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1.1 APEX &5

APEX A S [F ARV T R IR AR 37 B AL,
ZHALEI AR AT TR RAGITHE. EY)
AR KA () B A B AL, m] DL B VPA A 0%-
TR RS LNITFE . APEX BLALE,
AP SRR, KOO, Rk, %
OYREML, R, TRV K BHERBE, &F
B, BRIGFAEEHR, FORM S MBEIE AT, B
i STIRAR I R/ INLIEORUBE R AR Y R G BAD BT,
1.2 BugsRiEFIA I T

APEX Y Fr &5 (A G dE . L. WA
FRHHE I HRIE T 2016—2019 F75 SR K2R
YEFE K 4 bR . &/ NEZHEBR B T R 1 R,
AH G HE i v L B RN, 2016—2019 4R HATH] 3
AN A E AR SR A R 9.5+ 8.84 9.5 °Cs
P H R B AR S5 N 14.6413.8.13.6 MI/(m2d);
SRR KBS 89.7. 183.61 158.1 mm. iRIG[X
H R KA ERIREG, HAEAE 1.0~2.0 m Y5 NS,
XA HZE B A — 58 B AR RO, SR SRELT
T HWN G EHE CRBIFESS . Bk, &R &
AR KD R 3 B\ E R

1 A EBEBRE E R

Table 1 Irrigation schedule design for winter wheat mm
LN E I R
W TTEwm mem grm TR
T1 0 0 0 0
T2 0 40 0 40
T3 0 0 40 40
T4 0 40 40 80
TS 40 40 40 120

i T1—T4 M EK S EHRR AL, TS5 SR A8, 3R
WL RS JFEAEK 40 mm.

1.3 APEX RE!SEIFiNH 45 Rk

G54 AN T SIRUAR IR WL 45 5, AER A v
I T 5 ANEREKKRE KRS REZ VKR
35 ANSH, FEAF/IEMSH. TESHUL R
HZz% (& 2) . APEX BB 1) AR ik B 5 1E
WIAEKANFE K B VIR R 48 AR 36 28 1R . mHIAR SR
. Mo EEAEYIENE,

%2 APEX HERVR M 547 AT L BL6Y S 3

Table 2 Parameters selected for sensitivity analysis of APEX model
2 ZHE X TR LR
TEMIZ4
REE- A R R
WA CGEESCRERIA) [(kghm2Mizmy 02 4
TOP KB AEREC 15.5 275
TBS YA K AR C 1 5.1
DMLA I K TEAE T AR B H0 (M2 m2) 4 75
DLAI TR AR AR K 31 B v ot 1 A2 5 44 0.5 0.8
DLAP1 R ERA K S S H 1 15.005  15.2
DLAP2 wEMTHRAEK S Bl S4 2 50.85  50.99
RLAD T AR A IO S 0.2 2.11
RBMD  KBHFRS ALV 1 0 S 0.2 2.11
RDMX BRI FE/m 1.0 2.0
RWPC1 W R IR R AP 5 L 0.15 0.50
RWPC2 SRR R AR 0.05 0.25
PPLP1 TEVIRE ARSI 2k s 1 125.25 125.75
PPLP2 TEVIBERSh S 2R 58 2 4 250.85  250.99
HERK B EE RZ 2 %

PAW CRI3RAKID) /(cm®em?) 0075 0.25
KSAT + M AG KR/ (cmh?) 0.25 10
HAibsH
SCRP2_1 AN[E LR K X L2 K ms% 1035  10.85
SCRP2_2 (STEHiZ 778 100.75  100.95
SCRP10_1 K3 X WK B ) R 10.02 1015
SCRP10_2 (S LR T FE) 50.75  50.95
SCRP17_1 F T S K E MK S i Fa 2005  20.15
SCRP17_2 (S LR T FE) 50.8 50.99
SCRP22_1 BT K S K o i a Fa EL 100.005 100.015
SCRP22_2 (ST 7 78) 1000.85 1000.97
PARML  sgmaEs 2 -5 i b e 2 FE D 1 R 7 1 1.2
PARM2 R AR R A K ) BEAS A 1 2

05m T EEKERICIRE

PARMS GETHEERYD /mm 02 !

