel. Under
the same nitrogen treatment, calcium significantly increased Pn and promoted the accumulation of
dry matter, calcium, and magnesium. The pod yield increased gradually with an increasing nitrogen
application rate (0-112.5 kg ha™!) and peaked at N1, 5, increasing by 52.3-138.0% compared with Nj.
However, excessive nitrogen application (N > 112.5 kg ha~1) decreased the pod yield. Under different
nitrogen fertilizer levels, calcium application increased pod yields by 11.5-29.6% by promoting Pn,
nutrient uptake, accumulation in the individual plant, and nutrient accumulation in the kernel.
Therefore, this study suggested that adjusting the calcium (568 kg ha=1) and nitrogen (112.5 kg ha~1)
fertilizer rates significantly improved peanut growth and productivity by enhancing photosynthetic

efficiency and nutrient accumulation in calcium-deficient acidic red soil.

Keywords: Arachis hypogaea L.; red soil; nitrogen; calcium; productivity; photosynthetic efficiency;

nutrient accumulation

1. Introduction

Arachis hypogaea L. is an important crop; it holds a significant role in the global economy
and is crucial to food and oil security. The peanut is a major economic crop in the red soil
region, which constitutes 22.7% of China’s national land area [1]. However, the inherent
characteristics of red soil, such as acidity, low phosphorus and calcium, and low organic
matter, pose significant challenges to peanut cultivation [2]. Severe soil acidification results
in the loss of cations, such as calcium and magnesium, owing to soil erosion. Additionally,
excessive use of fertilizer in peanut cultivation can reduce the efficiency of fertilizers,
cause ecological pollution, and degrade soil quality, ultimately leading to a decline in
the sustainable production capacity [3-5]. Therefore, addressing the issues in the red soil
region and using appropriate fertilization strategies are vital to promote peanut growth
and development, nutrient accumulation and distribution, and increasing yield.
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Nitrogen is an essential nutrient element for plant growth, with a significant impact on
plant physiology, yield, and quality [6]. Peanuts have a high demand for nitrogen fertilizer;
proper nitrogen management is a key agronomic factor for improving peanut yields. In
previous studies, a lack of nitrogen slowed plant growth and development, decreased leaf
area and photosynthesis, accelerated plant senescence, caused the degradation of nitrogen
components, and ultimately reduced plant production [7,8]. Nitrogen fertilizer application
improved peanut growth and promoted biomass production. It directly influenced the
amino acid composition of proteins, which in turn influenced the nutritional quality [9]. In
recent years, studies on nitrogen fertilization in red soil areas have increased worldwide;
the focus has been on crop growth, nutrient accumulation and absorption, and yield [10-12].
Previous study has demonstrated that nitrogen fertilization applied 10 weeks after planting
had minimal effects on the shoot and root-rhizome biomass [13]. Liu, Gao, Li, et al. [14]
reported that the peanut pod yield increased within a certain range of nitrogen application;
the yield no longer increased or even declined beyond the optimal nitrogen application
rate [15]. Therefore, the impacts of nitrogen supply and utilization vary under different
ecological environments. However, the effects of different nitrogen application rates on
peanut growth, nutrient utilization, and yield in the red soil region of southern China
require further investigation.

Calcium is also an essential nutrient element for peanut growth; it holds a crucial role
in the maintenance of normal growth and metabolism [16]. Calcium acts as a ubiquitous
second messenger that regulates plant growth and development in response to various
biotic and abiotic stresses [17,18]. In addition, calcium is also an important component of
cell walls and membranes, helping to maintain the normal structure and function of cells
and reduce or delay damage to cell membranes [19]. However, calcium deficiency can
depress plant growth, damage cell membranes, and impair chlorophyll biosynthesis [20],
leading to soil acidification and the formation of insoluble salt precipitates between calcium
ions and other elements [21], ultimately affecting peanut growth and yield. A previous
study reported that peanut yields were lower when the calcium content in red soil was
148 mg kg~! and no external calcium was applied; however, calcium fertilizer significantly
increased the calcium accumulation in peanut seeds and achieved a synergistic absorption
of calcium, nitrogen, phosphorus, and potassium [22]. Calcium oxide (CaO) is a suitable
calcium fertilizer for red soil regions; it has been reported to be beneficial when applied
at a rate of 600 kg ha=! [22,23]. Calcium fertilizer in red soil areas not only promoted
chlorophyll content but also significantly increased pod yields [24]. Moreover, compared
with traditional fertilization, the reduction of nitrogen fertilizer and the addition of calcium
fertilizer significantly increased the number and fresh weight of root nodules in the podding
period, improved the relative content of chlorophyll and the accumulation of dry matter
in the later fertility period, promoted the activities of carbon and nitrogen in leaves, and
increased the yield by 4.5% [25]. In the case of nitrogen and calcium interactions, the net
photosynthetic rate, leaf area index, and yield were the highest when a 25% nitrogen reduc-
tion was combined with a treatment of 300 kg ha =1 calcium fertilizer [26]. However, studies
on the interaction between nitrogen and calcium fertilizers in red soil areas to promote
plant growth, nutrient uptake, and utilization and improve peanut yield are limited.

The current study hypothesizes that modifying the ratios of nitrogen and calcium
fertilizers can affect peanut growth and productivity by altering the photosynthetic effi-
ciency and nutrient accumulation in acidic red soil. The objective is to explore the optimal
ratio of nitrogen and calcium fertilizers to increase peanut yields in the red soil region. To
achieve this, we will investigate the effects of nitrogen and calcium fertilization on various
parameters, such as the leaf photosynthetic rate, agronomic traits, dry matter accumulation,
nutrient uptake and distribution, and peanut yield. The results of this study will pro-
vide technical guidance for high-yield, efficient peanut production and offer a theoretical
framework for sustainable agricultural production.
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2. Materials and Methods
2.1. Experimental Site and Field Conditions

A 2-year field experiment from 2015 to 2016 was conducted in the Yunyuan Exper-
imental Station, Hunan Agricultural University (27°91’ N, 111°52' E), Changsha, China,
which is in the middle reaches of the Yangtze River with a subtropical, moist monsoon
climate. The quaternary red topsoil of Shuyuan Village in the experimental field is typical
calcium-deficient red soil. The physical and chemical properties of the soil in this study are
shown in Table 1.

Table 1. The physical and chemical properties of the soil in this study in 2015 and 2016.

Organic Matter
Content

-1,
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(mg kg’l)

Calcium Content pH

1)

Magnesium Content

(mg kg™ (mg kg~ 1)

2015 7.30
2016 9.02

0.82
0.52

0.33 17.00 64.00 0.90 82.00 148.00 0.26 4.50
0.45 13.34 81.31 1.62 69.03 204.00 0.23 4.50

The basic meteorological data from the growth period of summer 2015 and spring
2016 are presented in Figure 1. The mean daily temperature was 22.2 and 26.6 °C and the
rainfall was 487.4 and 681.0 mm in 2015 and 2016, respectively.
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Figure 1. Changes of mean daily temperature and rainfall in peanut growing season in 2015 and 2016.

Mean daily temperature

2.2. Experimental Materials and Design

The experiment was designed in a split-plot arrangement with two calcium (Ca)
fertilizer levels (Cap: 0 and Cay: 568 kg CaO ha™') in the main plots and six nitrogen (N)
fertilizer gradients (N(): 0, N45.0: 45.0, Ngoloi 90.0, N112.5Z 112.5, N135.02 135.0, and N157.5Z
157.5 kg N ha~!) in the subplots with 8 replications. The fertilizer level 568 kg CaO ha~! was
selected from previous experiments and was consistent with the use of calcium fertilizer in
the published literature [27]; namely, calcium hydroxide Ca(OH), was 750 kg ha~!, and
the equivalent to calcium oxide was 568 kg ha~!. The peanut seeds of Xianghua 2008
were sown on 20 July 2015 and 11 June 2016 using the soil column cultivation method.
The fertilizer, potassium dihydrogen phosphate, was applied at a rate of 325.0 kg ha~! in
each experimental plot at pre-planting. Other field and plant management practices were
adopted according to local peanut production practices, according to Li and Liu [28].

