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Abstract

Annual rice growing lands are mainly threatened by soil loss. High-yielding perennial
rice cultivars with great socioeconomic values are developed to stabilize fragile rice farms.
Nitrogen balance in perennial rice fields can be facilitated by its no-tillage-based manage-
ment system. However, systematic studies on nitrogen transformation and its distribution
pattern are lacking. This study has therefore been conducted to look for the merits of
no-tillage-based perennial rice farming on maintaining balanced nitrogen under perennial
rice field conditions. From 2021 to 2023, a field experiment was conducted for six successive
seasons, and the effect of no-tillage-based perennial rice plantation on apparent nitrogen
balance was assessed. Plant nitrogen dry matter production efficiency and nitrogen re-
covery efficiency under the perennial rice production system were higher than the annual
rice farming system by 10.32% (p < 0.05) and 14.17% (p < 0.05) per annum, respectively.
Perennial rice systems exhibit higher nitrogen use efficiency and soil nitrogen potential
for crops, sustain soil nitrogen balance and enhance soil fertility for long-term rice pro-
ductivity. Perennial rice farming system is conducive to green and sustainable production
in farmland.

Keywords: nitrogen dynamics; no-tillage; nutrient cycling; perennial rice; soil fertility

1. Introduction

According to Jain et al. [1], the global population has risen to 8 billion in 2022, and
the current population is still increasing at a rate of more than 1% per year. It is therefore
expected that the global population will exceed 9 billion in 2050 [2]. With the rapid increase
in the global population, the demand for food is also rising. Due to annual cropping,
marginal lands which currently support 50% of the world population are vulnerable to
heavy rainfall, nutrient loss, soil infertility and further risk of degradation [3,4]. Despite
annual crops providing high yield, extensive tilling and field preparation are required for
an optimal outcome [5].

Rice is an important food crop worldwide, and more than half of the world’s popula-
tion consumes it as a staple food [6]. For thousands of years, traditional rice production
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required a huge manpower for plowing, raising seedlings and transplanting. Plowing in
paddy fields is beneficial for removing rice stubble, weeds, pests and diseases [7]. But
continuous plowing damages field surface, resulting in soil erosion and water runoff [8,9].
In addition, earthworms and other beneficial organisms in the soil are eliminated, resulting
in decreased level of organic matter [10].

Researchers develop and advocate green, light and highly productive agricultural
systems to ensure sustainable production of food crops and reduce the negative impact on
natural ecosystems [11,12]. The conversion of major annual food plants into perennial crops
is one effective strategy for solving soil health problems [13-16]. Compared with annual
crops, perennial crops tend to have a longer growing season and deep root to intercept and
utilize more precipitation, prevent soil erosion and have a better retention potential of the
surface soil towards carbon, nitrogen, phosphorus and microbial populations [9,17-21].

Crossing annual Asian cultivated rice (O. sativa) and perennial male wild rice
(O. longistaminata) generated perennial cultivars of rice with an underground vegetative
propagation feature. So far, Perennial Rice 23, Yunda 25, Yunda 26 and Yunda 107 have
been approved as perennial rice varieties by Yunnan Province of China [22,23]. From
a single perennial rice plantation, it is possible to earn a continuous harvest for over
four years [24]. Perennial rice production system lacks season-based seed purchase, raising
seedlings, plowing, raking, planting and other farming tasks. Therefore, this farming
mode is cost-effective and eco-friendly [25-27]. Non-tillage plus regeneration-based rice
production uses the dormant axillary buds of the above-ground rice stubble to regrow and
develop [28]. As compared to the traditional tillage method, a reduced tillage frequency
and intensity in no-tilling paddy field condition can improve diverse soil characteristics
such as moisture content, pH, bulk density and aggregate stability [29].

Nitrogen is dynamically converted into different nitrogen pools, and its circulation
maintains the balance in a soil [30]. In the soil-crop system, mutual conversion and dis-
tribution of inorganic/organic nitrogen pools are determined by the input, residual and
output nitrogen. Thus, long-term cultivation and fertilization drive the transformation
and distribution process of soil nitrogen. Tillage method affects crop nitrogen absorption,
soil nitrogen residue and nitrogen loss [31]. Nitrogen evolution mediated by the process
of nitrogen conversion and distribution is largely influenced by continuous no-tillage
farming [32]. Analyzing nitrogen evolution at various spatial and temporal scales is
therefore fundamental for scientific soil nitrogen management and rational fertilization reg-
ulation. In the history of crop domestication and improvement, perennial rice breakthrough
is the turning point for the shift from annual to perennial mode. The complex root system
from multiple and consecutive production seasons of perennial rice production displayed
unique patterns of nitrogen assimilation, fixation and loss at different soil layers [27]. In
a continuously evolving ecosystem, nitrogen cycle is comprehensively affected by the
consistent interaction between plants and soil. Soil and perennial rice roots” interaction is
very complex and tough to analyze. Though Zhang et al. [22] and Huang et al. [33] reported
the effect of long-term nitrogen fertilizer application on nitrogen utilization rate and eco-
nomic earnings from the perennial rice farming, soil nitrogen and nitrogen transformation
dynamics derived from the nitrogen utilization potential of perennial rice at different soil
layers were not explicitly assessed. Along with the total nitrogen change at different soil
layers of perennial rice production system, a systematic and comprehensive analysis of
nitrogen mineralization and nitrogen utilization of plants is required for its wide range
of cultivation.

At present, perennial rice is researched and cultivated in China and in some other
African and Southeast Asian countries [27]. Its recent release and relatively less coverage
limited research output on the level, distribution and transformation of soil nitrogen in
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perennial rice fields. Systematic and in-depth studies on profiling nitrogen balance and
dynamics at different soil layers of no-tillage perennial rice farm define the rate of nitrogen
fertilizer applied and premises of perennial rice cultivation. This study has therefore been
conducted to assess the evolution of organic and inorganic nitrogen forms at three different
soil layers of perennial rice fields, identify the magnitude of key transformations in nitrogen
cycle and forecast the merits of no-tillage-based perennial rice farming for maintaining
balanced nitrogen under perennial rice field conditions.

2. Materials and Methods
2.1. Study Area

The experimental area was located at the Yunnan University Field Test Station
(21°57'28" N, 100°21'20" E, 1150 m above sea level) in Manla Village, Mengzhe Town,
Menghai County, Dai Autonomous Prefecture and Xishuangbanna, Southwest China, in
the subtropical plateau monsoon climate zone (Figure 1). The site is a double-cropping rice
growing area having abundant rainfall with four seasons (spring, sunny autumn, warm
summer and cool winter). The farmland soil type is hydragric anthrosols (arenic, ferric) [34].
Temperature, rainfall, sunshine and relative humidity of the experimental site during the
study period (from 2021 to 2023) are indicated in Figure Al.
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Figure 1. Shaded relief map of the experimental site’s geographical location and topography. The
basemap image is obtained from the Bigemap® GIS Office satellite map software (version 4.2.0) by
Bigemap Data Services Co., Ltd., Chengdu, China. The exact position of the experimental site is
indicated by the “#”.
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2.2. Experimental Setup and Fertilization

In this study, field experiment was conducted from 2021 to 2023, with a total of 6 rice
production seasons (grouped as early (F) and late (S) rice seasons of each year). The rice
type under testing was Perennial Rice 25 (PR25), a perennial rice variety with a strong
perennial nature, good wintering ability and stable yield performance. The conventional
tillage-based annual farming system (transplanting in each season with plowing after each
harvest) and no-tillage (transplanting during the first season and keeping the plants without
tillage for five successive regenerating seasons) were the two farming systems set up for
this experiment. Unlike the no-tillage-based perennial rice farming mode, the conventional
annual-tillage system required seed preparation, seedling rearing, plowing and raking (to
a tillage depth of about 20 cm) and rice transplanting at each of the experimental seasons.
The experiment was carried out for 3 years of 6 production seasons (Season 1 (2021F),
Season 2 (2021S), Season 3 (2022F), Season 4 (2022S), Season 5 (2023F) and Season 6 (2023S)).
Annual tillage nitrogen fertilizer (IN1) and perennial no-tillage nitrogen fertilizer (NNj)
were the two treatment levels, and each treatment was replicated 4 times with a cell size
of 32 m? in a completely randomized block arrangement. In order to calculate nitrogen
recovery efficiency of the plant, both tillage without nitrogen fertilizer (TNg) and no-tillage
without nitrogen fertilizer (NNy) treatments were included (Table A3).

