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Abstract: A large number of studies have been carried out to investigate how crop photosynthesis responds to drought, but
few have investigated the response of crop leaf gas exchange to drought processes, and their response thresholds. Based on a
prolonged drought experiment in summer maize conducted in 2013, which included five watering treatments, and began
from the 7-leaf stage, we investigated how drought developed with different initial amounts of irrigation, and how leaf gas
exchange parameters changed as the drought progressed. Then, we determined the thresholds of soil and leaf moisture
content when leaf gas exchange parameters began to respond to drought. The results showed that treatments with different
initial amounts of irrigation induced different drought processes. Drought occurred earlier, persisted longer, and was more
severe with treatments receiving less irrigation. The net photosynthetic rate (Pn) , transpiration rate (Tr), and stomatal
conductance (Gs) of summer maize under different watering treatments decreased sharply at the initial stage of drought;
however, these parameters declined slower as drought prolonged, and tended to be almost identical to those growing under

normal environment conditions. This indicated the acclimation of maize photosynthesis in response to prolonged drought. The
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onset of agricultural drought was typically marked by a decline in soil moisture below a critical point, which significantly
impact crops. As drought progressed, the plant constituents and physiological processes could be altered sequentially, while
lower-level responses would lead to changes in higher-level responses, and eventually changes at an individual plant level.
Plant leaf gas exchange was found to be more directly affected by leaf water status than soil moisture content. Therefore, we
identified the tipping points when maize leaf gas exchange parameters started to be affected by drought based on the
tolerance limits of normal distribution; these were then quantified by soil moisture and leaf moisture content, respectively.
The results showed that, Pn, Tr, and Gs decreased sharply when the relative soil moisture of 0—30cm depth was lower
than 53, 51, and 48%, respectively, and leaf moisture content was lower than 81.8, 81.3, and 81.2%, respectively. At
the initial stage of drought, the intercellular CO, concentration ( Ci) decreased, and stomatal limitation value ( Ls)
increased , indicating that stomatal closure accounted for the major decline in maize photosynthesis. As drought progressed,
Ci increased while Ls decreased, indicating that non-stomatal limitation, other than stomatal closure, contributes to the
major decreases in maize photosynthesis. The point at which the dominant limiting factor of maize photosynthesis converted
from stomatal to non-stomatal varied under different treatments. The conversion time was earlier in maize that received lower
initial amounts of irrigation due to longer persistence and greater severity of drought, and later in maize that received
relatively higher initial amounts of irrigation. However, the thresholds of relative soil moisture and leaf moisture content
when the conversion occurred were almost identical under all five treatments. The critical relative soil moisture of 0—30cm
depth was about 44%+2% and the corresponding leaf moisture content was about 77.6%+0.3%. The results could provide

reference information for drought monitoring and assessment of summer maize.

Key Words: leaf gas exchange; responses; consecutive drought; thresholds; summer maize

TREMFSE NG AR R T Ko SRR R R RIBUA Y Y KRR, K i
B P AS ME T  R 2E R JRd A  A B TRh S ] S B TR T SR Dl G SRR A S
W EHT R T R I R TR 7 e s R i T AR R A e S A R AR AR R X
LEAR B A5 2 — BE 8] N - X A (S e A RAREE R O T S48 78 BT — @ W e, h 298 1 1+ 5
DN TV PO L AR R DE AR Y T 1 R 3R B ™ 12 T J I e O B P ] 2V A 1 5 i
IO B BURR Y AR B AR 2 — T T AR G A RN T SR e o B G R M, A BT R e A TR
BUERE S, HHT, T TR T AOCA R B RN 5E 248 Th e i & 1 3l 1 SRR XA [ A 7 301
NI 388 RS PR 18] 1 52 o 2, AR R K 2 6 ] T SR i o T KO B A B A i B B 7 A1 A 0 O
LB G RO 50w 7 ) B (A 72 4 22 LA 3K A i Al o1 =14 ik R AR A LA E T
EESRAL, M K IR B, I R KR K S R AR R K SR RS LR S AR ) 1K oy T AR
JEST WL AR SRS e S O I K 3R 7 ) SR i T R K A e AR S TR
Iﬂﬁtﬂfﬂ;ﬁﬁﬁ‘*ﬂﬁgﬁ‘ﬂﬁf%‘ RIS, S M AN TR 9 R R T R A v B ORI R USSR S i e AL
PKE IRUIL T 5 S s S R N L) VAN < OE S e 2 2 T W@ T e ok 1) 7 i 1 ) e SIS IS 5 S
P A R T S A AR