The soil columns used PVC pipes (37.5 cm inner diameter, 70 cm height) containing
100 kg of dry soil with four seedlings. Before being filled with soil, the PVC pipes were
horizontally cut into two parts with a chainsaw for the convenience of layered sampling of
the root system; the gap was sealed with tape to ensure that the side of the pipes did not
leak water or fertilizer. The bottoms of the pipes were sealed with a double-layer plastic
film at a height of 10 cm; the bottoms and tops of the pipes were tied tightly with iron
wire. Afterwards, the bottoms of the pipes were buried at the solid and smooth soil ridge
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(100 cm width, 10 cm height); a double-layer plastic film further isolated the root system
from outside of the pipes. Two rows of pipes were arranged on each ridge.

2.3. Analysis of Net Photosynthetic Rate

The net photosynthetic rate (Pn) of six functional peanut leaves in each treatment was
measured using a portable photosynthesis system (Li-6400, Li-COR, Lincoln, NE, USA)
from 9:30-11:30 am, 50 days after sowing in 2015 and 2016. A fluorometer leaf chamber
(6400-40) measured Pn according to the following settings: 380 + 5 umol mol~! CO,
concentration, 1000 pmol m~2 s~! photosynthetic photon flux density (red and blue light
sources), and 65 £ 5% relative air humidity.

2.4. Determining the Nutrient Contents in Each Organ

The nutrient contents, including nitrogen, phosphorus, potassium, calcium, and
magnesium, were determined by the H,SO4-H,0O, extraction method. The samples were
weighed and placed in a glass tube before being crushed by a high-speed universal crusher
(passing 80 mesh screens) and heated at 350 °C. H,SO4 was added, followed by H,O, in
addition to pure water. Lastly, the solution was filtered, and the filtrate was stored for
further analysis.

The nitrogen and phosphorus contents were determined by a San** continuous flow
analyzer (Skalar, Breda, The Netherlands) according to Wang et al. [23] and Soong et al. [29].
The potassium, calcium, and magnesium contents were measured with an inductively cou-
pled plasma-based emission spectrometer (ICPE-9000, Perkin Elmer, Waltham, MA, USA),
as described by Wang et al. [23]. The accumulation (Aorgan) and allocation rate (ARorgan) of
nutrients in each organ of the plant were evaluated according to the following formulas:

Aorgan (Mg plaﬂ’ffl) = Morgan X Corgan 1)

ARorgan (%) = Aorgan/Aplant X 100% @)

where Morgan and Corgan denote the biomass in each organ of the plant (g) and the nutrient
content in each organ of the plant (mg g~ !), respectively. Aorgan denotes the accumulation
of nutrients in the organ. Apja: denotes the accumulation of nutrients in the plant.

2.5. Measuring Morphological Characteristics, Dry Matter Quantity, and Peanut Yield

During the plants” maturity, three plants were sampled from each treatment; the main
stem height, the lateral branch length, and the number of total branches were measured. In
addition, three representative plants from each treatment were selected and divided into
vegetative and reproductive organs. The weights were measured after being placed in an
oven at 105 °C for 30 min and drying at 80 °C.

At plant maturity, plants from each treatment were collected and weighed to obtain
the yield and yield components.

2.6. Data Analysis

All the parameters were measured for a minimum of three biological replicates and
were analyzed with SPSS Statistics 26.0 (IBM, Armonk, NY, USA). The impacts of calcium
and nitrogen fertilizers and their interactions were investigated using a two-way analysis
of variance (ANOVA) following the least significant difference (LSD) method. The different
lowercase letters indicate significant differences at p < 0.05. * and ** represent p < 0.05 and
p < 0.01. The significance of the linear relationships between the obtained variables was
analyzed using Pearson’s correlation analysis by IBM SPSS Statistics 26.0. The relationship
between the fertilizers” application and relative yield was plotted using Origin 2021 (Origin-
Lab, Northampton, MA, USA). The linear-plateau model was used to fit the corresponding
data [30]. The figures including the heat map were designed by Origin 2021.
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3. Results
3.1. Net Photosynthetic Rate

The application of calcium and nitrogen fertilizers significantly impacted the net
photosynthetic rate (Pn) of peanut leaves; their interaction also demonstrated a significant
effect (Figure 2). The application of calcium fertilizer increased Pn by 6.5-27.6% in 2015 and
6.9-16.6% in 2016, compared to that of Cag. The application of nitrogen fertilizer increased
Pn by 9.0-46.1% in 2015 and 22.6-50.9% in 2016, compared to that of Ny. The highest Pn
was observed with the application of Ca; and Nj35 ¢ fertilizers.
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Figure 2. Effects of calcium (Cag: 0 and Cay: 568 kg CaO-ha—!) and nitrogen (Np: 0, Nygs50: 45.0,
Nogpo: 90.0, N1125: 112.5, Ny350: 135.0, and Ny575: 157.5 kg N ha~1) fertilizers’ application on net
photosynthetic rate (Pn) of peanut leaves in 2015 and 2016. Vertical bars denote standard error
(n = 6). Lowercase letters indicate significant differences at p < 0.05. Two-way analysis of variance
was performed to evaluate the effects of calcium (Ca), nitrogen (N), and their interactions (Ca x N).
** indicates significant difference at p < 0.01 probability levels.

3.2. Agronomic Traits and Dry Matter Quality

The application of calcium fertilizer significantly impacted the main stem height,
lateral branch length, and dry matter quality of the peanut plants, whereas the application
of nitrogen fertilizer had a significant effect on the main stem height and the dry matter
quality. However, there was no significant interaction between them (Table 2).

Compared to Cay, the addition of calcium increased the dry matter weight of the
vegetative and reproductive organs by 4.8-13.0% and 5.9-20.3% in 2015, respectively,
and by 17.3-27.2% and 9.1-12.1% in 2016, respectively. In comparison, the addition of
nitrogen increased the dry matter weight of the vegetative and reproductive organs by
58.3-136.2% and 59.5-152.7% in 2015, respectively, and by 18.3-71.6% and 10.4-48.8% in
2016, respectively, compared to No. However, no significant difference in dry matter quality
was observed between high nitrogen levels, such as N1359 and Nis57 5.

3.3. Peanut Yield and Yield Components

The application of nitrogen and calcium fertilizers, as well as their interaction, had
a significant impact on the peanut pod yield (Table 3). For Cay treatments, the pod yield
increased gradually with increasing nitrogen rates in the range of 0-112.5 kg ha~!; the
Ni125 treatment had the highest pod yield, improving it by 52.3% and 138.0% in 2015
and 2016, respectively, compared to that of Ny. However, excessive nitrogen application
(N > 112.5 kg ha~!) did not affect or even reduced the pod yield. For Ca; treatment, the
pod yield increased gradually with increasing nitrogen rates, but there was no significant
difference with N1125, N1350, and Nys75. At the same nitrogen fertilizer level, the pod yield
with Ca; was significantly higher than that with Cag at an increase of 11.5-25.8% in 2015
and 14.7-29.6% in 2016.
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Table 2. Effects of calcium (Cag and Cay: 568.0 kg CaO ha~1) and nitrogen (0, 45, 90, 112.5, 135, and 157.5 kg N ha™!) fertilizers’ application on the agronomic traits
and dry matter quality in 2015 and 2016.

