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Effects of alternating irrigation of deep and shallow pores of biogas
slurry on root characteristics, yield and quality of tomato roots

ZHENG Jian"**, WANG Youbin'?, SA Qinglin"?, WANG Yan'~’
(1. College of Energy and Power Engineering, Lanzhou University of Technology, Lanzhou, Gansu 730050, China;
2. Key Laboratory of Multi-Supply System with Solar Energy and Biomass, Lanzhou, Gansu 730050, China;
3. Collaborative Innovation Center for Supporting Technology of Northwest Low-Carbon Towns, Lanzhouw, Gansu 730050, China)

Abstract: To explore the effects of alternating deep and shallow borehole split-root irrigation with biomass on
the morphology and quality of tomato roots, a pot experiment was conducted. The experiment included three biomass
ratios (B,: 1 :2, B,: 1 : 4, B;: 1 : 6; biomass : water, volumetric ratio) and four types of irrigation methods
(I,: surface irrigation; I, . alternating 5 cm borehole-deep split-root irrigation; I, alternating 10 cm borehole-deep
split-root irrigation, I, alternating 5 cm and 10 em borehole-deep split-root irrigation) . The effects of biogas ratios
and irrigation methods on tomato root morphology, dry matter quality, yield, water use efficiency, and quality were
examined. The study also applied independent evaluation methods, such as the TOPSIS method, symmetric interac-
tion entropy multi-atiribute ranking method, VIKOR method, and grey correlation analysis, to assess the compre-
hensive benefits of tomatoes under different treatments. The evaluation results were combined using the mean value
method, the fuzzy Borda method, and the Copeland method to propose the optimal treatment. The results showed
that the dry matter mass of B,l; treatment was the maximum value of all treatments, which was 30.35%, 17.92%
and 5.94% higher than that of B,I,, B,I, and B,I, treatments, respectively; the diameters of tomato roots in all

treatments were mainly concentrated in 0~2 mm, and the root length, root volume, surface area, number of root
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tips and root vigor of B,I, treatment were the highest values of all treatments. The B,I, treatment was able to obtain

the highest yield (2.34 kg - plant™") , and the B, I, treatment was able to obtain the best water utilization efficiency

(98.43+0.29 kg - m™). The comprehensive evaluation results showed that the B, I, treatment was the optimal treat-

ment in the experiment. This study provides theoretical support for the popularization and application of biogas hole

irrigation technology in facility agriculture.

Keywords: split-root alternate irrigation; biogas; root characteristics; yield quality; combination evaluation

Iy RRAS R VE I — P R A T K I A, 2
MRASRR I RE I T I ME D A B R e AR K
EREACMEAR B ZE B 1E L, PR EVE Y B AR 1 A2 1K
PRIFRs i RN B BRI 2 4 P AR K 7 1)
PO RACERHE R > A8 3 B 10 bt AT AR S
HEWE A A AN 2 | 0 R K I — R S5
(03 1] 3 4R 5 B E R BT 5T, TR R — R E A AL
W AR TR 2 A LIRS IR TR
TR AR HL 3 A5 K A AL 7 O 4 ) AR iR
R T 7K TR — A O AR, it Z 4R 1Y)
WIS Tl B ASHA S, il &
AR — T8 T — A Ak 7 7 AR BE A8 32 THE W Ak 25k
R T ) B BB, VR e i M
Yy 5, B v ME P K IR R %, AR IR B R R B &
KH 35% ' KRS RRHE IR A 5 K - TR R — 1K
R HER AR ARG &, BB S EY T4 R R AR
RO 7 BURTK o3 R R 0 A R Y 5
M) , X SE AR R IR AT 1Y )

R A W W e ) 38 v oK 3 R 3R 43 B
BAE  SHEYWEYRAERETT . EY AR
AR B BOR & 1R R RS 8] oA 2 7 AR R
R4k, I H 2252 F B it A% R F0 3R 58 09 H B AR
JERMEY s L R R A BN EERERY
YrE R AR KR E IO TR A AR,
R AT AR ZR T8 A RN 23 (] 43 A 2 ORIE 8 77 B2 I
EHEY MRS IHEYAR R BRI B
TR BV MRS E S 7= A R RS i, AR T
VE MR TR LT 3 T TV A0 s E R RE A B AR R
SR BT AR MR AR BT AR, IR AR
RGN AR AREREF ", BRI
TN HEER THEYRESSHEMR RN LK &
B S [ A 7= A A R 2