For both production methods, 28,486 holes of seedlings were transplanted into
each hectare (ha), and 2 rice seedlings were planted in each hole with row spacing of
13 cm X 26 cm. Only the first season of perennial production had similar planting methods
as that of the annual production mode. But in the remaining five consecutive seasons,
seedlings emerged from the axillary buds of the rice stubble. Urea (N, 46%), superphos-
phate (P05, 12%) and potassium chloride (K,O, 60%) produced by Yuntianhua Co., Ltd.,
Kunming, China were used as fertilizers. According to local production habits and nature
of perennial rice, 360 kg ha~! of pure N, 180 kg ha~! of P,O5 and 360 kg ha~! of K,O were
annually applied to the paddy field. Based on the trend for normal agricultural practice,
urea was applied with a ratio of 3:4:3:3:4:3 to the respective basal fertilizer: early rice
tillering fertilizer: early rice panicle fertilizer: early rice bud-promoting fertilizer: late rice
tillering fertilizer: late rice panicle fertilizer. At the beginning, basal fertilizer was applied.
At tillering, the onset of panicle differentiation, and 20 days after heading, additional tiller-
ing, panicle and bud-promoting fertilizers were applied, respectively. Phosphate fertilizer
(calcium superphosphate) was applied in a 1:1 ratio of basal fertilizer to bud-promoting fer-
tilizer. Potash fertilizer (potassium chloride) was applied in a 1:1:1:1 ratio of basal fertilizer:
panicle fertilizer: bud-promoting fertilizer: late rice panicle fertilizer. The fertilization time
and amount for both annual and perennial production systems of perennial rice paddy
field were the same.

Activities during the three years (2021-2023) are indicated in Table A1. Here, sowing
and transplanting periods for 20215, 2022F, 2022S, 2023F and 2023S refer only to the annual
production system. At every regenerating season (2021S, 2022F, 20225, 2023F and 2023S),
the perennial production technique retained 10 cm high rice stubble during harvest. Daily
field management measures for weed, pest and disease control were carried out according
to the high yield management measures of perennial rice [22].

2.3. Dry Matter Nitrogen Determination

During maturity, 6 representative perennial rice plants were sampled from each
replicate. Biomass was placed in an oven (Tianjin Taisite Instrument Co., Ltd., Tianjin,
China, WGL-230D) at 105 °C for 30 min and stored at 75 °C. A plant sample crusher
(Guangzhou Laimei Technology Co., Ltd., Guangzhou, China, FZ102) fitted with 80-mesh
was used to crush and screen the dry biomass. According to Kirk [35], the ground and oven-
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dried dry matter was subsampled and used for the dry matter dissolution. A continuous
flow analyzer (SEAL Analytical Co., Ltd., Rotherham, UK, SEAL Analytical AA3) was used
to determine the level of dry matter nitrogen content.

2.4. Soil Sample Collection

In the spring of 2021 (before rice planting), a five-point sampling method was em-
ployed to assess soil fertility index as fundamentals of the entire study (Table A2). After
the harvest of each season, soil samples at a depth of 0-10 cm, 10-20 cm and 20-30 cm were
collected from the rows of each plot (Figure 2).

961234567 8

96012345 678 A1 234567 8

Figure 2. Soil horizons of the experimental field with a ring knife cross-section after the late season of
2021, where (al,a2) stand for annual and (b1,b2) for perennial rice cultivation modes.

The soil samples from each soil depth were dried, crushed with a plastic hammer,
passed through 40- and 100-mesh screening and packed in plastic sealing bags. The 100-mesh
soil samples were used to determine the level of total nitrogen, and the 40-mesh soil samples
were used to assess available nitrogen nutrients and other key indicators such as nitrogen
mineralization, ammonification intensity and urease activity.

2.5. Soil Total and Available Nitrogen Content Analysis

The H;SO4-semi-micro Kjeldahl method was applied to determine the soil total nitro-
gen. The protocol developed by Bremner [36] was also used to assess soil nitrogen nutrients
(ammonium nitrogen and nitrate nitrogen). Both total and available nitrogen contents were
determined by a continuous flow analyzer.

2.6. Analysis of Soil Organic Nitrogen Components

Acid hydrolysis method was used for the separation and characterization of both the
total acid hydrolysable organic nitrogen (AHON) and non-hydrolysable nitrogen (NHN)
fractions of soil organic nitrogen [37]. Here, air-dried soils were hydrolyzed with 6 mol L1
of HCl at 110 °C for 12 h. The decomposed forms of AHON called ammonia nitrogen
(AMN), amino acid nitrogen (AAN), amino sugar nitrogen (ASN) and hydrolysable uniden-
tified nitrogen (HUN) were determined by the protocol described by Bremner [38].
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2.7. Predicting Nitrogen Mineralization from Paddy Soil

Soil mineralized nitrogen in the perennial paddy field was cultured and determined.
Soil nitrogen supply capacity was predicted by using the mineralization model developed
by the International Rice Research Institute (IRRI).

Based on Waring and Bremner [39], soil nitrogen mineralization culture was prepared.
A total of 20.0 g of 40-mesh screened air-dried soil sample was dissolved by 20.0 mL
distilled water and incubated for 14 days at either 30 °C (for actual mineralization) or
40 °C (for potential mineralization). A total of 80.0 mL of 2.5 mol L~! KCI solution was
added, followed by shaking at 25 °C for 30 min and filtration. The ammonium nitrogen
content of the filtrate was determined by a continuous flow analyzer. The amount of
nitrogen mineralization in the paddy soil was calculated using Equation (1), and the IRRI's
paddy field soil nitrogen mineralization dynamic model (2) was employed to determine
the nitrogen mineralization rate constant of soil organic nitrogen [40].

Soil mineralized nitrogen content Y, =Y, — Yo (1)

_1gA — 1g(A =)
- t

Mineralization rate constant (¢)

a—culture temperature (°C)

t—soil submergence culture time (f = 14 days)

Y, —yield of soil ammonium nitrogen (mg kg_l)

Y,—net yield of ammonium nitrogen (mg kg ') at a culture temperature “a” = 14 days
Yo—ammonium nitrogen content in uncultured soil (mg kg~1)

Y—actual yield of ammonium nitrogen (mg kg~') at 30 °C after 14 days
c—mineralization rate constant

A—nitrogen mineralization potential (mg kg~!) at 40 °C after 14 days.

2.8. Determination of Soil Ammonification Intensity

A sample of 5.00 g air-dried soil was mixed with 2.00 mL sterilized water. A total
of 1.00 mL of sterilized 0.2% peptone (20 g L~!) was added into the moistened soil and
incubated at 28 °C for 7 days. After the addition of 20.0 mL of 2.00 mol L~ KCl solution,
the ammonium nitrogen content of the filtrate was quantified using a continuous flow
analyzer. To identify ammonification intensity, the ammonium nitrogen content of the
cultivated soil was deducted from that of the uncultured soil [41].

2.9. Assay of Urease Activity in Paddy Rice Soil

Using 0.1 mg mL~! nitrogen standard solution, the nitrogen standard curve was
established. The measured values of all samples were within the range of the established
standard curve. In this study, a 10% urea solution as substrate and citrate phosphate as
buffer at pH 6.7 were used. Urease activity, which is defined by the amount of ammonia
produced, was determined by the Hoffmann method [42,43]. The sample reaction solution
was determined using a microplate reader (Molecular Devices, Co., Ltd., San Jose, CA,
USA, SpectraMax i3), with a determination wavelength of 578 nm. Here, the milligrams of
NH3-N per gram of soil can be explained:

NH;3-N (mg) = (Asample — Ano soil — Ano matrix) X V X (1 m_l) ©)

Asample—s0il sample concentration (mg mL 1)

Anpo soil—concentration level without soil (mg mL~1)
Ano matrix—matter-free concentration (mg mL~1)
V—volume (50 mL)
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NRE (%) =

Biomass N accumulation in fertilized plot (kg ha~!) — Biomass N accumulation in unfertilized plot (kg ha™!))

n—proportion
m—dry soil weight.

2.10. Nitrogen Dry Matter Production Efficiency and Nitrogen Recovery Efficiency of Perennial Rice

Plant system’s nitrogen absorption potential, or Nitrogen Dry Matter Production
Efficiency (NDMPE), is defined as the ratio of above-ground dry matter accumulation to
above-ground nitrogen accumulation per unit area and characterizes plant roots” potential
on absorbing nitrogen from the soil [44]. Mathematically:

Above — ground dry matter weight (kg ha™?)

NDMPE (kg-kg™!) = 4)

Above — ground nitrogen uptake (kg ha™!)

Likewise, Nitrogen Recovery Efficiency (NRE) explained the percentage of nitrogen
fertilizer input recovered in the above-ground plant biomass to the amount of fertilizer
applied [45]. The computation is:

o — - x 100 (5
N fertilizer application rate (kg ha ")
2.11. Computation of Soil Nitrogen Storage
Soil nitrogen storage is a function of total soil nitrogen content (both organic and
mineral), bulk density and sampling depth [46]. i.e.,
Soil weight (kg ha~?) = Soil thickness (cm) X soil bulk density (g cm3) x 10°  (6)
Soil nitrogen storage (kg ha™!) = Soil weight (kg ha~2) x soil total nitrogen content (g kg™!) x 10° (7)

2.12. Statistical Analysis

Analysis of variance (ANOVA) for each parameter was performed using the Statistical
Analysis System computer package v.20.0 (SPSS, Inc., Chicago, IL, USA). Comparison of
treatment means was performed by Least Significant Difference (LSD) method. A 2-tailed
t-test at p < 0.05 was also used to define statistical differences. All experimental indicators
were subjected to statistical analysis using biological replicates, and figures were generated
using Origin v2025 (Sys Software, Inc.).