2015 2016
N Dry Matter ~ Dry Matter Dry Matter Dry Matter
o ry Matte ry Matte ry Matte ry Matte
Ferg;izer Fertilizer Main Lateral Total Branch Weight of Weight of Total dry Main Lateral Total Branch Weight of Weight of Total Dry
Level . Branch . . Matter . Branch . . Matter
Level 1 Stem Height Length Number Vegetative Reproductive Weight Stem Height Lenath Number Vegetative Reproductive Weight
(kg N ha=1) eng Organs Organs 8 8 Organs Organs €18
(cm) (cm) (No. Plant-1) (g Plant~1) (g Plant~1) (g Plant~1) (cm) (cm) (No. Plant-1) (g Plant~1) (g Plant~1) (g Plant~1)
0 141+ 04c 153+ 05¢ 78 £05ab 77+02e 6.6+0.1e 142+ 03e 209 +£0.8b 271+£17c¢ 73+£08a 143+ 07c¢ 178+ 02e 321+£09d
45 20.7+1.0b 22.6+05b 90+0.1a 123 +£0.7d 105+02d 22.8+1.0d 22.7+0.6Db 296+ 12c 78+08a 170£0.7b 202+03d 37.2+08c
Ca 90 222+04Db 25.1+0.7 ab 78+09ab 146 £04c¢ 140 +£04c 28.6+08c 295+09a 353+04b 88+03a 220+04a 242 +04c 462+ 0.8b
0 112.5 225+06b 253+04a 75+ 05ab 153 £ 0.4 bc 156 £0.1b 309 +0.4b 304+07a 354+09b 85+06a 224+09a 25.140.1bc 475+ 09ab
135 228 £03ab 262+13a 75+£05ab 16.4 + 0.6 ab 16.5+02a 329+£07a 303 £07a 35.6£0.7b 85+ 0.6a 234+09a 26.1£0.3ab 495+12a
157.5 254+15a 276+09a 68+05b 17.7+02a 16.6+02a 343+04a 314+£07a 394+09a 85+03a 23.6+05a 265+06a 50.1+1.0a
0 159 +£03d 172 +£0.1d 88+03a 81+02d 76+01e 158 +£03e 24.6+04d 326+ 12b 83+03a 16.8 £0.3d 20.0+0.1d 36.8+03d
45 205+10c 209+10c 93+03a 129 +£02¢ 126 £0.2d 255+04d 283+04c 33.8+1.4b 83+09a 21.6 £0.5¢ 22.0£0.1c 436+ 06c
Ca 90 23.0+£0.8b 256 £09b 93+ 03a 16.0 03D 156+ 0.1c 317 +£04c 30.7 £ 1.3 bc 369 £2.9ab 9.0+07a 262 +06b 264 +£02b 526 £0.7b
1 112.5 253 £04a 27.6 £0.3 ab 95+03a 170+ 0.7b 16.6 £0.2Db 33.6£0.6b 333+ 12ab 395+19a 93+03a 28.1+0.7 ab 280+05a 56.1+£04a
135 255+04a 278+05a 9.0+ 04a 185+ 0.6a 175+02a 36.0+04a 344 +06a 416+12a 88+ 0.6a 287+11a 290+04a 57.7+£09a
157.5 255+04a 28.0+08a 88+03a 192 +04a 177 £02a 369+02a 357+08a 420+03a 85+03a 28.8+0.7a 29.1+05a 579+12a
Significance of factors
Ca % NS % % 4 ** *% % NS % % 4
N % % NS 4 % ** *3% % NS % 4 *H
Cax N NS NS NS NS * NS NS NS NS NS NS NS

Data are presented as mean =+ SE, n = 3. Values followed by different lowercase letters in the same column were significantly different among treatments at 0.05 level for the same factor.
Two-way analysis of variance was performed to evaluate the effects of calcium (Ca), nitrogen (N), and their interactions (Ca x N). NS means non-significant. * and ** indicate significant
difference at p < 0.05 and p < 0.01 probability levels, respectively.
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Table 3. Effects of calcium (Cag and Ca;: 568.0 kg CaO ha~!) and nitrogen (0, 45, 90, 112.5, 135, and 157.5 kg N ha~!) fertilizers’ application on peanut yield and
yield components in 2015 and 2016.

N 2015 2016
Ca Fertilizer Level Pod Full-Pod Non-Full-Pod . Kernel Pod Full-Pod Non-Full-Pod . Kernel

Fertilizer Level (kg N ha-1) Yield Number Number IOO-PO(d :Nelght Rate Yield Number Number 100-P0(d :nght Rate

(kg-ha-1) (No. Plant-1) (No. Plant-1) 8 (%) (kg-ha-1) (No. Plant-1) (No. Plant-1) 8 (%)
0 1140 =80 ¢ 274+02c¢ 54+02c 90.6 +=3.0c¢ 723+ 06a 3158 £90d 93+0.1c 6.7+ 0.7b 1075+ 0.6 ¢ 73.7£04a
45 1862 £ 120 b 34+01b 83+05b 1042+12a 722 +05a 3636 £74c¢ 98+02c¢ 8.5+ 0.3 ab 1128 +14b 731+ 0.2ab
Ca 90 2524 + 87 a 3.8+ 0.1ab 119+02a 103.4 + 1.7 ab 724+04a 4593 + 66 ab 121+ 05b 9.8 +1.0ab 112.6 £ 0.8 b 73.1+ 0.4 ab
0 112.5 2712 £ 61 a 45+03a 126 £0.7a 97.4 + 4.0 abc 71.7 £ 0.6 a 4810 =78 a 133+05a 78+ 1.0b 1185+ 14a 73.3 £ 0.3 ab
135 2563 £ 63 a 4.0 + 0.3 ab 128 £0.8a 94.8 + 1.1 bc 716 £12a 4701 4+ 97 ab 120+ 0.3b 9.7+ 12ab 1141+19b 72.8 £ 0.4 ab
157.5 2540 £ 54 a 3.6+02b 13.6 £0.7a 89.0+3.1c¢ 72.6 £ 0.8 a 4484 + 126 b 11.5+0.1b 11.0+0.6a 110.0 = 0.2 bc 717 £0.8b
0 1312+ 37d 28+0.1d 48+03c 109.7 +14b 703+ 10a 3623 £ 36 d 9.7+02c¢ 9.2 £ 0.6 bc 1110+ 1.1¢ 723 +0.7a
45 2198 £ 26 ¢ 33+01d 10.0+0.1b 1104 +1.8b 722+09a 4312 £ 101 ¢ 106 £04c¢ 83+0.7c¢ 120.7 £ 1.0a 723+05a
Ca 90 2814 + 58 b 52+03c 120+ 05a 115.1 £ 2.6 ab 723+ 0.8a 5345 +37b 135+ 04b 10.3 £ 1.2 bc 1219+ 1.1a 728 £0.8a
1 112.5 3126 £ 44 a 6.8+t0.1a 9.8+ 03b 1211+ 24a 723 +£08a 5723 £ 151 a 13.8+0.2b 11.7£03b 122.7 £ 04 a 723 +£09a
135 3168 £32a 59+01b 11.7£03a 1198 £29a 713+ 14a 5800 + 147 a 139+ 02b 143+10a 116.5+0.7b 722+10a
157.5 3195+ 65a 6.0+0.1b 123+0.1a 1189+ 1.1a 705+0.1a 5811 + 149 a 153+03a 115+ 0.6b 1132+ 04 ¢ 725+03a

Significance of factors

Ca *% *% * *% NS *% *% *% *% NS

N *3% *% *% *3% NS % *3% *3% *% NS

Ca X N 3% % *% 3% NS % 3% * * NS

Data are presented as mean + SE, n = 3. Values followed by different lowercase letters in the same column were significantly different among treatments at the 0.05 level for the same
factor. Two-way analysis of variance was performed to evaluate the effects of calcium (Ca), nitrogen (N), and their interactions (Ca x N). NS means non-significant. * and ** indicate
significant difference at p < 0.05 and p < 0.01 probability levels, respectively.
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The use of nitrogen and calcium fertilizers and their interaction also had significant
effects on yield components, except for the kernel rate. Calcium application significantly
increased the number of full pods per plant and the 100-pod weight. With increasing
nitrogen rates, the number of full pods per plant and the 100-pod weight first increased
and then decreased, reaching a peak at N115 5, except for the 100-pod weight under Cag in
2015 and the number of full pods per plant under Ca; in 2016.

3.4. Nutrient Accumulation of a Single Peanut Plant

The application of calcium or nitrogen fertilizer significantly affected the nutrient
accumulation of single peanut plants, with a significant interaction between them observed
for calcium accumulation in 2015 (Figure 3).
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Figure 3. Effects of calcium (Cag: 0 and Cay: 568 kg CaO-ha—!) and nitrogen (Np: 0, Nygs50: 45.0,
Nogo: 90.0, N1125: 112.5, Ny350: 135.0, and Ny575: 157.5 kg N ha—1) fertilizers’ application on nutrient
accumulation of single peanut plants in 2015 and 2016. Vertical bars denote standard error (1 = 3).
Lowercase letters indicate significant differences at p < 0.05. Two-way analysis of variance was
performed to evaluate the effects of calcium (Ca), nitrogen (N), and their interactions (Ca x N). ns
means non-significant. * and ** indicate significant difference at p < 0.05 and p < 0.01 probability
levels, respectively.

