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1 MRREE

1.1 fksrRlfRE

ARHF TR F B A, DAL AR RIEAS B
609 H 1K (Zeamays) AiRIGA KL, Ak ARAL
ZIEANIEL GEHBNE 138, AR R
ST 1.2 glom®, JKFATE R 133.9 glkg, HHLFFRE
41 373 glkg, EEFESEL 0.24 glkg, KT RS>
% 3.99 mg/kg, HH[H]HF7K & )5 & 741 22.00%.

- APPSR H AL i F R B 2R E (1.2 glem®)
Iy 2 (B2 5 em) 25 AR (_F 48X R 4Ex N 28 cmx22
cmx34 cm), AW, HEMI 15 L MKMIGEA T
A IR & 2 M (polyvinyl chloride, PVC) &N,
TEE TR 5dEHM. RAREER, SEFEE 3
TG BRI LKL, N T RIE AR R, T R
WE] S AN RN, AR ST IR, B E 1Rk

& AN E RHFRFR MT4080A BUH 7 HA
M GRYITTRZE R TFARAR, KEN+03% 9, ZH
MR A R EE S, B ERE [S5]) BRIt
Bl ep IR ORI B 2 . BB, HREE 2 W S,
MR E L A AR b [AR Y B b0, wakd% 0.1,
1. 10 1 100 kHz 3t 4 i . %50 H il T A T ic
iy 0 e EL N ER T R 5 T B I N, ASRET R
K, HORH B HIASREBHE S B (K 5 om, HE
2mm) EZAR A%,

AR A KR TDR-300 /K2 &AL (PEARAY
EmD) BHEARAFD S5& R LTI E Sl
ASCEEEF 5 NEIESIKEAKT (3.39%. 4.97%-
9.80%. 14.83%#1 19.68%), X1k HH4% (time domain
reflectometry, TDR) M &45 S ATRIE, RAW T A3

X=0.762 2x+0.008 6 (D
A X AL IKE, %; x y TDRMEL, %.
1.2 RGNS E

M FUIEPEAE FORICT, MR 3 MEF WY
M TIR R BN e, FEARYAN 5/, R E K5
TE P AT 2 et b TilE, b, R
Foy Al 3 A HIEMIT S KRB X & KRN+
B S KR S5 WK ER ), B 25%~30%. 55%~60%
1 85%~90%. 4 4t FH = fr HE = I 7K A\ 388 IS 1)
PVC EHEEMAN, 7R AR AR S K FE 2
85%~90%, VAT AKZEH NG A, 7% 7 ) S [A) R % 1 4
14N, AEERE 10 min F TDR-300 7K 23 E A4S 52 4%
TIEEKE, F% s IS ACRMIE, B 80K A
SN, SR T AT IR R A E (H 1a,
MRS SN 1 kHZ, BARE I E K 1a fis,
PR FERR B i AR RIEE R 1 om &b, BAARHAR
By i ANBEZE 5 om A I, HEERITE, FTHHE
BMFREIT G, fFidfaE)s (5s), IR R EAE;
TP AR AR R AL RS, BE RIS P A
HLIR, SRJE BRI RS My DI 2 D0 1 (& 10D, BIARFRRA
W% B FBHAR ) By (B B AR, T B
05 3 em AbHE N AR A, BHAR AR By M) 3 cm Ab
TN AR Ay, BERIERT S, FTIT A IRTT G,

i fs (59, EHURRBAME. HXF & KE 85%
~90%zsk A MR R HLANE TE 5, WA bR 22 58
TR BT R HBAIE 1 h e HIESKE, £
TIEEKERELE T — K BRERT X & 7K 55%~
60%H1 25%~30%) 737K F — s+ F1 DY it~ G5 A AT AR
RN E, &R .

=% ooo 5
Stem — > HAR |
B Capacitance
_______ fo— - bridee
R E B,
Soil surface — BF

b, TR

b. Two-terminal

a. IR TEMREE

a. Two-terminal configuration diagram

d. PUBEFI R R
d. Four-terminal
measurement photo

c. VU Tt B

c. Four-terminal configuration diagram

A BRMIMEN: By RHMEN: AR A ZEE BN THR.
Note: B is cathode electrode; B, is anode electrode; A and A; are exciting electrode;
Same as below.

