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Amendment with controlled release urea
increases leaf morpho-physiological traits,
grain yield and NUE in a double-cropping rice
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Abstract

0

BACKGROUND: Understanding of mechanisms that underpin high-yielding cropping systems is essential for optimizing man-
agement practices. Currently, the contribution of plant traits such as leaf area, chlorophyll content and intercepted photosyn-
thetically active radiation (PAR;) to yield and nitrogen use efficiency (NUE) are not fully understood. In addition, the
understanding of how canopy traits are affected by nitrogen (N) management practices is unclear. The present study aimed
to determine the effect of amendment with controlled release urea (CR), common urea or no urea on NUE and plant eco-
physiological characteristics in a 2-year field study in a double rice cropping system.

RESULTS: Regulation of N release through amendment with CR significantly increased grain yield, NUE and leaf morpho-
physiological attributes. CR coupled with common urea (at comparable total N rates) increased leaf area index (LAl), relative
chlorophyll content index (CCl) and PAR;, leading to higher grain yield and NUE (increased 24.4% and 25.3% in early and late
rice, respectively) compared to local farming practice. Structural equation model (SEM) analysis showed that differences in N
application, between CR and common urea, directly accounted for differences observed in soil nutrient, PAR; and NUE rather
than yield components. Additionally, compared to traditional yield determinants, LAl and PAR; (between booting and filling
stage) are capable of predicting and explaining grain yield by 0.69 and 0.92 of R in early and late rice, respectively.

CONCLUSION: Leaf morpho-physiological traits are important for developing N management practices to increase NUE and
improve food security for paddy agriculture in southern China.
© 2022 Society of Chemical Industry.

Supporting information may be found in the online version of this article.
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INTRODUCTION

Global food demand is increasing, with climate change, urbaniza-
tion and growing populations presenting a challenge to produc-

tion."? Increasing crop yield to meet food demand at the same
time as maintaining or improving nitrogen use efficiency (NUE)
is a critical step towards sustainable agricultural production.>*
Plant physical traits can impact yield through limiting potential
for photosynthesis, and an increase in canopy, leaf size and chlo-
rophyll content could directly enhance intercepted photosynthet-
ically active radiation (PAR) in cereal crops.>® Optimizing
agronomic practices through use of new varieties to improve can-
opy development for high-yielding agricultural production has
been explored in a previous study.” Moreover, much of the litera-
ture in this area has focused on the responses of grain yield to
optimized nitrogen (N) management, particularly with separating
urea applications into multiple topdressing over the reproductive

 Present address: Department of Agriculture and Environment, Harper Adams
University, Newport, UK

a Key Laboratory of Nutrient Cycling Resources and Environment of Anhui, Insti-
tute of Soil and Fertilizer, Anhui Academy of Agricultural Sciences, Hefei, China

b Rothamsted Research, North Wyke, Okehampton, UK

¢ Key Laboratory of Aquatic Botany and Watershed Ecology, Wuhan Botanical
Garden Chinese Academy of Sciences, Wuhan, China

d Institute of Agricultural Resources and Environment, Shandong Academy of
Agricultural Sciences, Jinan, China

e Institute of Modern Agriculture on Yellow River Delta, Shandong Academy of
Agricultural Sciences, Jinan, China

J Sci Food Agric 2023; 103: 1692-1703

WWW.S0Ci.org

© 2022 Society of Chemical Industry.


https://orcid.org/0000-0002-4655-731X
https://orcid.org/0000-0002-6686-4974
mailto:liuchuang@wbgcas.cn
mailto:wangli@wbgcas.cn
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjsfa.12294&domain=pdf&date_stamp=2022-11-26

Increasing crop productivity through an amended fertilizer regime

@)
SClL

where science
meets business

WWW.SOCi.org

period.®? Few studies have investigated the contributions of N
type and application to soil properties, canopy traits and grain
output in paddy fields concurrently. Tropical and subtropical
areas of the globe account for approximately 25% of global rice
production through irrigated double cropping, continuous rice
systems. Therefore, improving the resilience of food production
within these systems is of critical importance to meet the require-
ments of increasing populations.'® Thus, further assessment and
analysis of crop canopy responses to N type in paddy soil are
needed to support local policy decision and achieve efficient
productivity.

Plant leaf development and senescence are associated with a
permanently fluctuating nutrient availability in soil, which plays
a critical role in N and carbohydrate redistribution to grain yield
over the reproductive period.""'? N addition increases ammo-
nium and nitrate content in soil and subsequently N content in
the leaf and stem. This leads to an increase in leaf area and
enhances in the active area of photosynthesis for capturing light
energy."'® Sunlit leaves in the canopy account for about 30% of
the total leaf area, absorbing approximately 70% of solar radiation
energy, and contributing approximately 53% of total canopy pho-
tosynthesis.'* Controlled release N fertilizer has advantages with
respect to maintaining and increasing leaf greenness as a result
of providing continuous N supplement, which indirectly increases
carbon dioxide assimilation for the remobilization of non-
structural carbohydrates to grain organs.>' Both controlled and
field experiments suggest that supplementation with controlled
release N fertilizer increases cereal crop morphology traits, gas
exchange attributes, and soil inorganic N and organic C content
over the reproductive period.'®'® Short-term straw returning fer-
tilization effects on crop yields are likely to reduce because of the
uncertainty in the quality and quantality of straw decomposition
to nutrients over the changing growing season.'®%°

Conventional N urea application practices (such as multiple
application and subsurface placement) enhance leaf develop-
ment, N allocation to harvest organs and decrease the N losses
to environment.?’ However, lack of effective labor and appropri-
ate machinery often limit the application of these practices in
paddy soil. Recently, controlled release urea (CR) as a novel, effec-
tive and environmentally friendly fertilizer, has been applied to
cereal crops such as rice, wheat and maize. Compared to the
required multiple applications of conventional urea, CR saves
labor and time because of the one-time basal application.?
A number of studies have demonstrated that CR increases NUE
and leaf N remobilization, as well as reduces N losses to water
and atmosphere, as a result of a lower ammonium concentration

in soil over the rice growing period.#%23 CR has potential to sup-
port the development of sustainable agriculture through balan-
cing economic benefits and minimizing environmental cost.
These aims underpin the goal of implementing China's zero
growth plan which aims to eliminate excessive fertilizer use.

Reliable estimates of the combined contribution of soil proper-
ties, leaf characteristics, NUE and yield components to grain yield
require methods that can consider a number of factors together.
However, few studies have considered all the four classes of
drivers together, and those focused on one or two classes showed
that the predictive power of them to the variability of grain yield
in rice was relatively low. To overcome this difficulty, a structural
equation model (SEM) was adopted to test whether associations
between multiple factors and grain yield exist. Additionally, the
SEM is effectively able to identify the direct and indirect effect
pathways of driving factors to yield components and grain yield.
Specifically, the present study aimed (i) to investigate the impacts
of fertilizer practices with N type on leaf chlorophyll content index
(CCl), leaf area index (LAI) and PAR;, NUE, grain yield, and yield
components, and (i) to identify the underlying mechanism of
how soil properties, leaf characteristics, NUE and yield compo-
nents contribute to grain yield in rice.

MATERIALS AND METHODS

Site description and experimental design

A 2-year field study in a double rice cropping system was con-
ducted at Wangcheng (28°20'7.8"N, 112°48'3.6"'E) in the middle
of the Yangtze river basin of China during 2016-2017. The exper-
imental site has a typical subtropical monsoon climate with soil
type Hapli-stagnic anthrosols.®> The mean daily minimum and
maximum air temperature at the study site were 14.6 °C and
21.8 °C. The average annual rainfall and daily radiation were
1695 mm and 12.5 MJ (see Supporting information, Fig. S1). The
initial soil pH, organic matter, available N, available phosphorus
and available potassium at the beginning of the experiment
were 6.6, 3633 gkg™", 11865 mgkg™", 10.19 mgkg™" and
107.03 mg kg™, respectively.

