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Effects of long—term fertilization on the morphology and quantity of macropores in vertisol

CAI Taiyi'?, LI Wei’, WANG Zhigang', ZHANG Congzhi’, HUANG Huijuan', BAT Yuhong', ZHANG Jiabao™

(1. School of Surveying and Land Information Engineering, Henan Polytechnic University, Jiaozuo 454000, China; 2. Institute of Soil
Science, Chinese Academy of Sciences, Nanjing 210008; 3. Crop Research Institute, Anhui Academy of Agricultural Sciences, Hefei
230031, China; 4. Henan Academy of Science Institute of Energy Co., Ltd., Zhengzhou 450008, China)

Abstract: The effects of long—term fertilization on the macropore microstructure of vertisol were studied. In this study, soil pore structure
was assessed using intact soil columns (7.4 em diameter, 20 cm height), which were sampled from five long term fertilization treatments
established in 1981, including no fertilizer (CK), inorganic fertilizer (NPK), a single application of organic fertilizer (M), a combination of
inorganic fertilizer and organic manure with isonitrogen (MNPK), and a combination of inorganic fertilizer and organic manure with high
nitrogen levels (HMNPK ). Each column was scanned with X—ray microtomography (wCT) and quantified using image analysis. The results
showed that there were macropores in the soil aggregate structure and between the aggregates in each treatment, in particular, the M
treatment had the largest number of pores. The order of fractal dimension and anisotropy from large to small was HMNPK>M>MNPK>NPK>
CK and MNPK>CK>M>NPK>HMNPK, respectively. Compared with CK, the organic manure treatments (M, MNPK, and HMNPK)
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increased the number of macropores by 41.5%, 33.3%, and 26.8%, while the porosity increased by seven, six, and ten percentage points,

respectively. The fluctuations in the pore size distribution of HMNPK treatment were the most intense, with the first and second peaks
appearing at 395~577 pm and 1 545~1 701 pm, respectively. Principal component analysis showed that pores <126 pm in size were
mainly affected by particle content, 126~500 pm pores were affected by bulk density, and 500~2 500 pm pores were affected by multiple
factors, including sand content, clay content, connectivity, and fractal dimension. Overall, this study demonstrates that long—term
application of organic and inorganic fertilizers can significantly improve the morphology and quantity of macropores in vertisol, especially
HMNPK treatment, while NPK alone caused no significant improvement. Fractal dimension and connectivity could be used as a

quantitative evaluation index for improving the pore structure of vertisol.

Keywords : soil pore; pore morphology; long—term fertilization; micro—CT; vertisol
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Figure 1 Schematic diagram of the location of the test area

F1 AELEMERERE

Table 1 Fertilizer application rate in different treatments

"5 Number Kb Treatment Jiti I £ Application rate
I ATAL (CK) 0
I HuitifEIE(NPK) N 525 kg-hm™-a™, P,Os 210 kg-
hm™-a™', K20 210 kg-hm™-a”'
m it A AL (M) P14 N 525 kg-hm?-a™

\% FHHUESIEIERS G AP I Mt e SR ) 50%
(%%, MNPK)

\Y FHUE SRS AP I it e R ) 80%
(%, HMNPK)

FH B2 45035, Ry PR E S A 3R i BRI 1) o o O
JE |, FORT R S B by W {E R 130 kV, HLIR
120 mA, £330 A 1.9 s, 2R 0.75 mm - 27 (K &K
KN 0.4 mmx0.4 mmx0.4 mm, A T I S K
X X R VAL P 5 ), R A R AT R ]
Frk o FHI 0 PR A T Dy 675 IR
RERIE o % CTIRA AR SEMEAR 2 43 B R 0.4 mm,
BRI H0.75 mm, 2% LUO 2225 + 1k
FLEBR I , A5 v 2 8 1 398 L B 25 40 S FL AR
HA£>0.75 mm () 3R FLBR
1.3 BG4 E 554

K Image) B AT UG E 2, R S Bow 3k
AP R/NA 1 024x1 024142 F 1Y 16 4 tiff 4% LAY
TR PR, FKs FLA A7 R 8 A viffE A 2 A0 I B TE1% , K
— 1108 —
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Figure 2 The procedures for image analysis and quantification of macropore networks™
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2.1 HiEMR

