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Abstract

The aim of this study was to determine the effects of past N fertilizations on soil N mineralization and crop yield formation
in the succeeding season in a rice paddy. A field experiment was conducted to compare soil N mineralization and yield
attributes of the succeeding crop in a rice paddy following four N application rates (0, 50, 100, and 200 kg N ha™!) during
the previous six consecutive crop seasons. Results showed that soil N mineralization potential and maximum and mean N
mineralization rates increased with the increase of rates of N applied in the previous seasons, with increases by 14-30% at
the N rate of 200 kg N ha~!. Total N uptake by the succeeding crop was significantly and positively related to soil N min-
eralization potential and maximum and mean N mineralization rates, showing determination coefficients of 0.701-0.729.
There was a significant negative relationship between internal N-use efficiency and total N uptake in the succeeding crop;
namely, internal N-use efficiency for biomass production decreased by 4 g g~! for each 1 g m~2 increase in total N uptake.
The previous six seasons of N fertilizer applications did not significantly affect grain yield, yield components, total biomass
production, and harvest index of the succeeding crop. These results indicate that past N applications can accelerate soil N
mineralization and consequently lead to a partial increase in total N uptake by the succeeding crop, but the subsequent crop’s
grain yield is not necessarily affected because the increased total N uptake can be offset by the decrease in internal N-use
efficiency for biomass production. The finding of this study highlights the need to fully consider soil nutrient supply and
crop nutrient-use efficiency when developing new nutrient management practices for rice production.
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1 Introduction

Rice is one of the most important staple foods in the world,
where more than 3.5 billion people rely on it for more than
20% of their daily caloric intake (Seck et al. 2012). Between
1961 and 2019, global rice production has increased from
216 to 755 million tons (Food and Agriculture Organiza-
tion 2021) and has greatly improved the world’s food supply.
Swaminathan (2007) predicted that global rice production
will need to increase to 800 million tons by 2025 to meet
food demands of the world’s growing population. To reach
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this goal, great efforts are required to improve rice yields
by overcoming yield-limiting factors such as soil nutrient
deficiencies (Huang 2021).

Nitrogen (N) is the most limited nutrient for rice growth
and development in almost all environments (Yoshida 1981;
Chen and Wang 2014). With the development of the ferti-
lizer industry, applying synthetic N fertilizers has been a
common practice to supplement N-deficient indigenous soils
for rice production and has made an important contribution
to increase rice yields (Huang et al. 2020).

In addition to providing a direct source of plant-available
N for the in-season crop, the N fertilizer applied to soils can
alter the N supply already present in the indigenous soil by
changing soil properties such as soil pH and N content. In
this regard, it has been reported that the application of N
fertilizers may result in decreases in soil pH and increases
in soil N content (Guo et al. 2010; Yan et al., 2014), in
which both can lead to significant accelerations in soil N
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mineralization (Li et al. 2019). Moreover, the accelerated soil
N mineralization due to N fertilization occurs not only dur-
ing the in season but also in succeeding seasons (Glendining
et al. 1996; Yan et al. 2006; Huang et al. 2018). Therefore,
past N fertilizations may influence crop yield formation and
N application rates in the succeeding season by accelerating
soil N mineralization. However, such information is limited
for rice, especially under field conditions.

To bridge this information gap, this study determined the
effects of different N application rates for six consecutive
seasons on soil N mineralization and yield attributes of the
succeeding crop in a rice paddy.

2 Materials and Methods
2.1 Experimental Details

A field experiment was conducted at the research farm of the
Crop and Environment Research Center (28°09' N, 113°37’
E, 43 m asl) at Hunan Agricultural University, China in
2019. The experimental site has a clay soil (Fluvisol, FAO
taxonomy) and a humid mid-subtropical monsoon climate. A
double-season rice cropping system, i.e., successively grow-
ing early- and late-season rice from March to November
within a single calendar year, is the most common rice pro-
duction system in the region surrounding the experimental
site.