PARM12 0.2 m 2 LA K HH/ (g-omd 1) 15 25
PARM17 FEARAR ) 78 % - 42 R (1 o) 0.01 0.5
PARM3S8 K53 BT A ZR 4 0.55 0.85
PARM61 3K A IR B R 0.50 0.95
PARMS2 TEHBIEFREL 1 6

PARMS87 H T KA IR Yk E R AL 0.001 0.95
PARMSS B H T KBRS SRR 0.001 0.95
PARMB89 1EPIE 1R FE R 0.010 0.90
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AR T B ) 4 o U A 43 BT J572:8 Sobol 014,
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Morris 238 i THE B LR AR 2 ) 3 2 450 R ks
FE AR AME (u) FRRiEZE (o) B S5

e NI VS RF S I R T COE S RS ST TR SUN
AR B A B0 13 PR30, FASTT 360 H A 391
PP 5 R R L 2 R A 7R i 1 5 SR ) A T 22 00
ANRAZETT 2, SEBUBIE NS 8 T 25 &
Jr ZE M LAR, 1259 A AT R AR S A — By
BRUEYE, BRAERI, THRERCRE, (HiF AR 2
T ZE AR AR R . 3 Rl U B 5 R
MR LR 3.

%3 3 AT kT

Table 3 Comparison of three sensitivity analysis methods

Dk RS R OB e R T

Sobol i RS 001<s<1 9216 BED/ B ML IE I IOBUSYE, Kok, ROERG, (HiFSTREK.
. e p AR S R o A e

Momsik RN e OO BRI T U S AU N T A S R B

FAST U s 0.01<5<1 7500 FR{ERISE, HSMCRRS, (020 T SHITHIIER, BURERE.

1.5 APEX {REISHHRM TR BRI

AR Salib AFRAHH] Sobol %, Morris
% FAST VX ANFZK 5 264 APEX 128 S50 Uk
PEHEAT A HT . & 2eAR4E APEX BLR) S 50U(E JE B (3%
2) BENLELEE 6 000~10 000 X (£ 3) ; SRJGEH4H
MR KAE (125 m) S{EHCRKAL (5 m) &4 R o
S BEAULAN [ 7K A BERTAS ] BB K AR LR TR 26 il
MRS Hh F AR & a2 MR 34
TIPS H U . OFIH 2403 . 255
H 2B RSB A HT APEX BB S 070 % Hb X [ 8
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s @LEEQ. @5ttt 3 Rl Bgusk: o b 7 ik
25 TESHUBME M 29, Sobol ¥£F1 FAST
AR S HBUREHY, BURETE 0.01~1 Z[HKZ
BONBURAE 2821, Morris 13418 2 BUBUR AL BE 0 AT
0w ATHER, SRS u 2I0REFHE
Uaverages 1> Haverage W15 A 1S H U3

2 HBERGSH

2.1 APEX HRE S HURMEAITMN

X ARBCR AL (& 1), Sobol H UK
S RDMX R KIRIRE) « TBS (A K
IRIRFE) \DLAP1 Gl M AR A K S TR 2 1240
DMLA (I RKIEFEMTHAFEED « RWPCL CHf R
RAEYE SN o Hd, RDMX Z¥Uusrt: i B
RUBEFIAZ AR s T oA 240, 17 RWPC1 240
JER: (R A2 B A8, B v T LR « Morris VEH (1)
MUt 2% RDMX. RWPCl. TBS. DMLA.
SCRP2_1 (AN A L3R BE7K 73 % 3R 2R s S50 .
Hrp, RDMX Al RWPC1 S EUsit: it B AN RS
AN, 1 TBS S USRI BRSO KT
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Fig.1 The sensitivity analysis of the APEX parameters to

evapotranspiration, leaf area index and yield
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X T T AR B AL, Sobol ¥2:H RS M2
¥4 DMLA. DLAPI.RDMX. SCRP2 1.PARMI7.
FHor, DMLA 25Uk P 1 B 480N AN 58 BN 30
THALZE . Morris T HIBURIEZSEH DMLA,
PARMI17. SCRP2_1. DLAP2. RDMX, HH' DMLA
SRR E I B3 R0 1 T 38 AN, HoAh 2 Ei iUk
PR AR . FAST AT MBS HH DMLA.
DLAP1. RDMX. DLAP2. TOP. APEX A7t i
PR B R BURZ HE DMLA, JIK/& DLAPI

(Sobol 7%:H1 FAST %) #1 PARM17 (Morris %) ,
XEESH I AR R B E VI L.