ANFAEFE 0~20 em )2 Y FEACE i (6 2) HAa —
SE S R T AT K A AR AL AR O A0
D5 A5 o 7 A [ P A 48 b 43 25 0 R
AHIFFE R T ] 398 5 b 43S o, S 4 48 5 b
AP ES o AERIAR S i MNPK A B b b
0 T AL TR, NPK (R & B s T
AbF, CK R i i 2 5 T LA AL B . it AT HLIE Ak
FH(M .MNPK Fl HMNPK ) %5 5 {2 2K F CK 1 NPK 4b
LR PERE B FRIC R A E . Bk
B LR A LT R K AR

2

A I AR — 5, 2 B HMNPK=M>MNPK>NPK>CK
(4 YR 52 T T U /N 4 3 . MR HMINPK Ab B (14 75 4L
JoT it e e ((HLRG 35 [ G d 25 22 5% ) , 430 4 33.86 ¢
kg #133.03 g-kg ', CK A% (20.86 g-kg™') , Ab B ] %
HE M>HMNPK>MNPK>NPK>CK ¥ 5 i 3 (P<0.05)
AR 3

NAVEED 2251 ZHOU 2527 it 1 313 36 0F 98 %
B, A MLAE A JCAILAE B it v 38 i a LS 55 398 in A
FLBREE FNFRAR - R 7R, A IR 45 S AR, X P
S FREE A LIS At - 58 LT n L o 1
Yy s B, A7 Z AR R R & T AR 4
HEAS T ANIG INALBR RS, SR, JCHLAE AR i) K 3 it
BORFM, A EMGALBE S CKIH B 2257,
X5 YAN PR B 6 SECOF SR 45 R — 3, iR Ay

R2 AEEZEE S 0~20 cm T EMERMR

Table 2 Basic properties of vertisol at 0~20 cm depths from different treatments

b Fif% 434 Size distribution/% AE LB R —
Treatment bz Sand By Silt FBLClay  Bulk density/(g-cm™) Porosity/% Soil moisture/% SOM/(g-kg™)
CK 13.1+0.4b 42.4+0.7b 44.5+0.3a 1.53+0.01a 42.40+0.40¢ 19+2¢ 20.86+1.57d
NPK 13.1+1.4b 44.8+1.7a 42.1+3.1¢ 1.51+0.18a 42.87+£5.92¢ 21+2he 27.93+0.68¢

M 14.9+0.1ab 42.3+1.3b 42.8+1.4bc 1.44+0.03bc 45.58+1.07ab 23+2ab 33.86+1.88a
MNPK 15.3+2.7a 41.8+0.5b 42.9+2.2bc 1.48+0.01b 44.32+0.29h 22+1ab 30.21+1.59h
HMNPK 13.3+0.1b 43.1+0.4b 43.6+0.3b 1.41+0.03¢ 46.81+1.20a 24+3a 33.03+0.10a

TE APRLAERLAR>50 wm BIURL, BPRLFRARTE 2~50 pwm Z [AVAIURE , BRCFE RS <2 pum 0K AN [R)/NE T RER R ) — R AN 7] B4 b B ] 22

S R#(P<0.05), K.,

Note: Sand particle size >50 wm, silt particle size 2~50 pwm, clay particle size <2 wm; Different lowercase letters indicate significant difference among

tillage treatments at the same soil depth(P<0.05). The same below.
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Figure 3 Three—dimensional visualization of soil macropore

networks for the soil columns(74 mm in diameter after cutting and

about 200 mm in vertical height) of different treatments
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NEXTHD 22 5+ RALBR S R IZ MK FIR)Z . &
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PMLHEZ 30 ) o WKFLIR S A, CK A P e i
HMNPK 4b P 557 25 45, — 3 X b D) 58 B 4 1 Jg 7
HMNPK 2 BEAT DIAR KRR BE b kst b2 e L i LB 45
¥ s MRFL BRI /N B A U BT DL HY | NPK Ab B4
M, MNPK F1 HMNPK 4b # FL B 8 (& s /1N, 17 5 CK &b
PRICHA &) 22 5, a1 MLAE X 2l 38 b 2 A 4 AL IRE
SRR THUIEE R B2, Besh, 5 AP o4 %
B2 WA RARRFLBR, X 0l 2022 B + TG 58
BRTE. LUO SEI oy 2 W, 08 M - 39850 1] 43 A1
5 ke W51 5 CFL R L T SR AR ] AL B AR A AL B, X 26 £L,
PR G P ey /P oy 1]l e e O