K AEHE A F0E 0 X VR A K T R B
FURR =i 5 S 2 AR bR e AR R, P— 4
PRV AEAE— 22 (0 R T, 75 B2 Al A Z 36 bR T (Y
O, DARAS R A4 B A IR E ER 2T W Y
YA TR e SN W . R N =3 € . R

TOPSIS 317 K 8 S B 4 Hr i ' Al VIKOR 3451
5 CTEAEY B SN TR R R {E S PR AN A A
N R 2R FHLBE R 2R 0 T4, (75 2R AT o] — B it
SV 5 AR AE — 5 BB, O A T AT R
AT AP, BF5E R, Borda #k  ¥{E 1 | Copeland
AR AL Fa FHIL B E 47 406 PE A, AE 98 SC IR
S AT RTEM ) AR A A 2 R R BT R A 40 ek A
BT HAER

FET I, A 58 LA il R B 96 42, R FH Ak
S, BE AN R A VA WG e RN Iy = R TR G
RN O B AR RIE A T i =5 K
43 FAACR AN  J As2m [R] R A TOPSIS ¥ X%
PR H AR 22 @ PEHEE 12 L VIKOR 325 F1JK £, 5 B 73 B
AT AN J7 6 A [ A 38 %) 7 0 2% A% 2
TP, R P (E 2 Bk Borda 351 Copeland %
XPASE PP S5 AT A PEA, B8 38 TR R TR
WAL R HEAR
1 #R STk
1.1 WRXHR

T 2023 427 H 17 H—11 A 19 HAEH
A 22T BT XM A L = K (103267417
E,34°7'25"N 14K 1 874.6 m) JT & | iZ X )& T i
R Bl PR S, AR A B TR i 362 mm, 4F 178 K i
1 194.36 mm , F-FH0E 11.3°C , T 150 d,
1.2 kgl

FER g R ] AL S = 15.24 ¢ -
kg BEEREN098 g - kg AWK E N 8.84 ¢
. kg71 ,pH {H8 7.35, % 1.32 g- em”, HHRF
TRps s R 1 R+ WU R Ta B 3 L S I PSP N BN =
A RRAE], K BE R B3 TEI R 40 d L L
BRPANURSE 1.680 g - k™', 2& & 0.954 ¢
< kg, AR 0.055 g - kg, A BI AR 2.230 g -
kg™, pH {EH4 7.79, KB AE 40 em 5 38 cm; H
BF7 L PR A 32 46 FH S8 S REENE v T B | 950 ) A
PR [F] 45 75 o 98 SR IC R 4 8 /1~ fL LA o
M TR DRI v e R 5 V7 R 1R 2 ik 4
(A 1,075 510



%5 3 3]

K AR IR AL AR S HE S T AR ZRRR IR B ™tk i B R 52 ) 73

1.3 Rt

WHE 3 MNMHBBCH (B, B, B, , 1B ¢ /KA
a1 2.1 :4.1:6) 4 FhiEmE (1, b3
FEWE;T, .5 om FLIR IR AT HERE ;1,10 em FLIRSY
HRAZ B HEME ;1,25 em F1 10 em LIRS RERR ) |
12 ANabEE R 7 B AR E R 3 Kk, et
252 #h, W E 1 R, R T 2023 4 7
H 24 HEM, %W 7 d, 8 RKEEK 400 mL LIFEZE A
R BT , 2% v 01 485 O T VE R A R ol B 2 d
— W LA S AT REWR . i e R] B A A )
Iy HIWI T H 24 H—8 H 23 H FFE45 848 A
24 H—9 H 25 H @ o H26 H—11 H5 H,#
R 020 RIS 78 K LW 28 & w4w ), T H R
W

W=K xSXE, (1)
b, WORHEM & (mL) s K, AEWIZE R R A0 WUE
0.7;8 ik oAb B4 i W AR, 2 1130 em® B, 2 d
& ML) BRZE K3 (em)
F 1 RWgit