To indicate the influence of the soil’s physicochemical properties on the nitrogen
utilization system of perennial rice, Canoco v5.0 (Microcomputer Power, Ithaca, NY, USA)
was used. Factors such as TN, NH4*-N, S-UE, NO3; -N, AHON, NHN, AMN, AAN, ASN,
HUN, MN, Ny, ¢ and AM were standardized using Z-score and taken as environmental
variables, and the response variables for redundancy analysis (RDA) of TN; and NN; were
A, Band NDMPE.

3. Results
3.1. Above-Ground Dry Matter Nitrogen in Perennial Rice

The above-ground dry matter nitrogen content of early rice plants in annual and
perennial cultivations systems was in a range from 9.23 to 10.26 g kg~! (Table 1). During
late rice, the above-ground dry matter nitrogen content had a relatively wider range
(8.04 to 11.75 g kg~ 1). In all of the regenerative seasons, above-ground dry matter nitrogen
in the annual mode was significantly higher than the perennial mode (p < 0.05). Despite
the higher difference between the two modes of production, the trend in the above-ground
dry matter nitrogen content of late rice revealed a gradual decrease with an increase in
planting years.
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Table 1. Total nitrogen in the above-ground dry matter of perennial rice (g kg ™).

Annual to Perennial Difference

Planting Year Treatment Early Rice Late Rice Farly Rice Late Rice
2021 E\Nhl g;g i 822 E 513;5 iiog(l)ia 0.08 (0.84%) 2.43 (26.04%)
2022 E\Ilﬁl ggg i 8:(1); : g:gz i 8:?53 0.44 (4.78%) 1.63 (20.32%)
2023 E\lilll 30536 iﬂ:O'Oz.iZba Z?g i 8(1)25 0.67 (6.96%) 0.51 (5.60%)

Different letters within a column indicate significant differences at p < 0.05 (LSD). The statistical parameters
explained are mean =+ SD, and numbers in parenthesis are percentages of differences among the two treatments of
each season divided by the smaller value.

3.2. Dry Matter Nitrogen Output of Perennial Rice Field Under the Two Tillage Practices

The insignificant differences between the annual and perennial systems at the early
rice, late rice and whole year of 2021 and 2023 (Figure 3) implicated the limited impact of
tillage system on dry matter nitrogen output. At the second production year, dry matter
nitrogen output of early rice (2022F) under annual and perennial were 159.13 kg-ha ™! and
180.51 kg-ha~!, respectively, with a significant difference (p < 0.05). However, insignificant
differences were reported at late rice (2022S) and the whole year of 2023. Despite peren-
nial system at early season (183.78 kg-ha~!) was insignificantly higher than the annual
(176.58 kg-ha~1), the insignificantly higher paddy dry matter nitrogen output under the
late season of annual production (179.76 kg-ha™!) compared to perennial cultivation
(172.24 kg-ha™!) could compensate and create a comparable result among the two farming
systems of the 3rd production year.

s~ 220 420 o©
' Season  — TN, — NN, TN, NN, n.s. I MeanzSD Year | 2
™ I togs = ~1.32, df = 42 ns. —400 3
=< 200 186.90 . t)0c =—0.67, df =22 | =
- 005~ TAC1380 @
9 356.35 ] =
<180 360 2
> 7 o
3 - <
° -4340 ©
2 160 ] =
% -320 o
45 1 ©
2 140 -300 3
= Vo | R [
S) 8 294.97 -1280 5,
< 120 : o
9 -260 2
= I n.s. n.s. * n.s. ns. ns. n.s. n.s. n.s. i =
£ 100 ] ] ] ] ] ] | | | 240 U:Q_
> 2021F 2021S 2022F 2022S 2023F 2023S 2021F-2023S 2021 2022 2023  2021-2023 )
o Mean Mean -

Season-year

Figure 3. Dry matter nitrogen output of perennial rice field. F—early season, S—late season,
*—significant difference at p < 0.05 between TN and NN per season under 2-tailed t-test, n.s.—non-
significant difference between TN; and NN in a season/year. Data presented in each production
season or year is an average value.

As shown in Figure 3, the average dry matter nitrogen output per season in perennial
was higher by 8.42 kg ha~! than the annual. But the difference between the two was only
5.19%, and hence, a non-significant difference existed between the annual and perennial
cultivation systems. This observation revealed that dry matter nitrogen output of the paddy
field was insignificantly affected by the production mode.
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3.3. Nitrogen Dry Matter Production Efficiency and Nitrogen Recovery Efficiency in Perennial
Rice Field

In all of the regenerative seasons, perennial rice farming technique was found to have
a significantly higher (p < 0.05) plant nitrogen dry matter production efficiency than the
annual with 26.06%, 4.83%, 20.38%, 6.96% and 5.62% for the 2021S, 2022F, 2022S, 2023F and
2023S seasons, respectively. Figure 4 therefore reveals that the perennial rice production
system (no tillage in consecutive seasons) can positively affect the nitrogen dry matter
production efficiency of the rice plant and, in turn, significantly improve the whole year’s
plant nitrogen dry matter production efficiency of the paddy rice field, with 13.37%, 11.56%
and 6.17% differences for the years 2021, 2022 and 2023, respectively (p < 0.05).

150 150
| Season  — TN, — NN, 7N, NN, I Mean #SD Year |

—140

140

130 124.58 : * -130
to.0s =588, df =227

%
to.os = —4.30, df = 42

T S
a3

® 3
iy m
© o
L . S,
= 120 L 115.27 — 4120 B
3 -
> 110 : i[' mmn J:f J110 <
i) g AR =
Re) — ®
T 100 msz —-100 =
G 1 &
w 90 94.81 190 =
a . &
E 80 —180 &
= r n.s. * * * * * * * * k ‘»}

| | | | | | | | |
2021F 2021S 2022F 2022S 2023F 2023S 2021F-2023S 2021 2022 2023 2021-2023
Mean Mean

Season-year

Figure 4. Nitrogen dry matter production efficiency of perennial rice field with and without tillage.
NDMPE—N.itrogen dry matter production efficiency. F—early season, S—late season, *—significant
difference between TN; and NNj in a season/year at p < 0.05 under 2-tailed f-test, n.s.—non-
significant difference between TN; and NN per season. The data presented in production seasons
and years are averaged.

In each of production years, nitrogen recovery efficiency of perennial rice farming was
significantly higher than that of the annual system (p < 0.05). The percentage differences
between the two production modes were 12.35%, 22.75% and 7.43% in the 1st (2021), 2nd
(2022) and 3rd (2023) years, respectively (Table 2). Overall, no-tillage-based perennial rice
cultivation in continuous cropping systems can enhance plant nitrogen recovery efficiency
of perennial rice fields and improve the efficient use of nitrogen fertilizer.

Table 2. Nitrogen recovery efficiency in perennial rice field (%).

Planting Year
Treatment Mean
2021 2022 2023
TN, 39.14 +3.42 41.72 +£3.24 43.54 + 3.55 41.47 + 3.61
NN 5149+495  6447+543 = 50974+232 = 55644767
Independent samples t-test (2-tailed)
Df 6 6 6 22
t0.05 —4.11* —-7.20* —3.50* —5.80*

*—significant differences at p < 0.05 under 2-tailed ¢-test. The statistical parameters explained are mean =+ SD.
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3.4. Soil Total Nitrogen and Available Nitrogen Nutrients Change in Perennial Rice Field

In all production seasons, soil total nitrogen content under both treatment types
showed a trend of decrease with an increase in soil depth (Table 3). Irrespective of plantation
seasons, comparable observations between the annual and perennial farming systems were
reported for the total nitrogen content of the 0-10 cm. The 10-20 cm layer of 2023F, along
with the 10-20 cm and 20-30 cm soil layers of the three late rice seasons (2021S, 2022S,
2023S), showed lower soil total nitrogen content in perennial cultivation (p < 0.05).

Table 3. Total nitrogen and available nitrogen nutrients of perennial rice field.