The application of calcium increased nitrogen accumulation, with a significant dif-
ference between Caj and Cag observed in 2016 for the Nis7 5 treatment. The application
of nitrogen significantly increased nitrogen accumulation under the same calcium treat-
ment, but no significant difference was detected with Nj1255, Ni350, and Ny575. Calcium
application also significantly increased phosphorus accumulation under the same nitrogen
treatment, with a peak value obtained at an application rate of 112.5 kg ha~!. Caj increased
phosphorus accumulation by 14.35% and 14.25% in 2015 and 2016, respectively, compared
to Cay.

Potassium accumulation did not differ significantly between Ca; and Cay under
the same nitrogen treatment but increased with increasing nitrogen fertilizer. The use
of calcium or nitrogen increased calcium accumulation, with no significant differences
observed between Ni12 5, N135, and Ny575 under the same calcium treatment. The effect of
calcium on magnesium accumulation under the same nitrogen treatment was not consistent
in 2015 and 2016, but magnesium accumulation increased with increasing nitrogen under
the same calcium treatment.
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3.5. Nutrient Accumulation and Distribution of Peanut Organs
3.5.1. Nitrogen Accumulation and Distribution

The calcium and nitrogen fertilizers had significant effects on nitrogen accumulation
and distribution in the different organs of the peanut plant; their interaction only affected
nitrogen accumulation and distribution in the peg, husk, and kernel (Table 4).

The application of calcium increased the accumulation of nitrogen in the kernel,
resulting in a 5.1-16.7% increase in 2015 and an 8.0-22.7% increase in 2016, compared to
Cag. However, there was no significant difference in nitrogen accumulation in the vegetative
organs, peg, and husk between Cap and Caj. Under the same calcium treatment, nitrogen
accumulation in the vegetative organs only varied significantly between N and Nys, while
nitrogen accumulation in the peg and husk increased with increasing nitrogen. However,
there was no significant difference in nitrogen accumulation in the kernel between the
N1125, N135.09, and Ny57 5 treatments.

With the application of calcium, nitrogen distribution in the vegetative and reproduc-
tive organs decreased, while nitrogen distribution in the kernels increased. There was no
significant difference in nitrogen distribution in the vegetative organs and kernels under
nitrogen treatments. Only under Ca; did nitrogen distribution in the peg and husk decrease
initially, which then subsequently increased with increasing nitrogen.

3.5.2. Phosphorus Accumulation and Distribution

Both calcium and nitrogen fertilizers had significant effects on the accumulation and
distribution of phosphorus in the different organs, while the interaction effect only affected
accumulation in the peg, husk, and kernel (Table 5).

The application of calcium significantly increased phosphorus accumulation in the
kernel by 27.8-34.9% and 27.3-34.7% in 2015 and 2016, respectively, while the difference
in phosphorus accumulation in the vegetative organs, peg, and husk between Ca; and
Cag was not significant. Under the same calcium treatment, phosphorus accumulation
in the vegetative organs, peg, and husk was significantly different between the Ny and
Nys treatments. Phosphorus accumulation in the kernel first increased and then decreased
with increasing nitrogen fertilizer; the highest phosphorus accumulation was observed at a
nitrogen application rate of 112.5 kg ha~!.

With the application of calcium, phosphorus distribution in the vegetative and repro-
ductive organs decreased, while it increased in the kernel. However, with the application of
nitrogen, there was a small difference in phosphorus distribution in the vegetative organs,
peg, husk, and kernel.

3.5.3. Potassium Accumulation and Distribution

The application of calcium and nitrogen fertilizers had a significant impact on the
accumulation and distribution of potassium in the different organs, while their interaction
only affected the accumulation in the kernel (Table 6).

Calcium application significantly increased the accumulation of potassium in the
kernel, with an increase of 6.8-22.9% in 2015 and 10.6-35.9% in 2016; the accumulation of
potassium was reduced in the vegetative organs, peg, and husk. Under the same calcium
treatment, the accumulation of potassium in the vegetative organs, peg, and husk increased
significantly, while in the kernel, it increased initially and then decreased with increasing
nitrogen fertilizer. The highest accumulation of potassium in the kernel was observed at a
nitrogen rate of 112.5 kg ha~.

With the application of nitrogen, the distribution of potassium in the vegetative and
reproductive organs decreased, while it increased in the kernel. With the application of
nitrogen, there was a small difference in the potassium distribution in the vegetative organs,
peg, and husk. The distribution of potassium in the kernel increased initially and then
decreased with increasing nitrogen application, but the difference among treatments was
also small.
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Table 4. Effects of calcium (Cag and Cay: 568.0 kg CaO ha~!) and nitrogen (0, 45, 90, 112.5, 135, and 157.5 kg N ha™!) fertilizers” application on nitrogen accumulation
and distribution in 2015 and 2016.

Ca N Fertilizer 2015 2016
Fertilizer Level ; Av ARy Ap ARp Ax ARy Ay ARy Ap ARp Ax ARy
Level (kg N'ha™1) (g Plant) (%) (g Plant-1) (%) (g Plant—1) (%) (g Plant) (%) (g Plant™) (%) (g Plant1) (%)
0 928+23¢ 369+03b 493 +3.1f 19.7+19a 109.2 +85¢ 433+21a 169.3 + 6.8 ¢ 29.6+09b 1177 4+32d  206+02ab  2849+67d  498+08a
45 162.5+9.8b 382+0.6b 754+22e 179+13ab  1868+121b  439+11a  2117+108b 306+10ab 1339+27cd  194+07b 3465+ 80¢ 50.1+0.4a
Ca 90 2483 +6.7a 409+05a 934 +34d 154 +02b 265.0 +7.7a 437+07a 3035 +5.6a 327+02a 152.6 £ 7.8 ¢ 164407 ¢ 4728 +49b 509 + 0.6 a
0 1125 2538 +58a  3924+09ab 1067 £ 1.6¢ 165+£02b 2875+ 71a 444+11a  3205+129a  324+09a  1592+39bc  161+06c 5104 £ 9.4a 51.6+08a
135 2585+ 7.6a 383+09b 133.0 +39b 19.7 +05a 2839 +838a 420+13a  3134+113a 313+06ab  1852+30b  185+03bc 5023 +7.4a 502+ 0.6a
157.5 2582 +35a 37.7+05b 1445+ 43a 211+06a 2816 +77a 412+11a 3145+62a  31.2+02ab  2248+17.8a  223+17a  4674+178b  464+18b
0 89.4+19c¢ 353+03b 49.0+05e 194+ 05a 1148 +27d  453+04b 151.8 37 ¢ 263+0.6b 1164 +24c 202+04a  3078+53d  534+09a
45 153.6+19b  357+02ab  739+24d 1724+05bc  203.1+45c  472+07ab  207.5+59b 291+03a  1239+07bc  174+04b 3824+72¢ 53.6+£02a
Ca 90 2348 +59a 382+04a 89.5+09c 146+03d  2908+£55b  473+05ab  293.6+48a 306+ 04a 1409 +84bc 147 +08c 5244 +86b 547 +1.1a
1 1125 2368+ 106a 359+ 12ab 959+ 0.8 ¢ 146+01d  3257+40a 495+ 11a 3129 +8.1a 306+10a  1437+25bc  141+03c  5663+179a  553+13a
135 2520+81a  361+08ab  113.8+62b 163+ 1.1c¢ 3314+90a  475+10ab 3105+111a  299+12a 1558 + 1.6 b 150+03c  5740+201a  552+14a
157.5 2509 +52a 354+09b 1308+28a  184+03ab  3275+60a  462+07b 3102+ 6.8a 293+04a 1746 +45a 165+01b  5737+127a  542+03a
Significance of factors
Ca * *% *3% *3% *3% *% NS *% *% *% *3% *3%
N *3% *3% *% *% *% NS *% *3% *3% *% *% NS
CaxN NS NS * NS NS NS NS NS * * * NS

