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Photosynthetic characteristics of 20% reduced irrigation combined with 25%
organic substitution for chemical fertilizer in increasing silage maize yield
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Abstract: In response to the issues of excessive irrigation and fertilizer use, resource waste, and low yield in silage maize produc-
tion in the oasis irrigation regions of Northwest China, this study investigates the photosynthetic mechanisms underlying yield
improvement through reduced irrigation combined with optimized organic substitution for mineral fertilizer. The objective is to

AT 52 it [ 52 8 AT 22 7 &0 00 H (2023 YFD1900405), H 7 4 i & 7 b 32 45 31 %) 01 H (2025CYZC-037), H i 4 Bk it %l i H
(25JRRA347, 24ZDNA008), FE % [ RFFF 54301 H (32372238, 32460547)F1 K 46 G137 ALY 212155 H (202510733001) %8 B

This study was supported by the National Key Research and Development Program of China (2023YFD1900405), the Industrial Support
Project of Educational Committee of Gansu Province (2025CYZC-037), the Science and Technology Program in Gansu Province
(25JRRA347, 24ZDNA008), the National Natural Science Foundation of China (32372238, 32460547), and the College Students’ Innovation
and Entrepreneurship Training Program Project (202510733001).

" il {5 fE# (Corresponding author): B% 3, E-mail: yinwen@gsau.edu.cn

W —1EF B £ 77 E-mail: 15769354121@163.com

Received (WHE H#): 2025-09-18; Accepted (152 H #): 2025-11-18; Published online (F 4% tH it H #1): 2025-12-08.

URL: https://link.cnki.net/urlid/11.1809.S.20251205.1557.002

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



1488 5 ¥ = W 552 %

provide a scientifically based irrigation and nutrient management strategy for efficient silage maize cultivation in arid irrigated
areas. A two-factor split-plot field experiment was conducted in Wuwei city, Gansu province, beginning in 2020. The irrigation
treatments included 11 (20% reduction in conventional irrigation, 324 mm) and 12 (conventional irrigation, 405 mm), while the
fertilization treatments comprised five levels: F1 (100% chemical nitrogen fertilizer), F2 (25% organic substitution), F3 (50%
organic substitution), F4 (75% organic substitution), and F5 (100% organic fertilizer). From 2022 to 2024, data were collected on
leaf area index (LAI), leaf area duration (LAD), photosynthetic parameters, chlorophyll fluorescence, and yields of fresh forage
(FY) and hay (HY) to evaluate treatment effects. Results showed that substituting 25% of chemical nitrogen with organic fertilizer
(I1F2) significantly improved both fresh and hay yields, outperforming other substitution ratios. Compared with 12F1, I1F2 in-
creased fresh and hay yields by 5.0% and 13.8%, respectively. This treatment also enhanced mean LAI, total LAD, and PSII elec-
tron transport rate (ETR) by 11.5%, 40.8%, and 17.2%, respectively. Furthermore, net photosynthetic rate (P,) increased by 15.9%,
intercellular CO, concentration (C;) decreased by 12.6%, stomatal conductance (G;) improved by 7.8%, and non-regulated energy
dissipation (Y(NO)) declined by 14.7%. The yield increase was primarily attributed to synergistic improvements in LAI, LAD,
SPAD, ETR, P,, and G, leading to enhanced leaf photosynthetic performance. Therefore, a 20% reduction in irrigation combined
with 25% organic substitution for mineral nitrogen represents an effective strategy for improving silage maize yield and water use
efficiency in northwest irrigated regions.

Keywords: silage maize; yield; photosynthetic characteristics; reduced irrigation; organic fertilizer replacing chemical fertilizer
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Fig.1 Air temperature and precipitation during the growing season of silage maize
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Table 2 Treatment codes and fertilization rates of silage maize (kg hm?)
Jifi 0 & N application rate
4b 7 A HH 122 % Application of chemical nitrogen fertilizer AL
Treatment Whole growth o k . N
period JELNE Base fertilizer WL HH3E B Trumpet period Application ratio of organic fertilizer

F1 360 144 216 0

F2 360 108 162 90

F3 360 72 108 180

F4 360 36 54 270

F5 360 0 0 360
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Fig. 2 Fresh and hay yield of silage maize under different irrigation and fertilizer treatments