1 #MR57EE

1.1 WFFE

ARSI SRR I B 3 AR A PAEE 5 AR ARG 3 s () R B ] 4 HOK i e i I e L iz
TITIb A 4 E 17 B IR (39°08'N, 115°40'E , iE4k 15.2 m) , J& T HE IR KRtk 2 XUbE S, B B R MEH &
ZIEV T A RR 13.6°C , 24F = 10°CTE SRR 2 4910°C - d, 4 F /K i 494mm , 25 70% ) [ K 5 78
B2 Ho L7 A K ERZ (29 150 mm) (HAERRAR 5 REGR I 62.9% , 505 A KA shals i, &

http ; //www.ecologica.cn



74 REHE S TR R RS2 RO T R R A R 3

M 750m” , 335 42 MR/ N X N XEFL 8m®(4mx2m) ,/NX Z B A 3m BIREE 1B B 5 | B 1k /K 3 K32
e, Ry RO+ S LR 13.67g/kg, 2R 0.87g/ kg, A %W 25.76mg/ kg , A 580 118.55mg/ kg,
pH i 8.1, + 4 1.37g/cm’ ,0—30em -2 [ i)k i 21.23%7)
1.2 SRkt

PR TR K S b 0k 45 4 1 3 ] PN e v AR A R P 4R B 958, 2013 4E 6 A 27 HERN, 10 A 8 Hllitk, /MX
FKRATHE 50cm, BEEE 30em, BE/NX 52 #k, FEFRET— R PEERE R — %% 300kg/hm® , T K44 & I N A H K
F, 07308 TR IE 3 SR IAE K, TADI 4% /I DX S HET8E , 1 0—50cem - S8 RH X6 108 3 35 7 3 BT/ SF ( FH ) 5 7k B )
65% /A7) IR ST O, 7 H 24 H (B 304 B S A BREE B 100,60 ,40 . 25mm Al 15mm i# 4T —K
PEHEK , BB 3 AN EE AR /N BEHLHES 36 B HEIK S LA 7—10d/ IR P8R 35745 350 H A0
DU, 25 UL fry s 18] B FOK FIT Ak & EIA L 1,

F1 BRVUNEEEREXTEREE

Table 1 Observation date and growth stages of maize
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Fig.2 Dynamics of leaf net photosynthetic rate of summer maize during drought development
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Fig.3 Dynamics of leaf stomatal conductance of summer maize during drought development
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Fig.4 Dynamics of leaf transpiration rate of summer maize as drought development
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Fig.5 Dynamics of leaf intercellular CO, concentration Ci and stomatal limitation value Ls of summer maize during drought development
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Fig.6 The relationships between leaf moisture content and leaf gas exchange parameters of summer maize
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Table 3 The critical points and thresholds of leaf gas exchange parameters of summer maize at the jointing stage
5K R B {E % T T R L %
- SRS e S 5k Leaf moisture content thresholds Soil moisture thresholds
Il FHE Critical points - — - —
Leaf gas exchange parameters fhiHE 95% E{Z X ] 95% fliHE 95% BEAZ X ] 95%
Estimated values Confidence interval Estimated values Confidence interval
YA K Net photosynthetic rate/
D 29.29 81.8% [82.2%, 81.3% | 53% [50%, 56% ]
(pmol CO,m™s™")
7&K Transpiration rate/
o 4.87 81.3% [81.1%, 80.3% ] 51% [44% , 55% ]
(mmol H,Om™*s™")
KHFL S Stomatal conductance/
0.153 81.2% [81.8%, 80.0% | 48% [40% , 52%]
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Fig.7 The relationships between leaf gas exchange of summer maize and relative soil moisture of 0—30cm depth