The field selected for this study had been used for a
N-application-rate experiment over siX consecutive rice
growing seasons (consisting of the late-rice growing season
in 2016, the early- and late-rice growing seasons in 2017
and 2018, and the early-rice growing season in 2019) before
this study began. In this previously established N-applica-
tion experiment, four treatments of increasing N fertiliza-
tion rates (0, 50, 100, and 200 kg N ha_l) were arranged in
randomized blocks of treatments with three replicates per
treatment. Each plot was 40 m? and fixed in place through-
out the six consecutive seasons. In each season, N fertilizer
was applied in three splits: 50% at 1 day before transplant-
ing, 30% at 7 days after transplanting, and 20% at panicle
initiation. P fertilizer (60 kg P,O5 ha™') was applied at 1 day
before transplanting. K fertilizer (105 kg K,0 ha™!) was
applied in two splits: 50% at 1 day before transplanting and
50% at panicle initiation. A floodwater depth of 5-10 cm
was maintained from transplanting to 7 days before matu-
rity, when plots were drained. Weeds, insects, and pathogens
were intensively controlled by chemicals to avoid yield loss.
Crop residues were removed from plots after harvest in each
season.

After the rice harvest in the early-rice growing season
in 2019, each plot was equally divided into two subplots
for this study. Two inbred rice cultivars, Guangluai 4 and

Zhongjiazao 17, were grown, one in each of the subplots
to establish a split plot design. These two cultivars were
selected because they have been widely grown by rice farm-
ers and are among the top ten inbred cultivars grown in rice
planting areas in China (China Rice Data Center 2021).

All crop establishment and management practices were
the same for each cultivar. Pre-germinated seeds were sown
in a seedbed on 7 July. Twenty-day-old seedlings were man-
ually transplanted at a hill spacing of 20.0 cm X 16.7 cm with
three seedlings per hill. N fertilizer (150 kg N ha™!) was
applied in three parts: 75 kg N ha~! was applied 1 day before
transplanting, 45 kg N ha~! was applied on the seventh day
after transplanting, and 30 kg N ha™! was applied when rice
reached the panicle initiation stage. P fertilizer (60 kg P,O;
ha™!) was applied once the day before transplanting. K fer-
tilizer (105 kg K,O ha~") was applied equally in two parts,
one-half on the day before transplanting and the other half
when panicle initiation began. The experimental field was
irrigated to maintain a water depth of 5-10 cm from the date
of transplanting to 7 days before maturity, when the field was
drained. Weeds, insects, and pathogens were controlled by
chemicals as required.

2.2 Sampling and Measurements

A homogenized soil sample, consisting of 25 soil cores
(3-cm diameter and 20-cm depth), was taken from each
40-m? plot before initiation of the experiment. The soil
cores were collected following a W pattern on the plot. Soil
samples were air-dried at room temperature. About 150 g
of air-dried soil was randomly taken from each sample and
ground and passed through an 18-mesh sieve for determining
soil pH, total and available N contents, and N mineralization.

The soil pH was measured with a digital pH meter (PHS-
3C, Shanghai Precision & Scientific Instrument Inc., Shang-
hai, China) after water extraction (soil: water=1:2.5, w: v).
The soil total N content was determined using a Skalar SAN
Plus segmented flow analyzer (Skalar Inc., Breda, The Neth-
erlands) after HC10,-H,SO, digestion. The soil available N
content was measured with the NaOH hydrolysis method. The
soil N mineralization was determined according to the follow-
ing procedures: twelve 10-g subsamples of sieved soils were
taken from each sample and each subsample was placed in a
100-ml plastic bottle. The bottles were capped after adding
25 ml of deionized water into each of them, and then they were
placed in a dark incubator at 35 °C. At 0, 7, 14, 21, 28, and
35 days of incubation, two randomly selected bottles of each
sample were taken out from the incubator, 25 ml of extrac-
tion solution (4 mol L™! KC1) was added to each bottle, and
then bottles were shaken at 180 rpm for 1 h. The suspension
was filtrated using medium-speed qualitative filter papers, and
the N concentration in the filtrate was measured by a Skalar
SAN Plus segmented flow analyzer. Total mineralized N was
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calculated by the following equation: Total mineralized N=N
concentration in the filtrate X total volume of water added to
the soil and extraction solution/soil sample weight, where the
total volume of water added to the soil and extraction solution
was 50 ml and the soil sample weight was 10 g.