1101 12 7027 B 209K AR MUK o F1-FS 23l 2t b2 L . 25% AP B EIE . 50%A BRI . 75%
ATHUIERAAL 2 RS AT HUIE . A TR R R — AR rh R B2 5 35 (P < 0.05). " P<0.05;": P<0.01; NS: ERFESR.
I1 and 12 represent 20% reduced irrigation and conventional irrigation, respectively. F1-F5 represent: F1, full application of chemical nitro-
gen fertilizer; F2, 25% organic fertilizer substitution for chemical nitrogen; F3, 50% organic fertilizer substitution for chemical nitrogen; F4,
75% organic fertilizer substitution for chemical nitrogen; F5, full application of organic fertilizer. Different letters indicate significant dif-
ferences among treatments within the same year (P < 0.05). ": P < 0.05; **: P < 0.01; NS: no significant difference.

s P IF*
: 2022 12023 2024
5 a ¢ ¢ . o .
g a b ; . ) 1
; d
4 & e cde c .
®
[}
el
R=
§ 3
s
3
g2
()
=

F1 F2 F3 F4 F5 Fl F2 F% F4 Fs5
11 I
0 Treatment I E IxF
' I I I | ! I 1 | I 1 I I [ I I
1 11 I 1
6
5
4
5 3
ER 2022 2023 = 2024
1] Y Fl—F—F ~ F4—F5
58
g 1l I 1 | 1 1 1 I I I 1 1 | I | I I
3 6 12 12
5
4
3
? 2022 2023 2024
b)) Yoy, B 2 ¥5)

8y & Yoy, &y, 7 8y £ %)
7, Q, /- /A 0, Opy, . 7, 2, 7/ /A 0,
g, ey, g g iy g il Wing g sy, .
Growth stage
B3 ARKBLAETEREXRHEREL
Fig. 3 Leaf area index of silage maize under various irrigation and fertilizer treatments
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0.05). ": P<0.05; " P<0.01; NS: no significant difference.
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Table 3 Leaf area duration of silage maize under various irrigation and fertilizer treatments

Lo AHLEBURECHEHH]  BEM- ROMOUO- RS oba- N
1 fff;{i Application ratio of  KHIDLIT AL s WM RBGRM A
Year level organic-inorganic Jointing— Big flare— Tasseling— Silking— Filling— Total
fertilizer big flare tasseling silking filling doughing
2022 I1 F1 39.28 ¢ 68.29d 95.19d 120.24 d 86.38 d 37523 ¢
F2 44.59 a 74.80 a 102.77 a 133.69 a 98.99 a 523.06 a
F3 4290 a 73.04 b 101.05b 131.39b 96.41 b 497.68 b
F4 41.39b 71.08 ¢ 99.09 ¢ 12735 ¢ 91.69 ¢ 433.45¢
F5 39.40 ¢ 70.05 e 98.64 d 125.64 d 89.64d 402.21d
12 Fl1 4147 e 7141e 97.25¢ 121.89d 86.60 d 377.81d
F2 4575 a 76.06 a 102.25a 131.62 a 94.63 a 406.41 a
F3 44.64 b 74.47 b 100.40 b 129.66 b 92.56 b 398.67b
F4 43.01 ¢ 72.60 ¢ 98.35¢ 126.15 ¢ 90.04 ¢ 388.21 ¢
F5 39.32d 70.14d 95.53d 121.88 d 87.23d 370.39 ¢
2023 I1 Fl1 35.70d 64.72d 94.06 d 116.87d 92.35d 401.54d
F2 40.42 a 71.05 a 102.73 a 132.88 a 106.55 a 516.96 a
F3 38.89b 69.07 b 99.77b 128.87 b 103.15b 492.52b
F4 36.93 ¢ 66.89 ¢ 97.74 ¢ 12581 ¢ 99.61 ¢ 426.99 ¢
FS 34.58 ¢ 6393 ¢ 9431e 12093 ¢ 96.02 d 39248 ¢
12 F1 37.46d 64.15b 89.59 ¢ 113.78 ¢ 91.59 ¢ 362.17d
F2 42.26a 7133 a 99.90 a 127.76 a 101.40 a 399.49 a
F3 40.94 b 69.30 a 97.25b 12496 b 99.26 b 389.61 b
F4 39.16 ¢ 66.56 b 9421c¢ 120.75 ¢ 96.17 ¢ 376.21 ¢
F5 35.38¢ 62.59 b 90.77 ¢ 117.68 d 93.63d 363.92d
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Year level organic-inorganic Jointing— Big flare— Tasseling— Silking— Filling— Total
fertilizer big flare tasseling silking filling doughing
2024 11 F1 28.79 ¢ 43.29d 73.36d 116.74d 93.46¢ 35442 ¢
F2 3433 a 50.47 a 82.51a 127.28 a 100.33 a 454.16 a
F3 32.06 b 48.73 b 81.14 b 125.26 b 98.39 b 431.84 Db
F4 28.87 ¢ 45.67 ¢ 7742 ¢ 119.34 ¢ 95.18 ¢ 366.48 ¢
F5 27.20d 4195e¢ 72.67 ¢ 116.73 ¢ 9291d 333.89d
12 Fl1 28.60 ¢ 4347 ¢ 73.72 ¢ 116.73 b 93.75 b 321.54 ¢
F2 3538 a 51.04 a 83.45a 128.25 a 100.48 a 364.51 a
F3 32450 48.72 ab 79.24 ab 123.56 ab 98.74 ab 347.26 ab
F4 28.09 ¢ 45.15 be 77.29 ¢ 119.93 ab 95.53 b 331.22 be
F5 26.72 ¢ 4192 ¢ 72.36 ¢ 115.46 ab 92.43b 330.68 be
(P {f) Significance (P-value)
HE 7K JKF- Trrigation level (1) ** NS * *k *% **
FHLICHLIE BL i L 51 Application ratio of *o *k *k ok * *o
organic-inorganic fertilizer (F)
*% * *% *% *% *%