Fertilizer treatments were designed to test the impact of nine N
management regimes on crop productivity and agronomic traits
in early rice and late rice. Treatments are outlined in Table 1 and
were replicated in triplicate.* N was applied as basal fertilizer
(70%) and the rest was top-dressing applied at tillering (30%).
All the crops were local cultivars of Oryza sativa (‘Fengyuanyou
272" and ‘Shenyou 9586’ for early rice and late rice, respectively)
and native field management practices were employed, including
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Table 1. Details of fertilizer practices for N, P,Os and K,0 over the early rice and late rice season
Treatment
Crop Chemical fertilizer (kg ha™") CK CR1 CR2 CR2SR N1 N2 N3 N2SR NE
Early rice N 0 150 150 150 120 150 180 150 144
P,05 75 75 75 75 75 75 75 75 46
K,O 120 120 120 120 120 120 120 120 97
Late rice N 0 150 150 150 120 150 180 150 161
P,05 75 75 75 75 75 75 75 75 87
K0 120 120 120 120 120 120 120 120 94
Note: CK, none N treatment; CR, controlled release urea; SR, returning straw; NE, recommended fertilization by nutrient expert system.
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conventional tillage, weed and pest control, as described in Liu
et al.*® Calcium superphosphate (75 P,0s kg ha™") and potassium
chloride (120 K,0 kg ha™") were applied as basal fertilizer for each
plot. All straw in the previous crop at harvest was incorporated
with soil ploughing at a depth of 15 cm. Early rice was trans-
planted in late April and harvested in mid-July, whereas late rice
was transplanted in late July and harvested in mid-October. Plots
(4 m x 5 m) were designated treatments in a randomized com-
plete block design.

Samples and analyses

LAI, CCl and PAR; were measured at key growing stages: tillering,
booting, filling and maturity for both early and late rice season. All
fresh leaf material was separated from the rice plant after sam-
pling and washing, and then the Canon scanner (MF113; Canon
Inc., Tokyo, Japan) was used to obtain a JPG format picture for
analyzing leaf area using ImageJ (National Institute of Mental
Health, Bethesda, MD, USA.).**’

LAl calculation was obtained by multiplying leaf area by the
plant density (225 000 plants ha™") [i.e. LAl = leaf area (m? per
plant) x 225 000 (plants ha™")/10 000 (m? ha™")]. The CCM-200
(Opti-Sciences Inc., Hudson, NH, USA) was adopted to measure
CCl in situ from the first fully expanded functional leaf in each
plant.?®

The estimation of PAR; was determined by total incident solar
radiation (R) and LAl using®®:

PAR=X0.5R (1-e™¥*)

where R is the incoming total solar radiation (MJ m~2 day™); k is
the light extinction coefficient, which equals 0.60 for rice and
LAl is the leaf area index (m? leaf m™2 ground).”

NUE was the ratio of grain yield response between with and
without fertilization to the amount of applied N.3°

- Yieldf t‘Iized)‘Yidd(control)
NUE (kgkgN™") = — (e
UE (kakgN"") Quantity of N applied.

Soil samples at a depth of 0-20 cm were collected using a 2 cm
diameter stainless steel sample auger with an S-shape at harvest
in rice field and were mixed to determine soil properties after
removing stone and visible roots manually. The soils were air-
dried and then sieved with a 0.25 mm to measure soil available
N (AN), organic matter (OM) and total soil N content (STN). Soil
AN were determined with the Alkali N proliferation method and
OM content was quantified using the K,C,05,-H,SO, oxidation
method. STN was measured using the Kjeldahl digestion-
distillation method.?

Statistical analysis

To examine how different N type (i.e. urea as N1, N2, N3 and NE;
CR as CR1 and CR2; and straw as CR2SR and N2SR) affected rice
production increased by yield components [effective panicles
(EEP), 1000-grain weight and grain yield (KGW)], canopy eco-
physiological traits (LAl, CCl and PAR;), soil properties (AN, OM
and STN) and NUE, the SEM was adopted to quantify the relative
importance of potential direct and indirect pathways,®' which
was constructed using the R package ‘lavaan’. Path coefficients
were standardized by the variance ratio of the two variables form-
ing the path. Significant paths were retained with solid line in
SEMs, whereas non-significant paths marked with dashed lines.

The following statistical indices were used to assess whether the
model suitably fitted our dataset: (i) the ratio of chi-squares to
the freedom degree (smaller than 2 and P > 0.05 is considered
better); (ii) the root mean square error of approximation and
non-normed fit index (RMSEA < 0.06, NNFI > 0.95), which favor
higher parsimony; (iii) standardized root mean square residual
(SRMR < 0.05), which measures deviations of residuals from a
hypothesized covariance model; and (iv) indices that correct for
sample size (CFI) (larger than 0.95 is considered better). These
diagnostics are a subset of that proposed by Hooper et al.>? for
evaluating the SEM model.

To identify the relative importance of traditional yield compo-
nents (KGW and EEP) and photosynthetic factors (LAI, CCl and
PAR;) to grain yield, the stepwise regression model was adopted
using ‘leaps’ package in R (https://cran.r-project.org). To test
whether there was a difference between N fertilizer treatments,
we used one-way analysis of variance and calculated least signif-
icant difference (LSD) values (P < 0.05). The analyses were con-
ducted in SPSS, version 20.0 (IBM Corp., Armonk, NY, USA).

RESULTS

Grain yield

Rice yield significantly increased with fertilization management
compared with that in CK (P < 0.01) (Fig. 1; see also Supporting
information, Table S1). Average grain yield varied from 2812 to
5969 and 6092 to 8022 kg ha™"' for early rice and late rice, respec-
tively. Early rice yield was significantly increased by N addition
with the highest (6083 kg ha™" in 2016) under CR1 compared to
CK and NE treatments (Fig. 1a). The highest yield for late rice
was obtained under CR2 in 2017 (Fig. 1b).

N use efficiency

Crop NUE varied significantly among the fertilizer treatments, and
an average value of NUE under CR2 in both 2016 and 2017 is
higher than that under other treatments for the early rice,
whereas, for the late rice, a higher NUE in 2016 and 2017 was
found under CR1 (P < 0.01) (Fig. 2; see also Supporting informa-
tion, Table S1). The average NUE under CR2 (38.2%) for early rice
in both 2 year was higher than that under local farm practice
(N2, 30.7%) and recommended fertilization (NE, 31.5%) (Fig. 2a).
Similarly, partial or full substitution of common urea by CR was
superior with respect to increasing NUE for late rice in 2017
(Fig. 2b) compared to other treatments, and NUE under CR2
(62.1%) was slightly higher than that under NE treatment
(61.0%) in 2016 (Fig. 2a).

Relative leaf chlorophyll content

Measurements of CCl under different N regimes for early rice and
late rice over the growing period are shown in Table 2. CR plus
urea treatments can significantly increase the CCl values in early
rice and late rice over the growing period (P < 0.05). The peaks
of CCl with year tend to be found at the booting (B) stage in the
early rice but at the filling (F) stage in the late rice. Compared with
local farming practice (N2), the average CCl values under partial
and full substitution of CR increased by 27.3% (B stage) and
13.6% (F stage) for early rice and late rice in 2017, respectively.
Moreover, the correlation results revealed that the maximum con-
tribution of CCl to grain yield were B and F stages for early
(R* = 0.70) and late rice (R> = 0.64), respectively (see Supporting
information, Fig. S3).
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Figure 1. Variations of grain yield for early rice and late rice under different N management from 2016 (a) to 2017 (b). Different lowercase letters repre-
sent significant differences (P < 0.05, LSD) under different N treatments in each rice season.
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Figure 2. Variations of N use efficiency for early rice and late rice under different N management from 2016 (a) to 2017 (b). Different lowercase letters
represent significant differences (P < 0.05, LSD) under different N treatments in each rice season.

I EEEEEEEEE———
© 2022 Society of Chemical Industry.