B ARy AN BN U S — 5. DU &
B, Sobol iEH I HURE: 244 RDMX. TOP.
WA. PARMI17. DMLA, Hr RDMX ZHBUEIER
BELAERNANAE BN i T HAR S 4. Morris £

Ut RDMX. TOP. WA. DMLA. DLAI,
Horh RDMX ZHUUB M (1) B BN AE BN = T
HABSHL, 11 WA A1 DMLA S50 Usi: (1) BN
THZHHM. FAST EHNEUREZSEH RDMX,
TOP. WA. DMLA. PARM17. APEX A% & Al
AV EBEUEME SN RDMX. TOP #1 WA,
R KA BEE AN 5 mo S BB S b 45 R
i FAKRN 125 m BN REREE (R4 . XF
AR I, H R KAZA 5 m I 3 U B
Tk R U S 3 RWPCL, T HL R /KA
1.25 m I, 3 FhEURIES T3 K B RDMX A
ESH T AT BN, 2 AN R KA SR A
N EURS 48 DMLA . St TR E A Bk
B, HFAKAA 5 m NS BURZS 0N PARM38, H
R PAW, 5 1.25 m B R/KAL 2640 R4 SR 22 F IR i

# 4 Sobol k. Morris ##2 FAST %% # APEX 4% &) A H AR SR 25 3t b

Table 4 Comparisons of APEX parameter sensitivity analysis based on the three methods

e R 7% - AR .
1.25 m R K AL 5 m 3t R KA
Sobol ¥ RDMX. TBS. DLAP1. DMLA. RWPC1 RWPC1. RWPC2. DMLA. DLAP1. WA
A H ZE R Morris 7% RDMX. RWPC1. TBS. DMLA. SCRP2_1 RWPC1. RLAD. DMLA. PARM5. TBS
FAST 7% RDMX. TBS. RWPC1. DLAP1. DMLA RWPC1. TBS. RLAD. RWPC2. DLAI
Sobol % DMLA. DLAP1. RDMX. SCRP2_1. PARM17 DMLA. KSAT. DLAP1, SCRP2_1. PARM38
AR Morris % DMLA. PARM17. SCRP2_1. DLAP2. RDMX DMLA. KSAT. SCRP2_1. PARM38. TBS
FAST 7% DMLA. DLAP1. RDMX. DLAP2. TOP DMLA. KSAT. DLAP1, SCRP2_1. PARM38
Sobol % RDMX. TOP. WA. PARM17. DMLA PARM38. PAW. SCRP2_1. DLAI. WA
PR Morris 7% RDMX. TOP. WA. DMLA. DLAI PARM38. PAW. WA. SCRP2_1. DLAI
FAST % RDMX. TOP. WA. DMLA. PARM17 PARM38. PAW. SCRP2_1. WA. DLAI
22 FBHIE R EEIRT APEX ESHBUBIRD T (125 R 50 DUl (2 (o - F2 (D -
A B2 G ), 3 RMBURME VAR, IREKE 2%

XFTANRIK 73 24 28 B AT L (B 2Ca),
2(d) . B2 (g) ), 2016—2017 4EH1 2018—2019
SERANE], 3 RO o BT 5 VR R ) S U S s
RDMX, [Mi7E 2017—2018 4F, fKHE/KEAEE (T1 4
FHAN T2 Ab3D A T I UK 2409 DLAP1 (Sobol
%) « RWPC1 Al RDMX (Morris 7£A1 FAST %) ,
EREK AL FR (T4 AbFRAT TS5 AEBR) 464F T M AUk
Z¥N TBS (Sobol 72411 FAST ) il RWPC1 (Morris
20 . B HE K E W3 i1, RDMX . DLAP1 1 SCRP2 1
BUBPETR R PSS, 1T TBS. RWPCIL 1 PAW
SRR R T ma

XA R K 3 AT B T AR R BB (B 2(b)
B2 (e B2 ), 3FgUEEs i kR
BUXZH38 DMLA, HANF FRoKER Z 580N, H
R BB A S 507 B /KA B AN E /K R s T B R« B
EWEKE M, RDMX. DLAP1. DLAP2. PARM17
F SCRP2_1 [RURPEFE B 2 FEKESS, T DMLA
TOP FIBUR TR E 2 T = 5y