TEKIKP <A LI LI B L A5 T<F

AbPRIRNE] 20 B A ) S B 2R ) — 47 R [ AR BRL2E S 3E (P < 0.05). *: P<0.05; **: P<0.01; NS: TCRLFZES.
Treatments are the same as those given in Fig. 2. Different letters following the data indicate significant differences among treatments within
the same year (P < 0.05). *: P <0.05; **: P <0.01; NS: no significant difference.
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Fig. 4 SPAD values of silage maize under various irrigation and fertilizer treatments

AEEEE 2, T P<0.05;": P<0.01;N: TRFEER,

Treatments are the same as those given in Fig. 2. ": P < 0.05; ™: P <0.01;

NS: no significant difference.
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5 12F1 A, TIF2 FEH I E RIK T W R HER 1) | o
W FL A SPAD 43 B4 = 9.4%F1 9.1%, 11F3
FEF 0 FORIT IRk 2230 . LAY BHESR R W0
SPAD 73 RS 7.1%F1 6.0%. 455RFH, W 20%
HKEE S 25%A DUIE B BR IS HG SR 75 I F oK 1O RE
FIH, 2EKHSCAAVERIRFSLmTR], 02 28 5 2% B Bt
M TP AL R
25 BEEASFNEZERUEMNEEEXRS
K TS H

TR AL BN I E KR SRS SO B 5,
Jit A A 2EE % T 7K < it FIE X6 S AR S 4 S B0 K i ) B 3

R4 TREBRSHBLEBTEREXRESSH

(F 4.5 FIMLEL, F2 f1 B3 I Kot A48 R (P,)
SRR 15.1%F1 8.7%, AL T E (G4 2
9.7%K1 5.8%, MilE] CO, ¥ (C)A &A% 11.7%F
7.9%. 5 F1AHIL, GE F2 b FRE T 6.1%, 5
I2F1 Ak, 11F2 F1 11F3 Zp5leEEn Lk P, ol
15.9%F1 9.3%, HEINZEMEHAR(T)H 10.8%F1 6.9%,
FEAIE CioM 12.6%F11 9.2%. 5 12F1 AL, T1F2 Zb#F
1) G4 7.8%. ULHITE L 20% K 514, 25%
A HLIE B AE 2o i3 IR o R, DEAR T I oK Bt
BAMZMSE, PRI FOLETERE, T H & ™
B SLA

Table 4 Photosynthetic parameters of silage maize under various irrigation and fertilizer treatments