J Sci Food Agric 2023; 103: 1692-1703

wileyonlinelibrary.com/jsfa

U Aq paLBAOB S8 SO 1Le O (38N JO SAINI 40} AReIq1T BUIIUO AB|IM UO (SUONIPUOD-PUB-SLUBIW0D" 3| 1M AR 1 [ouJUO//SANUY) SUORIPUOD PUe SWS L 81 385 * [7202/T0/60] U0 A%eiq1auljuo AB|IM ‘Ud"0e' GO IM® BqUBLU-<UIR|0qa US> AQ ¥62¢T 8IS [/200T 0T/I0p/Woo"A3| 1M ARe1q 1 [Bul [UO//SANY WO.) POPeoIuMOd ‘v ‘€202 ‘0T00L60T



http://wileyonlinelibrary.com/jsfa

10970010, 2023, 4, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/jsfa.12294 by <Shibboleth>-member@whiob.ac.cn, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

- m
S o
—— ~
v T
= IN
= 3
(@] —
s
]
e
[a]
o
o~
2
A~
S
<
o
o
£
3
-~
‘AloAnoadsal ‘sabeys buimolb a1 ul ainlew pue buljjy ‘bunooq ‘buna)i Jussaidal  pue 4 ‘g ‘|
'SjuaWIIeI] 9y} Buowe sadUIBYIP JUEdYIUBIS 319M 219Y) USYM AJUO UMOYS dJe SI191197 1531 0ST Y3 JO [9A3] %G Y3 1B SJUSWILRI] USIMII] JUIPIP A[RUedYIUDIS 10U dJe SI9119| 9SBIIDMO| dWEeS dY] 210N
q6€F L0€ DSV FYES 9p2q §°S F 6'€S e6EF L9 p>Lz+9¢L egy ¥ €€ e gy ¥ gy qe g€ Fg/L aN
q9§ ¥+ €0¢ 29 9SF0LS p>ge g's F 8'vS e STF6SE p>gz+€L e oYy F T9€ AVAR A 4 4 ey F LT EN )
q09+F L6C dLSFYES 9P 6’V + T0S g 8€FgLlE p>SLFES ey'q+T9€ eOLFTLY qe oy + 08l HSCN 2
(%]
q9T+S6C DLEFGIUS 9P> 9’8 F ¥'ES e ¢y +89¢ d26EF L6 egeFTLE el LF VLY 2qe Q9+ 78l N 3
qesF0Le PTEF ULy Sp €€ F €61 OV F ¥'GE p>oLFSL e ¢'9Fyoe evy F LY pP2q GSFovl LN m
o e06F 0Ly AVAR SN 2] eQ0Y F 979 qe £'¢€ F TvE qr9F€ce el'9F6LE e6SF LY pP2q 0y F Sl 4Sadd S
S} eg9F /€ qe /'€ ¥ 865 2qe 6'6 + 965 .oy ¥ 0LE 209 F66C 269 FGLE eSS FET pq Ty + 8§l [4:b) m
‘O — — — — — — — — <
3 eov + 'Ly e0L+ Y99 qeQ's + 9 eEEFTLE qsL+/['lT €89+ 98¢ RWARSE 2 44 P20y + €vlL [R<D) v
v — — — — — — — —
= 2.0+ €6l 9GE+ Sy 9 ¢y +8Sh d¥'E+ L'6C pP60+6¢ qey +¢ece qly+9ce pocC+86 MO L10C nvv,
W qo0s+F e 96 FELE qesF6Ly q ey F LYE 2909 F L8l 286+ TSt P98+ 06¢ qe ¢'s Fvee N m
qSeEF L0C 296CF L'6C qe¥'9 ¥ §'LS q 8y F 6°€E 2q8€F g6l 2968 F 6V P39 99 F L'vy qegs+9lLE EN K
q8vF8tC qgEFeee qosF L6y 28% F L0€ qT9+F6'SC D/LLF Sy P> 8§ ¥ Sor qT8F €8¢ USTN N
qGseEF o6l 29 LI'E F S6C qe 1’9 F £0S 2q0S F6CE 2q 0§ F9C 208 F L'LY pELF L8 qESF06L ZN &
qeEeEF 8L d¥'EF QLT qe gL+ 0vs dEEFLTE QTLF6TC 6L+ 008 p3q €6 + STk qe ¢'q + GEe LN ©
e e FEYE eSEF8e RTLF €95 eTY F LTy eS8+ 9GE el F66S qe L'g + 0’61 eYEF e 4Scdd
CRVA S SRS e 9G F66¢ qe oy F €€S ql'sF9¢ q96+96C qezolL + €99 oqe '8 F 0'8Y qe¢eF /LTe [4p}
e6SFETE e 'S F68€ 206 FgSS g geFSTe @GS FG/E e/ /[ FG8S eSS FOVS e /v F06E (R<B)
JLTFGS6 pPSEFIC DSV F EVE P LS FovT 27SF 66 p ey F99€ 90t F ST 28EFQLL D 910C
W E] <] 1 W E| g 1 sjuswieal] RSN
90U 91e7 2ol e
]
N
/10T Pue 9|10z Ul Suswabeuew N 1USJ94IP JOPUN UOSESS 911 d)e| pue AlIes Jo sanjeA |DD Jo sabuey) g 3jqel 2
IS
o
Y
Fa
©
2
K7}
. £
bt c
o2 >
0N: 3
2E =
2

@)



http://wileyonlinelibrary.com/jsfa

10970010, 2023, 4, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/jsfa.12294 by <Shibboleth>-member@whiob.ac.cn, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by th¢

@)

-y £
HH 2
c 23 S
TE £
B o
N
>
o
2
@
£
c
o
BN
Q
2
)
=
‘g
w ‘AjPAndadsal ‘sabels buimoab adu ul ainjew pue buly ‘bunooq ‘buusy|n 1ussaidas  pue 4 ‘g ‘|
W 'sjusWeal] 9yl Buowe s3dUIBYIP JUEdYIUDIS 3I9M 3I3Y) USYM AJUO UMOYS e $131197 1591 0ST Y1 JO [9A3] %G U1 1B SIUSWI1LII] USIMISC JUISYIP ARUBILIUDIS J0U D1 $13119] SSEDISMO| SWes Y| 310N
= _ — _ — _ _ — _
€90+ €T e/L0+ V€ qso+ /LY qeo+ol qlLo+90 60+ S€E qe /0 + L'E qe 1’0+ S0 N
qe 1’0 ¥0¢ e60F €€ qv'L+CS ee0F T aeo0+ L0 eyl FGE eoL ¥ GV eL0F L0 EN
Q70+ /L e/L0FLE qezL+T9 q70oF¢SlL qLo++0 eS0F8T qe¥'0+9¢€ eL'0F90 4SIN f=
—_ —_ —_ —_ —_— —_ — —_ wv
qe 9’0 +6'L elro+ce q90+¢€s GE0+ 9L qlo+gso elL+/€ qe 'L +9'¢ e1'0+90 N 3
p200+CTlL qe Q'L +8¢ qoLFEgs qezo+8glL a¥0+¢90 el'LF€EE qezL+8¢ qe L'0+ S0 LN m
2qL0FSlL oL F It qe g0+ 19 qe /0+6'L egoF L eE0F6T 2990+ 8¢ qe 00+ S0 4Scdd S
ey0F €T eyLF TV qeELF S qeE0FLL eL0FEL RTO0F LT 290 F ST eE0F L0 [4:D) m
o p>LoFe€lL RZOF L'E e90F €L qLoFolL ee0F ol eLLF6T 29€0F¥eT e10F90 L4D ,..rnm
£ pooF Ll qLro+gqlL dDV0F6T 270FTL qLo++0 qzo*o0l 2S50F 9L qLo++0 D £10T m,
2 qro+ vl qLoFCy 2qeQ'L *9v eeo+FLE q00+60 2q70F6C pPqzoFLe qe ¥'0 + 60 E\] .w
5 Q¥+l dJE0F LE 2qeQ'L +¢S €90+ g€ qL0+60 qe [0+ €€ eZ0+ 0V qez0+60 EN K
W q¥0F €L QELFCTY qe gl F6v e/0F0¢ qey'0F 0L 2990+ 6C qe¢o+8¢ qe¢0+60 4SCN N
m qeE0F Sl qOLF LY JL0FVE egoF e eTOF VL JLLFST P>E0F 6T qe 0’0 ¥ 80 ZN &
L
° qroF vl qegoF L'S e¢0+89 qe¥'0F6¢C qzo0+80 XQE0F6C pPLo¥F8T qe ¥#'0 ¥ 6'0 LN ©
g eE0FET eELF6S qee6C+6S elLFLE qegoF L'L eL0F 0V ego0F L'y qe L'0+ L0 4Scdd
m AR 4 qe 90+ 'S Q€E0FCTY e/0FGE qe L0+ 0L qe /0+GS€ 2qe g0+ 9¢ eZToOF UL [4D)
© {0 F ST e90F LS qe €L F 'S elLFLe qezo+7ClL 2qe 50 F ¥'€ pP2q S0+ T¢E qego+0lL (k<)
S 21 0F80 peoFslL dTLFOE asoF /L1 q+'0+80 pPLoFelL 91L0FSL qz0+90 ) 910t
<
MJ W 4 | 1 W 4 4 1 sjuswiiesl| lesp
<
= 201 9187 201 Ajeg
Fo
2 /102 Pue 910z Ul SjusWwabeuRwW N JUSJ9HIP JOPUN UOSEIS 901 d3e| pue AIes Jo |y Jo solweukq € 3jqel
)
3
o
S
Q
<]
[
o
£
wv
©
g
)
£