B 1 =g FAewmsn T LlmE AN ERA LY BA
Fig.1 Schematic and photo of root electrical capacitance
measurement under two and four-terminal configurations

2 FEs R 3K A AR R M E e fa, K&
K ISR AR B A ST EES, SREH R
A, pEHIRAET 0.05 mm KR T
ey MRURES NS, B TREAARMKNSEILT, HE
FITA 25 0 AR ZR 43 B H ok, 15 DB 4R i Hh R R &
xm, REBRRRMIKSHKE: &G, BIRARE,
X NG T R TN B B , 7E 80°EAR rh kT Z4E i &
HIRIHT .
1.3 HuE4E

K FH Excel 2013 #EATHIE B HE ; KA SPSS13 ATk
BRS04 R SigmaPlot 12.5 1E A

2 FBRE55H

2.1 EIRIERNNS TIEEKENRER

Kl 2 9 3> IR 75 /K Z686 B T (25%~30%, 55%
~60%Fl 85%~90%), ¥ T AU 2 Fiah#l e 11
TR AREAERL R B 2 7k, 2YPYsE125 0 5
T T AR R R AR RN S, R ORAR AR E U
B 3K, HIEA XS B 7K # N 25%~30% F FoKIR R H
2 UINAE L iy 7 S5 R 8 2 P 31K 1.04 fiF, 2 Fif
LR TR ZBANINEE R A 0.66, TIEMITEKEN
55%~60%7F1 85%~90% R & HL 2 Ltk — ¥ T4 71 ~F 34
#K 0.21 1 0.04 1%, WRABEEIVAEE R 4514 0.93
A1 0.99, Xk B uify 145 K4 Hh ) FEARCBE Al O AR 2R
25 W0 56 5 (1) 72 W3R IR A2 AR 2R 2 W DA 552 DY o 1~ &5 )
/N, L AR A RS [ 7 W B 7K S i 38 5 7K e gk /)
MR, TIEMXT &K 25%~30% F 35 K i .
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Capacitance by two- Capacitance by two-

terminal configuration/nF

a. RN B K 225%~30%
a. Relative soil moisture 25%-30%

20

terminal configuration/nF

b. AN 7K H55%~60%
b. Relative soil moisture 55%-60%

et
{’QJ‘SE 16 3
s251 .
g
ES310
= 85 8
5K
8 4

6 8 10 12 14 16 18
ZIRTHEA
Capacitance by two-
terminal configuration/nF

c. AT 57K F85%~90%
c. Relative soil moisture 85%-90%

7E: *, P<0.05 T
Note: *, P<0.05, Same as below.
B2 KRR REANRT K E T 2o T A g T4 nlE
1 BRARA BAR X A
Fig.2 Relationship between maize root capacitance
measured by two-terminal and four-terminal configurations
under different relative soil moisture
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B AT 8 1 H AR B At 2 T DUy 5 R R v 4
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TSI B P EOE R BSGRAR A M £ 1 MT RS
BELACIZE B b, S A B B A S ok AR e e 2827
Tim S35 O AU A K SRS R i T A
V3§ 2 P Sl I05E IR 28 R ) 5% 28 AT S k% 1
SR KR IIOT T R AR 2% A R AR AR P 7 U R B M 2 W
R, HUAP LRI &R ZOVRBAR, £ A
IR GEAF T " MDY 5~ 2 RS R E PR R LA
BEAT TR, A5 RR S T R AR Ok H ik
E R RPN 099, JHFR IR G KIKMT 3T
R R R PR i 20 Xt AR R L U R 1 S T R A
o SRTT R AR firh RN 3 B2 by T 51 2 1) CRHAK LA A
L 1 Bl AT AT SURMM, SILE (K
RT3 AR AR DL DR E T AR A R FY K/
TRy AR BRAR A AR AR AR AR AR
D& el B b ) B ST 2, HOROPIRIEAN g “AR- 17
i P A A1 T L S M AR A ik 2 A A T R R/
PR itk L™ PO LB A K SN T “ PR
PN - 087 R b T A AR BRAR TR T RS
BBETT, 2L AR B FUAR A N IR A R 2 e 11

FREEHE R, T o AR BRI RN, P HOT R & 25
1012 0y N

gr b, D254 B TV B H AR il BT 3 K T
R 2R 2B A Rk, 35 K Ry /N X b 5
B0 RH
2.2 MFFEMENERREEYENERE

Kl 3 24 3™ A5 7K Zab FE T (25%~30%, 55%
~60%Fl1 85%~90%), ¥ A1 PYuT- 2 Fiah Rl g 1
FARBABAESGRAEVER KR