Table 1 Experimental design
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B,1, 1:2 I, 40.84
B,1, 1:4 I, 40.84
B;l, 1:6 I, 40.84
B, 1 1:2 I, 20.42
B, 1, 1:2 I, 20.42
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B;1, 1:6 I, 20.42
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B;1, 1:6 I3 20.42
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Table 2  Effects of alternating depth and shallow pores of biogas slurry on tomato roots

i K R KR TR K R
Treatment Root leneth/cm Average root Root volume/cm? Surface area Root tips Root activity

° diameter/mm /cm? number /(ug+g' -h™h)
BIy 3144.91 1.65bc 61.69i 2202.141 3013; 101.63i
B, 1, 3741.8cd 1.97a 85.18d 2946.74d 3328h 111.74h
B, 3541.8f 1.70b 66.13g 2345.51h 3321h 108.91h
B, 3420.9h 1.47de 67.04h 2794.46f 42371 110.98h
B,1, 3210.41 1.3% 66.40h 2596.49¢ 32671 101.63i
B, 1, 3666.8de 1.56¢d 75.54¢ 2978.99d 5196d 129.26d
B,I, 4012.3b 1.71b 113.99b 3307.64b 5874b 137.76¢
B,1, 3799.1¢ 1.69b 92.81c 3071.44d 4916e 130.14d
B, 15 4304.7a 1.89a 120.71a 3591.93a 6515a 151.45a
B;1, 3781.6¢ 1.64bc 79.84e 2828.29¢ 4932¢ 127.79¢
B;1, 3646.1e 1.52d 78.47¢ 2614.69¢ 3788¢g 119.27f
B;1, 3923.9b 1.67bc 84.88d 3017.60c 5714c¢ 142.23b

T RS NG PR R 28 57 B3 (P<0.05) , T IA],

Note : Different lowercase letters in the same column show significant differences ( P<0.05), the same below.
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Fig.1 Schematic diagram of alternating irrigation of deep and shallow holes of biogas slurry

300 (T T T T
250 ‘
g |
SE
R B i Root
é'n g | W = Stem
3 § 150 ‘ i Leaf
<8 | 2 Fruit
2
w g 100 ‘
] |5 Sz R
H5 50 ;r}l'j%ipening period

't §
Flowering period
8 i

Ak ¥ Treatment
R RN FRERRZE R B3 (P<0.05), T,

Note: Different lowercase letters in the same column show

significant differences (P<0.05), the same below.
B2 AELEENSEENATYRRREBLTL
Fig.2 Changes in dry matter accumulation at different growth

stages of tomato under different treatments
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Table 3  Effects of different treatments on tomato

yield and water use efficiency

Bl 2<d<3

R KGRI HRCR
B . -
Treatment Yield per plant Water use efficiency
/ke /(kg-m™)
B,1, 2.05+0.08¢ 50.20+0.18i
B, 1, 2.34+0.09a 57.29+0.18¢
B;1, 2.21+£0.07b 54.11£0.17h
B, I 1.63+0.04¢g 79.82+0.22¢
B,1, 1.52+0.04i 74.44£0.19f
B, 15 1.71£0.05fg 83.74+0.24d
B, 1, 1.85+0.06e 90.60+0.27¢
B,1, 1.77+0.05f 86.68+0.24cd
B,1; 2.01£0.07¢ 98.43+0.29a
B;1, 1.66+0.04¢ 81.29+0.23de
B;1, 1.57+0.03h 76.88+0.21f
B;14 1.94+0.05d 95.00+0.24b
5000
. a
g b
o 4000 d , d d ¢
2 F f e
E H -
@ h
= 3000 I
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4
& 2000
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#®
b |
= 1000
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Fig.3 Variation of root length and surface area for different root diameter classifications
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2 C AAEHEREIE YRR B, >B,>B, , i %5 AL 3 Af
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2.5 FEMEZEEREmITM