e REIH P, CK AR FFLBR bR H5E tdwe 22, vl
A5 0 R 1 2 AR A AL A e (R 2),
NPK 1 MNPK &b 3 vk 2, 1 M A1 HMNPK 4b 34 3% 38 14
Bl , AT RESE T A AR B = A T KA AU DL
J R AR 22, AT HF T AT AL AR 3R L 2R I A A
AL T IR R EYRIER, AN b S R 2
B N s A A LR . t4h, CK NPK
FMNPK 51 s AN E 22 LB 2B 4 AT -4
(AT 2 B G2 38 8t T EORE R R v AN 5T i B
R ST R TS I G PT R SR AR R AN 78 A T B

() RILBEIE S S5

O TEHERCRAE B2 LR B AR LR 2+
FEFLBA LI M 25 AR BEPY . F 3R 3 W1, HMNPK
Jb B3 TE 4 B0 S, CK T NPK A0 34 /N | 156 BH 28 4t
KRR R, - FLBRZS i A ka1 A4 g
T o AR (R 4) R, A4 S bR 5 i
LR R AR E A LT &R
I 2 TE AR DG, 1T 55 25 H R4S 1) S vk A B 3 UM G (P<

R3 TELEABHE BIBEERKRELBESSH

Table 3 Total pore volumes and selected pore morphological parameters under different treatments

b3 RALBREciE RALBLE T YERL JEeRiill e 5 I Sk
Treatment Number of macropores Macroporosity/% Fractal dimension Connectivity Anisotropy
CK 786.0+33.5¢ 21+1.0b 2.54+0.12¢ 214.00+8.90e 0.79+0.03a
NPK 885.0+39.5b 22+1.1b 2.55+0.12¢ 386.08+15.36d 0.72+0.03b
M 1 112.0+55.3a 28+1.4a 2.59+0.13b 1 041.17+44.56b 0.76+0.03b
MNPK 1 048.0+45.6a 27+1.3a 2.56+0.13¢ 686.13+34.02¢ 0.80+0.04a
HMNPK 997.0+49.1ab 31+1.5a 2.69+0.13a 2387.71£106.35a 0.68+0.03¢
— 1110 — http://www.aed.org.cn
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Table 4 Correlation coefficient matrix of soil pore classes and selected soil parameters

A 5
i PRAmeRamame sm . TNEL wen L o IR o0 0 e e
Index Sand - Powder Clay Bull? Porosity  Soil ~ SOM .Fracla'l Connectivity Anisotropy Number — pm 126 pum 500 pm 2 500 wm

content  content  content  density moisture dimension of pores

R 1
Frkidrm 0131 1
BRAE 0134 -0.400 1
AE -0815% -0439  0.157 1
FLBREE 0.815%% 0439 -0.157 -1.000%* 1

LEESKE 0.832%% 0458 0.064 -0.884%%0.884%% |
AU 0.776%F 0446 -0.054 -0.792%%(0.792%* 0.769%* |
SRYERC 0.676%% 0331 0273 -0.755%%0.755%* 0.662** 0.589* 1
BSEYE 07257 -0.179  -0.080 -0.572% 0.572% 0501 0274 0.743% 1
AESYE -0260 0281 0212 0391 -0391 -0351 -0.306 -0.797**  —0.400 1
fLEECGE  0.586% 0496 0.092 -0.518% 0.518% 0.620% 0.772%* (.342 0.063 -0.034 1
<75 pm 0 0.808% -0.340 -0.338 0.338 0247 0494  0.052 -0.469 0.003  0.542% 1

75~126 um  -0576% 0418  -0228 0287 -0.287 -0.397 -0.073 -0511  -0.840%* 0377  0.136 0.735%* 1

126~500 um  —0.341 0274 0062 0129 -0.129 -0.138 0219 -0.166 -0.644**  -0234  0.043 0469  0.548* 1

500~2500m 0376 -0330  -0.017 0136 0136 0161 -0212 0207  0.702%%  0.170  -0077 -0.552% -0.643*% -0993** |
0 RIRTE 0.01 RGO LB FHIZE . #FRIRTE 0.05 /K-GO _E R HIE

Note : ** indicates significant correlation at the 0.01 level (two—sided). * indicates significant correlation at the 0.05 level(two—sided).