L Early Rice Late Rice
Index ayer Treatment =, 2022F 2023F 2021S 20228 2023S
™ 2242 260 a 241a 220a 231a 225a
0-10em N 219a 267a 246 a 221a 228a 229a
™™ ™ 2242 218b 221b 1.94b 2232 2222
gkg )  10-20em g\, 212a 1.86 b 1.69 ¢ 1.69 ¢ 1.97b 1.82b
™ 185b 131¢ 1.11d 1.50 ¢ 184b 173b
20-30em N\, 1.85b 114 ¢ 1.02d 1.18d 137 ¢ 136¢
I ™N, 13.73a  1835a  1572a  11.85a = 1727a  1961a
0-10em N 1279ab  1630a 1450ab  12.02a 14.93 b 1378 ¢
NH,*-N ™ 10.93 ¢ 12.73b 1330 b 1070 b 12.93b 16.35b
(mgkg1) 10720em 1137¢  9.20c 9.60 c 7.84 1073¢  9.05e
™ 1226bc  1123bc 945 cd 11.09ab  10.83¢ 11.09d
20-30em N, 1185bc  1075bc  8.16d 1057 b 10.27 ¢ 9.72 de
S ™N; - 260d  127b - 045e  258bc
0-10em NN ; 3.55 be 339a ; 465a 8.60 a
NO;~-N ™ - 420 a 123b - 043 e 2.55 be
1 10-20 cm
(mg kg 1) NN ; 401 ab 139b ; 260b 2.70b
™ - 450a 121b ; 207 c 2.48 be
20-30em  \Np - 310 cd 1.16 b - 140d 208 ¢

Different lowercase letters in a season represent significant differences at p < 0.05 (LSD).

The three-year-based distribution pattern of ammonium nitrogen in perennial rice
soil is shown in Table 3. As soil depth increased from 0 to 20 cm, the content of ammo-
nium nitrogen at both annual and perennial conditions decreased. In the perennial rice
production system, a relatively higher amount of ammonium nitrogen was available in
the 0-10 cm than in the remaining two soil layers. The ammonium nitrogen content of the
annual system in 20-30 cm soil layer of each season was comparable with the perennial,
with a maximum difference of only 15.81% at 2023E. At the 10 to 20 cm soil layer of all of
the regenerative seasons, the ammonium nitrogen content in the perennial rice production
was significantly lower than that of the annual with the maximum difference of 80.66%
at 2023S (p < 0.05). It is therefore revealed that no-tillage-based perennial rice cultivation
tends to significantly reduce ammonium nitrogen content in the 10-20 cm soil layer but
with an insignificant effect in the 20-30 cm soil layers.

Exceptionally, nitrate nitrogen content was assessed only for the 2nd and 3rd years
(Table 3). When production season progressed, nitrate nitrogen content in the 0-10 cm soil
layer of the perennial practice increased. Across all production seasons, nitrate nitrogen
content in the 0-10 cm soil layer of the perennial paddy field was significantly higher than
that in the annual (p < 0.05). In 20225, the perennial rice production in 10-20 cm soil layer
had a significantly higher nitrate nitrogen level (p < 0.05). Although nitrate nitrogen content
in the 20-30 cm soil layer of perennial rice farming was significantly lower than the annual
farming mode of 2022F and 2022S (p < 0.05), the deviation was normalized at both seasons
of 2023.
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3.5. Soil Nitrogen Storage in Perennial Rice Field

This study assessed soil nitrogen storage level at the late seasons of each production
year. In the three planting years and with the exception of the annual farming of 20235,
nitrogen levels stored in both conditions declined with soil depth (Figure 5). In 0-10 cm
soil layer, soil nitrogen storage of the perennial rice plantation mode was insignificantly
higher than that of the annual (20215, 2022S). In the 0-10 cm soil layer of 20235, perennial
production system possessed a significantly higher (p < 0.05) nitrogen storage than the
annual production system. But in the remaining two layers of 2023S, soil nitrogen storage
in the perennial mode was significantly lower (p < 0.05). Similarly, a significantly lower
nitrogen storage in the perennial than annual was found in the 20-30 cm soil layer of 20225
(p <0.05).
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Figure 5. Soil nitrogen storage of perennial rice fields. S—late season, different lower and uppercase
letters in a season show significant differences at p < 0.05 under 2-tailed t-test. Lowercase letters
designate the three soil layers, and the uppercase letter represents the entire soil layer (0-30 cm). Data
presented in production seasons and soil layers are mean values (Mg ha~!). The red, light green and
white bar charts represent the 0-10 cm, 10-20 cm and 20-30 cm soil layers, respectively.

In a generic term, the perennial production system did not significantly (p > 0.05)
reduce soil nitrogen storage in 0-30 cm soil depth of the three years of perennial rice
planting, and the differences at 2021S, 20225 and 2023S were only 4.5%, 2.13% and
3.96%, respectively.

3.6. Soil Organic Nitrogen Components in Perennial Rice Field

As soil depth increased, the content of total acid hydrolysable organic nitrogen
(AHON) under both perennial and annual modes continuously decreased. In each of
the regenerating seasons, AHON level at 10-20 cm and 20-30 cm soil depth of perennial
farming was significantly lower than that in the annual (p < 0.05). In both seasons of the
second year, AHON content at 0-10 cm soil layer of annual system was significantly higher
(p < 0.05), with percentage differences of 8.46% for 2022F and 8.71% for 2022S. At the third
year (both 2023F and 2023S), non-significant differences between the two farming tech-
niques were revealed for AHON at 0-10 cm soil layer. From the 1st to the 3rd year, AHON
amount at the 0-10 cm soil depth of the perennial rice farming has generally showed an
increasing trend (Figure 6).
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Figure 6. Soil acid hydrolysable organic nitrogen content in paddy rice field. F—early season, S—late
season, different lowercase letters in a season represent significant differences at p < 0.05 (LSD).
The white, light green and red bar charts represent soil layers at 0-10 cm, 10-20 cm and 20-30 cm,
respectively.

Unlike AHON, there was no significant difference in the content of soil non-
hydrolysable nitrogen (NHN) at 0-10 cm soil layer of the perennial and annual cultivation
methods (Table 4). Except at 2023F, where NHN level at 10-20 cm soil depth of annual
production was significantly higher (p < 0.05), all the remaining seasons showed an in-
significant difference. During 20225 and 2023S, the 20-30 cm soil depth at the annual
system had a significantly higher (p < 0.05) NHN amount than perennial system, and the
differences were 25.42% and 17.06% in 20225 and 2023S, respectively. However, at the two
early seasons (2022F and 2023F), NHN level was significantly higher (p < 0.05) under the
perennial rice cultivation mode by 53.61% and 69.93%, respectively. Generally, the level of
NHN was reduced down in the 0-30 cm soil depth.

Without 2023F, where a significantly higher (p < 0.05) content of acid-hydrolyzed
ammonia nitrogen (AMN) at annual cultivation mode was observed, all other seasons at
0-10 cm soil layer showed a statistically insignificant difference between the two cultivation
systems (Table 4). Except for the insignificant difference reported between the two farming
techniques of 20225, no-tillage has reduced the AMN level in the 10-20 c¢m soil layer
(p < 0.05). In all regenerating seasons, AMN was also found to be significantly lower
(p < 0.05) at the perennial practice of the 20-30 cm soil depth, and the maximum difference
was 83.33% at 2022F. At the 0-10 cm soil depth, amino acid nitrogen (AAN) content at
2023F and both seasons of 2022 was significantly higher in the annual system (p < 0.05).
At all regenerating seasons of the 10-20 cm and 20-30 c¢cm soil layers, the perennial rice
production system had a significantly lower (p < 0.05) AAN level (Table 4). Without 20225
and 20235, the 0-10 cm soil layer of the other regenerating seasons showed a significantly
higher (p < 0.05) Amino Sugar Nitrogen (ASN) content at the annual practice. Likewise,
no-tillage-based perennial farming at all regenerating seasons except 2021S of the 10-20 cm
and 2023S of the 20-30 cm soil depth had a significantly lower ASN content (p < 0.05).
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Table 4. Content of soil organic nitrogen fractions in tillage and no-tillage perennial rice field
(mg kg™").

