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Abstract: Irrigation and fertilization scheduling significantly affect field water cycles. Root water uptake is the critical
process that connects plant transpiration and soil water movements. It is necessary to quantify the crop water uptake sources

under different irrigation and fertilization treatments for optimizing agricultural water management. The stable water isotopes
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of D and "0 are considered as ideal ( natural) tracers for tracking water through the soil based on distinct isotopic
signatures of water fluxes. The MixSIAR framework is the latest Bayesian stable isotope analysis mixing model in R that
considers multiple sources of uncertainty and provides definite proportions of source contributions. In this study, dual stable
isotopes of soil water and stem water were applied to determine seasonal water uptake patterns of winter wheat under
different irrigation and fertilization treatments during 2013—2015 in Beijing, China. The contributions of the soil water at
each depth to water uptake were quantified using the MixSTAR Bayesian mixing model. The direct inference method was also
used to detect the potential root water uptake depth. Correlations between the water uptake patterns and soil moisture
changes were further evaluated. The average contribution of soil water in the 0—20, 20—70, 70—150, and 150—200 c¢m
layers was 35.6%, 27.6%, 23.1%, and 13.7%, respectively. The primary root water uptake depth was 0—20 cm (67.
0%), 20—70 cm (42.0%), 0—20 cm (38.7%), and 20—70 cm (34.9% ) during the greening-jointing, jointing-
heading, heading-filling, and filling-harvest periods, respectively. Significant differences in crop water use appeared
between the 2014 and 2015 growing seasons. The main root water uptake depth gradually increased from 0—20 cm
( greening-jointing period) to 70—150 ¢cm ( heading-filling period) and was maintained at the 70—150 cm depth until the
filling-harvest period in the 2014 season. However, winter wheat mainly took up soil water from the shallow layers (0—
70cm) over the 2015 season. In particular, the proportional soil water contribution in the 0—20cm layer was remarkably
higher (13.9%) than that in the 2014 season. Root water uptake patterns with soil moisture distributions were significantly
influenced by different irrigation and fertilization treatments, especially in dry seasons. The main water uptake source was
the soil water in the top layer (0—20 c¢m) under the T4 and T5 treatments during the jointing-heading period in 2015,
because the root growth in the surface layer was stimulated by sufficient irrigation (80 mm) and abundant fertilization ( =
210 kg/hm* N) at early growth stages. Nitrogen deficiency with < 105kg/hm* N (T3) or less irrigation with 20 mm ( T1
and T2) during the greening-jointing period promoted root growth in the deep soil layer (70—200 cm) and increased water
adsorption by a mean of 29% during the jointing-filling period. Seasonal variations in the quantitative contribution of soil
water at different depths were closely related to the soil moisture distributions. The large contribution of soil water in the 0—
150 cm layer (86.3% ) was consistent with its proportional consumption in soil water storage (92% ) throughout the
greening to harvest season of winter wheat. This study provides a simple and effective method for identifying crop water

sources. The findings are of great significance for future fertilization and irrigation management.

Key Words: dual stable isotopes; root water uptake; MixSIAR model; irrigation and fertilization treatment; winter wheat
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Song' ! 5T MixSIAR FEEINS LL AT 1 AN TRIHEAE A 18 T B F ORAR R K TR A B AL LA, (LRI D A0 [
{2 M MixSTAR A58 5 8 U5 TR At HE R 454 R A IR AR IR 215 AR AR A I 5 1 R DL ARG
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I MixSTAR AL AN [T E 3K 73 XA 1K B SRR LG 5], %8 LEAS [ 1 R AL 2% 1 R A/ A2 AR R MK ok
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1.1 [HEERE

I T 2013—2015 4F7E B S0 KB TRRE AN i (Jb5T) KGRI 5T FEHE (39°37'N,116°26'E)
AT o IR DX 200 ARt 1 2 KA, 2 A P34 7K i 540 mm, {H 70%—80% 1) 4 M 4 h 7E B 28, 45 -1
A 12,1007 IRE M 0—200 em I B9 ELAAL AR E S RO 1, MR KAITRYY 16 m,