1 g
it e M AL HalEl CO, el
Year Irrigation level organic-.ir.lorganic (pmoljj;’z N (mmoli{z N (mmol ::014 N (mmolc;lil’z N
fertilizer
2022 I1 Fl1 40.29 de 6.67d 0.411 cd 259.71 a
F2 50.68 a 7.09 ab 0.457 a 236.22 ¢
F3 46.10 b 6.85 bed 0.426 be 250.38 b
F4 41.92 cd 6.77 cd 0.426 bed 254.31 ab
F5 40.51 de 6.68 d 0.411 cd 256.33 ab
12 Fl1 39.86 de 6.67d 0.407d 25991 a
F2 50.63 a 7.18 a 0.460 a 223.21d
F3 4583 b 6.94 abc 0.433 b 241.00 ¢
F4 4337 ¢ 6.81 cd 0.429 b 257.21 ab
FS 38.60 ¢ 6.64 ¢ 0.415 bed 258.94 a
2023 11 Fl1 42.19 ¢ 8.35d 0.495 cd 284.81b
F2 46.96 a 9.68 a 0.563 a 239.49
F3 4576 b 9.22b 0.546 a 253.66 def
F4 44.65 ¢ 8.65¢ 0.519b 266.58 cd
F5 41.54d 8.17d 0.489 cd 277.12 be
12 Fl1 41.43d 8.08 d 0.471d 306.16 a
F2 4599 b 9.29b 0.541 a 248.79 ef
F3 4471 ¢ 879 ¢ 0.520 b 260.93 de
F4 42.86d 8.34d 0.506 bc 277.19 be
F5 3949 ¢ 7.70 ¢ 0.474d 290.47 b
2024 11 Fl1 40.31d 7.15¢e 0.361 ab 249.03 b
F2 4427 a 7.60 a 0.328d 234.54 cd
F3 42.07 be 7.43 be 0.330d 233.61d
F4 39.30 ¢ 7.22 de 0.350 be 250.18 b
FS 3827 f 7.13 ¢ 0.315 de 246.59 b
12 Fl1 4121 cd 7.24d 0.373 a 246.63 b
F2 43.80 a 7.62 a 0.323d 236.77 cd
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[EE3))
i e ﬁ?pfﬂfn@ff ke AW HE AL HalFl CO, e
Year Irrigation level organic—.ir.lorganic (pmolI::l JEN (mmolz;; JEN (mmol :01 JEN (mmolcr; JEN
fertilizer
2024 12 F3 42.26 b 7.50 b 0.335cd 239.13 ¢
F4 40.40d 737 ¢ 0.365 ab 247.53 b
F5 37.68 f 714 ¢ 0.302 ¢ 25847 a
&M (P {f) Significance (P-value)
TE 7K 7K Trrigation level (I) NS NS NS NS
FHLICHLIE LA e 451 Application ratio of * * * o
organic-inorganic fertilizer (F)
HE KA AT FLICHLIE FC e Le 451 T<F * * * *

ACFRIE ] 2. B 5 AS [ B 3R R Al — AR B v OR Rl A 3 2% 53 i 35 (P < 0.05). *: P<0.05; **: P<0.01; NS: TREXES,
Treatments are the same as those given in Fig. 2. Different letters following the data indicate significant differences among treatments within
the same year (P < 0.05). *: P <0.05; **: P <0.01; NS: no significant difference.

26 AEEXENFNRERUZRENED
FEARMEREAESHNZ N

TE KA X5 0 R M2 R PO SHOL .35 5
My, bt A Ak B R R K < AE X PSIT Ha, 7~ 4% 12k it 4
(PSII electron transfer rate, ETR), fix KIGALZARICR

(potential maximum photochemical efficiency, F./Fy,).

