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Effects of irrigation and silicon application on leaf microstructure, photosynthe-
tic characteristics and yield of winter wheat
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Abstract: Irrigation is an important cultivation measure that affects plant growth and photosynthesis, and silicon fertilizers can effect-
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ively improve the photosynthetic characteristics of crops under low-water conditions. Although many studies exist on the effects of
different irrigation systems and silicon application treatments on the growth and yield of winter wheat, only a few have highlighted
the effects of silicon application on the microstructure and photosynthetic rate of winter wheat leaves under different irrigation sys-
tems. To explore the effects of different irrigation and silicon treatments on the development of photosynthetic organs and yield com-
ponents of winter wheat, a two-factor experiment was conducted with three groups of irrigation treatments [W,: no irrigation in
spring; W,: irrigation once in spring (irrigation at jointing stage); W,: irrigation twice in spring (irrigation once at jointing stage and
flowering stage respectively)] and two groups of silicon fertilizer treatments [foliar sprayed with fresh water (Si,) and foliar sprayed
with silicon fertilizer (Si,)] from 2021 to 2023. Six treatments were used to analyze the effects of spraying silicon fertilizer on leaf mi-
crostructure, photosynthetic characteristics, and yield composition of winter wheat under different irrigation systems. The results
showed that, with increasing irrigation time, the mesophyll cell size, leaf thickness, relative chlorophyll content, and net photosynthet-
ic rate of winter wheat increased. Compared with W, treatment, the spike number per unit area, grain number per spike, 1000-grain
weight, and grain yield of W, treatment increased by 11.4%, 6.8%, 1.5%, and 16.4%, respectively, and those of W, treatment in-
creased by 15.5%, 12.4%, 4.8%, and 37.4%, respectively. The application of silicon fertilizer increased the leaf thickness of winter
wheat, delayed the degradation of chlorophyll in flag leaves, and increased the net photosynthetic rate, which contributed to the in-
crease in the number of spikes per unit area by 4.9% and grain yield by 3.3%; the promotional effect of silicon application on the
yield of winter wheat diminished with the increase of irrigation frequency. Compared with Si,, the spike number per unit area and
grain yield of winter wheat increased by 8.8% and 8.3%, respectively, under W, treatment and increased by 4.2% and 3.4%, respect-
ively, under W, treatment. Correlation analysis showed that winter wheat grain yield was positively correlated with mesophyll cell
size, leaf thickness, relative chlorophyll content, and net photosynthetic rate. In summary, under the conditions of this study, increas-
ing irrigation was beneficial in increasing the relative chlorophyll content and net photosynthetic rate of winter wheat, reducing the
decrease in relative chlorophyll content and net photosynthetic rate in the middle and late grain-filling stages, and promoting an in-
crease in spike number per unit area, grain amount per spike, 1000-grain weight, and grain yield. Spraying foliar silicon fertilizer im-
proved the leaf structure of winter wheat in the experimental area, enhanced photosynthetic capacity, and increased the spike number
per unit area and grain yield of winter wheat. The effect of spraying foliar silicon fertilizer on increasing yield was more obvious

when water was insufficient.

Keywords: Winter wheat; Irrigation schedule; Silicon fertilizer; Mesophyll cell; Photosynthetic rate; Yield
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ERAREE IR M T oK, 1 i PR S B R KA
TR, TR T AR I b 7K e 9 s 1 DX, K g
R E RN Tl 2 2 /N T A P A T /N AE T
IKHEBEH AW T, FZ 90 /N2 LR BT KV Ty, 25 B/
A A AR SR e ERE . AP R, &
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WE 3 PR K AL PR 2 Pk NE AL 3, B 58 [R] b 2 X
KN AR . AR SERL . R R i
LR Frdt L oA R AL B S, AR
RENENM 7 BIREEH . AR FUFERL ™ XA
[Fi] VB 7K Tt Ak Ach 3 e B AL, B AR E— DA R A
ANZE TR BE T 7, LA O mE IR R T A /INEE K
R AR IE B R ALK
1 #Rl5FA*
1.1 ARRER