Early Rice Late Rice
Index Layer Treatment
2021F 2022F 2023F 2021S 2022S 2023S
™, 10949 a 14164 a 11065 a 1090.3 a 1045.0 a 999.6 a
0-10 em NN 1068.0 a 15840 a 1166.6 a 11297 a 11106 a 10425 a
™, 12373 a 11362 a 960.6 a 9219 a 10282 a 10449 a
NHN 10-20em N, 11312 a 966.8 a 692.6 b 8479a 982.4a 8743a
™, 10165 a 4141b 215b 5689 a 996.8 a 761.0a
20-30em g, 1000.9 a 636.1a 376.4a 586.8 a 794.8 b 650.1b
T ™, 3588a 350.3a = 421.7a 3195a = 340.0a = 3495a
0-10 cm NN; 3438a 3281a 381.1b 3139a 3253a 3464 a
™, 349.0a 324.0a 3745a 309.7a 317.0a 3542a
AMN 10-20em 375.0a 280.7 b 306.6 b 265.2b 3025a 2995b
™, 2713 a 269.5a 2979 a 302.8a 3052a 2702 a
20-30cm 2923a 147.0b 1983 b 2089 b 232.6b 206.3b
T ™N; 361.8a 401.0a 3823a  3505a = 397.0a = 377.0a
0-10 cm NN; 375.0a 3285b 319.0b 3203a 356.0 b 3379a
™, 3555a 343.0a 308.0 a 3544a 336.0a 306.9 a
AAN 10-20em 3406 a 2549b 2340b 265.0b 2721b 269.0b
™, 3243a 2523 a 236.3a 2783a 286.6 a 210.0a
20-30em 3203 a 146.5b 945b 168.0 b 735b 1333b
T N, 111.2a 2213a 1788a  153.0a  199.7a 1394a
0-10 cm NN, 116.4 a 1543 b 1523 b 87.4b 185.6 a 129.6 a
™, 99.8 a 1935a 1272a 105.6 a 209.4a 87.4a
ASN 10-20em g 985a 96.7b 78.0b 973a 173.4b 68.4b
™, 69.0 a 1133a 9.7 a 1033 a 156.7 a 542a
20-30em N, 709a 61.7b 55.0 b 792b 88.9 b 50.5a
S 70—71(7]c7rr17 CINg 311.7a  2091b ~  3242b 2915b = 3296a = 3884b
NN, 287.8a 2785a 4366a 3559 a 298.0 a 4352a
™, 2033a 1833 b 43682 2497 a 3419a 4291a
HUN 10-20em 1745 a 257.1a 3786a 216.1a 2425b 307.9b
™, 169.0 a 257.5a 257.6a 2418a 132.8a 4388a
20-30em 1612 a 1450 b 2983a 136.4b 1829a 3185b

AMN (ammonia nitrogen), AAN (amino acid nitrogen), ASN (amino sugar nitrogen), HUN (hydrolysable
unidentified nitrogen), NHN (non-hydrolysable nitrogen). Different lowercase letters in a season and soil layer
show significant differences at p < 0.05 under 2-tailed ¢-test.

Except for 20225, no-tillage-based perennial rice production has significantly increased
(p < 0.05) the amount of hydrolysable unidentified nitrogen (HUN) at the 0-10 cm soil layer,
with a maximum difference of 34.67% at 2023F. Perennial cultivation has also showed a
significantly higher HUN content at 2022F of the 10-20 c¢m soil layer (p < 0.05). On the
contrary, a significantly higher (p < 0.05) HUN by the annual system was reported at 20225
and 2023S of the 10-20 cm soil layer and at 2022F, 2021S and 2023S seasons of the 20-30 cm
soil layer. In a general sense, the level of all components of AHON (AMN, AAN, ASN and
HUN) were reduced with the increase in soil depth.

3.7. Soil Assessment of Nitrogen Mineralization in Perennial Rice Field

As shown in Figure 7, mineralization nitrogen declined with soil depth in both the
annual and perennial systems. Overall, the perennial farming mode has reduced the soil’s
actual nitrogen mineralization. Specifically, the 1020 cm and 20-30 cm soil layers of the
2nd (2022) and 3rd (2023) years showed a significantly lower soil nitrogen mineralization
under the perennial rice production scheme (p < 0.05). During 2022F and 202185, the 0-10 cm
soil layer’s nitrogen mineralization in perennial system was significantly lower (p < 0.05).
However, as the seasons progressed (at 2023F, 2022S and 2023S), the 0-10 cm soil layer’s
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nitrogen mineralization difference between the two production modes became insignificant,

with only 6.02% at 2023F, 10.89% at 20225 and 10.54% during 2023S.
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Figure 7. Soil assessment for nitrogen mineralization in perennial rice field. F—early season, S—late
season, different lowercase letters in a season represent significant differences at p < 0.05 (LSD).
The white, light green and red bar charts represent soil layers at 0-10 cm, 10-20 cm and 20-30 cm,
respectively.

From the three years of perennial rice plantation, spatial and temporal distribution
of nitrogen mineralization potential in paddy soil is explained in Figure 7. As soil depth
increased from 0 cm to 30 cm, nitrogen mineralization potential decreased in both farm-
ing methods. Excluding the non-significant difference at 0-10 cm soil layer of 2022F,
nitrogen mineralization potential of this soil layer in the rest regenerating seasons was
significantly higher (p < 0.05) under the perennial than that of the annual, with 49.12%,
15.10%, 20.10% and 47.86% differences for 2023F, 2021S, 20225 and 2023S, respectively. At
the 2nd and 3rd years (2022, 2023), nitrogen mineralization potential of the 10-20 cm soil
layer was significantly lower (p < 0.05) under perennial cultivation mode, and the maxi-
mum difference 28.18% was found at 2022F. Likewise, nitrogen mineralization potential at
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Soil ammonification intensity (mg kg™ d™?)

20-30 cm soil layer in all regeneration seasons of the annual system was significantly higher
(p < 0.05), with the maximum difference of 237.86% at 2021S. It can be seen that the perennial
rice farming can increase the trend of nitrogen mineralization potential of the 0-10 cm soil
layer of perennial rice field and reduce the nitrogen mineralization potential at 10-30 cm
soil layer.

Excluding 2023F, all regenerating seasons at 0-10 cm soil layer had a significantly
lower (p < 0.05) nitrogen mineralization rate constant (c) under perennial rice production
system, with the maximum difference of 101.47% at 2023S. The 10-20 cm soil layer during
2022F, 2021S and 2022S showed significantly higher (p < 0.05) soil nitrogen mineralization
rate constants under the annual system with a respective difference of 43.45%, 29.67% and
78.45%. Interestingly, nitrogen mineralization rate constant of perennial rice farming at the
last two experimental seasons (2023F, 2023S) of the 20-30 c¢m soil layer was significantly
higher (p < 0.05), and the differences were 146.70% for 2023F and 99.98% for 2023S. These
results indicate that no-tillage-based perennial rice farming practice can reduce the soil
nitrogen mineralization rate constant at the 0-10 cm layer with a tendency to increase the
rate constant in the 20-30 cm soil layer.

3.8. Soil Ammonification Intensity in Perennial Rice Field

Ammonification intensity under both perennial and annual conditions decreased
with the increase in soil depth (Figure 8). In both seasons of the 3rd year, ammonification
intensity at 0-10 cm soil layer was significantly higher (p < 0.05) in the perennial mode,
with the differences of 31.86% and 37.36% at 2023F and 2023S, respectively. However, in the
10-20 cm soil layer, there was no significantly different ammonification intensity between
the two. In all of the regeneration seasons, ammonification intensity of the 20-30 cm soil
layer of no-tillage perennial rice farming was significantly lower (p < 0.05), with 66.11%,
27.70%, 18.41%, 36.20% and 34.71% differences during 2022F, 2023F, 2021S, 2022S and
2023S, respectively. Hence, no-tillage-based perennial production can generally increase
ammonification intensity in 0-10 cm soil layer and reduce in the 20-30 c¢cm soil layer of
perennial rice field.
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Figure 8. Soil ammonification intensity of perennial rice field. F—early season, S—late season,
different lowercase letters in a season represent significant differences at p < 0.05 (LSD). The white,
light green and red bar charts represent the 0-10 cm, 10-20 cm and 20-30 cm soil layers, respectively.
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3.9. Soil Urease Activity Analysis in Perennial Rice Field

In both years of 2022 and 2023 (Figure 9), urease activity in the 0-10 cm soil layer
of perennial mode was found to be significantly higher (p < 0.05), depicting a respective
differences of 18.49%, 62.22%, 110.85% and 10.74% at 2022F, 2023F, 2022S and 2023S. During
2022S and 2023F, urease activity at 10-20 cm soil layer of the perennial production scheme
was also significantly higher (p < 0.05), and 56.68% and 31.58% differences were reported
for 2022S and 2023F, respectively. At 2021S and 2022F, urease activity in the 20-30 cm soil
layer of the annual farming practice was significantly higher (p < 0.05), and the differences
were 30.70% at 2021S and 19.16% at 2022F. However, no-tillage-based perennial mode
showed a significantly higher urease activity in the last season (2023S), and the difference
was 30.24%. In conclusion, no-tillage relaying perennial farming increased urease activity
in the 0-10 cm soil layer.
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Figure 9. Soil urease activity of perennial rice field. F—early season, S—late season, different
lowercase letters in a season represent significant differences at p < 0.05 (LSD). The white, light green
and red bar charts represent the respective 0-10 cm, 10-20 cm and 20-30 cm soil layers.