Ten hills of rice plants were sampled diagonally from
each subplot at rice maturity, and the plants were separated
into straw and panicles. Panicles were counted and hand-
threshed, and filled and unfilled spikelets were separated
from each other by submerging them in tap water. After
air-drying, three subsamples of 30-g filled spikelets and all
of the unfilled spikelets were taken to count the number of
spikelets. The straw, rachis, and filled and unfilled spikelets
were oven-dried at 70 °C to a constant weight to determine
their biomass and N concentrations. Each type of plant
organ was ground and digested in H,0,-H,SO,, and the N
concentration in the digested solution was measured using
the Skalar SAN Plus segmented flow analyzer. Panicles per
m?, spikelets per panicle, spikelet-filling percentage, grain
weight, total biomass production, harvest index, total N
uptake, and internal N-use efficiency for biomass production
(total biomass production/total N uptake) were calculated.
Grain yield was determined from a 5-m? area in each subplot
and adjusted to the standard moisture content of 14%.

2.3 Statistical Analysis

Data were analyzed using DPS 18.10 (Analytical Software,
Hangzhou, China). The change in total mineralized N (y)
with incubation time (x) was fitted by the logistic regression
model: y=k/(1-exp(a-bx)), where k indicates the N mineral-
ization potential, and a and b are parameters of the equation
(Fig. 1). Maximum and mean N mineralization rates were
calculated using the following two equations: (1) maximum
N mineralization rate =kb/4 and (2) mean N mineraliza-
tion rate =0.99 k/active mineralization duration, where the
active mineralization duration was estimated with y at 99%
of k (0.99 k) and solved for x. The soil and crop data were
analyzed using analysis of variance and multiple compari-
sons were analyzed by the LSD test when necessary. Linear
regression was employed to assess potential relationships of
total N uptake by rice plants with soil available N content
and N mineralization parameters (N mineralization poten-
tial and maximum and mean N mineralization rates) and
between internal N use efficiency and total N uptake in rice.

3 Results

Soil pH decreased with the increase of rates of N applied
in the previous seasons (Fig. 2A), whereas opposite trends
were observed for soil total and available N contents
(Fig. 2B and C). Compared with zero-N application during
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Fig.1 A schematic diagram for fitting the change in total mineral-
ized N (y) with incubation time (x) by the logistic regression model,
y=k/(1-exp(a-bx)), where k indicates the N mineralization potential,
and a and b are parameters related to the active mineralization dura-
tion, which was estimated with y at 99% of k (0.99 k) and solving for
x. Each circle represents the observed total mineralized N at a given
incubation time

the previous six consecutive seasons, the past application
of 200 kg ha™' N season™! for six consecutive seasons
decreased soil pH by 7% and increased soil total and avail-
able N contents by 20% and 25%, respectively (Fig. 2A-C).

Soil N mineralization potential and maximum and mean
N mineralization rates increased with the increase of rates of
N applied in the previous seasons (Fig. 3A and B). Compared
with zero-N application during the previous six consecutive
seasons, the past application of 50, 100, and 200 kg ha™! N
season™! for six consecutive seasons increased soil N min-
eralization potential by 9%, 13%, and 14%, respectively, the
past application of 200 kg ha™' N season™! for six consecu-
tive seasons increased maximum N mineralization rate by
30%, and the application of 100 and 200 kg ha™' N season™!
for six consecutive seasons increased mean N mineralization
rate by 12% and 25%, respectively.