AR Ky 2548 TR AL R0 P B V) R 2 2 Uk

R (T1—T4 A3 EBUXZS%35 5 RDMX, H
TEAS ) B 7K AF B4 ) UK I A7 7E — 78 22 57+ - Sobol ¥+,
2018—2019 £E ) RDMX U4 51 2016—2017 4,
i Morris ¥ 2017—2018 4= ) RDMX BURK AR T3
fhAEfy . fEEEKEFM T (TS 2D , 2% TOP
PIEUR RO E S, ANRBURSHEIRBUR S
BEE HEK BN, RDMX. PARM17 Al SCRP2 1
PR R E 2 PRI, T WAL TOP #iI TBS 1)
UM AR B 2 T a3
YRR E A 5 m B, 3 Ry
RDMX AH U8 (£ 4) o 3T 2B
o, FEE K BTN, mBEURZS 78 RWPCI,
A FEKERIM, HEURERRE A mES . X
TR R, RBURSECN DMLA, B
FEOKERIR N, HBURMEEREA SES. T E
A A, EUXRZS N PARM3S, HEUK
PEFREUAE 2018—2019 /5 T 2016—2018 4F, HFf
FHREKERIR, BUSETR R BB /£ 1.25m
R IRALZAE T 5 3 RO 2 AT 5 1 ) B U S 4L
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Fig.2 Sensitivity analysis of APEX model parameters to evapotranspiration, leaf area index and yield under

different irrigation treatment and years (irrigation treatment and rainfall year)
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2.3 APEX HRBGH AR HE ST

ST 3 M UBME T 5 TS APEX AR R
aEMEE R —8. Ll Morris VA (R 5) , XTF&
INFE R AU Y RS R, SE A T
5%~95% ML EE X BN . BEE KRG, %
INFE PR RRANSE B 5%~95% B A5 X 8] BT F s,
T WA AR AT DA B bt s A [+ 8 R A B o A6 /N 2 7
B T1—T4 ALBE (1528 35 7 AL 45 1

PRI

50% 7 ML A(E DA b, UiB APEX BRI AT RE Al 1K
Pan i/ SERS RSN a4 <0} AU PR S P W =4 [ 8
ZE YR P ARADL 25 SR R s T QW 3% T
YA, (BAE 5%~95% M EFEXEA) , X—4RE
BHZABENNE OKEFHEE BAHETK
IR FEAE A OGP, B K E RSN, AR
R 5%~95% B A5 X ] R FFmyads, iR AT DL
U 1t J5 BRRA [ JRE R A B 06} 4% /N3 25 IR PRS0

5 TRKSFMAT APEX BARMA DL 2 E, £WE AT O
Table 5 Uncertainty analysis of APEX model simulated winter wheat yield,

biomass and farmland evapotranspiration under different water conditions

o RAYAE
g R biSE] A
T SO EE  25% MBI S0%AEE  TS% A EE  95% i EUE
T1 233 333 195 252 310 381 590
T2 272 357 219 285 334 401 599
ZE R /mm
T3 282 359 220 285 336 405 601
T4 303 391 260 323 374 440 602
Tl 10 560 12 680 6351 9017 10 884 13251 27001
T2 11237 14 850 8 827 11 566 13 483 15 849 27530
LW/ (kg hm™2)
T3 13250 14962 8917 11 689 13 630 16 001 27525
T4 12 880 17 764 11797 14944 17 067 19553 27 800
Tl 5460 5160 2813 3580 4238 5433 11 038
T2 6363 6020 3676 4527 5260 6493 11243
77 B/(kg-hm2)
T3 6 697 6 067 3717 4570 5320 6553 11248
T4 6 837 7215 4846 5873 6727 7983 11 430