R T 2021 —2023 4F & /N A K AR L
B AR MORE 24 B 5 A K ROl i 5 3 (37°91N,
115°72'E) #47 . %ML X & T2 i 2 T 230, 4F
¥IRR M 12.8 °C, 4EH4 H RIS 5N 2509.4 h, JC 7R

http://www.ecoagri.ac.cn


http://www.ecoagri.ac.cn

%54

PN BH A HEARRE RE XS /N2 I IRl L DB P ™ B A 52 ) 829

g 188 d, 7&K HE My 1785 mm, MM 510 mm, iR
55 X 330, MR K BEIR R T 5 m, 398 b oAy 45
+,0~100 cm + 2 +HEA A 1.44 g-em’, HIR]JFEK
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Fig. 1

1.2 iRt

TR DR i BE Ry 4 /N F - R OK (Zea mays L.)
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Daily average temperature and precipitation during the growth period of winter wheat from 2021 to 2023
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i A 7E W Ot B 38E (Model Eclipse Ci-L, Nikon, H 4%)
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B2 MHAEBHMEMNERERRE
Fig. 2 Schematic diagram of measured indicators for leaf
microstructure

al: I P20 M B @20 I D 0 MO 5 885 dL: i R JRR S a5 BRI
b: 3 FRAHAME; c: 6 AR d Fle: i B UITE . al: mesophyll cell length;
a2: mesophyll cell width; d1: leaf thickness; a: 5-linked cell; b: 3-linked cell;

c: 6-linked cell; d and e refer to leaf cross section.
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T R) 200 25 A5 S R S R A Y S o o s AE 1)
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W, Ab $HEA /N 2 T I 18 it 1R 40 6T 25 B 0040 S R AR
3.8% 1 3.7%, W, Ab FRAR IR FEAR 7.6% 1 7.1%. [A]—
IKAFZAETR, WO T Tk AR AT 88 ARG /0N 22 - R 400 i 34
Bk, 5 Si, #H e, 2021—2022 4E i1 2022—2023
AF Siy AbFR /N I PR 28 L ER B0 T [ 3.3% 1 2.9%
AR 2 8], 2022—2023 4F 45 A 3L/ INFE T i R 4 g
SERIFRBUNT 2021—2022 4F, Hirf, Wy, WL W, Ab
PR R 2 90 R 3.2% . 3.1%. 2.7%; Si, A1 Si, kb B
IR IR IR N 3.2% F11 2.8%.
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ALEE Treatment

3 2021—2023 £ A E FEKFNGERE AL IR &/ E I AR IR A 0
Fig. 3 Effects of irrigation and silicon application on the number of mesophyll cell rings of winter wheat from 2021 to 2023
Woo W, Fl W, 3B RN AR BE 0K . AR5 1 KRIFR R 2 /K AL Sig T Si, 43 591 2 7 T8 it V5 7K A0 i 1 58 it ek IS A 3 . W, W, and W, repre-

sent no irrigation in spring, irrigation once in spring and irrigation twice in spring, respectively; Si, and Si, represent foliar sprayed with fresh water and foliar

sprayed with silica fertilizer, respectively.
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Bl 4 & /NZE M R K SERL . T LA H,
I R 200 i o R i K B B i i K, 5 W
ML, 2021—2022 4 W, Fil W, &b FH i P 40 it K 55 7
Ay ST 2.9% F13.8%, 2022—2023 AFEMK I N 3.2%
H4.2% . WE it - T Ak A AT 338 A /N 22 i PR A R B AR
F s, 25 AbH R 22 IR AR B3 . AEBRZ [H], 2022—
2023 47 4% b F I P A1 R T 2021—2022 45, Mo,
Wo. W, W, &b B A 40 i 4 5 B2 45 51 386 in 3.5%

3.8%. 3.8%.
213 ZINEMREE

M S TLLE H, AR 54040 F, i A J5 B i
K UE R I g R, 5 W, A T, 2021—2022
AE W, R W, b B IR EE 430 5 0 6.3% F1 19.9%,
2022—2023 MR 17.4% F1 33.2%., Wit i ik
B F) F /N2 0 7 JEEBE B, 5 Si, AH EE, 2021 —
2022 41 2022—2023 4 Si, Ab B F R B 4 4
4.5% F1 3.9%. & N XTI 7 JEE BE A 5 i) il o8 7K UK 4R
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B L Y NS
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=
=l T IxY NS
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wsi| a o IXSIXY NS

3000 2000 1000 0 1000 2000 3000
M/ Cell size (um?)