The main effects of past N application rate and rice culti-
var and their interactive effects on grain yield, yield compo-
nents (panicles per m?, spikelets per panicle, spikelet filling
percentage, grain weight), total biomass production, and har-
vest index were not significant (Table 1). Total N uptake and
internal N-use efficiency for biomass production in rice were
significantly affected by past N application rates (Table 2).
Compared with zero-N application during the previous six
consecutive seasons, the past application of 200 kg ha™! N
season”! for six consecutive seasons increased total N
uptake by 19% and decreased internal N-use efficiency for
biomass production by 11% in the succeeding crop. The
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Fig.2 Soil pH (A), total N
content (B), and available N
content (C) for rice paddy soils
following four rates of N appli-
cation during the previous six
consecutive crop seasons. NO,
N50, N100, and N200 represent
0, 50, 100, and 200 kg N ha™!
season” !, respectively. Data are
means of three replicates, and
error bars represent standard
errors. For each parameter, data
not sharing any lowercase letter
are significantly different at the
0.05 probability level
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Fig.3 N mineralization 265
potential (A) and maximum and A
mean N mineralization rates (B)
for rice paddy soils following
four rates of N application dur-
ing the previous six consecutive
crop seasons. NO, N50, N100,
and N200 represent 0, 50, 100,
and 200 kg N ha™! season™!,
respectively. Data are means

of three replicates, and error
bars represent standard errors.
For each parameter, data not
sharing any lowercase letter are
significantly different at the 0.05
probability level
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main effects of rice cultivar and the interactive effects of
past N application rate and rice cultivar on total N uptake
and internal N-use efficiency were not significant.

Total N uptake by rice plants was significantly and posi-
tively related to soil available N content, with a determi-
nation coefficient of 0.767 (Fig. 4A). Total N uptake by
rice plants was also significantly and positively related to
all three measured soil N mineralization parameters, i.e.,
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soil N mineralization potential and maximum and mean N
mineralization rates, showing determination coefficients of
0.701-0.729 (Fig. 4B-D). There was a significant negative
relationship between internal N-use efficiency for biomass
production and total N uptake in rice (Fig. 5). Internal
N-use efficiency for biomass production decreased by
4 g g~! for each 1 g m~? increase in total N uptake.
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Table 1 Grain yield, yield components, total biomass production, harvest index of two rice cultivars grown in paddy soils that had been applied

with one of four rates of nitrogen (N) fertilizer during the previous six consecutive crop seasons

Rice cultivar ~ Past N appli-  Grain yield (t  Panicles m™> Spikelets Spikelet filling Grain weight — Total biomass Harvest index
cation rate® ha ! panicle™! (%) (mg) production (g
m~2)
Guangluai4  NO 6.83+0.43 328+12 138+5 67.7+2.2 27.9+0.3 1409 +60 0.525+0.008
N50 6.90+0.05 318+11 149+5 68.8+1.0 27.6+0.5 1447 + 84 0.538+0.010
N100 7.05+0.14 348+ 14 139+5 67.0+1.0 27.6+0.1 1486 +33 0.520+0.011
N200 7.59+0.34 325+10 146 +6 66.5+0.7 27.6+0.2 146079 0.517+0.001
Zhongjiazao ~ NO 7.51+0.69 333+3 135+4 67.1+2.3 27.7+0.0 1399+18 0.518+0.009
17 N50 7.58+0.22 312+19 140+1 65.7+0.7 27.5+0.2 1362+58 0.503 +0.008
N100 7.44+0.17 333+12 147+3 66.2+0.7 27.2+0.2 1457+70 0.522+0.005
N200 7.71+£0.23 340+9 144 +6 67.0+3.4 27.5+0.3 1492 +32 0.519+0.014
Analysis of Past N appli-  0.84™ 1.46" 1.84" 0.11™ 0.82™ 1.19™ 0.06™
variance cation rate
(F-value) N)
Rice cultivar ~ 3.75™ 0.00™ 0.29" 0.70™ L.1m 0.39" 2.57"
©
NxC 0.31™ 0.54™ 1.38"™ 0.46™ 0.15™ 0.43™ 1.80™