I F3 AbHFHIE KM ETR. Y(NPQ). NPQ 434
PR 17.2%H1 10.3%. 9.6%F1 6.9% . 20.0%7F1 8.9%,
Y(NO)3 HI A 17.1%F01 7.7%. 5 12F1 AHIL, T1F2
F1TIF3 AbHRH I F KA ETR. Y(NPQ)4Hil 4 &
23.2%H1 15.9%. 6.6%F1 6.1%. 11F2 # 12F1, Y(NO)
WA 14.7%, NPQ 415 8.4%. 161 25% A LB & A

EACHLIE rT A 2 AL T I T KO REJr S, AR AR
P PERE R AERL, PR 20%E K AR FEE S 25%
ATHUACES A AT SC B I 0K PSITHEL 71418 3 R e R
b, FFYERFE IR AL

VE T M B B FEHL (regulatory energy dissipation,
Y(NPQ)). JET5PEGE It FEAL (non-regulatory energy
dissipation, Y(NO))LL K #AFEH (non-photochemical
quenching, NPQ)¥ A 2 E 52 (K 5). 5 F1 tHLL, F2

F5 ERRERMBFCERMHFERRASHZN
Table 5 Effects of irrigation and fertilizer treatments on chlorophyll fluorescence parameters in silage maize
K TN TSUR TR o wbenes iR e
Year Irrigation level organic-inorganic (umol electrons HRALFRE Y(NI;Q)A FeRk NEQ
fertilizer m?Zs?!) F/Fm (mol m™s ) Y(NO) 6
2023 11 Fl1 49.197 ef 0.696 ¢ 0.259 de 0.330 ab 0.627 f
F2 59.992 a 0.772 a 0.284 b 0.294 ¢ 0.706 b
F3 55.873 be 0.740 be 0.278 be 0.322b 0.663 de
F4 51.757 de 0.715 de 0.249 ef 0.318 ab 0.674 cde
F5 50.626 def 0.697 ¢ 0.244 £ 0.345a 0.615f
12 Fl1 478.708 f 0.705 de 0.256 def 0.315¢ 0.666 cde
F2 57.196 ab 0.753 ab 0.318 a 0.282d 0.750 a
F3 53.254 cd 0.727 cd 0.285b 0.307 be 0.704 be
F4 50.141 def 0.728 cd 0.265 cd 0.301 be 0.690 bed
F5 50.564 def 0.695 ¢ 0.228 g 0.332¢ 0.636 ef
2024 11 Fl1 59.676 d 0.826 ¢ 0.257 ab 0.256 a 0.724 de
F2 69.117 a 0.881 a 0.254 ab 0.189 de 1.010 b
F3 65.555b 0.835 be 0.258 ab 0.223 be 0.827 ¢
F4 62.014 ¢ 0.794 de 0.238 a 0.235 abc 0.852 ¢
F5 60.526 cd 0.818 ¢ 0.241 ¢ 0.263 ab 0.668 ¢




1496 5 ¥ W 552 %
(#% 5)
Gty WA KT ﬁiﬁﬁgﬁﬁiﬁ mn%;ﬁﬁﬁz IRAEROC  TIERERORGH AFTE IR AME
Year Irrigation level organic-inorganic (umol electrons R Y(NP?) . Fe NPIQ
fertilizer m?2s") FlFo (mol m™s™) Y(NO) SR
12 Fl1 57.105 f 0.870 de 0.248 b 0.251 cd 0.871 ¢
F2 64.239b 0.954 ab 0.262 ab 0.191 ¢ 1.163 a
F3 60.992 cd 0.879 cd 0271 a 0213 ¢ 1.030 b
F4 59.450 de 0.797 cd 0.265 be 0.236 ¢ 0.999 b
F5 59.020 ef 0.745 ¢ 0.227 be 0.254 ¢ 0.796 cd
B FPE(P {H) Significance (P-value)
#E 7KK F- Trrigation level (I) NS NS NS NS NS
A HLICHLAL B L 5] ok o ok ok o
Application ratio of organic-inorganic fertilizer (F)
HEK KA HLICHLAE BE it LL (] IxF NS * * * *

SLFETF P 2. Bl 5 AN TR R 3R (] —4F BE oK [RI AL B 22 57 3% (P < 0.05). - P<0.05;"": P<0.01;NS: LREXSR.

Treatments are the same as those given in Fig. 2. Different letters following the data indicate significant differences among treatments within
the same year (P < 0.05). ": P <0.05; "": P < 0.01; NS: no significant difference. ETR: PSII electron transfer rate; F,/Fy: potential maximum
photochemical efficiency; Y(NPQ): regulatory energy dissipation; Y(NO): non-regulatory energy dissipation; NPQ: non-photochemical

quenching.