Ay, Ap and Ak stand for the accumulation of nutrients in the vegetative organs, peg and husk, and kernel of the plant, respectively. ARy, ARp and ARk stand for the allocation rate of
nutrients in the vegetative organs, peg and husk, and kernel of the plant, respectively. Data are presented as mean =+ SE, n = 3. Values followed by different lowercase letters in the same
column were significantly different among treatments at the 0.05 level for the same factor. Two-way analysis of variance was performed to evaluate the effects of calcium (Ca), nitrogen
(N), and their interactions (Ca x N). NS means non-significant. * and ** indicate significant difference at p < 0.05 and p < 0.01 probability levels, respectively.
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Table 5. Effects of calcium (Cag and Caj: 568.0 kg CaO ha~') and nitrogen (0, 45, 90, 112.5, 135, and 157.5 kg N ha~!) fertilizers’ application on phosphorus
accumulation and distribution in 2015 and 2016.
Ca N Fertilizer 2015 2016
Fertilizer Le‘“’—lfl Av ARy Ap ARp Ax ARy Ay ARy Ap ARp Ax ARy
Level (kgNha™) (g plant-1) (%) (g Plant-1) (%) (g Plant-1) (%) (g Plant-1) %) (g Plant-1) (%) (g Plant-1) (%)
0 89+01c 353+ 0.6a 40+01d 15.8 £ 0.2 ab 123 +£04d 489+ 08¢ 150+0.1c 319+ 06a 72+02e 153+05a 247 +07d 527 +08¢
45 120+ 0.7b 31.0+13b 56+01c¢ 146 +£07abc  21.0+06c 544+ 1.0ab 173 £ 04b 29.8+0.1b 80+02d 13.7£03b 328+ 08¢ 56.5 % 0.4 ab
Ca 90 134 +04a 29.1405b 6.6+02b 144 +02¢ 2604 08b 56.6 + 0.7 a 2024+ 04a 284+02b 93401c 131+0.1b 4184+ 04b 586+ 03ab
0 1125 143+02a 287+05b 72+01a 14.6 + 0.2 be 283+ 05a 56.8 + 0.7 a 2154+ 09a 279+ 1.1b 102+ 0.4b 133 +05b 4524 0.6a 588+ 1.0a
135 143+ 04a 30.5+0.7b 75+02a 16.0+04a 251+ 0.6b 535+1.0b 209 +08a 284 +0.5b 11.0+02a 149+ 03a 418 £ 0.6 b 56.8 £ 0.6 ab
157.5 141+02a 309+ 0.6b 73+0.1a 159+04ab  244+07b 532+1.0b 203+ 04a 283 +04b 1.0 £0.2a 153 +£04a 404+05b 56.3+0.5b
0 85+02¢ 297+ 03a 36+01c 125+02a 16.6 £ 05e 57.7+05d 131+01c 239+ 02a 83+0.1d 153 +03a 333+ 06e 609 +05d
45 105+ 0.1b 2434 0.2 be 594 0.2b 13.6 +03a 2684+ 06d  621+05bc 154+04b  23.0+02ab 9.1402cd 13.6 £0.1b 426+08d 634+02c¢
C 90 123+ 03a 235+£03c¢ 69+01a 131+04a 334+06b 63.4+0.5ab 189 +£03a 227+ 04 ab 9.7 £ 0.5bc 11.7 £ 0.7 ¢ 546 £09b 65.6 = 1.0 ab
a 112.5 134+ 06a 23.6 +0.8c¢c 72+0.1a 126 +02a 363+0.1a 63.8+0.6a 194+05a 216+ 0.6 b 10.7 £ 02a 119+02c¢ 59.7+12a 66.5+0.8a
135 134 +04a 24.8 +0.5be 70+03a 129+07a 33.6+06b  623+05abc  188+04a  225+07ab 10.7 £0.4a 128 £0.6b 540+19b 647 +12abc
157.5 132+03a 254+05b 68+02a 132+ 04a 31.8+0.1¢ 614+ 03¢ 182+03a  227+05ab  104+03ab 13.0+£05b 515+ 1.1¢ 64.3 £ 0.7 be
Significance of factors
Ca *% *% NS *3% 3% *% *% *% * *% *3% *3%
N *% *% *3% NS *3% *3% *% % *% *% *3% *3%
Cax N NS NS * * ** NS NS NS * NS * NS

Ay, Ap and Ak, stand for the accumulation of nutrients in the vegetative organs, peg and husk, and kernel of the plant, respectively. ARy, ARp, and ARk stand for the allocation rate of
nutrients in the vegetative organs, peg and husk, and kernel of the plant, respectively. Data are presented as mean =+ SE, n = 3. Values followed by different lowercase letters in the same
column were significantly different among treatments at the 0.05 level for the same factor. Two-way analysis of variance was performed to evaluate the effects of calcium (Ca), nitrogen
(N), and their interactions (Ca x N). NS means non-significant. * and ** indicate significant difference at p < 0.05 and p < 0.01 probability levels, respectively.
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Table 6. Effects of calcium (Cag and Ca;: 568.0 kg CaO ha~!) and nitrogen (0, 45, 90, 112.5, 135, and 157.5 kg N ha~!) fertilizers’ application on potassium
accumulation and distribution in 2015 and 2016.
Ca N Fertilizer 2015 2016

Fertilizer Le‘“’—lfl Av ARy Ap ARp Ax ARy Ay ARy Ap ARp Ax ARy

Level (kgNha™) (g plant-1) (%) (g Plant-1) (%) (g Plant-1) (%) (g Plant-1) %) (g Plant-1) (%) (g Plant-1) (%)
0 1215+ 20e 59.6 £ 02a 63.9+23d 313+05a 185+ 04e 914+ 04c 1834 +£4.1b 579 £0.6a 91.1+4.0d 287 £0.7 ab 425+09e 134+01d
45 1624 £9.8d 579+1.0a 864 +25¢ 309 £0.6a 315+ 03d 11.3+04ab 1974+ 13b 552 £ 0.6b 924+19d 258+ 04c 677 +£1.6d 189 +£04b
Ca 90 1919 £51¢ 577 +03a 101.2 +3.6b 304+03a 395+ 04c 119+03ab  2315+43a  5414+03bc  1075+1.0c 2514+ 02¢ 888 +09b 208+02a
0 1125 2085+31bc  57.1+08a 1121+31a 307 +08a 443+06a 121+02a 2382+94a  538+13bc  109.8 +3.1c 248 +08¢ 947 +13a 214+07a
135 2175+62ab 582+ 1.1a 1131+ 36a 303+1.0a 430+10ab  115+04ab  24214+45a 5244+02¢ 129.7 £ 2.6 b 281+02b 89.8+13b 195+04b
157.5 2309 +17a 59.5+0.6a 1149 +£32a 29.6 +0.6a 423+ 04b 109 £02b 2474+19a  5324+06bc  1393+22a 300+ 04a 785+1.1c 169 £02¢
0 1067 £20e  57.2+05ab 571+10e 306+04ab  227+01d 122+01d 187.3 £2.0d 565+ 0.7 a 86.8 +3.3d 261+1.0a 578+1.1d 174+04c¢
45 1389+19d  549+02b 805+17d 318+02a 33.6+05¢ 133+01bc  2012+31d  548+04ab 887 +1.6d 242 4 0.6 be 770+15¢ 21.0+03b
c 90 1843 +33¢c  57.1+05ab 95.1+20c¢ 295+ 0.7 be 4354+08b  135+03abc 2293 +53c 53.1+09b 1046 £62c 242+ 1.0bc 98.1+13b 27+06a
a1 112.5 2045+78b  569+14ab  1034+24ab 288+ 10bc 51.0 +0.6a 142 +03a 2482 +4.1b 533+06b  1081+18bc  232+02c 1092 +£22a 235+06a
135 2124+23b  584+03a  10L7+06b  280+02c 498+13a  137+04ab 263‘1;: 103 5384+06b 1154+63ab 23.6+09bc  1105+29a  227+10a
157.5 2272+10a 59.0 + 04 a 109.1+27a 283 +04c 489+09a 127+02cd  269.1+30a 544 +05b 1243+46a  251+08ab  101.3+09b 205+ 03b

Significance of factors
Ca *3% * *% *% *% *% % NS *3% *% *% *%
N *3k * % *F *% *% ¥ *3k *3k % % *%
CaxN NS NS NS NS * NS NS NS NS * ** NS

Ay, Ap and Ak stand for the accumulation of nutrients in the vegetative organs, peg and husk, and kernel of the plant, respectively. ARy, ARp and ARk stand for the allocation rate of
nutrients in the vegetative organs, peg and husk, and kernel of the plant, respectively. Data are presented as mean =+ SE, n = 3. Values followed by different lowercase letters in the same
column were significantly different among treatments at the 0.05 level for the same factor. Two-way analysis of variance was performed to evaluate the effects of calcium (Ca), nitrogen
(N), and their interactions (Ca x N). NS means non-significant. * and ** indicate significant difference at p < 0.05 and p < 0.01 probability levels, respectively.
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3.5.4. Calcium Accumulation and Distribution

Both calcium and nitrogen application significantly affected the accumulation and
distribution of calcium in the different organs, while the interaction effect only significantly
impacted calcium accumulation in the kernel (Table 7).