0.05) . CKAbFEA LB 8 M5 A%, 5 CKAH Eb , NPK B CK 43 5] 55 25 48 1 41.5% . 33.3% #1126.8% , % NPK
b BT M . MNPK . HMNPK 4k B8 23 51 48 i1 80.4% Fil A3 50 B8 25.6% | 18.4% F1 12.7%. {H M, MNPK #
3.8.2.2. 1021 . FHIMEA AT R, K ALB 4 8 1 5 HMNPK = ANAb PR T 2 25 50 40 3 DA KL B
KL 2 1 500~2 500 pum - 32 FL BB S 2 TE AH E KALBRECEAE A AR, AR Bk kL 2
5 BALBR R 2 AHOC, 5 75~500 pm - 5L 2 AP S 5o B AR dE T 2 o0k B 40 #r, 25
FAARG, 5 A E B ARG, CK A MNPK 4t (FR5) R, RALBRECGE 5000 Fkr BhR 75 5 Al
P 10 S M BR(E e =, NPK ORI M AL BV 22, HMNPK AP F AR IEAHOCC R

AEFRERAR . AHSCPEA M 25 R IR, 45 ) SR S e (2) KALBE

A ETE Y P AN [ Ak B L Bt 3 A AR LA 219% (CKD 1 31%

2.2.2 RALBRECRFFAE (HMNPK) , 5 CK # ., HMNPK .M, MNPK 1 NPK 4t
(1) KALBR SR P A FL B BE 2 B3 0 10,7 .6 R 1 ANE A . Hidp,

AR AL BE A 3 R AL AR AR KR 2 R (K 3), HMNPK .M 1 MNPK —A~4bBR[A)JC g 35 22 5, 1 B &
BUE L A F/IME 786 4~ (CK) 34 B e R 1 1124 =T CK FINPK AL PR (W & (6] o g 3 22 57 ) o eah, [\
(MALFR) . Horp G HLAE AL FE (M MNPK A1 HMNPK ) A M BH , RALBR R S LR AR & B E Ao,

x5 OPEARKERE

Table 5 Regression coefficient matrix

M oy A% FRHE Intercept b ki Sand Bk Sile FkL Clay %% Bulk density HHLT SOM

2

Respone variable(y) b @ a as s as R
KALBRIE Porosity 1.370 -0.002 -0.344 0.130 -0.218 0.237 0.21
FLEREL R Number of pores -4 623.585 0.370 0.422 0.171 0.495 0.698 0.74

T PR BERIAT OGN 7155 Z I8 5 7 y=bta PR+ ax BiRi+as BB +ad 28 B +as LB ARSI 178 P<0.05 KPR .
Note: Correlation factors of selected variables following the multiple regression equation: y=b + a;Sand + @.Silt + a;Clay + a;Bulk density + asSOM.

Correlation factors are significant at P<0.05.
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Figure 4 Pore size distribution(PSD) of soil column from vertisol

under different treatments
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Figure 5 Aperture percentage under different treatments
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Table 6 Correlation between variables and principal components
GUST By midr2 BAr3 WG4
Variate Element 1 Element 2 Element 3 Element 4
ki it Sand content  0.914 -0.146 0.141 0.251
WKL i Powder content  0.359 0.747 0.142 -0.301
Fki & i Clay content  —-0.093  -0.245  -0.111 0.855
7T Bulk density -0.930  -0.181  -0.081 0.032
FLBRJE Porosity 0.930 0.181 0.081 -0.032
+HE & K i Soil moisture  0.906 0.135 0.092 0.171
AL SOM 0.795 0.446  -0.015  0.263

E4EH Fractal dimension  0.869 -0.045 -0.281 -0.322
P PE Connectivity 0.730 -0.626 -0.029 -0.184

£ 1) 44 Anisotropy -0.507  -0.063 0.714 0.368
FLBRH Number of pores  0.576 0.459 0318 0.372
<75 pm fL1% 0.149 0.932 0234  -0.087
75~126 pmfLIE -0.509 0.787 0.225 -0.042
126~500 wm fL2 -0.248 0.731 -0.574 0.197
500~2 500 um fL1% 0278  -0.793 0488  -0.171
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Figure 6 PCA loading 3-D plot
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