J Sci Food Agric 2023; 103: 1692-1703


http://wileyonlinelibrary.com/jsfa

10970010, 2023, 4, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/jsfa.12294 by <Shibboleth>-member@whiob.ac.cn, Wiley Online Library on [09/01/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

@)

SCl

where science

CLiuetal

WWW.SOCI.Org

meets business

"AloAndadsal ‘sabeys buimolb 911 Ul ainjew pue buljjy ‘bunooq ‘buua)i Jussaidal |\ pue 4 ‘g ‘| ‘siuswieas
9Y3 buowie saduIYIP JULIYIUBIS D19M 3134} UBYM AJUO 3|ge) Ul UMOYS Je s3ageyd|e ay] 1591 ST Y3 JO [9A3] %S SY3 1B SJUSWIEDI} USIMID] JUDI3HIP A[Iuedyiubis 10U 2.e S19119] 9SeDI9MO| dWes a3y 210N

e G'TC F 0¥9S e G/l F006E e oGl FS98lE el'6F LGEL R LTOF VLY qev'/Le ¥ TLTE oqe ¥'6C F T1SC oqe L'yl F 00LL N
e €07 F ¥'£9S eOGTF Lly eGECF6LVE e9GL F TSl e 9y F09LS €067 F '€9€ @ {'€C F 88T egZL ¥¢S/LTL €N
6Ll F¥¥SS eGELFOLOY eTLLF LYEE ey F STl e oL ¥ L9 qe '8 F §'LEE ge ¢/ F T6SC qe Qs F L€ELL HSCN
e 'Sk + 9'699 eLECFSUY e6'LC F L'0OvE e9/L F905L e gTLF 66V qe g'8y + 9'¢he qe g'6€ + 0'89¢C qesoC F6LLL N
e 1'0S ¥ 8Ces e ¢£'8C F 1'86¢ e 0vC ¥ 0'8C¢ egrLFoerl e g¥v9 F 085y qe 0wy F LLEE oqe 9'GE F £'8SC dqe g8l F L'ell LN
e 0 ¥ 9'8LS e g0 F €9ty e gl F0TsE e 1'9F gesl e 0'S F 8'0SY q Lyl F ¥'86C 3976 F S'8TC 39 €€ F5G6 4Scdd
e 6'8¢ F 6795 €067 F 666E e gy F9/LTE e60L F86¢ElL R €S F SVIY qT6E F S¥8T d¥EF L'8LT 296LF916 [4<D]
@[T F 9SS ey EEF S LLY @ G'67 F 8'8€E e 19l F 0¥l e 98S F L'VEY q 99y + £L'€8C J '8¢ F 89L¢C /8L FL06 14D
q ey + gLty q'6C ¥ 9'S0€ q8vC ¥ L'6vT qovL 'S0l q9vs F '68C D16 F 661 Py €est pzoLF€v9 D £10T
e g9l FT9/S e '8l F €6y e gL FTLTE e Lol 9L qe L'e ¥ ¥'LOY P2 6L F €0CE paq 'L + §°0TC P29 90 + 6'66 EL\
e L9l F 1'8/S e 00C ¥ 0667 egglL F6LEE e6vl F 708l e 08l F T8YY e oL ¥ 86S¢E e 09 F §0SC BT FELLL €N
e 1'9F |'G/S egy F 6687 ereEFELCE BTG F 6691 dqe /'0€ F 8Ly dqe /9l F 9'GeE dge ¥'6 F L'€E€C dqe y'¢ ¥ 6'£0L 4SCIN
€99l F 1'€9S e LELF08LY eZoLFEelE e6LF 9Ll d /L8y F €€9¢ P 0'LE F 0'68C pPSSTF 086l poCLF688 ¢N
e 6L F 6885 e 6'G F6€0S eGGFYLEE eESF VYL 299Vl F 6'€6E p>8CL FTvlE pP>Z0L F6'S1C P> ¥'9 FSL6 LN
e TES F 6165 675 F L'V0S e 6oV F TLEE eSEF LLLL e{y6lL F Sl qe /[l ¥ T'8S€E eyl F €8YC e06F6LL 4sSedd
e TEC F098S e 07T ¥ 0967 ege6lL F e eGoL FgLLL qe v'8¢ + 6'9¢v dqe Q'ze + S8pe qe €y F €'1vT qeg¢clLF6LLL 4D}
e '0€ ¥ 0'98S e/ lEFVEey e G'0g F T0TE e LYTFTLIL dqe 6'LE F €90 P29 6°0C F £'€C€E p>q el F LTeT p>qSSsF0L0L L4
qQTL9 F ¥'Shv qT9S ¥9€8¢ q STy F Tt q99C F L'vClL p 86T F LTET 2T€ELF096L 96'GFSLEL 99€¢€FTT9 D 910¢
W 4 g L W 4 g L sjusweal] 189
901 31e 201 Ajle]
juswabeuew N JuaIaIp Aq pa1daye se /102-910z buunp waishs buiddoid-ad1 3jgnop a3 ul (‘dyd) uonelpes aande Ajjednayiuisojoyd paydasisiu]  *p ajqel

1692-1703

J Sci Food Agric 2023; 103

© 2022 Society of Chemical Industry.

o
K2l
=
S
o
Y
P
2
©
o
2
o
£
IS
o
>
<2
2


http://wileyonlinelibrary.com/jsfa

Increasing crop productivity through an amended fertilizer regime

@)
SClL

where science
meets business

WWW.SOCi.org

(b) Urea
-0.31

0.40

Grain yield <
R?=0.75

~

[ag] 17,
=) 225

\
0.68 \

(c) CR urea
-0.39 >

Grain yield
R2=0.82

-0.8] B Grain yield 0.53
R2=0,78
a
KGW
2=0.49
EEP <8 NUE
=075

LAI
2=(.56

Figure 3. Structural equation models (a) show the causal effects of soil property [available nitrogen (AN), organic matter (OM) and total nitrogen content
(STN)], canopy characteristics [leaf area index (LAl), relative chlorophyll content (CCl), intercepted photosynthesis active radiation (PARi)], N use efficiency
(NUE), yield components (effective panicles per plant (EEP), 1000-grain weight (KGW) and grain yield under urea (b), controlled release urea (c) and straw
addition (d). Green and red solid line denote significant paths for positive and negative relationship, respectively, while dashed line with green and red
denote non-significant (ns) paths that combined with other paths to produce significant total effects. Path values are standardized coefficients. R? value

indicates the explained variance proportion of each variable.

LAI

The average LAl for early rice and late rice is shown in Table 3.
N addition increased LAl at each growing stage compared to
the CK treatment (Table 3; see also Supporting information,
Table S1) (P < 0.05). Compared to local farming practice (N2),
the leaf area per unit in both early and late rice significantly
increased under partial or full substitute by CR over the reproduc-
tive period (especially at the F and M stages). The higher value of
average LAl across all straw returning treatments was found at the
B stage in both early and late rice. The maximum LAl occurred
under N3 (4.25 m? m™) and CR1 (6.35 m? m™2) for early rice and
late rice, respectively. In addition, the correlation results showed
that the highest R? values for early and late rice were observed
at the filling stage, which indicated that enhancing LAl at the

filling stage could be helpful to increase grain yield at harvest
(see Supporting information, Fig. S4).