K NEMEAR TR TR 175,70 50F 2013 451 2014 4F 10 A WIEFR, A 6 Anlksk, i3t 5 4
IKREFE G AL 2 VEWR R AE Ty 28 D3 2, orf T5 b3S 2 21 b i VW i S 7K S, o o D A 5 3501 4y 300
mm 1 315 kg/hm* N, IXIGAE/NXAHEAT, BA/NX L) 6 mxS m, B0 3 HFEE . E/NZIRE
5 UK I RIS TA] 2014 /e 417 -H AR, 2015 ZR 7R S 00 WK U5k 24 b b oK, W IE 7 20K
HEHERE, /NEERTTSIEMIR R AL H 155300 2014 4 3 H 27 HA12015 453 H 29 H,

49 1 & K B i TRIME-TPH 387K 43 (IMKO , #8522 [6] BE 20 em, £ 5—7 KH—WK,
TEIE AR S5 . R G800 th vl Y H 313 %25k ( Monitor Sensors, Australia) Wil | 3= 52 W i 48 PR £5 H F&
K H B AR AR A X PR P AIRHB B4 2014 ZR&/NE A KA K & T Y B FE
IR BE 43 A 85.9 mm,7.3°C Fll 53.1% ;2015 Z=N145351 4 87.9 mm,7.5°C F1 48.7% . 2014 F12015 =54
VEMIZE R 53008 435 mm AT 458 mm,

F1 TEHE(0—200 cm) WAL FHFESH
Table 1 Physical and chemical properties of the soil profile

Lol L 2%
B Particle size/% N THE : ks EC B AR

R A+ Bulk Saturated Saturated . N _

_— . . i Electrical pH NH}-N/ NO5-N/
Depth/cm e . Soil texture density/ water hydraulic ductivity/ )
kL *ﬁ}ﬁ *[#*J (&/em’) content/  conductivity/ CO(H ;;:;)y (mg/kg) (mg/kg)
Sand  Silt  Clay (cm3/cm3) (em/d) S/

0—20 58.8 332 8.0 i+ 1.56 0.41 8.41 111.70 8.15 7.0 98.9
20—120 653 26.7 8.0 fibigE + 1.48 0.42 10.04 109.12 8.61 5.9 17.9
120—180 68.2 29.2 2.7 b+ 1.45 0.45 7.45 87.60 8.66 6.3 20.2
180—200  32.0 51.0 17.0 it 1.25 0.51 0.66 161.80 8.27 4.4 19.0
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x2 ZNZEBREEAR
Table 2 Irrigation and fertilization schedule of each treatment for winter wheat
BART i

Winter dormancy- BT PAT-hAE - ) TS -] B
) ’ Greening-jointing Jointing-heading Heading-filling Filling-harvest Total
AEAy Qb greening
Year  Treatment iy i T i TR i TR At T it T i

Trrigation/ Fertilization/ Trrigation/ Fertilization/ Trrigation/ Fertilization/ Tirigation/ Fertilization/ Trrigation/ Fertilization/ Trigation/  Fertilization/
mm  (kg/hm®N)  mm  (kg/hm*N)  mm  (kg/hm®N)  mm  (kg/hm®N)  mm  (kg/hm®’N)  mm  (kg/hm’N)

2014 T1 60 - 20 105 80 - - - - - 160 105
T2 60 - 20 315 80 - - - - - 160 315
T3 60 - 80 105 - - - - 80 - 220 105
T4 60 - 80 315 - - - - 80 - 220 315
Ts 60 - 80 210 80 - - - 80 - 300 210
2015 Tl 60 - 20 105 - - 80 - - - 160 105
T2 60 - 20 315 - - 80 - - - 160 315
T3 60 - 80 105 - - - - 80 - 220 105
T4 60 - 80 315 - - - - 80 - 220 315
TS5 60 - 80 210 - - 80 - 80 - 300 210

T1AREE 1, T2 4080 2, T3 400 3, T4 AL B 4, TS AbBH 5, TS A7 133 HUMEAE KT 315 kg/hm? N =" FoR 1A HE B it I

1.2 FEACRE SRR T

AHIFFE T4 /INAZ 3R T ORI 18] 20 51 R A /K TR K | K RN ZEFF 7K -0 2 A a7k AR D Ao [\l 4
TN, KK G S 8 2 SR A RS <1 2E 1 A OB 28 SR A K R I T <1 11 30 e R BR DA o 1k
IKIEZE R W K FE G RS 2] 50 mL 2R Z @ SRPI h IF 3 DB 3, R UGEZK B 2R @ BERPR 4
BEWE/K SOmL F 3 B AF . TSR o T+ BRI R AR R A RERE 10,20,30,50,70,90,110,150 em F
200 cm, F-IJEEJESRAE — K, BEME AR I 2 S5 ke, 24 385 /K SR TC I AR 3K s, SR FH A8 R B - ¢
B TR ARE SR P A R AT