3.10. RDA Analysis Among Nitrogen in Perennial Rice and Soil Physicochemical Factors

The redundant analysis has shown the relationship between nitrogen utilization
potential of perennial rice plants and soil physicochemical properties (Figure 10). In each
soil layer (0-10 cm, 10-20 cm and 20-30 cm) of the tillage-based annual farming, the first two
axes explained more than 90.8% of the correlation between the response and environmental
variables. Under each soil layer (0-10 cm, 10-20 cm and 20-30 cm) of the perennial method,
a relatively higher (98.4%) of the correlation was accounted by the first two axes. The total
canonical eigenvalues of each soil layer of both annual and perennial production modes
were greater than 0.90 (Table A6). Likewise, the cumulative interpretation of response
to environmental variables was greater than 90%. As shown in Figure 10, NDMPE was
negatively correlated with both the above-ground dry matter nitrogen of perennial rice
(A) and dry matter nitrogen output of the paddy rice field (B). At all the three soil layers
of both treatments, Soil Urease (S-UE) was positively correlated with NDMPE. In the
0-10 cm, 10-20 cm and 20-30 cm soil layers, AM of the annual mode was found to be the
main positively correlated factor to NDMPE. ASN and NDMPE were positively correlated
at all the three soil layers of the perennial farming method. AAN and NDMPE at 0-10 cm
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soil layers of the perennial production system were positively correlated. AAN at 10-20 cm
soil layer of the perennial mode was also positively correlated with NDMPE. However, at
the 10-20 cm soil layer, the annual system showed a negative correlation between AAN and
NDMPE (Figure 10). At the 20-30 cm soil layer of both conditions, AAN was negatively

correlated with NDMPE.
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Figure 10. Two-dimensional diagram of RDA analysis of Nitrogen Dry Matter Production Efficiency
of perennial rice with stocks of soil physicochemical factors. (a) (TN, 0-10 cm soil layer), (b) (TN,
10-20 em soil layer), (c) (TNy, 20-30 cm soil layer), (d) (NN1, 0-10 cm soil layer), (e) (NN1, 10-20 cm
soil layer), (f) (NN, 20-30 cm soil layer). A (above-ground dry matter nitrogen in perennial rice),
B (dry matter nitrogen output of paddy rice field), MN (soil actual nitrogen mineralization),
Ny (soil nitrogen mineralization potential), ¢ (soil nitrogen mineralization rate constant), AM
(ammonification intensity).

4. Discussion
4.1. Perennial Rice Farming on the Accumulation and Efficient Use of Nitrogen

Chemical composition and nutrient factors in the soil can directly determine soil
fertility and affect the growth and development stages of crops. Tillage-based annual rice
production can inevitably lead to a series of changes in the chemical properties of paddy
soil. Significant variations in the soil’s texture and chemical properties could be derived
from no-tillage farming techniques [47]. The deep roots of perennial crops can effectively
absorb nutrients in soil, regulate soil chemical properties and maintain soil fertility [20,21].
Nitrogen is an important factor influencing the dry matter content of rice. Hence, nitrogen
fertilizer is one of the most applicable fertilizers in rice production. But the usual nitrogen
utilization rate in the rice fields of China is only 20—40% [48]. For this reason, optimizing
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fertilizer application and improving nitrogen use efficiency of rice have become the main
research focuses.

Despite the plant above-ground dry matter nitrogen content of no-tillage-driven
perennial rice farming across all regenerative seasons was significantly lower than that of
the annual rice farming (p < 0.05) (Table 1), average dry matter nitrogen output per year
in the perennial system was insignificantly higher (p < 0.05) (Figure 3). This observation
emphasized the role of no-tillage-based perennial farming on improving nitrogen dry
matter production efficiency of regenerative seasons of perennial rice field. With regard to
the pooled three-year field data, the significantly (p < 0.05) higher above-ground dry matter
nitrogen content of the annual than the perennial may be attributed to the naturally lower
above-ground dry matter weight of perennial rice in the regenerating periods (Table 1,
Figure A2). Nitrogen dry matter production efficiency of a rice field is the ratio of dry
matter output per unit area of soil to dry matter nitrogen uptake. Although plant nitrogen
content of the perennial system was lower than that of the annual (p < 0.05) (Table 1), a
significantly higher nitrogen dry matter production efficiency was observed (Figure 4).
Hence, perennial rice farming with no-tillage in successive seasons enhances nitrogen
retention potential and significantly improves the plant’s nitrogen dry matter production
efficiency (p < 0.05). As shown in (Table 2), the efficiency of nitrogen recovery was improved
by perennial production. Hence, the significantly higher dry matter nitrogen production
efficiency and nitrogen utilization rate of the perennial rice cultivation system across the
whole experimental years was attributed to the positive impact of no-tillage perennial rice
production on enhancing N absorption and fertilizer utilization [49].

4.2. Impact of No-Tillage-Based Perennial Rice Farming on Nitrogen Level

Insignificant difference between the two cultivation methods of the 0-10 cm soil layer
indicated a negligible effect of tillage mode on the total nitrogen content (Table 3). How-
ever, perennial rice farming system was found to reduce the total nitrogen content of the
10-30 cm depth of paddy soil. Nitrogen level stored in both annual and perennial condi-
tions was decreased from the 0-10 cm to the 20-30 cm of the paddy field (Figure 5). The
level of nitrogen storage of perennial rice farming in the 0-10 cm soil layer showed an
increasing trend from 2021S to 2023S. This is mainly because of the higher bulk density
of the 0-10 c¢m soil layer under perennial than annual production methods (Table A5).
During 20235, nitrogen storage of the 0—10 cm soil layer of the perennial practice was higher
(p < 0.05). It is therefore indicative that perennial rice cultivation across years is conducive
for increasing nitrogen storage of the 0—10 cm soil layer of perennial rice field.

With the increase in planting years, perennial rice farming has a tendency to reduce
ammonium nitrogen content at the 0-10 cm soil layer (Table 3). A reduced level of ammo-
nium nitrogen in the topsoil of no-tillage production was also reported by Zhang et al. [50].
In a five-year continuous experiment with perennial intermediate wheatgrass, it was found
that without fertilization, the nitrogen mineralization in the 0-100 cm cultivated soil layer
decreased due to no-tillage practices. However, the authors did not provide a detailed
report on different soil layers. According to Nyfeler et al., level of nitrate leaching after
tillage is the main driving force on regulating the level of nitrate nitrogen at the surface [51].
Similarly, this study observed a reduction in nitrogen mineralization in the 10-30 cm soil
layer [52]. Likewise, Obour et al. [53] indicated variability of ammonium nitrogen only
among sampling depth, and the greatest concentration was reported at the topsoil depth. In
this study, the perennial production method did not significantly affect the ammonium ni-
trogen content in the 20-30 cm soil layer. However, in all regeneration seasons, ammonium
nitrogen content of perennial rice farming in the 10-20 cm soil layer was significantly lower
than that of the annual system (p < 0.05). According to other related studies, inorganic nitro-
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gen content of soil at the topsoil layer of no-tillage-based perennial farm is lower than that
in the annual field. This is mainly associated with human plowing. It is further speculated
that low level of residual ammonium nitrogen in 0-10 cm soil layer of perennial production
mode could be linked to the release of inorganic nitrogen from urea mineralization and
its excessive absorption by plants for attaining larger biomass (Table A4) and dry matter
nitrogen output.

Nitrification is strongly inhibited in flooded paddy fields, so the concentration of
ammonium nitrogen in soil solution is higher than that of nitrate nitrogen of a perennial
rice field. Due to natural drying of rice fields, soil ventilation conditions are promoted,
NH4* gets released by nitrogen fertilizer, and soil organic nitrogen can easily be oxi-
dized to NO3~ through mineralization and finally releases more NO3~. According to
Matthews et al. [54], plowing a farmland promotes NO;~ leaching. Some other studies
also reported that reducing the number of tillage in farmland can increase the number
and activity of earthworms in soil, enlarge soil pore size and fasten leaching of nitrate
nitrogen [55]. According to Huang et al. [56], no-tillage paddy field system provides higher
nitrate nitrogen content at surface soil and enhances its leaching. In this study, nitrate nitro-
gen content in the surface soil under perennial rice production mode showed an increasing
trend across production season. This assessment further proved that no-tillage of perennial
rice field for several successive seasons is an efficient strategy to promote mineralization of
soil organic nitrogen and enhance nitrate nitrogen content in a topsoil.

The extensive root systems of perennial crops enabled the continuous uptake of
available nitrogen [57,58]. No-tillage practice of perennial rice has further contributed to
the reduction in nitrate leaching. Extensive root systems of perennial crops along with the
proximate microbial community influence important nutrient cycling functions. Perennial
grains with deep root systems and no-tillage practice enhance soil microbial biodiversity
and activity. Rhizosphere processes mediate nitrification and significantly influence nitrate
nitrogen levels at soil surface. For instance, roots of a perennial wheat line OK72 can reduce
nitrate leaching, and its rhizosphere bacterial community can provide nutrient availability
and plant growth-promoting traits [59]. For this reason, the significantly higher nitrate
nitrogen at 0-10 cm soil layer of perennial rice production mode is a function of no tillage,
associated rhizosphere microbes and long root system of the perennial rice. However, a
study by Zulu et al. [60], prioritized no-tillage as a main contributor for the higher level of
nitrate nitrogen.

Larger root systems of perennials can form macropores and improve soil aeration
for removing ammonium nitrogen and increasing nitrate nitrogen [61]. This denotes that
the larger root system of the perennial rice has great potential to enhance nitrification at
the surface soil in the expense of ammonium nitrogen at 10-20 cm soil layer. Along with
ammonia volatilization [57], the unique mode of nutrient allocation for regeneration by
perennial rice plants assimilated ammonium nitrogen [62], and thus, reduced its level at
10-20 cm soil layer.