34T iR

TEMMAF T R AKREA 1.25 m, IEREA
B8 (3 R /KRN FEAE ) . RDMIX J2& ik 1 2% H
A= E R BUR S, X — 4R 5 U R TSI
—EZ 5, Wang BN PAW EERBURS L, )
BAEFREAN T 0.49~0.52 28], AWFFH, PAW i
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highest yield was 10.4 thm?, achieved by applying 150 m*/hm? of biogas slurry combined with 50% of traditionally
used fertilizer (topdressing 3 times). In both years, applying 150 m*hm? of biogas slurry combined with 25% of
traditionally used fertilizer but by topdressing twice only gave the lowest yield. Applying 300 m*¥hm? of biogas
combined with 50% and 75% of traditionally used reduced the rice yield and taste of the grains. @ Increasing
topdressing from 2 to 3 times increased rice yield when the fertilization was the same. 3 Applying biogas slurry
increased soil organic matter by 7.1% to 52.4%. Increasing biogas slurry and chemical fertilization also increased
alkali hydrolyzable nitrogen, available phosphorus, available potassium, phosphatase activity, and electrical
conductivity (EC) of the soil, but had little effect on soil pH. Applying 150 m*hm? of biogas slurry combined with
25% of traditionally used fertilizer reduced alkali-hydrolyzable nitrogen, available phosphorus, and available
potassium contents, compared to CK. Applying 300 m*hm? of biogas slurry combined with 50% of traditionally
used fertilizer increased EC, alkali-hydrolyzable nitrogen, available phosphorus, and available potassium contents in
the soil, compared to CK. @ Applying 75% of traditionally used fertilizer increased soil phosphatase activities by
10.6% and 42.4%, depending on biogas slurry application, compared to CK. [Conclusion] Combing biogas slurry
application and chemical fertilization can improve rice yield, soil nutrient contents, and enzyme activity only when
applied at right rates. From our two-year experiment, applying 150 m*hm? of biogas slurry combined with 50%~75%
of traditionally used fertilizers by topdressings the fertilizers 3 times is optimal for improving crop yield and soil
quality.

Key words: rice; biogas slurry; chemical fertilizer; yield; soil nutrient
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Sensitivity and Uncertainty Analysis of the APEX Model to Water Status

HOU Jinjin, SUN Xiaolu”, WANG Bisheng, YANG Xiaohui, XU Mengjie, FANG Quanxiao”
(Qingdao Agricultural University, Qingdao 266109, China)

Abstract: [Background and Objective]l The APEX model is a comprehensive watershed-scale model for
simulating the effects of management practices on agricultural systems and their impacts on water quality, soil
erosion, and nutrient cycling. This paper analyzes the sensitivity of its parameters to water status in soil. [Method]
The analysis is based on data measured from 2016 to 2019 from an irrigation experiment conducted in Jiaodong in
Shandong province. Winter wheat was used as the model plant; the Sobol, Morris, and FAST methods were used to
analyze the sensitivities of the APEX model parameters associated with crop growth and water stress. We considered
the influences of groundwater depth, rainfall and irrigation. [Result] When groundwater depth was 1.25 m, the
maximum root depth (RDMX) was the most sensitive parameter affecting evapotranspiration, biomass, and yield,
while the maximum potential leaf area index (DMLA) was the most sensitive parameter impacting leaf area index
(LAI). When the groundwater depth was increased to 5 m, the sensitive parameters influencing crop
evapotranspiration and vyield differed, with PARM38 (weight coefficient of water stress calculation) and RWPC1
(proportion of root biomass during germination) becoming the most sensitive parameters. Results calculated from all
three methods indicated that as irrigation water increased, the sensitivity of RDMX decreased, while the sensitivities
of DMLA, DLAI (peak point in growth season), and WA (potential light energy utilization) increased. The sensitivity
of RDMX was significantly higher in dry years than in humid years, as opposed to the sensitivity of DMLA.
Uncertainty analysis demonstrated that wheat biomass, yield, and evapotranspiration fell within the 5% to 95%
confidence interval of the simulated data. [Conclusion] The most sensitive parameters identified by the Sobol,
Morris, and FAST methods were consistent, although their sensitivity indexes varied with irrigation treatments,
rainfall patterns, and groundwater depth. Considering computational efficiency and accuracy, the Morris method is
more suitable for parameter sensitivity analysis of the APEX model. These findings provide valuable insights into
the application of the APEX to analyze the impact of environmental conditions on crops.

Key words: APEX model; sensitivity analysis; water stress; Sobol; Morris; FAST; uncertainty analysis
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