FAR A FEKCOR L IRE 0 [ 7E LR AE R e U ER PEAE R 3 4, AP 3 HE S B AR BT+
e SRE VAR — 25 DU B ZEFF Gl R BR R B S AR (LB O O B DR B, T A
FEAE S RN - SRR S 7R R AR J5 ST BIVE T - 15°C 3] -20°C R R R R-AT

T IERIZEFF 7K 4 R R B 28 2618 2 58 (L1-2000, LICA , th [E) $2 80, 76 R 27 B s 3Rl 27 5 %
VEHIFT T It 1 7K 006 B % s 2 5 P e B A 92 36 58 2R A LGR I A5 /K Al 32 R 20 M4 ( Model DLT- 100, Los Gatos
Research, 3£ [E) M1 AS R KR ) R B8R 8 [l 2% R 2

(%0) = (R e = Runiaua)/ R x 1000 (1)

P8 AR IR (B BRI BRI, R s 1R g 73 BT ity R AL 24 [ B b 1P 25736 7K (VSMOW )
A () MERFEMZRFEEZHLCH/HS5"0/°0) , A, 3D F1 80 AT RS BE 4351 4 + 1%0f1£0.1%o.,
1.3 MRRAKGRPEH

ARSCE BT I - K R ZEF KA 8D AN 80 RURRE R Z AR 8., R LIS Lk sk 5 N & /N2
AT A T A AR 2R IR K R, BV 3 XoF H [7] — st 35 398K 8D A1 85O [R)v: 28 351 i S AH V. VR P 25 FF /K OBURR -
[ 218, Y+ K FIZEFF K4 8D {5 M Rh AR 8" O (B AE7E e [R1 M — 38 s B, 12 A5 6T 1oz B9 1% 2 BT 35 1y
R/ NAE ) EBERR R MOK TR BE > M A7 AR A B A S R A8 s, AR R WK IR B AR M — 3 35 DG S [R] 52 45, )
SE LB 5 L R R

IR, SR FH L T DU S 8 19 MixSIAR #5805k 6 fb 4 /INAZ 7K 43 R R L BTk L 491, e B9 X b T oK
PR (16 m) i R FAEICTJF T 7K 78 K A BRAK A B (4—8 m) 277 | R AR AR5 A 9 7K 43 e VR AS %
JEHL TR K . AN IRSCR FH  7K 3 F2 20k AN [R) IR BE 11 - 338K, J AR K | HE IR AR 38 5K iR A1k

standard
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RS I T 5 K | R EOK R 22 4 R &R A3 A R AE B 2 m K40 532 0—20,20—70,70—150 cm Fil
150—200 cm 4 EH#HATKIET, BT HHKAEREIRE N 10,20,30,50,70,90,110,150 em #1200 em, 21k
IKAT UGS 4 A JZ2 06T I 1) = HE /K [F]40 22 18 20 S HBOCIZZ 2 36 Bl o8 9T A SR R 88 = 38K [R) A7 38 1 P 2 8
MixSIAR #5751 i AR (38 U8 (45 )2 137K 8D A1 8" 0 XUFa & [l o0 2 S ) Kds FiR &9y (257K ) %
i ,Markov Chain Monte Carlo( MCMC)iz47 4K A “very long” , FAIIR 223 HL“ process +residual ™, H M At H. 45
B A B KU AR I 8 T E (50% 53160 550 TR LG A8 B A 120K IEGHAE P 7K Y BT kR