2.5.1 akEIRH A E IR bR VA 4E A TR
2250, A5 48 bR T 19 25 B R ES T A AN TR I R

Wil o g T AN 23 TE %5 WL B A0 T R0 TR T AL A2 Xt
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MR AR E AR ARIRE SRS R R AR
FAG AR C TR T E RN T R
VIR IR R I R RGR VP IR R i 2 )R
PV AR S 4z i Rk B9 TR R SR TR R Bk
FURRGE E 258 bn i 3 B WACE, Rlnhiz A &
WAL PAT AL B R N AR PR SR A (3
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R4 FREIAERER A

Table 4 Effects of different treatments on tomato quality

HHERC

b5 PR R AR S T
Treatment Soluble sugar/% Titratable acid/% Sugar-acid ratio 1 Dissolved solid/%
/(mg - 100g™")

By1, 3.311£0.12j 0.357+0.02¢ 9.274+0.21j 35.194+0.21k 5.99+0.08bc
B,1, 3.432+0.17h 0.353+0.04d 9.722+0.22g 36.211+0.33i 6.17+0.09a
B;1, 3.394+0.16i 0.362+0.03b 9.376+0.241 35.655+0.24;j 6.04+0.09b
B, 3.429+0.16h 0.341+0.03¢ 10.055+0.19¢ 36.599+0.33¢ 5.58+0.05¢
B,1, 3.498+0.15¢ 0.363+0.04b 9.637+0.18h 36.321+0.29h 5.41+0.02¢
B,13 3.695+0.17d 0.355+0.03cd 10.408+0.22¢ 37.082+0.33e 5.64+0.05f
B,I, 3.711+0.19¢ 0.367+0.04b 10.112+0.18d 38.011+0.39ab 5.82+0.08d
B,1, 3.699+0.18d 0.377+0.04a 9.812+0.16f 37.791+0.38b 5.71+0.06e
B,1; 3.962+0.24a 0.374+0.05a 10.593+0.28a 38.373+0.42a 5.97+0.07bc
B, 3.647+0.20e 0.361+0.03bc 10.107+0.23de 37.158+0.36d 5.74+0.06e
B;1, 3.584+0.18f 0.371+0.05ab 9.655+0.16ih 36.974+0.31f 5.53+0.04f
B;1, 3.798+0.22b 0.359+0.02¢ 10.579+0.24b 37.734+0.38¢ 5.89+0.07¢

x5 BNGENHITMERNER EUMASNE

M3 5 P IMRPRI R G AR 4 Blrk it

Table 5 Subjective, objective and combined weights of tomato

comprehensive benefit evaluation indexes

e FWFLE FWFLE LRARE
izt - . y .
Subjective Objective Comprehensive
Index . . .
weight weight weight
fiias
'EJ:? C 0.0029 0.0815 0.0027
Vitamin C
. TR 0.0034 0.0813 0.0032
Soluble sugar
S O it
,‘.ﬂ{%ﬂ:ﬂ&. 0.0109 0.0897 0.0113
Titratable acid
E‘“ﬁﬁ:rﬁﬂ%% 0.0079 0.0865 0.0078
Dissolved solid
i 0.0818 0.1495 0.1409
Yield ’
A SllEE R
ARIRIIRCE 0.1874 0.1369 0.2956
Water use efficiency
i
R 0.0787 0.0641 0.0581
Root volume
S A4 1A
ki /jE4I 0.0349 0.0638 0.0257
Average root diameter
JINH
)FEJd& 0.2906 0.0629 0.2107
Root tips
24 .
BARK 0.0337 0.0640 0.0249
Root length
3 au|
e 0.2060 0.0627 0.1487
Root surface area
W
WA 0.0740 0.0825 0.0704

Root activity

IR A RSV (£ 6) , W LA H 4 by
KTEIER B RS VI HE P 45 AR 22 57 WF I 3
TRERA RS 1 BT — 2 1) TR HE RIS B o2 (L 4 Fp
IrEE R B LA BEARAR T 55, 1M B, 1,76 4 Fpy
M T E R R RE .,
2.5.2 @bt TEA G VEN ETHELT & A S PR
BAIPPANH 2Z2 [8) %) 17— SRoME A 30 2 PR IE 2 6 0F
Wb Rk E A B Bk, RA MRS
A S7 PPN A Y ] HL AT — S5k e, X 45 O ik i AL AT
MAGR ., FIH Kendall —F M 2 B0 10 2 X 240 &
VRN HEAT SRR S, 4 AP ST PP Z 18] 1Y Kendall AH
KRR 7, 0T LU ST PR 5 HoAth 3 FppEA
IR A AR 0.8554 ~0.9437 Z 6], 4 IEA
Ty Z A I