4.3. Characterization of Soil Organic Nitrogen Components in No-Tillage Perennial Rice Filed

As one of the largest active nitrogen reservoirs, soil plays a critical role in the global
nitrogen cycle [63]. Soil nitrogen is one of the necessary nutrients for regulating crops’
growth, development and yield [64—67]. Soil organic and inorganic nitrogen are the two
major constituents of nitrogen pool. Soil inorganic nitrogen pools such as ammonium and
nitrate can be directly utilized by plants [68]. However, over 90% of the total nitrogen exists
as organic nitrogen form [69]. Soil organic nitrogen components are important raw materi-
als for soil N mineralization and supply [70,71]. Efficient soil nitrogen mineralization from
organic to inorganic nitrogen pools is therefore fundamental for optimal plant growth [72].
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Soil organic nitrogen turnover further regulates soil nitrogen storage and availability [73].
Vegetation converts inorganic nitrogen into soil organic nitrogen and increases soil nitrogen
inputs through root secretions, induced microbial growth and enhanced nitrogen fixation
rate [74,75]. Intensive agricultural systems have caused soil erosion and infertility, de-
stroyed vegetation, threatened ecological services and depleted soil nitrogen pools [76].
According to Huang et al. [72], no-tillage-based perennial farming is a beneficial approach
for augmenting soil nitrogen supply capacity through increasing soil total nitrogen, active
nitrogen, inorganic nitrogen and organic nitrogen content.

No-tillage-driven perennial cultivation practice may temporarily increase nitrogen
immobilization to reduced plant-available nitrogen but later on it increases soil labile
nitrogen pool for accessing available nitrogen to crops at the upper soil layers [77,78]. The
level of AHON at the 0-10 cm soil depth of perennial farming was improved from the
first to the third year (Figure 6). This observation could also be a response to the change
in the management practice of perennial rice farming [72]. NHN is refractory to acid
hydrolysis and release of available nitrogen [79]. At 0-10 cm soil layers of this study, NHN
content remained the same at both annual and perennial conditions. The similar level of
NHN at both production modes can be directly associated with the gradual weathering
and microbial actions that can slightly decompose this complex and unavailable nitrogen
component into soluble organic nitrogen types [80].

AMN and AAN are the two main sources of easily mineralized nitrogen in a soil [80,81].
Without 2023F, AMN in all other seasons of 0-10 cm soil layer showed a statistically
insignificant difference between the annual and perennial rice production systems (Table 4).
Here, no-tillage in the perennial farming would inevitably increase in the soil hydrolysable
ammonia nitrogen [82]. However, soil disturbance arose from the annual farming practice
promotes further production of ammonia nitrogen in the soil and compensated net content
of hydrolysable ammonia nitrogen [83]. According to Huang et al. [72], no-tillage in the
0-5 cm and 5-10 cm soil layers increased AAN by 21.48% and 22.95%, respectively. But the
perennial rice production at 0-10 cm soil depth was significantly lower during 2023F and
both seasons of 2022 (Table 4). Additionally, in all seasons of the 10-20 cm and 20-30 cm
soil layers, the perennial system showed a significantly lower AAN level (Table 4). This
can be linked to microbial humification of the soil’'s AAN [84].

Amino sugars are largely derived from the turnover of microbial residues in the
soil. ASN therefore reflects the amount of dead microbes. According to Stevenson [37],
implementing tillage in an annual farming technique cannot significantly affect its level.
A study by Huang et al. [72] revealed a lower content of ASN in 10-30 cm soil layer in
no-tillage. Likewise, most seasons of all of the three soil layers showed a significantly higher
ASN at the annual production system (Table 4). HUN is a major contributor (25.92—41.19%)
of the total soil nitrogen [79]. HUN in the 0-5 cm soil layer of no-tillage was significantly
higher by 30.87% [72]. Except in 20225, the perennial rice cultivation mode has significantly
increased the amount of HUN in the 0-10 cm soil layer. For this reason, the accumulated
HUN in the no-tillage perennial rice production system is the stock for the mineralized
decomposition to utilizable nitrogen forms.

4.4. No-Tillage-Based Perennial Rice Farming on Regulating Nitrogen Mineralization

Before it can be absorbed and utilized by plants, organic nitrogen in a soil needs
to be transformed into inorganic nitrogen through mineralization [85]. To some extent,
mineralization of organic nitrogen defines the soil’s nitrogen supply capacity. Soil nitrogen
conversion process is a biochemical enzymatic reaction facilitated by microbes [86]. The
amount of nitrogen that plants can effectively absorb depends on the rate of nitrogen



Agriculture 2025, 15, 2033

21 of 30

mineralization [87]. Tillage practices can change soil properties and affect the potential,
amount and rate of soil organic nitrogen mineralization [47,50].

According to Xue et al. [88], organic nitrogen mineralization at 0-5 cm soil layer of
no-tillage paddy was significantly higher than in the tilled paddy. However, soil nitrogen
mineralization at deeper soil layers was lower. Like the report from EL-Haris et al. [89], a
higher actual nitrogen mineralization on majority of the production seasons of this study
was observed in the annual mode of 0-10 cm soil layer. In particular, actual nitrogen
mineralization of the 0-10 cm soil layer at 2021S and 2022F was significantly higher in the
annual than that of the perennial system.

Soil nitrogen mineralization potential is a parameter explaining nitrogen supply ca-
pacity of a soil. At 0-10 cm soil layer under 2021S, 2022S, 2023F and 2023S, nitrogen
mineralization potential of the perennial system was significantly higher. Similarly, Mondal
and Chakraborty [90] showed that the soil nitrogen mineralization potential in surface
layer of no-tillage paddy was significantly higher than that in the tilled paddy. For both
early and late rice, soil nitrogen mineralization potential of the 10-20 cm (except in 2021S)
and 20-30 cm soil layers in all regenerating seasons under perennial farming was lower
than that under the annual. This observation is alike with the soil nitrogen mineralization
potential assessment at 10-15 cm soil depth [91].

The amount of organic nitrogen that plants can effectively absorb depends on the
rate of nitrogen mineralization [87]. The nitrogen mineralization rate of soil is affected
by the nitrogen mineralization potential and the nitrogen mineralization rate constant
(c) of soil [40]. This three-year intensive study showed that no-tillage-based perennial
rice farming method has decreased the soil nitrogen mineralization rate constant at the
0-10 cm soil layer. During the early and late seasons of 2023, nitrogen mineralization rate
constant at 20-30 cm soil layer under perennial rice production mode was found to be
higher than that in the annual farming system. In the course of time, perennial production
model can change the 20-30 cm soil layer properties of paddy field and raise the rate of
nitrogen mineralization.

4.5. Perennial Rice Cultivation as a Factor on Determining Ammonification Intensity

Size of soil organic nitrogen decomposition and transformation is reflected not only
by the number of nitrogen-transforming bacteria but also in the intensity of nitrogen
transformation. Intensity of ammonification is governed by organic nitrogen content and
diverse environmental factors. Different studies suggested that limited or absence of tillage
could improve microbial activity and raise ammonification intensity of the topsoil [90].
Thomas et al. [92] also pointed out that no tillage can significantly enhance the ammonifica-
tion intensity of the topsoil in paddy field. Like nitrogen mineralization potential, no-tillage
perennial rice cultivation enhances ammonification intensity at 0-10 cm soil layer with a
significantly higher ammonification intensity in both early and late rice seasons of 2023
(Figure 8). It is therefore indicative that no-tillage-based perennial rice farming could
enhance the decomposition and transformation ability of organic nitrogen at 0-10 cm
soil layer of perennial rice field. This result is also similar to previous studies by
Canisares et al. [32] and Schomberg et al. [91]. But the slight inconsistency among the
reports would mainly be associated with variability in the levels of soil sampling, soil types
and the no-tillage systems employed during the studies. However, the evidence is adequate
enough to dictate that perennial rice production mode is vital to improve ammonification
intensity of the surface soil.
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4.6. Effects of No-Tillage-Driven Perennial Rice Farming on Urease Activity

Soil urease can enzymolize peptide bonds in organic molecules and directly take
part in the transformation of nitrogen-containing organic matter of a soil. Hence, action
of urease reflects both fertility and biological activity of a soil. Tillage affects action of
urease and in turn influences soil moisture, aeration and temperature [93]. In the 2nd and
3rd years of plantation, urease activity of the 0-10 cm soil layer in the perennial rice field
rice was significantly higher than that in the annual rice field (Figure 9). Wu et al. [71]
had the same finding where no tillage improved urease activity in the paddy field soil.
Roscoe et al. [94] also reflected a similar view where urease activity in the topsoil of no-
tillage paddy field was higher than that in the tilled paddy condition. Increment of urease
activity across planting years at 0-10 cm soil layer has implicated the potential of no-
tillage-based perennial rice production on decomposing and transforming soil substances,
enriching nitrogen nutrients of a soil and enhancing the crop’s dry matter biomass.