] R
§s S m026ri2sa §8 , [=0s1rra68+
wiEel K07 Wik [ R0S3
285 6 .. @EE10 ;
BEs ] L% 8
=384 8 ° ES3
1gz3r— . g3 6
SE 21l SE 4
OF | CE , L
2'2 4 6 8 10 12 8y 4 6 8 10 12
HRARLEYE Root biomass/g R Z A Y Root biomass/
2.25%~30% 1 3HAINF Sk R b. 55%~60% - HAHXT £ 7K
TN THRASHRAEYR T FHASHEAREYE

a. Root capacitance by two-terminal  b. Root capacitance by two-terminal
configuration vs root biomass under  configuration vs root biomass under
relative soil moisture 25%-30% relative soil moisture 55%-60%

E18 120.845+6.21 é% 14 1 =0.51x+5.05
88161 R=0.63* ° 2S -
£ DA
N8 2 © 8=
#£55 o #38
| ].g'?'c 8 . B8
g . =]
Sfel . . . Of
§°2 4 6 8 10 12 g
HRZAHYIE Root biomass/g Feyricoineiiet
c. 85%~90% 1 HEAAXT S K FK . 25%~30% 457
T TFHRASRREYRE T UsGT LA SRR LY R
¢. Root capacitance by two-terminal d. Root capacitance by four-terminal
configuration vs root biomass under ~configuration vs root biomass under
iy relative soil moisture 85%-90% relative soil moisture 25%-30%
£ 16 20
- é% 18 1y094x+6.11
”EE H2E 16 R=0.66 .
pEG 12 Y O
82 1o @EG 14 i
EE8 heg12
a5S 8 #5810
§1 < 6 = é’&‘ g ree
o” 42 4 6 8 10 12 Sg 62 4 6 8 10 12
had o
HWRAEYR Root biomass/g = RERAYE Root biomass/g
€. 55%~60% 1 IS Sk % f. 85%~90% - HEARXT Ak %
Tl T A SRREY R Tl TEASRREYE

e. Root capacitance by four-terminal  f. Root capacitance by four-terminal
configuration vs root biomass under
relative soil moisture 55%-60%

B3 RE AR A K ET 24 LM N 6 AR R
CELHRALMENHXF
Fig.3 Relationships between maize root capacitance

measured by two terminal configurations and root biomass
under different relative soil moisture

FH P 3w, AT 5 KN 85%~90%Ir, 2 Ff
ZER T FORIR R A RAAR R AR A PEAIE (=
P45 R?=0.63, P<0.05; VU451 R?=0.66,
P<0.05); PBfidg 3 XT 5 /K 289/ N 22 55%~60%F1 25%
~30%, 2 Fhgsie MR R A RIEAR R AL & 1A RS
B 5P Ta5/MEL, —im a5 T TR R
FAEAR RAED R JE 2R R, 75 IS KE
N 25%~30%it FHL A AW & (RP=0.37, P<0.05), iX/&
35 e w5 (<. T i i 2o A SR Y L RS
s Bk /INR ZR I A R S R, AT A
SE AR REARIER R AW & A SRR, WHER T H
MR A 087 () DY g ¥~ 25440, AR R RIER KA =

configuration vs root biomass under
relative soil moisture 85%-90%
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A RS 3 S KR PR R PR, X FTRE S “AR-
£ A AT N 2O, Dalton ™4 H 1R S A%
AR, R R AR — R AR Y W B AR — Al e
M. XFRI S BRI AS, Hh, BRI
MANA M, BRHLAAN B, 5 HRER B AR
TR NS A, AR A B R, IRAR
HLZX LT O AR BRI AR ) IEXS TR, BIAR RR 2
5 H AR RE AT AR, X5 T R T K R,
F— 0 HBGR TR R B S IEIREHE, WA E . R
ARR ARG AR ARMREFIE e, 35 KRR
N EL N AR PIRE T BB B IEXS T AR AN, R LA A7 AEAR
FARJE AT AS A RO SR FR AR RFE «

3 & i

) LU EEAE TN AR R E U AR A D s A DN,
76 SN 27K Ry 25%~30%0 , 2 Mk i TR R A
LA RN 0.66; 7E H3HIXT & /K2 A 55%~60%F
85%~90% I, 2 Fh&Eiy FIR R A AEE R~ 0.93
A 0.99. MK S, BEHE HIEE KRR, 1451
AR B Al N3G K, TR AN BUK Ry 25%~30%
TN