27 AREKEMENEERCEZRESEM
ERFERXEHFENEXEXR

2.7.1 ABE MBS T I R KO A R
Hofef | TR T OCE AT (EIS). I oK
Y= & (fresh grass yield, FY)5 T3 =& (hay yield,
HY)., MRS EU(LAT) . PSITHL F14 163 K (ETR)
T E I K G S AR (FJUF,) V8 M fig & #E B
(Y(NPQ) HHOLEH AR (P,) . ZMBHA(T) ML T
FE(G)Z M 52 5 3 IE ARG OC R, A SRy g
HAERL(Y(NO)) FIAAE I (NPQ) 1 18 35 TAAH GG & o
FHIE K TR EMHY)5LAL Y64 #(LAD). ETR .
FJ/Fn. YNPQ), P,. T,. GEEEHEIEHILR, H
SR COME(C) R B E MM R, UWHHEE
K it 32 A7 1B S B SR A 4 S R
I AR 32 S AR A R, ET AR HE T
PIR R H, V8 20%3E /K 45 4 25%A HLAE AL
B HE 2 75 I T K i AR 2 2R 5 i SV e de K
JeAb AR, B R GRERHARAE 1 IR B) 3l i 1S <
LB IERRARMLI COMR I, A7 R4 Tk R AL AR,
RFESCA PR, DI AT RCHE &5 75 I K fif 5
TR,

272 ERHYHMN X IV R K 1246 A 8 bRk
1T BB (1 S), ERA1 (64.2%) Fl 3 5% 432
(17.0%), ZitTTHRE81.2%, F M 1M 1R
FEEU(LAD) . EA #(LAD) . PSITHL T-1& 3 MR (ETR) |

TRIE I KOG AR R (F/Fy) « PFERI(NPQ) . AL T
FE(Gy). HOLEHFEP,) . SR EEFY)MT R 5
(HY)o TR 20T AN I 28 2K % 5 (SPAD) . 15
PERERAERL(Y(NPQ)) . MBI COL MR (C AR 1
RERAEHL(Y(NO)). Hirf, LAL, P RIGoN B
PO fE . TR R FE S
3 g
31 AREAEMEVNEERLETRENSE
ERFEWF M
KTHVEKREAGEY RS . BRFEENTH
PERR KA G W) 5 8 & i SRR, AT A Ak
SR L7/ K iR =Y AR [ E S =R S5 s o ¥ 3
PR R H AR ARBFR R, U 20% K
AP I FOR B TR g, X ATRE R R NS
P T K AT 37 S I T K P A 5 A A B
M A FOTE A B, AR (8 i R v & B 25 4
A7 W 5 i s M i 16 AR, R
FE U ORBFgT T, A AL AL AR B A it AT A R
P2 T I BOR G B R TR o, 7E25% A HLAE AR
EL AR D3 = O e . vl BB T F A ALIE
PRt 7 it R A Ko, i I T K B T
REUT WFSE B, IR TEIE20% 55 R, AHLUIESER
AR A R I K 5 e T R a4 T
RORAE T 0 K 5 i {2 A2, X AR R
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Fig. 5 Correlation analysis (A) and principal component analysis (B) of yield and photosynthetic characteristics in silage maize
under different irrigation and fertilizer treatments

REER[E] Rl 2, FY. HY. LAI, LAD., SPAD, ETR. Fy/Fy. Y(NPQ). Y(NO). NPQ. P,. T.. G, Ml Ci4riREH I T K EEE =& |
THRP R, HEBEE. LG R AR SR PSIT B R | I ERSOUESCR . AR RAERL . AR AR AR
B BB, o AR EBER . ALSERER CO M. B EFMERL(P <0.05), : P<0.05,7: P<0.01,

Treatments are the same as those given in Fig. 2. FY, HY, LAI, LAD, SPAD, ETR, F,/F., Y(NPQ), Y(NO), NPQ, P,, T:, Gs, and C; rep-
resent fresh grass yield, hay yield, leaf area index, leaf area duration, chlorophyll concentration, PSII electron transfer rate, potential
maximum photochemical efficiency, regulatory energy dissipation, non-regulatory energy dissipation, non-photochemical quenching, net
photosynthetic rate, transpiration rate, stomatal conductance, and intercellular CO, concentration, respectively. Significance level: W P<

0.05;™: P<0.01.
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