Calcium application significantly increased the accumulation of calcium in the vegeta-
tive organs, peg and husk, and kernel. With the same calcium treatment, as the nitrogen
application increased, calcium accumulation in the vegetative organs, peg, and husk signif-
icantly increased in 2015, while calcium accumulation in the kernel initially increased and
then decreased. The highest value of calcium accumulation in the kernel was observed at a
nitrogen rate of 112.5 kg ha~!.

With the application of calcium, calcium distribution in the peg, husk, and kernel
decreased, while calcium distribution in the vegetative organs increased. With nitrogen
treatment, there was a minor difference in calcium distribution in the vegetative organs,
peg and husk, and kernel.

3.5.5. Magnesium Accumulation and Distribution

Both calcium and nitrogen had significant effects on magnesium accumulation and
distribution in the different organs, while the interaction effect only significantly affected
magnesium accumulation in the kernel (Table 8).

Calcium significantly promoted magnesium accumulation in the kernel but reduced
its accumulation in the peg and husk. However, magnesium accumulation in the vegetative
organs was inconsistent in 2015 and 2016. With the same treatment of calcium, magnesium
accumulation in the vegetative organs, peg, and husk significantly increased with nitrogen
application, while magnesium accumulation in the kernel increased initially and then
decreased. The highest magnesium accumulation in the kernel was observed at a nitrogen
rate of 112.5 kg ha 1.

With the application of calcium, the magnesium distribution increased in the kernel.
Under nitrogen treatment, the differences in magnesium distribution in the vegetative
organs, peg and husk, and kernel were insignificant.

3.6. Pearson’s Correlation Analysis and Principal Component Analyses

To understand the associations between the pod yield under calcium and nitrogen
application and the Pn, agronomic traits, dry matter quality, and nutrient accumulation and
distribution, we performed a Pearson’s correlation analysis with the notable traits from the
relevant parameters (Figure 4). The peanut pod yield was positively correlated with several
traits, including the full-pod number, 100-pod weight, P, main stem height, total dry matter
weight, phosphorus and calcium accumulation in a single plant, and nitrogen, phosphorus,
potassium, calcium, and magnesium accumulation in the kernel (p < 0.01). However, no
significant correlation was observed with the non-full-pod number (p > 0.05). These results
suggested that the peanut pod yield was influenced by photosynthesis, dry matter quality,
and nutrient accumulation when calcium and nitrogen fertilizers were applied.

To further evaluate the overall interactions among all parameters mentioned above
related to pod yield, principal component analyses (PCA) were performed using the
calcium and nitrogen fertilizer treatments as individuals and all of the relevant parameters
as variables (Figure 5). Principal components (PC) 1 and 2 represented 91.5% and 4.9% of
the total variance, respectively. The PCA revealed that Cay and Ca; had different extents of
the response to nitrogen treatments in the two years; however, they responded to nitrogen
treatments with the same trend. In addition, Pn and magnesium accumulation in the kernel
were closely correlated with the pod yield among fertilizer treatments.
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Table 7. Effects of calcium (Cag and Caj: 568.0 kg CaO ha~!) and nitrogen (0, 45, 90, 112.5, 135, and 157.5 kg N ha~!) fertilizers’ application on calcium accumulation
and distribution in 2015 and 2016.
Ca N Fertilizer 2015 2016
Fertilizer Le‘“’—lfl Av ARy Ap ARp Ax ARy Ay ARy Ap ARp Ax ARy
Level (kgNha™) (g plant-1) (%) (g Plant-1) (%) (g Plant-1) (%) (g Plant-1) %) (g Plant-1) (%) (g Plant-1) (%)
0 673+ 15e 809 +05a 126+ 04e 152407 a 32+03d 39+ 02bc 2189 + 7.8 ¢ 847+ 04a 292+12¢ 11.3+02a 103+03e  4.0+0.2abc
45 936 +57d 80.7+10a 17.1+04d 149+11a 51+03¢ 44+01ab  2429+72c 843+05a  334+07bc 11.6+£05a 119+£03d  41+0.1abc
Cao 90 1139 +3.0¢ 811+02a 203+0.7¢ 145+ 0.1a 63+0.2ab 45+01a 3077 +56b  851+01a  382+04ab  106+01la 15.6 +02b 43+0.1ab
11255 1233+£29bc  81.0+04a 219+01b 144+02a 70+02a 46+02a 32075 122 853+06a  387+1lab  103+05a 166 £03a 44+02a
135 1202+39b  813+03a  237+05a  149+0.la 61+02b ag02c B9 F122 0 504030 422408a  109£03a  151+02bc  39+01be
157.5 1419+18a  823+01la 247 +03a 143+0.1a 5.7 +02bc 33+01c 3427+68a  854+05a 438+34a 109 +07a 147 +06¢ 37+02¢
0 1267 +25d  852+03c 17.6 £ 02 e 11.8+03a 44401d 3.0+ 0.1bc 3367 +88c  857+02b 43.0+09b 11.0+0.1a 133 +03d 34+01b
45 1835+17c  856+02bc  240+07d  11.2+02ab 69+02¢ 32+401ab  391.9+127b  863+01b  452+13ab  100+01b 170 £ 03 ¢ 37+0.1ab
c 90 220+53b  860+04abc  275+06¢ 10.7 £ 04b 8.6+02b 33+0.1a 4688+71a  874+03a  468+29ab 87+04c 211+ 03ab 39+01a
a 1125 239.6+107b 863+06abc  28.6+03c 103 +04b 93+01a 34+02a  4850+125a  873+03a  482+08ab 87+01c 226+07a 41+02a
135 2680+77a  87.0+06a 309 +13b 10.0 £ 0.6b 9.0+02ab 29+01bc  5034+194a  87.6+03a 50.0 £2.7a 87+04c 211+07ab  37+02ab
157.5 2781+51a  87.0+05ab  330%11a 103+05b 85+02b 27+01c 5126 +114a  87.7+03a 514+ 16a 88+02c 208 +05b 3.6+0.1ab
Significance of factors
% *% *3% *3% *3% *3% *3% % *% *% *3% *3%
% * *3% NS 3% Ll % % % *3% 3% 3%
CaxN o NS NS NS ot NS NS NS NS NS ** NS

Ay, Ap and Ak stand for the accumulation of nutrients in the vegetative organs, peg and husk, and kernel of the plant, respectively. ARy, ARp and ARk stand for the allocation rate of
nutrients in the vegetative organs, peg and husk, and kernel of the plant, respectively. Data are presented as mean =+ SE, n = 3. Values followed by different lowercase letters in the same
column were significantly different among treatments at the 0.05 level for the same factor. Two-way analysis of variance was performed to evaluate the effects of calcium (Ca), nitrogen
(N), and their interactions (Ca x N). NS means non-significant. * and ** indicate significant difference at p < 0.05 and p < 0.01 probability levels, respectively.
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Table 8. Effects of calcium (Cag and Caj: 568.0 kg CaO ha~!) and nitrogen (0, 45, 90, 112.5, 135, and 157.5 kg N ha~!) fertilizers’ application on magnesium
accumulation and distribution in 2015 and 2016.