2) TIHIXT & KE A 85%~90%I, 2 FhLit T &
KAR R A RAEAR R AV R AT (258
RP=0.63, P<0.05; JUifi f-45#: RP=0.66, P<0.05), {H
BE LIS KRN, 50w ARL, i A
TERIRRBEERIER R E G 2R R, fF
TR K E N 25%~30%0H e A (RPN 0.59 F%
K3 0.37, P<0.05). W7l Ny, LIHEEKFBRC, 5=
Ui FEEMARLG, DU T 450 TR R ARIER R A&
I RO T

ZIRAE — ERRE FIER T RIS KRR, 5
TP EERIAR LG, D S5 R S R R R R AEAR R
A EIE B R E, (HiZRAM R, FEABER
A, RIS T DY i 1 G5 A AEAS RGN A R
FIFRA (1 A 2 5O R T — A e 5 3
HL VA POE T B MR AR R A
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Four-terminal configuration enhancing estimation efficiency of root
biomass by electrical capacitance method

Zhang Zheng?®, Liu Guobin'?*, Li Qiang®
(1. Institute of Soil and Water Conservation, Northwest A& F University, Yangling 712100, China; 2. Institute of Soil and
Water Conservation, Chinese Academy of Sciences and Ministry of Water Resources, Yangling 712100, China;
3. College of Life Sciences, Yulin University, Yulin 719000, China)

Abstract: Validity measurement of electrical capacitance across a root system is the precondition for using electrical
capacitance method to estimate root biomass. When using two-termina configuration to measure root electrical capacitance,
the parasitic electrode contact effect would affect validity measurement of electrical capacitance. The primary goal of this
study was to evaluate the validity of root electrical capacitance by four-terminal configuration compared with two-terminal
configuration to measure root biomass. Maize (Zea mays) were grown in pots containing a loessial soil. Each pot contained
one individual and its root system was measured under electrode configuration of two-terminal and four-terminal. The
measurements were conducted at stage of jointing, tasseling and maturity of maize, respectively. A total of 5 plants were
measured for each stage. Electrical capacitance of the root system was determined using a portable aternating current (AC)
digital capacitance bridge (MT-4080A) with a pure sine wave excitation at a frequency of 1 kHz. Home-made stainless, low
resistance electrode (5 cmin length and 2 cm in diameter), which was sharpened at one end and pushed into the soil vertically,
was used to connect root system and capacitance bridge. Before each measurement, the relative soil moisture of pots was
controlled to 25%-30%, 55%-60% and 85%-90%, respectively. Soil water content of pots was measured and controlled by
TDR-300 combined with the weighing method. In measurements under two-terminal configuration, one electrode was inserted
through the center of the stem about 1 cm from crown, and the other one was inserted into the soil about 5 cm from the base.
Compared with the two-terminal configuration, the four-terminal configuration used a further 2 electrodes which were placed
above the stem electrode and further from the base. After measurement of each pot, the roots were harvested and the biomas
was determined. The results showed that soil water content had an evident effect on electrode contact effect. The electrode
contact effect was presented and root electrical capacitance of maize measured by the two-terminal configuration was smaller
than the four-terminal configuration. The electrode contact effect increased with the decrease in soil water content and it was
the most obvious at the relative soil moisture of 25%-30%. In detail, compared with the two-terminal configuration, the root
electrical capacitance determined by the four-terminal configuration increased by 1.04, 0.21 and 0.04 times at relative soil
moisture of 25%-30%, 55%-60% and 85%-90%, respectively. Additionally, the validity of root electrica capacitance
characterizing root biomass was similar under two configurations at the relative soil moisture of 85%-90% (two-terminal
configuration: RP=0.63, P<0.05; four-terminal configuration: R?=0.66, P< 0.05). However, compared with the four-terminal
configuration, the validity of root electrical capacitance characterizing root biomass under the two-terminal configuration declined
sharply when soil water decreased, and it was most pronounced at the relative soil moisture of 25%-30% (R decreased from
0.59 to 0.37, P<0.05). In conclusion, compared with the two-terminal configuration, the validity of root electrica capacitance
characterizing root biomass under the four-terminal configuration was better when soil water content was lower.

Keywords. soil moisture; biomass; roots; electrical capacitance; two-terminal configuration; four-terminal configuration;
electrode contact effect