4 2021—2023 FAREEKFEELEI Z/NEHRA
40 R 1< 35 AR B9 2 i

Fig. 4 Effects of different treatments of irrigation and silicon

application on mesophyll cell size of winter wheat from
2021 to 2023

Wo. W, Hl W, 2p B R R 58 0K . A58 1 K AN BE 2 KAk BE;
Sio F1 S, 43311 % 7% I TG W il Y75 7K AR P TR I i A A Ak 3B T K A B
Si: fiE AL AL B Y: 4R o ARG B R OR ] — 4F £ K [ b 2R AR
P<0.05 K FEEF B E; NS KR LR ELEZR . W, W, and W, repre-
sent no irrigation in spring, irrigation once in spring and irrigation twice in
spring, respectively; Si, and Si, represent foliar sprayed with fresh water and
foliar sprayed with silica fertilizer, respectively; I: irrigation treatment; Si:
silicon fertilizer treatment; Y: year. Different lowercase letters represent sig-
nificant differences among different treatments in the same year at P<0.05

level; NS represents no significant difference.

[ J2021—2022 [ 2022—2023

W,Si,
W,Si,
— *k
S B I 1 dk
g W, Si, Si
153 | Y *k
'
Cwsi, IxSi  **
3 L I><Y sk
W.Si, a a SixY NS
r IxSixY NS
W,Si, am a

300 200 100 0 100 200 300
I} FJ2 ) Leaf thickness (pum)

BE5 2021—2023 EAREEKMERELSENE/NEMF
EEH#m
Fig. 5 Effects of different treatments of irrigation and silicon
application on leaf thickness of winter wheat from
2021 to 2023
Wo. W, Bl W, 53 B R BF R 0K . FBE L KRIFRVE 2 KALH;
Sig 1 Siy 7331 2 718 - TAT WS 55 74 P T8 e ik A Ak B T 98 K A B
Si: fik ML AL B e AR Gy AR NG FoRE R R A — AR A [ Ak B 7E
P<0.05 K T2 5 il 3 #+FRAE P<0.01 K T2 5 3, NS FR L i
HHEE R W, W, and W, represent no irrigation in spring, irrigation
once in spring and irrigation twice in spring, respectively; Si, and Si, repre-
sent foliar sprayed with fresh water and foliar sprayed with silica fertilizer,
respectively; I: irrigation treatment; Si: silicon fertilizer treatment; Y: year;
different lowercase letters represent significant differences among different
treatments in the same year at P<0.05 level; ** represents significant differ-

ences at P<0.01 level, and NS represents no significant difference.

(R /TG BER, Horf 2021—2022 4FF1 2022—2023 4
W 5T it fe Ak /N 22 1 ik R RS B AN il i Ak B
SIBIBETIN 9.7% F113.6%, 4FBRIAL, 2022—2023 4454k
BN et R R KT 2021—2022 4F, Ho, W,
W, W, AbHE 43 53801 8.9% . 20.4%. 20.9%; Si, Al
Si, A BEAK YR 2 5 17.4% F1 16.7%. Giit 45 R £ W,
WK MRE . ARy L BOKEE (K FIIERE ) ELAE YT
A INFE W JEERE 7 AR R S 2 R
22 AEEAMEELENLS/NEXEGEHERTE
221 ZBNEMHFEENESE

K] 6 Sl 2 /INZZ TR I £ AR X 55 B (SPAD fH).
IE 6 TT LI L, £ 4b 3 SPAD fE BT 48 5 K8 iy 4
T SR S W B B AR AR S 5 10 K.
SPAD ff B % ¥ 7K YR K0 1 hn i 3 K, FE K S
SPAD fH T ke i B B /K B B B ik 22 . 5 W
HIHE, 2021—2022 4F W, F1 W, 43/ SPAD )
B 7 BN 12.5% F1 21.4%, 2022—2023 4F 4 YK 4

3 W,Si, 3 W,Si, @ W,Si, Bl W,Si, Il W,Si, Il W,Si,

60 . 2021—2022
c Ci

40

(3]
(=]

2022—2023

LR AR
Relative chlorophyll content

AS AA10 AA20 AA30
HHI ] Growth stage

BEl6 2021—2023 F AR EAKFMMEEEAERTZNEM G
EXERuiEg={:EA
Fig. 6 Effects of irrigation and silicon application on the rela-
tive chlorophyll content of winter wheat from 2021 to
2023