£ 35%—45% 2 (A1, AE LR B ARG AVER A 32 SRR &R, & F B A FLR o 2 R, A
W98 % B ORI L A%, 26108 BUR RS AL B R 4R 2 1) 52 1 35 R e i A9 80K 4043 3R 53%,
51%H1 48% , T AKIEAAER £ T BRI R R K A= 5L 4B 016 5 388 B (0—30em) K 44%+2% , AIRIBFIE L
I HOK D BEIFATE L8, X 555 L2E, TR K F W0 58K 55 175 5K LSO 52 1 S sk
FRBESEA ) Bl T 500 RS ) 34 I, VR W AS [ A BAC I I B SURI28 B SRR & AR AR
BARZ YR A i ] 25 S BUR R IR U | B B RAEAR AR KE AR AT Forpr, i oK AR B x5 A 1
AR A - K A BN EL R BRI, i R K AR B AV G A PR RE RO PR HE BR T ) AR R
FIERS A R 00 7 2 ORI FEARL S HEOLE #2808 R ML R B G2 28T
5 E R IR B A I R KR R 81.8% ,81.3% Fl 81.2% , B 5 KA 1EH 32 S BIR il IR 28 & A S 4 Bsf ) ife
T EIK R 77.6%£0.3% L5 H AT DAE R 2 TR WG A 32 R B2 0 e AR al  (H2  iF5E 3R
W) ) 2 SRR A T 3K R B 5K A0 T TR A0 B P A A AR T s AR OGP A 4 i P G K 43
DASREKAT H K IFIE AR AERK 5 A oy HAL ) i R B8 45 4 2 20 I 25 A A 2 oy, e AE R Al
SER 0 S8R K TR 20 M RE 4T R 5 B K DA B 2UAEAE 2 2 S 445 Al i B i A oK 4y, Rl
ARG, R AP PR 5 R KRR R R AR AR i SR A SR T L A0 PN R 4K A K
(4 L 2 i, ASSSRAE I A BT bE ™ AT, R N RREEK A [ FR K A B i B A B B 7 Ak T
SIEH S AR I 32 AR R IR R AE A I RIS ik — 282 R R K o A AR

4 %t

S HATE SIF R T R I M i SRS e S80S R AT 7Y, AHOC TAE A i i SRS e S 00t
T+ 5 R A S B R A B ST D . AR SR T B K- E M i 59 2B R T R SRR i T
HEAAASIS BN i R A ma AL SO B, SRR T, AN TR K o3 Ak BE A 30 B R AR AN ), O

http ; //www.ecologica.cn



74 RS A5 R IR AR SAR SHO T TR 1 11

BT AR5 A A e S AR, AR S T K- R K R A, R R A TR AT SRR ]
FREARUSE I, TRAERN], TORIEOCE AR 28 E R ML T 2 B TR HEEE T 54
SRS A AE IS, LA AR RIS R AL BT FEIR B2 W N F 2 B TE A R A T A — B 2
R, RGeS R R g 1 =2 FOKRST I FE MRS B G R R AR ST
o g 5 1A 2 AR S A A - SR (0—30em ) 43904 53% ,51% Fil 48% , H 0 (A I S0 8 7K 3643
A 81.8% ,81.3%H 81.2% , T F RN 2B Ci T RE Ls ETHR A HUAEE, SFLIR L A 3
= SRR R 3 B T R R A BT IR R G BT Ls FREM AR H, AR LRI T il £ 5
PRI 25 Ak B B KO3 T 32 S KR A DRI 3 by AL BR ) o A P L R A A A5 94 b ) B 1 5 2 i ) S
SRR B IR T, (B R AR A B 0—300m T EAHXIR Xy 44%+29% 6 10 I 55 7K 38219776 % +
0.3% , J2 = ARG BRI PR R B I A0 . BIFSEAE IR AT o B K1 5 I R Pt S (A al