Data are means + standard errors (n=3)
N0, N50, N100, and N200 represent 0, 50, 100, and 200 kg N ha~! season™, respectively
"8 denotes non-significance at the 0.05 probability level

Table 2 Total nitrogen (N)
uptake and internal N-use
efficiency for biomass

production of two rice cultivars

grown in paddy soils that had
been applied with one of four

rates of N fertilizer during the

previous six consecutive crop

seasons

@ Springer

Rice cultivar

Past N application rate®

Total N uptake (g m™2)

Internal N use
efficiency (g

g™

Guangluai 4

Zhongjiazao 17

Mean"®

Analysis of variance

(F-value)

NO
N50
N100
N200
NO
N50
N100
N200
NO
N50
N100
N200

Past N application rate (N)

Rice cultivar (C)
NxC

144+1.0
16.0+0.8
16.1+0.8
17.6+1.6
14.1+£0.2
149+1.1
153+0.3
16.2+0.3

142+0.5b
15.5+0.7 ab
15.7+0.4 ab
16.9+0.8 a

3.77%
2.34™
0.15"

97.8+4.6
90.4+1.2
92.3+3.2
83.0+2.9
99.2+0.3
91.4+3.2
95.3+3.5
92.1+0.3
98.5+2.1a
90.9+1.6 bc
93.8+2.2ab
87.6+23c¢
6.54%%*
2.87"

0.84"

Data are means + standard errors (n =3 or 6)
AN0, N50, N100, and N200 represent 0, 50, 100, and 200 kg N ha~! season™, respectively

"Means are averages of the two rice cultivars

* and ** denote significance at the 0.05 and 0.01 probability levels, respectively. ™ denotes non-signifi-
cance at the 0.05 probability level

Within a column, means sharing the same lowercase letters are not significantly different according to the
LSD test at the 0.05 probability level
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Fig.4 Relationships of total nitrogen (N) uptake by rice plants with
soil available N content (A), N mineralization potential (B), maxi-
mum N mineralization rate (C), and mean N mineralization rate
(D). Data were obtained from a field experiment of two rice cul-
tivars (Guangluai 4 and Zhongjiazao 17) grown in paddy soils that
had been applied with one of four rates of N fertilizer (0, 50, 100,

4 Discussion

Consistent with previous studies (Glendining et al. 1996;
Yan et al. 2006; Huang et al. 2018), this study also shows
that soil N mineralization was accelerated by past N appli-
cations. The accelerated soil N mineralization due to past
N applications was associated with decreased soil pH
and increased total soil N content (Li et al. 2019). These
outcomes highlight the need for a greater fundamental
understanding of the effect of past N applications on soil
microbes, which play critical roles in the soil N trans-
formation (Robertson and Groffman 2015). In addition,
our results indicate that the accelerated effect of apply-
ing N fertilizers on soil N mineralization depended on the
application rate. Based on the results of this study and the
N application rates (150-165 kg ha™' season™!) used by
farmers in the study region (Qin et al. 2013), we estimated
that N mineralization potential has risen by more than 10%
(or 30 mg kg~!) in this region due to the application N
fertilizers (Fig. 6).

Mean N mineralization rate (mg kg='d-")

and 200 kg N ha™' season™!) during the previous six consecutive
crop seasons. Each data point is the mean of three replicates for each
cultivar in each fertilizer treatment, and error bars represent standard
errors. * and ** denote significant relationships at the 0.05 and 0.01
probability levels, respectively

N mineralization is a driver of crop N uptake (Yin et al.
2020). In this study, past N applications led to increased
total N uptake by the succeeding crop, which could be par-
tially explained by the accelerated soil N mineralization due
to past N applications. Another factor responsible for the
increased total N uptake by the succeeding crop was that
past N applications resulted in increased soil available N
content. Because the magnitude of increased soil available
N content was higher than that of increased soil total N con-
tent, the increased soil available N content was attributable
to both increased soil total N content and accelerated soil N
mineralization. These findings indicate that further investi-
gations are required to quantify the contribution of changes
in soil N mineralization and availability induced by past N
applications to the change in total N uptake by the succeed-
ing crop.