2 #R

2.1 AR R 2 3 A AR

2014 F1 2015 -4/ IR 1 Z ORI (] XY b KRR /K 26 (LMWL) 4351k . 8D =7.3 8"°0+3.6 (R*>=0.
97, P < 0.01) M1 8D=6.7 8% 0+1.8 (R*=0.97, P < 0.01) (& 1), 2015 ZE[&/Kid T v 78 K R e, H
LMWL & /N T 2014 22 LMWL R385k kAR R EL, R R E AN T LMWL (4 T 7,
SD—3"0 A LAPR B FILT LWML, 2015 214Kk SD—8" 0 LA LR AAFR (2.8) KT 2014 Z2(4.0) , +
K FE KR E R

A1 AT AL R R - K R R 2257 W3, )2 0—20 em HHEOK[FIN R o & 4, HAS s e
KW 0—20 em HIEAK KRR KA, A A 32 5 I T R RN 25 2], 38K ) (37 25 (120 T el P o 4 S R
BB TIN T SZ N . ARIG I E] 150—200 em YR 3K [R5 2208 4 0 E kK 1) [l o2 0 B G 28 4k, 1E
YIZE K IRl R IEA T 38K SD—8"0 [Alf RIUA LI , 2014 F BARTELE 0—150 om WRJE 3K [F {7
RN, M 2015 Z2 0 Heds & 45 H 3 ByE AR )2 0—70 em 38K [RI7 ZAE X 8] Py, H b o] #E0 2014 F
2015 Z=8 /N5 I CR] ] 0—150 em 1 0—70 cm ¥R A 3K

+Hk (0—20cm)  + Mk O £HEKQ20—70 cm) o EFPK
+-387k (70—150 cm) WK x 13K (150—200 cm) LMWL ---- +3KksD-5"50% R ALk

40 - 40
20 20
0 0
£ 20 -20
8
2
-40 -40
—60 L -60
-80 80
-100

L -100

5 -1
31%0/%o

1 REZKE aD-5°0 % R L K Sk Z (LMWL)

Fig.1 The relationship between 3D and $'®O in different waters and the local meteorological water line (LMWL) in the (a) 2014 and (b)

2015 growing seasons

2.2 A/NEATAE IR R WK IR

FH L0 LI A A AT i, 2014 2228/ INAZ IR T -3RCT BT - e ol R R S AR AR R WK R BBE
B2 0—20.20—70 . 70—150 em F1 70—150 em ( &l 2) , 1Mii 2015 Z24%- A= 75 1 09 W 7K 38 5 ] &y 0—20 .20—70
0—20 cm F120—70 em( &l 3) , AFEALIAIR RBOKEREE R840 25 5 W3, 2014 ZERFF-4K05 0 T1 F0 TS
b AR 2 K EE SN 0—20 em, T2 4 0—20 em F1 20—70 cm, T3 F1 T4 4 20—70 cm ;&7 -l T1
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TS AR AR WK IR EE K 20—70 em, T3 &b A 0—20 em 11 20—70 em, 17 T4 AL %A 70—150 cm ;3

T JEAE A T2 0TS AL FRAHE BRI KR B IR 3K 70—150 em, T3 F1 T4 AbFEA/NE NI 20—70 em +3EK ;i

IR AR T1 Ab BRI K B 18] 332 )2 + 33 (0—20 em 1 20—70 cm) &b, Higs b B W K IR B A1 457 T 70—

150 em,, 2015 ZEAN[a] A B [B] 4 /N2 IROK TR BE 119 22 57 2 SR BAE ST -Hh A, Jorp T1 T2 A1 T3 WK IR B v T
-------------- HHKEP0) — EHOKRIZEFK IR X A(E0)

THUKGED) @ LHOKRIZEFFK % XA ED)

P-4AE HBE-REHK TEH-WOR
3D/ %o
-100 -60 -20 -100 -60 -20 -100 -60 -20
0 T 1 T 1 T \ T 1
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200

50 |
100 T2
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200
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580/ %o

E2 204 TZNEEEEMBRTIBAMEFKTERMLEDTIRERKRE
Fig.2 &D and 80 in soil water and stem water and the root water uptake depth at each growth stage of winter wheat in the 2014 season
for treatments