PAR;

Photosynthetically active radiation intercepted by crop canopy
for early rice and late rice over the vegetative and reproductive
stage significantly increased with N addition (Table 4; see also
Supporting information, Table S1) (P < 0.05). Compared with
other treatments, higher N with 180 kg N ha™" (N3) over the early
rice growing period was able to obtain the highest PAR; for 2016
and 2017 with 448 and 516 MJ m~2, respectively. Partial and full
substitute of CR in early rice significantly reduced PAR; compared
with comparable N rates of urea over the vegetative period in
2017. The correlation results revealed that the maximum
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Table 5. Structural equation model fit statistics for urea, CR and straw addition

Nitrogen management

Index Significance threshold Urea CR urea Straw addition
P 14.8 10.2 5.7
df. 19 18 15
rldf.<2 0.78 0.57 038
P value > 0.05 0.74 0.93 0.99
RMSEA < 0.06 0 0 0
SRMR < 0.05 0.045 0.032 0.033
CFl > 0.95 1.0 1.0 1.0
NNFI > 0.95 1.04 1.10 1.15

Abbreviations: CFl, bentler comparative fit index; NNFI, non-normed fit index; RMSEA, root mean square error of approximation; SRMR, standardized
root mean square residual.

Table 6. Stepwise regression model for the relationship between grain yield and agronomic traits (*P < 0.05, **P < 0.01)

Crop Agronomic traits Multiple linear regression model Model R? F-value P-value
Early rice Traditional GY = 3031 + 6.1 EPP** 0.65 25.64 <0.01
Photosynthetic GY = 5448 + 120 PARit** — 53.9 PARig** 0.69 14.44 < 0.01
Late rice Traditional GY = —8380 + 11.9 EPP** + 487.2 KGW** 0.81 285 <0.01
Photosynthetic GY = 6815-17.8 PARit* + 10.7 PARig** + 236.5 LAI* 0.92 49.1 < 0.01

Note: GY (kg ha™"), grain yield; KGW (g), kernel grain weight; EEP (number per plant), effective panicles per plant; PAR; (MJ m™2), intercepted photo-
synthetic active radiation; LAI (m? m™?), leaf area index; T, B and F represent tillering, booting and filling in rice growing stages.

contribution of PAR; to grain yield (see Supporting information,
Fig. S5) was different from the contribution of CCl to grain yield
(see Supporting information, Fig. $3) and the highest R* values
between early and late rice were obtained at F and B stages for
early (R*=0.81) and late rice (R* = 0.61), respectively (see Support-
ing information, Fig. S5).

Overall evaluation of N type on crop productivity
The SEM results demonstrated that 82% and 75% of the variation
in grain yield under CR and common urea could be accounted for
by the combination of NUE, KGW, CCl, PAR;, AN and STN, respec-
tively (Fig. 3b,c and Table 5). The combinations of NUE, KGW,
LAI, CCl, AN and STN together contributed to 78% of the variation
in grain yield under the incorporated straw treatment (Fig. 3d).
The increase in AN content mediated grain yield responses mainly
through the changes in LAI, CCl, PAR;, KGW and NUE under com-
mon urea (Fig. 3b), and LAI, CCl, EEP, PAR;, KGW under CR
(Fig. 3¢) and CCl, LAl and KGW under incorporated straw
(Fig. 3d), respectively. Compared to straw returning treatment,
the complicated pathways under CR and common urea were
observed. N addition with CR strongly increased the correlation
coefficient between NUE and grain yield, as well as that between
PAR; and NUE compared to common urea (Fig. 3c). Moreover, the
LAl and PAR; over the vegetative and reproductive period can
explain the variations of grain yield for early and late rice by the
average values of 0.69 and 0.92, respectively (Table 6).
Additionally, the stepwise correlation result agreed well with
that in the SEM analysis. The traditional explanation ratio of yield
components on grain yield in early and late rice (average
R* = 0.73, P < 0.01) was smaller than that with leaf morpho-
physiological attributes over the key growing period (average

R* = 0.81, P < 0.01) (Table 6). High PAR; at tillering stage and
low PAR; at booting stage in early rice strengthened the explana-
tion of grain yield response to increased common urea and CR by
regulating KGW and NUE (Fig. 3c and Table 6). By contrast, in late
rice, decreased PAR,; at tillering stage and increased PAR; at boot-
ing stage could result in the positive effects on grain yield
(Table 6). The above observations strongly indicate that the
increase in response to N addition could be primarily attributed
to leaf morpho-physiological traits at key stage rather the changes
of yield components, which could have potential in adjusting N
management practices over the growing period and predicting
grain yield at harvest.

DISCUSSION
Variations of grain yield and its controlling factors
Numerous studies have demonstrated that seasonal variability of
fertilizer application and soil properties play a critical role in regu-
lating leaf growth and development, yield components and grain
yield,**3° In addition, there is also increasing evidence that leaf
morpho-physiological attributes are key drivers of grain compo-
nent response in breeding progress and modelling crop growth
and development.>*’ Changes of leaf morpho-physiological attri-
butes can affect harvest organs by altering the quality and quan-
tity of N translocation and redistribution between the leaf and
stem. In the present study, the increase in NUE mediated grain
yield responses mainly through available N in soil and leaf LAI,
CCl and PAR; under CR and common urea (Fig. 3b,c).

Irrespective of the widely accepted correlation of grain yield
with yield components and soil properties, shifts in content of
AN and STN in soil can stimulate leaf CCl, PAR; and NUE in plant
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and thus drive the changes of grain yield and its components in
CR treatment. This may be because CRincreased N uptake and uti-
lization in aboveground organs for increasing litter to arable soil
as aresult of sustained N supply, thus leading to an increase in soil
nutrient.3®3° The findings are consistent with those of this study,
which have found an increase in leaf photosynthesis traits and
yield component as relative chlorophyll content and KGW under
CR treatment (Table 3; see also Supporting information, Fig. S2).
Increased KGW between early and late rice could be associated
with an increase in soil available N but not NUE under the CR
(Fig. 3; see also Supporting information, Figs S2 and S6). This is
in agreement with previous study that N addition significantly
increased N content in soil, strengthened the remobilization of
rhizosphere nutrients to aboveground leaf and stem organs, thus
increasing root C:N ratio, kernel C uptake and plant N uptake in
cereal crop.* Furthermore, leaf morpho-physiological attributes
shifts can enhance grain yield and KGW beyond that expected
from the direct impacts of soil nutrient on NUE alone, further
highlighting the critical role of CR in regulating the variation of
grain yield in rice.

In addition to conventional evaluation method, the single
objective (i.e. NUE, LAl and grain yield) responded to agronomic
practices could have unsignificant effects as shown in the pre-
sent study. For example, NUE and LAl between treatments from
both years of 2016 and 2017 was large skew because of the
changing microclimate and weather conditions such as temper-
ature, precipitation and radiation in the field (see Supporting
information, Fig. S1). Thus, the SEM could have potential in asses-
sing the relationship of grain yield and its components to soil,
fertilizer practices and leaf traits because of the advantages of
a quantitative evaluation method of interaction effects among
multiple indicators.>*' As for the CR, increased grain yield and
KGW were regulated by changes in soil AN content but not the
leaf PAR; under the partial or full substitute by CR (Fig. 3c), also
supporting the above argument. These results confirmed that
the conventional single indicator evaluation method could not
detect prevailingly indirect pathway impacts of soil AN on rice
grain yield, further highlighting the privilege in assessing the
interaction effect of complicated variables. In the future, more
significant elements should be measured for supporting the con-
ventional evaluation.