AS: FFAEW]; AATO: FFAES 10 d; AA20: FFAEJR 20 d; AA30: FFAE
JG 30d; Wo. W, Fll W, ZPHIFIRFRBE 0K . D8 1 K FNFRDE 2 /RAL T,
Si T S, 4341 3 718 P I W% 3G T 7K 0 - T Wt R AT Ak B, R TR /N
B RR [ — £ B YR R AL HEAE P<0.05 /K F-22 5 i 2 . AS: anthesis
stage; AA10: 10 days after anthesis; AA20: 20 days after anthesis; AA30:
30 days after anthesis; W,, W,, and W, represent no irrigation in spring, ir-
rigation once in spring and irrigation twice in spring, respectively; Si, and
Si, represent foliar sprayed with fresh water and foliar sprayed with silica
fertilizer, respectively. Different lowercase letters represent significant dif-
ferences among different treatments at the same growth stage at P<0.05

level.
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M- SPAD H (1) [ 8 43 51 4 55.1% . 44.8%. 36.3%,
2022—2023 AEHKIC K 51.2% ., 24.5%. 18.5%, HI%
KAy ST, WG - T A BE A 3G i/ 22 1 i SPAD
HA B, 20212022 4Fjifi fiE 51 F W, F1 W, 4b
P A /N A7 T SPAD 34 (B B8 A Jit £ Ab B 43 531 38
5.0% F11.4%, 2022—2023 RN 12.3% F13.7%.
AEPRIE], 2022—2023 4F 4 /N T SPAD {ELE A I
BT 2021—2022 5., 5 2021—2022 4EAH L, 2022—
2023 4F W, W, W, ZbHiA /N i SPAD ¥I{H 43
SN 3.1%. 9.6%. 9.6%, Si, Fll Si, 551 F e Yk 1
K 5.8% F19.5%.
222 BINEEFXEERE (P)

K7 A& /NEZ O AR BB KA
B3 I, & Ab B A /N AZ THE I Vot R S I T R
M Al —RERL SR T, & /N2 I o A R
Rt E K B R mm g Ok . 5 W A e, 2021 —

1 W,Si, =3 W,Si, B W,Si, B W,Si, Bl W,Si, Bl W,Si,

30, bed ab . a 2021—2022
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d
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B 7 2021—2023 F AR EKFEESERT Z/NEEL
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Fig. 7 Effects of irrigation and silicon application on the net
photosynthetic rate (P,) of winter wheat from 2021 to
2023

AS: FFAEW; AAL0: FFAEJG 10 d; AA20: FFAEJG 20 d; W, W, I
W, DHIRARFGR 0K . BB 1 KFIEGE 2 KA BE; Si, F Si, 735 R
T TR 6 45 7K TP T W S Ak A AR B . S TR) /NG 5 R ROR ] — 2R A
WA A B AE P<0.05 K F- 25 5 1 % . AS: anthesis stage; AA10: 10
days after anthesis; AA20: 20 days after anthesis; W,, W, and W, represent
no irrigation in spring, irrigation once in spring and irrigation twice in
spring, respectively; Si, and Si, represents foliar sprayed with fresh water
and foliar sprayed with silica fertilizer, respectively. Different lowercase let-
ters represent significant differences among different treatments at the same

growth stage at P<0.05 level.

2022 4F W, AT W, Ab R GG 300 1 (8 43 5113
14.0% F1 28.2%, 2022 —2023 4F 4K Y 48 i 13.2% #il
29.2%. TEFEAET, Wi i AE AT B i A /N A T
Mg AR R SR L, 2021—2022
ARG TR D 25T W, FIl W, Ab BEAC /N 22 T v
A H AR BN 7.3% F10.5%, 2022—2023 44K IK
HAT 9.0% A1 1.0%. 4FEPR2Z[A], 2022—2023 44 /NE
JHE e Y A 3 SR IR T 2021—2022 4F, Hir,
W, W,o W, AbBRRENE 5300 3.9% . 4.6%. 3.1%,
Sio. Si, AbFRREMRARICH 4.4% . 3.4%.
23 AEEKMEELEXNLNEFERFTEME
SEA

M2 1 AT LLAE H, W —RERE AT, BEVE K 8L
(R34 /NZERRE . TR BORURL T 3 7 2 4 I
PR EPURIEINER. 5 W, M, 2021—2022
AE W, Kb B A /N7 LA T RS . RREORL ORI TR R
Ay BISE BN 5.6% . 4.0% Fi1 2.4%, W, Ab BEAK Yk 184
B 9.1%. 10.7%F1 8.9%; 2022—2023 4F W, 4k B {1y
SE AL 4 N 18.3% . 9.4% FI 0.6%, W, Ab B i) -
B8R AR RN 23.0%. 14.1% F1 0.6%. H1 It S 5%
2021—2022 4F W, Fll W, Ab BEFFAR = 558 W, Ab B
355 S HE N 12.8% F1 33.4%, 2022—2023 4E 4K Y 18
T 20.6% F1 41.9%.