it —2 K F Kendall JEZS 506 4 Fpopl sz P74 7
AT —BERS , TH5R W] Kendall FNE R 5L W
=0.9659(P<0.01) , WK F K RX =m(n - 1) w=
42.5 > X3, (11) | ZE0 4 Fhoph s PR 7 5006 12 5 R1
— RIS, T LAXT 4 Bk ST Oy i T AL A TENY

AAFGEAEF 3 PR A PR ikt 4 Fpal sz PEA
TR MHEA G R T AL A PR, a5 R WL 8, AT I 3
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Table 6 Independent evaluation results and ranking of tomato comprehensive benefits

XPRACIHZ IR A

TQP?IS % Symmetrical cross entropy VIKOR % ] R@a@éﬁﬁﬁ?ﬁ .
b TOPSIS method multi-attribute ranking method VIKOR method Grey relational analysis
et T e By Wil 1 ¥ VEf L HEF¥ e HEF¥
Relative approach degree Ranking Paste progress Ranking Evaluation value  Ranking Degree of association Ranking
B;1, 0.1592 12 0.0327 11 1.0000 12 0.3971 12
B,I, 0.3102 9 0.1835 9 0.7604 10 0.5400 6
B, 0.2273 11 0.0205 12 0.8755 11 0.4427 10
B,1, 0.3358 8 0.3268 7 0.5135 7 0.4749 8
B,1, 0.2670 10 0.0992 10 0.6971 9 0.4156 11
B, L5 0.5057 6 0.6326 5 0.3739 5 0.5520 5
B,1, 0.7460 2 0.9315 2 0.1662 2 0.7293 2
B,1, 0.5936 4 0.7322 4 0.2974 4 0.5846 4
B,1; 0.8472 1 0.9914 1 0.0000 1 0.9806 1
B; I, 0.5159 5 0.5702 6 0.3978 6 0.5289 7
B;1, 0.3564 7 0.2535 8 0.5595 8 0.4588 9
B;l,; 0.5938 3 0.7823 3 0.2901 3 0.7027 3
RT WM FTEEE Kendall X R E
Table 7 Kendall correlation coefficient between independent evaluation methods
T TOPSIS % ;fjn iﬁiﬁﬁ Eﬁﬁf ik VIKOR 3 YREES IS Yt
Evaluation method TOPSIS method mu];i-all;ibqte rlani;ing me}t)}}llod VIKOR method Grey relational analysis Mean value
TOPSIS ¥
TOPSIS m(:iod 0.958 0.958 0.860 0.9254
XIFRAE B A 22 J P HE:
Symmetrical crossen tropy 0.958 0.972 0.874 0.9347
multi-attribute ranking method
VIKOR % VIKOR method 0.958 0.832 0.832 0.9207
IREKIA Bk 0.860 0.972 0.832 0.8554

Grey relational analysis

x8 HAETNMEREHF

Table 8 Portfolio evaluation results and ranking

fbam Y Method of mean value KM Borda ¥ Fuzzy borda method Copeland % Copeland method
Treatment PO HE# THE HE# WE i
Evaluation number Ranking Evaluation number Ranking Evaluation number Ranking
B, 1, 1.24 12 20.96 12 -42 12
B, 1, 4.58 9 56.13 9 -16 9
B,1, 1.95 11 28.72 11 -36 11
B, 1, 4.95 7 84.47 7 -8 7
B, L, 2.61 10 36.43 10 -28 10
B, 15 7.04 5 111.17 5 10 5
B, 1, 10.04 2 181.69 2 36 2
B, 1, 8.21 4 129.78 4 20 4
B,1; 10.95 1 207.21 1 44 1
B;1, 6.43 6 99.63 6 4 6
B;L, 4.62 8 78.69 8 -12 8
B; 15 9.13 3 166.63 3 28 3
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