Implication of N addition on canopy traits and grain yield

Nitrogen addition plays an essential role in increasing grain yield
through enhancing N availability in plant growth.'> Controlled
release fertilizer provides sufficient N for plant growth and devel-
opment, which contributes to enhance leaf photosynthesis and
increase N uptake and remobilization over the vegetative and
reproductive period."?>*? In the present study, compared with
local farming practice (N2), partial or full substitution of common
urea by CR increased leaf CCl by 18.6-26.2% and 20.3-26.6% for
the reproductive stage of early rice and late rice, respectively
(Fig. 2 and Tables 2 and 4). This is agreement with the slow-release
N of CR slowing down leaf senescence processes as a result of N
translocation in the aging leaf to the fresh leaf and stem after
anthesis.**** Continuous N addition could increase leaf chloro-
phyll that is a biochemical photosynthetic component, which is
able to activate electrons in photosynthesis for releasing chemical
energy and enhancing light interception.” In addition, leaf CCl, LAI
and PAR; between early and late rice season were positively corre-
lated with grain yield from booting to grain filling stages (see Sup-
porting information, Figs S3-S5). Accordingly, the stepwise

analysis revealed that PAR; was a key driver of grain yield response
between tillering and booting stage (Fig. 3., average R*> = 0.81,
P < 0.01). High CCl and LAl lead to increase accumulated above-
ground biomass and leaf photoassimilate partitioning to root over
the vegetative period, and thus indirectly enhancing the N redis-
tribution and remobilization to economic organs over the repro-
ductive period (Tables 2 and 3; see also Supporting information,
Figs 53 and 54)."4°46

Negative N effects on grain yield and NUE under chemical fertil-
izer plus straw in paddy soil agree with the results of previous
studies,*” but differ from those in long-term straw management
that reported increased grain yield and NUE.*® This might be
because differences in grain yield and NUE responses to the mix-
ture of chemical N source to long-term straw may largely result in
increasing soil organic N compared to short-term straw manage-
ment as in the present study (Figs 1 and 2).*® In addition, this dif-
ferential result could be associated with N immobilization from
incorporated straw and the lack of synchrony of N release with
crop demand over the growing period.*® Therefore, to require reli-
able effects of crop residues on N mobilization between soil and
plant, more observations and model estimations need to be made
in the future.

CONCLUSIONS

Improved N management through amendment with CR signifi-
cantly increased the grain yield, NUE and leaf morpho-
physiological attributes between early and late rice. The SEM
analysis highlighted that enhanced soil nutrient, especially
increases in AN and STN, as well as increased KGW, PAR; and
NUE, but not EEP, accounted for such differences between the
CR and common urea. Compared to the traditional yield compo-
nents, leaf morpho-physiological attributes as LAl and PAR;
between tillering and booting stage could be capable of predict-
ing and explaining grain yield at harvest by 0.69 and 0.92 of R?
for the early and late rice, respectively. These findings suggest
that leaf morpho-physiological traits are important for develop-
ing N management practices to balance tradeoffs between high
N use efficiency and food security for paddy agriculture in south-
ern China.

ACKNOWLEDGEMENTS

This research was financially supported by the National Natural
Science Foundation of China (Project No. NSFC 32201409 &
31902119), the National High-end Foreign Expert Project of
China (G2022019020L), the National Key Research and Develop-
ment Program of China (2016YFD0200108) and the Joint Fund
Project of National Natural Science Foundation of China
(U19A2046). Chuang Liu received funds from the China Scholar-
ship Council (China - UK Joint Research and Innovation Partner-
ship Fund PhD Placement Programme, No. 201802527008). Kate
LeCocq was supported by the Biotechnology and Biological Sci-
ences Research Council (BBS/E/C/00010320). We thank Lianhai
Wu (Rothamsted Research) for his help and suggestions in revis-
ing the manuscript.

SUPPORTING INFORMATION

Supporting information may be found in the online version of this
article.

J Sci Food Agric 2023; 103: 1692-1703

© 2022 Society of Chemical Industry.

wileyonlinelibrary.com/jsfa

U Aq peusenob ae oIl VO '8sN JO S9INJ 10} A%Iq1T8UIIUQ AB]IM UO (SUORIPUOD-PUR-SLLIBY/WIOY"AB | 1M ATeIq 1 jBU 1 JUO//:SdNY) SUORIPUOD PUe SWie | 8U) 89S *[¥202/T0/60] U0 AfeiqiTaul|uo A8 |1 ‘Uo"de qoIym® equisW-<Yie|0qq US> A 16221 eJS[/200T 0T/10p/Loo A8 1M Aeiq1puljuo//:Sdiy Wo.y pepeojumod ' ‘€202 ‘0T00.60T



http://wileyonlinelibrary.com/jsfa

®)
SCl

where science
meets business

WWW.S0Ci.org

CLiuetal

REFERENCES

1 Liu C, Wang L, Le Cocq K, Chang C, Li Z, Chen F et al., Climate change
and environmental impacts on and adaptation strategies for pro-
duction in wheat-rice rotations in southern China. Agric For Meteorol
292:108136  (2020).  https://doi.org/10.1016/j.agrformet.2020.
108136.

2 Chandra AK, Chandora R, Sood S and Malhotra N, Global production,
demand, and supply, in Millets and Pseudo Cereals, ed. by Singh M
and Sood S. Woodhead Publishing, Cambridge, Chapter 2, pp. 7-
18 (2021). https://doi.org/10.1016/B978-0-12-820089-6.00002-1.

3 Magombeyi MS and Taigbenu AE, Crop yield risk analysis and mitiga-
tion of smallholder farmers at quaternary catchment level: case
study of B72A in Olifants river basin, South Africa. Phys Chem Earth,
Parts A/B/C 33:744-756 (2008). https://doi.org/10.1016/j.pce.2008.
06.050.

4 Detwiler DS, Beyond food safety, in Food Safety, ed. by Detwiler DS.
Academic Press, Cambridge, Chapter 10, pp. 205-241 (2020).
https://doi.org/10.1016/B978-0-12-818219-2.00010-7.

5 LiuG LiuY, LuY, Liao Y, Nie J, Yuan X et al., Use of a leaf chlorophyll
content index to improve the prediction of above-ground biomass
and productivity. Peer) 6:26240 (2019). https://doi.org/10.7717/
peerj.6240.

6 Hoffmann CM, Importance of canopy closure and dry matter partition-
ing for yield formation of sugar beet varieties. Field Crops Res 236:
75-84 (2019). https://doi.org/10.1016/j.fcr.2019.03.013.

7 Wang B, Feng P, Chen C, Liu DL, Waters C and Yu Q, Designing wheat
ideotypes to cope with future changing climate in south-eastern
Australia. Agr Syst 170:9-18 (2019). https://doi.org/10.1016/j.agsy.
2018.12.005.

8 Zhang H, Hou D-p, Peng X-I, Ma B-j, Shao S-m, Jing W-j et al., Optimiz-
ing integrative cultivation management improves grain quality
while increasing yield and nitrogen use efficiency in rice. J Integr
Agric 18:2716-2731 (2019). https://doi.org/10.1016/52095-3119(19)
62836-4.

9 ZhangJ,LiW, Zhou Y, Ding Y, XuL, Jiang Y et al., Long-term straw incor-
poration increases rice yield stability under high fertilization level
conditions in the rice-wheat system. Crop J 9:1191-1197 (2021).
https://doi.org/10.1016/j.cj.2020.11.007.

10 Cassman KG, Ecological intensification of cereal production systems:
yield potential, soil quality, and precision agriculture. Proc Natl Acad
Sci USA 96:5952-5959 (1999). https://doi.org/10.1073/pnas.96.11.
5952.

11 Teixeira El, Moot DJ, Brown HE and Pollock KM, How does defoliation
management impact on yield, canopy forming processes and light
interception of lucerne (Medicago sativa L.) crops? Eur J Agron 27:
154-164 (2007). https://doi.org/10.1016/j.eja.2007.03.001.

12 Maillard A, Diquélou S, Billard V, Lainé P, Garnica M, Prudent M et al.,
Leaf mineral nutrient remobilization during leaf senescence and
modulation by nutrient deficiency. Front Plant Sci 6:1-15 (2015).
https://doi.org/10.3389/fpls.2015.00317.

13 Wang Z, Wang Z, Ma L, Lv X, Meng Y and Zhou Z, Straw returning
coupled with nitrogen fertilization increases canopy photosynthetic
capacity, yield and nitrogen use efficiency in cotton. Eur J Agron 126:
126267 (2021). https://doi.org/10.1016/j.eja.2021.126267.

14 Song Q, Zhang G and Zhu X-G, Optimal crop canopy architecture to
maximise canopy photosynthetic CO, uptake under elevated CO,
- a theoretical study using a mechanistic model of canopy photo-
synthesis. Funct Plant Biol 40:108-124 (2013). https://doi.org/10.
1071/FP12056.

15 Gu J, ChenY, Zhang H, Li Z, Zhou Q, Yu C et al., Canopy light and nitro-
gen distributions are related to grain yield and nitrogen use effi-
ciency in rice. Field Crops Res 206:74-85 (2017). https://doi.org/10.
1016/j.fcr.2017.02.021.