[ — 7K 23 2540 T, Wit i 1o Ak A 38 i T A& /N F2
B TR RRURE R, AR 1 7 i B R, X A i A5 B v K
YOBUR D TS B . 5 S, A EE, 2021—2022 4F Si,
AT W, W A 38 A /N AZ By T FRREE B ) 4
I 6.3% F1 5.7%, ¥ KL= 5 AR UK 45 5 8.4% Fl 3.5%;
20222023 4Rt fE S5 1F T (Siy), Wy 1 W, b Hi/NZ
B TR AR B B BE 0 11.8% F1 2.6%, FfHi ps AR
WAL 8.1% F1 3.2%, 4FEBR[E], 2022—2023 4F 4% 4k
PRAC /N AP AR T 2021—2022 4F, 5 2021 —
2022 4EAA L, 2022—2023 4E W, W, W, ZbF/NAE
FEE T BIREAR 11.9% . 5.9%. 6.3%; Si, F1 Si, Zb K
WCR % 8.1% F1 7.5%. GEitorMras B30, JE K AR
3 R RF L 7 e S H M A R I B R 5
(P<0.01), Jiti ik % B 1T B H5ORN T b T ELAT A 0 3
SR (P<0.01). X FFRL ™ i B AT 1 25 52 0 (P<0.05);
VEE 7K 5 AR A0y B AR AN B TR B A SO T ™ AR A
2R (P<0.01), i fik 5 470 B AR X R H 7 AR AR
TR (P<0.01) . XA AL i 50 (P<0.05)

S A IS NSNS 5 AR o R VAR 2y
B BB TR S A S E EA X OCR . KPR
SRS R ARV €GN 8 A I K B YA AT E (Y 2 e
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5 53 NG BHAE: FEAK R RE X A /N2 I WA A . DA P R ™= 6 (Y 5 TR 833
F 1 2021—2023 FAREFEKFAFEREALE X L /N EFFRF= ST = SR K20
Table 1  Effects of irrigation and silicon application on the grain yield and yield components of winter wheat from 2021 to 2023
PN e ' $1ﬁﬁﬁ%§ﬁ ' Rk £ ' ﬂ'—ﬁi ' *ﬁifzi
Year Treatment Spike nun:be-r per ur}zlt area Grain arr?ount- peﬁrI spike 1000-grain weight Grain ylild
(x10" spike-hm ) (grain-spike ') (g) (kg-hm ™)
2021—2022 W, Si, 648.7+10.0f 29.8+0.7bcd 43.94+0.5¢ 7402.9+147.6f
Si, 689.8+15.5¢cde 29.142.4cd 48.5+1.0bc 8024.2+90.4¢
W, Si, 687.0£17.0cde 31.84+0.8abc 45.9+0.2de 8548.7+288.6de
Si, 725.9+5.6ab 29.5+1.2bcd 48.8+1.0bc 8848.9+185.7d
W, Si, 719.3+10.6abc 33.3+1.3a 49.2+1.4b 10368.8+475.2a
Si 740.9+8.2a 31.940.2abc 51.5+0.8a 10213.8+9.8ab
2022—2023 W, Si, 534.3+1.5h 28.4+0.2d 46.9+0.2¢cd 6528.2+33.8g
Si, 597.0+5.4¢ 32.0+0.2ab 45.6+0.4de 7056.9+40.0fg
W, Si, 660.3+16.1ef 33.3+0.7a 46.4+0.5d 8060.1+222.1¢
Si, 677.6+16.2def 32.9+0.7a 46.7+0.1cd 8317.1+55.3de
W, Si, 690.4+10.4cde 34.5+0.3a 46.3+0.8d 9589.7+£169.9¢
Si, 700.9+11.1bcd 34.4+0.7a 46.8+0.3cd 9692.2+93.7bc
& MK Significant level
I kK kK kK kK
Y ek ek 23 sk
IxSi NS NS NS NS
Ixy *x NS *x NS
SixY NS * *x NS
IxSixY NS NS NS NS