Bt B E R R AR BE B A R 5 AR A LI i A SIS PR A A I SR IR BN AR
FE, TR0 P RERS | FRKES , RO, A0 0T, AR JRLAAR, 5K A 1, X2 RS SISO, JRL AT, RIS TR
SRR A TR B

22 301k ( References) ;

[ 1] Auzizi F, Hajibabaei M. Evaluation of drought stress on irrigation efficiency, yield and yield components in new maize hybrids. International Journal

of Agriculture Innovations and Research, 2014, 3(2) . 579-583.

[2] AW, XUEE, PRk, XIFERE, PN R0l T 530 B 8 AR B i R PPN 5 5 R . R0l TR 24z, 2015, 31(16) :186-195.
[3] sk, k4, S FARARA TR P asER. #EBHDK, 2001, 20(4) :18-20.

[4] 3, ZE%, T, 2300, & RS H HH0K S T RIS a e . BIHKE, 2015, 34(6) :1-5, 34-34.

[ 5] ®ntdg, ximese, #hosmm, &aug, (R, IPRLr. JEFr= R RS A /N K oy 75 e B+ 2 B K o B {E. ARk TRE“#4k, 2014,

30(20) ; 147-154.

[ 6] Thompson R B, Gallardo M, Valdez L. C, Fernandez M D. Using plant water status to define threshold values for irrigation management of vegetable
crops using soil moisture sensors. Agricultural water management, 2007, 88(1/3) . 147-158.

[ 7] afefe. MYEM R . dent: Blea i, 2008.

[ 8] Hsiao T C, Fereres E, Acevedo E, Henderson D W. Water stress and dynamics of growth and yield of crop plants // Lange O L, Kappen L,
Schulze E D, eds. Water and Plant Life. Berlin, Heidelberg: Springer-Verlag, 1976 281-305.

[ 9] SROCA, A%, BEM, KM, AR, LARE, Bl e TR0 ERE M RS RGP BERE . A%, 2011, 31
(5): 1303-1311.

[10] skacim, skf¥, R&FF, sk, I1e. BT 5 T TR RS HUR 5 2 M HUR R AL R RTFE. o AR SR 223, 2006, 14(2) .
72-75.

(1] M3, s, WRFT, W46, R, E4 8% AR A F WK EH0 0 E F R OGS A R E R . RS, 2013, 34(6)
655-—0660.

[12] sk, 4, MRIE. JLRMEY A SR bR K 538 3 i BB 7. A A 25241, 2000, 24(3) : 280-283.

[13] RAZ, . IR EHOKMERIIT. TR, 1988, 14(9): 13-16.

[14] Sadras V O, Milroy S P. Soil-water thresholds for the responses of leaf expansion and gas exchange: a review. Field Crops Research, 1996, 47(2/
3): 253-266.

[15] Alam M R A, Nakasathien S, Sarobol E D, Vichukit V. Responses of physiological traits of maize to water deficit induced at different phenological
stages. Kasetsart Journal: Natural Science, 2014, 48(2) . 183-196.

[16]  FERKF, JAIME, BREHE. HFKI A SR O RN R 58 BERF S T 5 MR, A28 24288, 2015, 34(11) : 3111-3117.

[17] Fang S B, Su H, Liu W, Tan K Y, Ren S X. Infrared warming reduced winter wheat yields and some physiological parameters, which were
mitigated by irrigation and worsened by delayed sowing. PLoS One, 2013, 8(7) : e67518.

[18] Young D S. Computing tolerance intervals and regions using R. Handbook of Statistics, 2014, 32, 309-338.