Notably, the N application in previous crop seasons led
to increased total N uptake but not any significant effects
on grain yield in the subsequent crop. In this regard, it
has been well-documented that the effect of N on crop
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Fig.5 Relationship between internal nitrogen (N)-use efficiency for
biomass production and total N uptake in rice. Data were obtained
from a field experiment of two rice cultivars (Guangluai 4 and
Zhongjiazao 17) grown in paddy soils that had been applied with one
of four rates of N fertilizer (0, 50, 100, and 200 kg N ha™! season_l)
during the previous six consecutive crop seasons. Each data point is
the mean of three replicates for each cultivar in each fertilizer treat-
ment, and error bars represent standard errors. ** denotes a signifi-
cant relationship at the 0.01 probability level

260

250 1

240
y = 31.8x(8.05-exp(-0.020x))

230 1

N mineralization potential (mg kg~")

220 T T
0 50 100 150 200

N application rate (kg ha-' season-")

Fig.6 Model estimation of the effect of past N application rates on
soil N mineralization potential. Data presented in Fig. 1B was used
for this model. The red part of the curve shows the soil N mineraliza-
tion potential at local farmers’ N application rates (150-165 kg ha™!
season”!) in the study region (Qin et al. 2013)

yield depends not only on N uptake by the crop but also
on the internal N-use efficiency of the crop (Dobermann
2007; Lobos Ortega et al. 2016; Xu et al. 2021). In this
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study, a significant negative relationship was observed
between total N uptake and internal N-use efficiency for
biomass production. This was possibly why the acceler-
ated soil N mineralization due to the past N application
led to increased total N uptake but did not have signifi-
cant effects on grain yield in the succeeding crop. The
negative relationship observed between total N uptake and
internal N-use efficiency for biomass production could be
attributed to the fact that increases in N uptake decreases
photosynthetic N-use efficiency (i.e., the ratio of net pho-
tosynthetic rate to nitrogen content per unit leaf area) by
altering canopy N and light distributions (Jiang et al. 2005;
Gu et al. 2017). Moreover, the insignificant effect of accel-
erated soil N mineralization on grain yield also indicates
that the in-season N application rate (150 kg ha™!) used
in this study was over the optimum value for crop yield.
Therefore, it is feasible to decrease N application rates to
less than 150 kg ha~! in the study region under long-term
N fertilization conditions.

In addition to serving as a source for crop N uptake, N
mineralized from soil organic matter is also a source of N
losses from crop production systems (Martinez-Lagos et al.
2015; Huang et al. 2018; Yin et al. 2020). Over the past
several decades, increases in N fertilizer inputs have led
to large amounts of N lost by leaching, volatilization, and
denitrification (Gao et al. 2020; Huang and Zou 2020) and
a range of environmental impacts, including surface water
eutrophication (Le et al. 2010), soil acidification (Guo et al.
2010), increased greenhouse gas (N,0) emissions (Davidson
2009; Hu et al. 2020), enhanced N deposition (Liu et al.
2013), and biodiversity loss (Christopher and Tilman 2008).
These negative impacts suggest that further investigations
are needed to understand the contributions to N losses in
crop production from the accelerated soil N mineralization
caused by the N application.

5 Conclusions

Applying N fertilizers for six consecutive seasons acceler-
ated soil N mineralization in a rice paddy, which was further
stimulated by the increase in N application rates. Although
the increased mineralization rates due to the past N applica-
tion led to a partial increase in total N uptake by the suc-
ceeding crop, the subsequent crop’s grain yield was not
significantly affected because the increased total N uptake
was offset by the decrease in internal N-use efficiency for
biomass production. The results of this study highlight the
need to take full consideration of soil nutrient supplies and
crop nutrient-use efficiency when developing new nutrient
management practices for rice production.
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