Woo W HIW I HIZRBFBEOK . B D8 UK GE2/K AR B SigFISi 73532/ W IR 7 /K A A Rk HE AR T 12 FEKARBE; Si: RENBAREH; Y: 45
[IBIA ) /INE B R ] —AFAR AR [ A BAE P<0.05 7K - 25 57 il 3 * R TEP<0.05/K - 26 57 i 3, ** /R AEP<0.0 LK P24 57 i 3, NSTE/R L B X,
W,, W,, and W, represent no irrigation in spring, irrigation once in spring and irrigation twice in spring, respectively; Si, and Si, represent foliar sprayed with
fresh water and foliar sprayed with silica fertilizer, respectively; I: irrigation treatment; Si: silicon fertilizer treatment; Y: year. Different lowercase letters in the
same column represent significant differences among different treatments in the same year at P<0.05 level; * represents significant differences at P<0.05 level,
** represents significant differences at P<0.01 level, and NS represents no significant difference.

R2 ZNEMNHTEREMNERNBRSN

Table 2  Path analysis of grain yield and its components of winter wheat

[A] 32238 1% 22X Indirect path coefficient

Es IS¢ FIHEE S R _ - _
Factor Correlation coefficient Direct path coefficient i, WL, i,
Through x, Through x, Through x;
X 0.829" 0.564" 0.1619 0.2403
X 0.563" 0.434" 0.1246 —0.0425
x 0.530" 0.332" 0.1406 ~0.0323

X0 BT T RRARE x,: FRIEL Xy TRLEE; **FIRTEP<0.01/KFE R B3 . x,: spike number; x,: grain amount per spike; x;. 1000-grain weight. **

represents significant differences at P<0.01 level.

2 2 o 4Pk W H U7 R =11.823x,+216.147x,+
186.836x,—15 079.498 (R*=0.888), =\, /1 x, B3/ 1 FH
FEER, x, IAERLEL, x; A TRLH ARG 45 SRR W,
3N 7 A R R AN R R R Y B AR Y5k
FH R 7K (P<0.01), SRS ThT A REAION 7 5 1) 52 1)
YEFR B R, BRI v, TR S/, = 1 B 308
REE A 0.564, 0.434 F10.332,
24 ZNEMHEREWSE. EEERMIFRL=
EMMEXE
FH &1 8 AT, A&/ N RFRL i 5 I R A SE AR
MR R R Mg R A X & ¥ (SPAD fH). #Ht
A R R b O S IE AR DG OC R, (H R R S A

YT PR BRI 0 A DCOC R . oA iR
SPAD {H B B FIEA G, —H S5 HIEE, 4iigk
Vi PR A b 3 O I TR R OG5 I R 4 T 2 A B
EWMBEAHLLR
3 itig
3.1 EEKFRERERT Z/NEM F BRGMSFERE
TP PR KRR S R R R R AR
RS MR IE I T AR AR . A P R, KON
PR A S 2 IR R, OF R AL L
2 8, 22 VA A B L 451 %) 388 fin feff 57 it T AR PN I 1R 4
i 2R TR BRI AS HE K T 4 M TR B, 98N 1
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X
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%
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Fig. 8 Correlation coefficients of winter wheat parameters under different treatments from 2021 to 2023
A IR b 58 1) A s T 3 =2 ) S TR 56, R TR 5 1) A 3RS PR A =2 ) 2 AL O 00 60 TR 5 R 1 TR DR 3R 7S AR D P e A, 20 €8 B L 9 T2 106
HA AR S R, A 5 R — S bR I A AR Se M RECH 1; 3R IRTE P<0.05 /KF S E A5G, ** FRFE P<0.01 KR EAR I, xp AR i x,: IR
B xy AR FERL oy TR e R AR S 3 MH; X WA MR {H . The upper part of the ellipse pointing to right indicates a positive correla-

tion, and the upper part of the ellipse pointing to left indicates a negative correlation. Shade of the color and the oval shape indicate the correlation level. Deeper

color and flatter ellipse indicate stronger correlation. When the ellipse is an oblique line, the correlation coefficient is 1. * represents a significant correlation at

P<0.05 level; ** indicates significant correlation at P<0.01 level. x,: grain yield; x,: average ring number; x;: cell size; x,: leaf thickness; x;: mean relative chloro-

phyll content; x,: mean net photosynthetic rate.
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