- N Fertilizer 2015 2016
Ca Fertilizer Level

Level . Ay ARy Ap ARp Ax ARk Av ARy Ap ARp Ax ARk

(kgNha) (g plant-1) (%) (g Plant-1) (%) (g Plant-1) (%) (g Plant 1) (%) (g Plant-1) (%) (g Plant-1) (%)
0 50+12e  745+07a  113+£06d  153+04a  76=06c  103+£05c  802+30c  739+05a  129+03d  120+04ab  153=03e  l4l+02c
45 802+49d  752+08a  131+04c  124+09b  133+09b  124+03b  941+26b  710+£06b  147+03d  1L1+03ab  237=05d  17.9+03ab
a 90 949+25c  745+03a  149+05b  117+01b  176+05a  138+04a  1157+22a  709+£02b  175+0lc  108=01b  30.0+03c  184+02a
o 1125 998+24bc  743+07a  158=01b  118+02b  186=05a  139+£05a  121.6+48a  700+11b  189+07bc  109+05ab  330+05a  191+07a
135 1071+33ab  745+07a  190+02a  132+04b  177+05a  123+04b  1233+47a  702+£06b  206+05ab  118+03ab  31.6+05b  180+04ab
1575 1140+ 14a  755+03a  192+03a  127+01b  177+03a  117+£03b  1268+27a  709+01b  217+10a  121+03a  303+04c  169+04b
0 439+10d  694+04a  108+0le  170+04a  86=02d  136+0lc  89+16d  715+08a  149+05bc  124+02a  193£09d  161+07b
45 636+07c  693+02a  122£03d  133£02b  160+04c  174+03ab  1029+£28c  707+02a  145+05c  99+01b  282+05c  194+02a
c 90 766+16b  686+04a  150+£03c  134+04b  20.1+04b  180+03a  1274+27b  709+07a  171+12ab  95+06b  352+05b  196+05a
! 1125 808+33b  684+10a  151+02c  128+04b  221+03a  188+07a 1365+36ab  697+07a  183+03a  94+01b  408+08a  209+07a
135 909+26a  698+08a  166+07b  128+07b  226+06a  174+05ab  1415+54a  704=05a  189+1la  94+04b  403+05a  20.1+06a
1575 951+18a  705+08a  177+06a  132+05b  221+04a  164+04b  1475+35a  7L6+05a  193+10a  94+03b  392+04a  190+05a

Significance of factors
Ca *% *% % *% *% *% *% NS NS % *% *%
N *% NS *3% *3% *3% *3% *% % *% *% *3% *3%
Cax N NS NS » NS » NS NS NS NS » ** NS

Ay, Ap and Ak stand for the accumulation of nutrients in the vegetative organs, peg and husk, and kernel of the plant, respectively. ARy, ARp and ARk stand for the allocation rate of
nutrients in the vegetative organs, peg and husk, and kernel of the plant, respectively. Data are presented as mean =+ SE, n = 3. Values followed by different lowercase letters in the same
column were significantly different among treatments at the 0.05 level for the same factor. Two-way analysis of variance was performed to evaluate the effects of calcium (Ca), nitrogen
(N), and their interactions (Ca x N). NS means non-significant. * and ** indicate significant difference at p < 0.05 and p < 0.01 probability levels, respectively.
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Figure 4. Pearson correlation analysis of pod yield and yield components (full-pod number, non-
full-pod number, and 100-pod weight), net photosynthetic rate (Pn), the agronomic traits (main stem
height), total dry matter weight, phosphorus and calcium accumulation in single plant (P-plant,
Ca-plant), and nitrogen, phosphorus, potassium, calcium, and magnesium accumulation in the
kernel (N-kernel, P-kernel, K-kernel, Ca-kernel, Mg-kernel) under nitrogen and calcium fertilizers’
application. The depth of the color in each small square represents the degree of correlation between
two indicators, and indicators that were positive and negative correlation are illustrated in red and
blue, respectively. * and ** represent significant differences at p < 0.05 and p < 0.01 probability levels,

respectively, and n = 24.
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Figure 5. (a) The scores plot and (b) loadings plot of principal component analysis (PCA) based
on the parameters of pod yield and yield components (full-pod number and 100-pod weight), net
photosynthetic rate (Pn), the agronomic traits (main stem height), total dry matter weight, phosphorus
and calcium accumulation in single plant (P-plant, Ca-plant), and nitrogen, phosphorus, potassium,
calcium, and magnesium accumulation in the kernel (N-kernel, P-kernel, K-kernel, Ca-kernel, Mg-
kernel) under calcium (Cag: 0 and Cay: 568 kg CaO-ha~!)and nitrogen (Np: 0, Nys50: 45.0, Ngg o: 90.0,
Ni125: 112.5, Ni350: 135.0, and Ny575: 157.5 kg N ha1) fertilizers’ application, and # = 24. Sample
positions in the plane were delineated by PC1 and PC2, gathering 96.4% of the total variance.
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3.7. Relationships between Fertilizers Application and Relative Yield

To quantify the effect of calcium and nitrogen fertilizer interactions on peanut yield,
the best fit of the relationship between the fertilizers’ application and the relative yield was
obtained using a linear-plateau model (Figure 6). Without calcium fertilizer application, the
minimum nitrogen fertilizer application able to provide the maximum relative yield (equal
t0 96.05%) was 94.61 kg ha~!. After that, the relative yield increased linearly (with a slope
equal to 0.567). Under 568 kg CaO ha~! of calcium fertilizer application, the minimum
nitrogen fertilizer application capable of providing the maximum relative yield (equal to
98.99%) was 108.24 kg ha~!. After that, the relative yield increased linearly (with a slope
equal to 0.522).
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Figure 6. Relationship between nitrogen fertilizer levels and relative yield under (a) calcium (Cay:
0 kg CaO ha~!) and (b) calcium (Ca;: 568 kg CaO ha~"') fertilizer application. * represents significant
differences at p < 0.05 probability level.

4. Discussion
4.1. The Effects of Nitrogen and Calcium Application on Peanut Yield, Leaf Photosynthesis,
Agronomic Traits, and Dry Matter Quality

Soil acidification caused by the long-term application of nitrogen fertilizer could dis-
solve crucial nutrients, such as potassium, calcium, and magnesium in the soil, resulting
in soil impoverishment, aggravated soil-borne disease, and hindered crop growth [31,32].
Gypsum can be applied during the flowering stage to guarantee that there is enough
calcium available in the fruiting zone to promote pod development, while calcium car-
bonate can also be utilized as a calcium source; it releases nutrients more slowly than
gypsum because of its slower solubility [33]. In addition, other studies found that chemical
amendments such as calcium oxide (CaO) were more effective at alleviating soil acidi-
fication [34,35]. This study demonstrated that applying 568 kg CaO ha~! (Ca;) calcium
fertilizer significantly promoted peanut pod yield by 11.5-25.8% and 14.7-29.6% in 2015 and
2016, respectively. The finding was consistent with a previous study [36], which concluded
that calcium fertilizer application was required prior to the stage of peanut pod devel-
opment to make sure that pods received enough calcium, which may result in a 20-30%
increase in yield. Ca; significantly increased the number of full pods per plant and the
100-pod weight, indicating that the increased pod yield was due to a significant increase in
these factors. This trend in yield was consistent with previous studies on calcium in various
crops such as peanuts and fava beans [37,38]. Crops accumulate total biomass through
photosynthesis and distribute photosynthetic products to the harvested organs, which
form the crops’ yields. Previous studies found that calcium application had a significant
effect on leaf photosynthesis, agronomic traits, and dry matter accumulation [39,40]. This
study found that Ca; treatment significantly increased the net photosynthetic rate of peanut
leaves, improving the quality of the vegetative and reproductive organs as well as the
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whole plant. The results indicate that applying 568 kg CaO ha~! calcium fertilizer enhanced
leaf photosynthesis, increased the plant stem height and dry matter accumulation, and
increased the peanut pod yield.