[19] Krishnamoorthy K, Mathew T. Statistical Tolerance Regions: Theory, Applications, and Computation. Hoboken, NJ: Wiley, 2009.

[20] 1SO Copyright Office. 1SO 16269—6. 2005 ( E). Statistical interpretation of data—Part 6; determination of statistical tolerance intervals.

http ; //www.ecologica.cn



12

S % 38 &

[21]

[22]
[23]
[24]
[25]
[26]
[27]
[28]

[29]
[30]
[31]

[32]

[33]
[34]

[35]

[36]
[37]

[38]
[39]

Switzerland ; ISO Copyright Office, 2005.

rhie N B ] ) R B M B A A e R, o [ R A R A 2%, GB/'T 3359-2009 KU i G AL BRI RS Seit 45 2 DX 6] (i
SE. AEa: R EBRAE T ARAT, 2009.

JRETHE, JH M. B F K ] R A KR AR AY LK I B E T AR, 2017, 36(6) ¢ 1761-1768.

HESSR. GB/T 20481-2006 LG T RAEYL. bt HEBRHEH AL, 2006.

NAEE, SRR, ET, BEE A, SREE. BRI ROGARREEXT K A i A . AR AR, 2010, 30(5) : 1184-1191.

Ghannoum O. C, photosynthesis and water stress. Annals of Botany, 2009, 103(4) : 635-644.

Farquhar G D, Sharkey T D. Stomatal conductance and photosynthesis. Annual Review of Plant Physiology, 1982, 33: 317-345.

JAUEA. EZSMER S LR TR 7 s, F Rt 2 Be 224k, 2012, (3): 13-18.

Zhou S X, Medlyn B E, Prentice I C. Long-term water stress leads to acclimation of drought sensitivity of photosynthetic capacity in xeric but not
riparian Eucalyptus species. Annals of Botany, 2016, 117(1): 133-144.

XUBEIL, FARLL, AT =2, 0, WAL, L E KA RS e S WSO AMEBION. AR5 2 20, 2004, 23(3) : 24-29.
SRS, FRAR, XUREMS , ORISR, K 2 Ihae B S KR F KOG A KAl I PR S KB 2008, 16(6) : 68-70.

Flexas J, Bota J, Galmés J, Medrano H, Ribas-Carbé M. Keeping a positive carbon balance under adverse conditions: responses of photosynthesis
and respiration to water stress. Physiologia Plantarum, 2006, 127(3) : 343-352.

EERK, IKHE, FRAE, R, ML, XIEW. SRR TRV BRI BT, TR XA TS, 2010, 28(6) :
40-46.

R, SO, DR, AT, AN, AR TR T EEORA LTI WDEI N ARE. BHRR R, 2013, 24(6) : 723-730.
Cano F J, Lopez R, Warren C R. Implications of the mesophyll conductance to CO, for photosynthesis and water-use efficiency during long-term
water stress and recovery in two contrasting Eucalyptus species. Plant, Cell & Environment, 2014, 37(11) ; 2470-2490.

Czajkowski T, Ahrends B, Bolte A. Critical limits of soil water availability ( CL-SWA) for forest trees-an approach based on plant water status.
Landbauforschung Vilkenrode, 2009, 59(2) . 87-94.

Boyer J S. Differing sensitivity of photosynthesis to low leaf water potentials in corn and soybean. Plant Physiology, 1970, 46(2) : 236-239.
Lawlor D W, Cornic G. Photosynthetic carbon assimilation and associated metabolism in relation to water deficits in higher plants. Plant, Cell &
Environment, 2002, 25(2) : 275-294.

PR TR AR RBLIBESE. NS L, 1990, (3) : 45-48.

Singh V, Pallaghy C K, Singh D. Phosphorus nutrition and tolerance of cotton to water stress: II. water relations, free and bound water and leaf

expansion rate. Field Crops Research, 2006, 96(2/3) ; 199-206.

http ; //www.ecologica.cn