TLAbFE 1;T2. Ab30 25 T3 Ab3H 3, T4, 4AbFH 4,75, kb HE 5

RIZ 4 (70—200 em) , 1 T4 1 TS ZEFRIA TR )Z (0—70 em) o 2014 Z=45 5 AR T2 Ab 3 1 K Fn2k
FF7K 8D (HAYAE X 45 (70—150 em FT 150—200 em) 5 +3EK FIZEFF K 80 {H )2 X H (0—20 em il 20—70
em) fAAERH B 25 T1 ALFErR 8D A1 80 [A)40 25 HE W AY Sl A S AR R W AR BE (435328 20—70 em A1 70—
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B3 2015 FZNEEEEMBRTBAMEFKATREARMEDTIRERKRE
Fig.3 &D and 80 in soil water and stem water and the root water uptake depth at each growth stage of winter wheat in the 2015 season

for treatments

150 em) JRAN[E] , T VE 3% -0 3030 T1 T3 1 T4 Ab P L [R] B AN W KSR B b Bt R B 3 H 3 X LA M T
FIEVED Y EW KR

2.3 2&/INAZ W K R B HL TR e A7)

FIT] MixSIAR DU 357 [ o7 2518 A A7 5 11 2014 1 2015 ZR4&/NAZ IR T - W3R 9 18] A [ Ab 34 4% 1% 35 11
T HOIKXHED K B TTER ], 00 4528 B B B A /N I E AR RIOKIREE . 453 ,0—20,20—70 70—
150 cm F1 150—200 cm ¥ EE R K XFEY) A2 BTk L9 53518 35.6% \27.6% 23.1%F1 13.7% . {HF4>
R TN KRR 2257 3 . 2014 Z24/ N 1 T AR R WK IR B REAE D 19 A K & & Iz i e L 3R 5 -
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P AT - BE A RE-HESRORIHE SR YT 9 T R R BE B HL A K BTk FL 9 93531 2 0—20 em (63.6%)
20—70 em(67.9%) ,70—150 cm(54.4% ) Fl 70—150 cm(39.8%) (&l 4) .

BH-H HAT-HRE ThRE-EAR tHE S EN
G Nz )

Proportions of contribution/%

0 20 40 60 8 100 O 20 40 60 80 100 O 20 40 60 80 100 0 20 40 60 80 100

201448
£
Q
2
o
3
%
N T 1
i:d
5
®
+H
201548

T 0—20 cm 222 20—70 cm [C—170—150cm 150—200 cm

B4 2014 02015 LM EZEFTH T EKTEILG) ( FHEAREE)

Fig.4 Proportions of soil water contributions to winter wheat at each growth stage in 2014 and 2015 seasons ( mean + SD)

2015 4/ N2 FEFIHER)Z (0—T70 em) THEK 53, 25 A8 T N 352K TR BE S - 4= 38K 5Tk Eb ] 43 31
7 0—20 em(70.4%) [ 70—150 em(32.2%) .0—20 cm(63.4%) F120—70 ecm(54.9%) (& 4), Hr 2015 Z=
0—20 cm TREE +HEK A TRk FL O 5 T 2014 22 (13.9% ) (HARTT -l 52 T 52t (B K [L 2014 4E 52
T 26.9 mm) %M ,70—150 em Fl 150—200 cm ¥)2 K B BTR LGB (32.2% F1 23.5% ) 1 E 427t .

ANTRIE BRI NE 25 1 T A /N2 $R15 Sl B AR R WK R IR A 22 AR b 22 S b 2, A2 R0 T s ), It S
(150 kg/hm* N) 4b 3 T3 2015 2= 5 FAR R WK IR KT 2014 2, 150—200 cm + 37K B SR Lo 134 % 38.9%
T1 F1T2 Zb ¥ 2015 ZE 1 2014 kA7 K (80 mm) —IK, FEUK 5 SR, EAEDHGE AL K FEAKGHE R K,
P24 T1 AP 150—200 em(47.3% ) F1 T2 4b3H 70—150 cm (66.6% ) H + 3K TTlk He il k. 43R T -410
FEKFE (80 mm) HFEAL & = Y L&+ 210 kg/hm® N i, 2015 Z=3k - < fee T 52 S mi {24 T4 F1 T5
REFRFZ 0—20 em AR WK F 143 I3 51.8% 1 63.6% , 2015 ZEdhFE-HESR 12 K5, T1 T2 1 TS AbFEjE
WA B RIOKIREE (20—70 em) B/ T 2014 = (70—150 cm)

3 Wit

3.1 BN MixSIAR AR [
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