16 XuY, ZhoulJ,FengW, JiaR, Liu C, FuT et al., Marginal land conversion to
perennial energy crops with biomass removal enhances soil carbon
sequestration. GCB Bioenergy 14:1117-1127 (2022). https://doi.org/
10.1111/gcbb.12990.

17 Li R, Gao Y, Chen Q, Li Z, Gao F, Meng Q et al., Blended controlled-
release nitrogen fertilizer with straw returning improved soil nitro-
gen availability, soil microbial community, and root morphology of
wheat. Soil Tillage Res 212:105045 (2021). https://doi.org/10.1016/j.
still.2021.105045.

18 Li P, Lu J, Wang Y, Wang S, Hussain S, Ren T et al., Nitrogen losses, use
efficiency, and productivity of early rice under controlled-release

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

urea. Agric Ecosyst Environ 251:78-87 (2018). https://doi.org/10.
1016/j.agee.2017.09.020.

Hu Q, LiuT, Jiang S, Cao C, Li C, Chen B et al.,, Combined effects of straw
returning and chemical N fertilization on greenhouse gas emissions
and yield from Paddy fields in Northwest Hubei Province, China.
J Plant Nutr Soil Sci 20:392-406 (2020). https://doi.org/10.1007/
s42729-019-00120-0.

He Z, Yang X, Xiang J, Wu Z, Shi X, Gui Y et al., Does straw returning
amended with straw decomposing microorganism inoculants
increase the soil major nutrients in China's farmlands? Agronomy
12:890 (2022). https://doi.org/10.3390/agronomy12040890.

Byrne RK, McCabe T and Forristal PD, The impact of crop establishment
systems in combination with applied nitrogen management on the
establishment, growth and yield of winter oilseed rape in a mild
Atlantic climate. Eur J Agron 139:126566 (2022). https://doi.org/10.
1016/j.eja.2022.126566.

Ding W, He P, Zhang J, Liu Y, Xu X, Ullah S et al., Optimizing rates and
sources of nutrient input to mitigate nitrogen, phosphorus, and car-
bon losses from rice paddies. J Cleaner Prod 256:120603 (2020).
https://doi.org/10.1016/j.jclepro.2020.120603.

Thakur AK, Mandal KG, Mohanty RK and Ambast SK; Rice root growth,
photosynthesis, yield and water productivity improvements
through modifying cultivation practices and water management.
Agric Water Manage 206:67-77 (2018). https://doi.org/10.1016/j.
agwat.2018.04.027.

Xu XP, Xie JG, Hou YP, He P, Pampolino MF, Zhao SC et al., Estimating
nutrient uptake requirements for rice in China. Field Crops Res 180:
37-45 (2015). https://doi.org/10.1016/j.fcr.2015.05.008.

Liu C, Chen F, Li Z, Cocq KL, Liu Y and Wu L, Impacts of nitrogen prac-
tices on yield, grain quality, and nitrogen-use efficiency of crops and
soil fertility in three paddy-upland cropping systems. J Sci Food Agric
101:2218-2226 (2021). https://doi.org/10.1002/jsfa.10841.

Martin TN, Marchese JA, Sousa AKFD, Curti GL, Fogolari H and
Cunha VDS, Using the imagej software to estimate leaf area in bean
crop. Interciencia 38:843-848 (2013).

Easlon HM and Bloom AJ, Easy leaf area: automated digital image anal-
ysis for rapid and accurate measurement of leaf area. Appl Plant Sci 2:
1400033 (2014). https://doi.org/10.3732/apps.1400033.

Peng S, Garcia FV, Laza RC and Cassman KG, Adjustment for specific
leaf weight improves chlorophyll meter's estimate of rice leaf nitro-
gen concentration. Agron J 85:987-990 (1993). https://doi.org/10.
2134/agronj1993.00021962008500050005Xx.

Yang HS, Dobermann A, Lindquist JL, Walters DT, Arkebauer TJ and
Cassman KG, Hybrid-maize—a maize simulation model that com-
bines two crop modeling approaches. Field Crops Res 87:131-154
(2004). https://doi.org/10.1016/j.fcr.2003.10.003.

Steusloff TW, Nelson KA, Motavalli PP and Singh G, Fertilizer placement
affects corn and nitrogen use efficiency in a claypan soil. Agron J
111:2512-2522 (2019). https://doi.org/10.2134/agronj2019.02.0108.

Grace JB, Structural Equation Modeling and Natural Systems. Cambridge
University Press, Cambridge, MA, (2006). https://doi.org/10.1017/
CBO9780511617799.

Hooper D, Coughlan J and Mullen M, Structural equation modeling:
guidelines for determining model fit. Electron J Bus Res Methods 6:
53-60 (2008). 10.21427/D7CF7R.

Zhu C, Ouyang Y, Diao Y, Yu J, Luo X, Zheng J et al., Effects of mecha-
nized deep placement of nitrogen fertilizer rate and type on rice
yield and nitrogen use efficiency in Chuanxi plain, China. J Integr
Agric 20:581-592 (2021). https://doi.org/10.1016/52095-3119(20)
63456-6.

Nayak HS, Silva JV, Parihar CM, Kakraliya SK, Krupnik TJ, Bijarniya D
et al., Rice yield gaps and nitrogen-use efficiency in the northwest-
ern indo-Gangetic Plains of India: evidence based insights from het-
erogeneous farmers' practices. Field Crops Res 275:108328 (2022).
https://doi.org/10.1016/j.fcr.2021.108328.

Mohanta S, Banerjee M, Malik GC, Shankar T, Maitra S, Ismail IA et al.,
Productivity and profitability of kharif rice are influenced by crop
establishment methods and nitrogen management in the lateritic
belt of the subtropical region. Agronomy 11:1107-1280 (2021).
https://doi.org/10.3390/agronomy11071280.

Novoa R and Loomis RS, Nitrogen and plant production. Plant Soil 58:
177-204 (1981). https://doi.org/10.1007/BF02180053.

Tshikunde NM, Mashilo J, Shimelis H and Odindo A, Agronomic and
physiological traits, and associated quantitative trait loci (QTL)
affecting yield response in wheat (Triticum aestivum L.): a review.

wileyonlinelibrary.com/jsfa

© 2022 Society of Chemical Industry.

J Sci Food Agric 2023; 103: 1692-1703

85U8017 SUOWILLIOD aAIea1D) 8ot jdde ayy Aq peusencb are saolie VO ‘85N JO Sa|Nn 10} AR1q1T8UIUO A8]IA UO (SUOIPUOD-PU-SLLBYWI0D A8 |1 ARe.q1jBu [UO//:SdNL) SUORIPUOD pue SWwie 1 8y} 885 *[7202/T0/60] U0 AkeidiTauljuO A1 ‘U0"Je"qo IYM® JequisL-<U [0da US> AQ 162ZT @IS [/Z00T 0T/I0p/W00 A8 im" ARe.d 1 jeuljuo//:Sdny wouy papeojumod ‘v ‘€202 ‘0T00L60T