The application of nitrogen fertilizer is crucial to achieve high crop yields. However,
in another study, more nitrogen fertilizer was applied, frequently at rates much higher than
those that crops can absorb, leading to the inefficient use of nitrogen fertilizer [41]. This
study revealed that under 0 kg CaO ha~! treatment (Cayg), pod yields increased steadily
with nitrogen application rates of 0-112.5 kg ha~!, peaking at 112.5 kg N ha~! (Ny125),
with a 52.3% and 138.0% increase in 2015 and 2016, respectively, compared to 0 kg N ha~!
(No). However, excessive application of nitrogen (greater than Nij55) did not affect or
even reduced the pod yield, compared with that of Ny. This trend was consistent with
the number of full pods per plant and the 100-pod weight, which first increased and then
declined, peaking at Ny12 5, as described by previous study [42]. This indicated that the
pod yield of different peanut varieties increased initially and then decreased eventually by
increasing nitrogen from 0 to 150 kg ha™!; the efficiency was greatly different owing to the
soil texture and nitrogen level. Excessive nitrogen reduced light transmittance and the net
assimilation rate [42], led to soil pollution and the degradation of soil quality, and harmed
sustainable soil development [43-45]. In this study, increasing nitrogen rates improved
the dry matter quality, which was in line with the findings of previous research by Zhai
et al. [46]. However, no significant difference in dry matter quality was found between the
135 and 157.5 kg N ha~! treatments, which suggested that excess nitrogen may not affect
or may even reduce pod yields.

Calcium fertilizer is typically used in conjunction with nitrogen, phosphorus, and
potassium fertilizers, as it affects growth and development, nutrient absorption and uti-
lization, and yield and kernel quality [22,47]. This study has demonstrated that under
calcium fertilizer conditions, the peanut pod yield gradually increased with the application
of nitrogen fertilizer; however, the differences between applications of Ny125, N135,, and
Nj57.5 were not significant. The number of full pods per plant and the 100-pod weight were
highest under Ny, 5 treatment. Furthermore, with calcium fertilization, the application
of nitrogen fertilizer significantly increased the net photosynthetic rate, main stem height,
and dry mass of peanut leaves. These indices were significantly positively correlated
with the pod yield (p < 0.01), and the principal component analyses revealed that the
net photosynthetic rate was closely correlated with pod yield among fertilizer treatments.
Therefore, with the interaction of nitrogen and calcium, there is an improvement in the
net photosynthetic rate and main stem height, promotion of dry matter accumulation in
individual plants, and an increase in the number of full pods per plant and 100-pod weight,
leading to an increase in pod yield.

4.2. The Effects of Nitrogen and Calcium Application on Nutrient Accumulation and Distribution

The absorption of nutrients is critical for plant growth and biomass accumulation;
it is essential to achieve high yields and quality in peanut crops. Peanuts are a calcium-
demanding crop that requires a significant amount of calcium for pod enlargement and
enrichment. However, Xing et al. [48] discovered that both calcium deficiency and excess
calcium inhibited nitrogen absorption and utilization, and the adverse effects of calcium
deficiency on seedling growth and nitrogen metabolism were greater than the adverse
effects of excess Ca?* supply. According to Shi et al. [49], the application of exogenous
calcium could enhance nutrient absorption and accumulation in different organs of peanut
plants under salt stress and promote the distribution ratio of nitrogen, phosphorus, and
potassium in mature pods of peanut plants. In this study, we estimated the accumulation
and distribution of nutrients in the various organs of peanuts plants and found that
the application of 568 kg CaO ha~! of calcium fertilizer enhanced the accumulation of
nitrogen, phosphorus, and calcium in the whole plant and promoted the accumulation
of nitrogen, phosphorus, potassium, calcium, and magnesium in the kernel. However,
with the application of calcium, the distribution of nitrogen, phosphorus, and potassium in
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the vegetative and reproductive organs decreased, while their distribution in the kernel
increased. The distribution of calcium in the reproductive organs and kernels decreased,
while its distribution in the vegetative organs increased. Therefore, calcium application
affected the absorption and distribution of nutrients in each organ and in the whole plant,
promoted the accumulation of each nutrient element in the kernel, and impacted the yield
and quality of peanuts. However, a study on lettuce by Bezerra, Marques, Bardiviesso,
et al. [50] found that the application of calcium did not affect the accumulation of nutrients.
The discrepancy in these results might be due to differences in the amount and method of
calcium application.

Nitrogen is an essential structural component of plants; it plays a pivotal role in
stem and leaf growth, fruit development, and crop yield. This study demonstrated that
the absence of calcium significantly increased the accumulation of nitrogen, potassium,
calcium, and magnesium in the whole plant, whereas the accumulation of phosphorus
initially increased and then subsequently decreased, peaking at the N1j; 5 treatment. The
accumulation of nutrients across various organs indicated that nitrogen accumulation
only significantly increased with the N and 45 kg N ha~! (Nj5) treatments, whereas the
accumulation of potassium, calcium, and magnesium in the vegetative organs, peg, and
husk increased significantly. Moreover, the accumulation of phosphorus, potassium, cal-
cium, and magnesium initially increased and then decreased, with the peak accumulation
observed at the N1, 5 treatment. Nevertheless, the distribution of nutrients in each organ
demonstrated less variation with nitrogen application, indicating that the application of
nitrogen (less than Njj75) affected the absorption of nutrients in each organ and in the
whole plant, improved the accumulation of each nutrient in the kernel, and impacted the
pod yield and the quality of the peanuts. These findings were consistent with a previous
study [51], which reported an increase in sesame seed yield, plant height, stem diameter,
auxiliary branch number per plant, and capsule length following an increase in nitrogen
from 0 to 200 kg ha~!.

The accumulation and distribution of nutrients in the whole plant were significantly
affected by the reduction in nitrogen and the increase in calcium. Under the conditions of
calcium fertilizer, as the nitrogen application rate increased, the accumulation of nitrogen,
phosphorus, potassium, calcium, and magnesium first increased and then decreased,
reaching its maximum at the application rate of 112.5 kg ha~!. Moreover, these nutrients
were significantly positively correlated with the pod yield (p < 0.01), indicating that the
combined application of 112.5 kg ha~! nitrogen and 568 kg ha~! calcium fertilizers could
enhance the accumulation of nutrients in the kernel, which would increase the pod yield.
The results were consistent with a previous report [52], which demonstrated the significant
influence of the foliar application of organic liquid fertilizers fortified with phosphorus and
calcium on the tomato yield and fruit quality. Meanwhile, a linear-plateau dependency
was observed between the relative yield and fertilizer application, which revealed that
with simulated nitrogen fertilizer levels above 108 kg ha™!, the relative yield value was
relatively high at Ca;. The suitable nitrogen treatment (112.5 kg ha—?) in this study was
close to the estimated value when applying 568 kg ha~! calcium fertilizer. Therefore,
applying 568 kg ha~! calcium fertilizer while reducing the amount of nitrogen fertilizer to
112.5 kg ha~! is an important cultivation strategy that can help maintain peanut yields in
acidic red soil and maximize the effect of nitrogen fertilizer.

5. Conclusions

The addition of calcium and nitrogen fertilizers to calcium-deficient acidic red soil
significantly influenced peanut yield, as well as the yield components, Pr1, main stem height,
dry matter, and nutrient accumulation. There was a highly significant positive correlation
between pod yield and these indicators. With the same calcium fertilizer level, the addition
of nitrogen fertilizer significantly increased the main stem height and Pn and enhanced the
accumulation of dry matter and nutrients in the plant, particularly in the kernel. Similarly,
under the same amounts of nitrogen fertilizer, the addition of calcium notably increased Pn
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and facilitated the accumulation of dry matter, calcium, and magnesium. The pod yield
gradually increased with an increasing nitrogen application rate (0-112.5 kg ha~!); the yield
peaked at the Njjp 5 treatment, with an increase of 52.3-138.0% compared to that of Nj.
However, excessive nitrogen (N > 112.5 kg ha™!) resulted in a decreased pod yield. Under
different nitrogen fertilizer levels, the addition of calcium increased peanut pod yields by
11.5-29.6% by promoting Pn, nutrient uptake, and accumulation in individual plants, as
well as nutrient accumulation in the kernel. Therefore, this study recommends applying
112.5 kg ha! of nitrogen fertilizer and 568 kg ha~! of calcium fertilizer in calcium-deficient
acidic red soil, reducing nitrogen fertilizer by 28.6% compared to the traditional fertilization
quantity of 157.5 kg ha~!. These results demonstrated that it was possible to improve the
nutritional value of peanuts and provide a theoretical foundation for synergistic cultivation
technology in peanut production.
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