4.7. RDA Analysis of Nitrogen Dry Matter Production Efficiency of Perennial Rice Versus Soil
Physicochemical Properties

As NDMPE was mathematically derived from the above-ground dry matter accumula-
tion of perennial rice (A) and dry matter nitrogen output of rice field (B), the 2-dimensional
RDA diagram showed negative correlation of NDMPE with both factors (Figure 10). Re-
gardless of the rice cultivation pattern, S-UE at all the three soil layers had a positive
correlation with NDMPE and a negative relationship with both A and B. This indicates
that soil S-UE is an important factor affecting NDMPE. At all the three soil layers, ASN of
the perennial mode was found to be a key positively correlated factor to NDMPE. AAN at
both 0-10 cm and 10-20 cm soil layers of the perennial system was positively correlated
with NDMPE. But at 20-30 cm soil layers, a negative correlation was observed between
them (Figure 10). An increased plant dry matter observed at the perennial farming method
(Figure A2) can thus be a function of ASN and AAN. In this study, Ny (soil nitrogen miner-
alization potential) under the perennial treatment was negatively correlated with NDMPE.
Huang et al. [72] also reported that soil organic nitrogen mineralization under no-till plays
an important role on influencing the dry matter nitrogen output of crops.

5. Conclusions

This study reveals the enriched nitrogen use efficiency and soil fertility potential
of perennial rice farming for sustainable rice cultivation under fragile agroecosystems.
On a yearly basis, no-tillage-based perennial rice farming can significantly improve both
Nitrogen Dry Matter Production Efficiency and Nitrogen Recovery Efficiency. The enhanced
nitrogen storage at the 0-10 cm soil layer of no-till perennial rice field can ultimately boost
biomass production. Higher nitrate nitrogen accumulated at the 0-10 cm soil layer of
the no-till-based perennial rice farm is also conducive to save nitrogen fertilizer through
optimizing its rate of application.

Moreover, the 0-10 cm soil layer of no-till-based perennial rice cultivation possessed
an increasing soil nitrogen mineralization potential, ammonification intensity and urease
activity. At a soil depth of 0-20 cm, both amino acid nitrogen and amino sugar nitrogen were
highly correlated with the Nitrogen Dry Matter Production Efficiency of the perennial rice.
It is therefore recommended that a better Nitrogen Dry Matter Production Efficiency can be
obtained by enhancing the levels of these two soil organic nitrogen components. Overall,
this study systematically investigated nitrogen transformation and distribution patterns
at different soil layers of perennial rice growing seasons and provided scientific basis for
fertilization rating and promotion of green and sustainable perennial rice production.
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6. Recommendations

As demonstrated in this study, perennial rice farming possessed promising aspects
in improving the overall nitrogen level of soil. However, it was restricted to a single
experimental site with only three years of testing. A multiple-location trial for prolonged
period of time is therefore recommended to generate a reliable figure of perennial rice
farming on ensuring sustainable productivity through maintaining soil fertility.
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Appendix A

Table Al. Time frame for the different rice cultivation phases held at perennial rice field.

Planting Year
Season Activity
2021 2022 2023

Sowing 11 January 9 January 14 January
Early rice Transplanting 26 February 25 February 22 February

Harvesting 14 July 15 July 20 July

77777777777 Sowing. ~ 23June = 19June = 2July

Late rice Transplanting 28 July 21 July 1 August

Harvesting 16 November 15 November 4 December

Table A2. Soil content analysis prior to inception of the long-term experiment at perennial rice field
(in 2021).

TC TN TP TK socC AN AP AK ECs1  pHwea
gkg™ (@gkgH (@gkgH (gkgD (gkg ! (mgkg 1 (mgkg 1) (mgkg1 (uS-cm-1)
0-10 cm 18.74 a 2.03 a 0.71a 15.37 ¢ 12.34 a 2421 a 9.83 a 201.1a 994 a 6.05 ¢

Layer

10-20cm  16.70b 1.64 b 0.70 a 16.64 c 9.00b 1481ab 951a 159.8b 84.8b 6.04 c
20-30cm  12.82c¢ 117 c 0.56b 19.00 b 593 ¢ 1118 bc  5.02b 146.5b 72.7 ¢ 6.45b
3040cm  9.73d 0.75d 041c 22.85a 3.53d 6.08 ¢ 214 c 100.7 c 69.9 c 6.83 a

Different lowercase letters within a column designate significant differences at p < 0.05 (LSD). TC: total carbon,
TN: total nitrogen, TP: total phosphorus, TK: total potassium, SOC: Soil organic carbon, AN: available nitrogen,
AP: available phosphorus, AK: available potassium, EC(s,1) and pHyys.1) used water to test and the ratio of
water:soil = 5:1.
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Table A3. Dry matter nitrogen output of perennial rice fields (TNjp) (kg-ha~?).

Planting Duration Treatment Early Rice Late Rice Whole Year
001 TNy 80.52 bc 100.29 b 180.81b
NNy 80.04 ¢ 54.07 e 134.11 ¢
TNy 7842 c 66.37 d 78.418 d
2022 NN 4488 d 4153 f 4488 e
TNy 87.86 b 111.74 a 199.61 a
2025 NN, 96.71 a 75.84 ¢ 172.55b

Different lowercase letters within a column represent significant differences at p < 0.05 (LSD).

Table A4. Dry matter output in perennial rice field (Mg-ha™').

Planting Duration Treatment Early Rice Late Rice Whole Year
™, 14.58 ¢ 1591 b 30.49 d
2021 NN 15.17 ¢ 195a 3431 ¢
™ 1642 b 14.06 ¢ 30.48 d
2022 NNy 1952a 17.18 b 36.69 ab
™ 1721b 1861 a 35.81 be
2023 NN; 19.16 a 18.82a 37.99a

Different lowercase letters within a column designate significant differences at p < 0.05 (LSD).

Table A5. Soil bulk density of perennial rice field (g cm™3).

L Season
ayer Treat t
y reatmen 2021S 20225 20235
010 ™, 1.22¢ 131d 125e
—Hocm NN, 1.36b 1.44 be 1.36 cd
1090 ™ 1.30 be 133 cd 1.32d
—Ucm NN; 1.31 be 1.53 ab 142 ¢
™ 1.50 a 1.48b 151b
20-30 em NN 152a 1.64a 171a

Different lowercase letters within a column represent significant differences at p < 0.05 (LSD).
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Table A6. Eigenvalues and cumulative interpretation of RDA sequence of response-environment variable.

Cumulative Interpretation of

. Eigenvalue of Correlation of Response and Cumulative Interpretation . Total Canonical
Treatment Layer Axial Sequence . . . . o Response-Environment .
Response Variable Environment Variable Factors of Response Variable (%) : o Eigenvalues
Variable Factors (%)
Axis 1 0.685 0.957 68.5 73.7
Axis 2 0.244 0.986 92.9 100.0
0-10em — Ayis3 0.001 0.885 93.0 100.0 0.929
Axis 4 0.067 0.000 99.7 100.0
Axis 1 0.668 0.945 66.8 73.6
Axis 2 0.240 0.977 90.8 100.0
™ 10-20em  pyie3 0.001 0.764 90.9 100.0 0.908
Axis 4 0.085 0.000 994 100.0
Axis 1 0.734 0.991 734 77.6
Axis 2 0.212 0.918 94.6 100.0
20-30cm  Ayis3 0.001 0.828 947 100.0 0.946
o Adsd 005 000 100 1000
Axis 1 0.959 0.998 95.9 96.9
Axis 2 0.031 0.904 99.0 100.0
0-10cem — Ayi3 0.000 0.926 99.0 100.0 0.989
Axis 4 0.007 0.000 99.7 100.0
Axis 1 0.931 0.984 93.1 97.0
Axis 2 0.029 0.873 96.0 100.0
NN 10-20em 53 0.000 0.716 96.0 100.0 0.960
Axis 4 0.033 0.000 99.3 100.0
Axis 1 0.951 0.994 95.1 96.6
Axis 2 0.033 0.941 98.4 100.0
20-30em Ayis3 0.000 0.955 98.4 100.0 0.984
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Figure Al. Temperature, rainfall, sunshine and relative humidity of the experimental field from 2021
to 2023. Note: Meteorological data from 2021 to 2022 were obtained from the Statistical Yearbook
of Menghai County, and meteorological data and for 2023 it was sourced from the meteorological

station data of Menghai County Meteorological Bureau.
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Figure A2. Plant dry matter of rice fields with annual and perennial farming practices. F—early
season, S—late season, *—significant difference between TN; and NNj per season/year at
p < 0.05 under 2-tailed -test, n.s.—non-significant difference between TN; and NN in a season. Data
presented in each production season or year are average values.
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