https://doi.org/10.1016/j.agrformet.2020.108136
https://doi.org/10.1016/j.agrformet.2020.108136
https://doi.org/10.1016/B978-0-12-820089-6.00002-1
https://doi.org/10.1016/j.pce.2008.06.050
https://doi.org/10.1016/j.pce.2008.06.050
https://doi.org/10.1016/B978-0-12-818219-2.00010-7
https://doi.org/10.7717/peerj.6240
https://doi.org/10.7717/peerj.6240
https://doi.org/10.1016/j.fcr.2019.03.013
https://doi.org/10.1016/j.agsy.2018.12.005
https://doi.org/10.1016/j.agsy.2018.12.005
https://doi.org/10.1016/S2095-3119(19)62836-4
https://doi.org/10.1016/S2095-3119(19)62836-4
https://doi.org/10.1016/j.cj.2020.11.007
https://doi.org/10.1073/pnas.96.11.5952
https://doi.org/10.1073/pnas.96.11.5952
https://doi.org/10.1016/j.eja.2007.03.001
https://doi.org/10.3389/fpls.2015.00317
https://doi.org/10.1016/j.eja.2021.126267
https://doi.org/10.1071/FP12056
https://doi.org/10.1071/FP12056
https://doi.org/10.1016/j.fcr.2017.02.021
https://doi.org/10.1016/j.fcr.2017.02.021
https://doi.org/10.1111/gcbb.12990
https://doi.org/10.1111/gcbb.12990
https://doi.org/10.1016/j.still.2021.105045
https://doi.org/10.1016/j.still.2021.105045
https://doi.org/10.1016/j.agee.2017.09.020
https://doi.org/10.1016/j.agee.2017.09.020
https://doi.org/10.1007/s42729-019-00120-0
https://doi.org/10.1007/s42729-019-00120-0
https://doi.org/10.3390/agronomy12040890
https://doi.org/10.1016/j.eja.2022.126566
https://doi.org/10.1016/j.eja.2022.126566
https://doi.org/10.1016/j.jclepro.2020.120603
https://doi.org/10.1016/j.agwat.2018.04.027
https://doi.org/10.1016/j.agwat.2018.04.027
https://doi.org/10.1016/j.fcr.2015.05.008
https://doi.org/10.1002/jsfa.10841
https://doi.org/10.3732/apps.1400033
https://doi.org/10.2134/agronj1993.00021962008500050005x
https://doi.org/10.2134/agronj1993.00021962008500050005x
https://doi.org/10.1016/j.fcr.2003.10.003
https://doi.org/10.2134/agronj2019.02.0108
https://doi.org/10.1017/CBO9780511617799
https://doi.org/10.1017/CBO9780511617799
http://10.0.83.179/D7CF7R
https://doi.org/10.1016/S2095-3119(20)63456-6
https://doi.org/10.1016/S2095-3119(20)63456-6
https://doi.org/10.1016/j.fcr.2021.108328
https://doi.org/10.3390/agronomy11071280
https://doi.org/10.1007/BF02180053
http://wileyonlinelibrary.com/jsfa

Increasing crop productivity through an amended fertilizer regime

@)
SClL

where science
meets business

WWW.SOCi.org

Front Plant Sci 10:1-18 (2019). https://doi.org/10.3389/fpls.2019.
01428.

38 Zhu L and Zhang W, Effects of controlled-release urea combined with
conventional urea on nitrogen uptake, root yield, and quality of Pla-
tycodon grandiflorum. J Plant Nutr 40:662-672 (2017). https://doi.
org/10.1080/01904167.2016.1249799.

39 AiZ,Wang G, Liang G, Liu H, Zhang J, Xue S et al., The effects of nitro-
gen addition on the uptake and allocation of macro- and micronutri-
ents in Bothriochloa ischaemum on loess plateau in China. Front
Plant Sci 8:1-12 (2017). https://doi.org/10.3389/fpls.2017.01476.

40 Peng J, Xu Y, Shang B, Agathokleous E and Feng Z, Effects of elevated
ozone on maize under varying soil nitrogen levels: biomass, nitro-
gen and carbon, and their allocation to kernel. Sci Total Environ
765:144332 (2021). https://doi.org/10.1016/j.scitotenv.2020.144332.

41 Alvaro-Fuentes J, Morell FJ, Madején E, Lampurlanés J, Arrde JL and
Cantero-Martinez C, Soil biochemical properties in a semiarid Medi-
terranean agroecosystem as affected by long-term tillage and N fer-
tilization. Soil Tillage Res 129:69-74 (2013). https://doi.org/10.1016/j.
still.2013.01.005.

42 Yousaf M, Li X, Zhang Z, Ren T, Cong R, Ata-Ul-Karim ST et al., Nitrogen
fertilizer management for enhancing crop productivity and nitrogen
use efficiency in a rice-oilseed rape rotation system in China. Front
Plant Sci 7:1496 (2016). https://doi.org/10.3389/fpls.2016.01496.

43 He P, Zhou W and Jin J, Effect of nitrogen application on redistribution
and transformation of photosynthesized '“C during grain formation
in two maize cultivars with different senescence appearance. J Plant
Nutr 25:2443-2456 (2002). https://doi.org/10.1081/PLN-120014706.

I EEEEEEEEE———
© 2022 Society of Chemical Industry.

J Sci Food Agric 2023; 103: 1692-1703

44 Gao H, Ma H, Khan A, Xia J, Hao X, Wang F et al., Moderate drip irriga-
tion level with low mepiquat chloride application increases cotton
lint yield by improving leaf photosynthetic rate and reproductive
organ biomass accumulation in arid region. Agronomy 9:834
(2019). https://doi.org/10.3390/agronomy9120834.

45 Liu M, Wu X, Li C, Li M, Xiong T and Tang Y, Dry matter and nitrogen
accumulation, partitioning, and translocation in synthetic-derived
wheat cultivars under nitrogen deficiency at the post-jointing stage.
Field Crops Res 248:107720 (2020). https://doi.org/10.1016/j.fcr.2020.
107720.

46 Board J, Light interception efficiency and light quality affect yield
compensation of soybean at low plant populations. Crop Sci 40:
1285-1294 (2000). https://doi.org/10.2135/cropsci2000.
4051285x.

47 Limon-Ortega A, Govaerts B and Sayre KD, Straw management, crop
rotation, and nitrogen source effect on wheat grain yield and nitro-
gen use efficiency. Eur J Agron 29:21-28 (2008). https://doi.org/10.
1016/j.€ja.2008.01.008.

48 Malhi SS, Nyborg M, Solberg ED, Dyck MF and Puurveen D, Improving
crop yield and N uptake with long-term straw retention in two con-
trasting soil types. Field Crops Res 124:378-391 (2011). https://doi.
org/10.1016/j.fcr.2011.07.009.

49 Montoya-Gonzélez A, Gonzalez-Navarro OE, Govaerts B, Sayre KD,
Estrada |, Luna-Guido M et al,, Straw management, crop rotation
and nitrogen source effect on carbon and nitrogen dynamics: a lab-
oratory study. Plant Soil 325:243-253 (2009). https://doi.org/10.
1007/511104-009-9975-3.

wileyonlinelibrary.com/jsfa

U Aq peusenob ae oIl VO '8sN JO S9INJ 10} A%Iq1T8UIIUQ AB]IM UO (SUORIPUOD-PUR-SLLIBY/WIOY"AB | 1M ATeIq 1 jBU 1 JUO//:SdNY) SUORIPUOD PUe SWie | 8U) 89S *[¥202/T0/60] U0 AfeiqiTaul|uo A8 |1 ‘Uo"de qoIym® equisW-<Yie|0qq US> A 16221 eJS[/200T 0T/10p/Loo A8 1M Aeiq1puljuo//:Sdiy Wo.y pepeojumod ' ‘€202 ‘0T00.60T



https://doi.org/10.3389/fpls.2019.01428
https://doi.org/10.3389/fpls.2019.01428
https://doi.org/10.1080/01904167.2016.1249799
https://doi.org/10.1080/01904167.2016.1249799
https://doi.org/10.3389/fpls.2017.01476
https://doi.org/10.1016/j.scitotenv.2020.144332
https://doi.org/10.1016/j.still.2013.01.005
https://doi.org/10.1016/j.still.2013.01.005
https://doi.org/10.3389/fpls.2016.01496
https://doi.org/10.1081/PLN-120014706
https://doi.org/10.3390/agronomy9120834
https://doi.org/10.1016/j.fcr.2020.107720
https://doi.org/10.1016/j.fcr.2020.107720
https://doi.org/10.2135/cropsci2000.4051285x
https://doi.org/10.2135/cropsci2000.4051285x
https://doi.org/10.1016/j.eja.2008.01.008
https://doi.org/10.1016/j.eja.2008.01.008
https://doi.org/10.1016/j.fcr.2011.07.009
https://doi.org/10.1016/j.fcr.2011.07.009
https://doi.org/10.1007/s11104-009-9975-3
https://doi.org/10.1007/s11104-009-9975-3
http://wileyonlinelibrary.com/jsfa

	Amendment with controlled release urea increases leaf morpho-physiological traits, grain yield and NUE in a double-cropping...
	INTRODUCTION
	MATERIALS AND METHODS
	Site description and experimental design
	Samples and analyses
	Statistical analysis

	RESULTS
	Grain yield
	N use efficiency
	Relative leaf chlorophyll content
	LAI
	PARi
	Overall evaluation of N type on crop productivity

	DISCUSSION
	Variations of grain yield and its controlling factors
	Implication of N addition on canopy traits and grain yield

	CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES


