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Abstract: With intensive glyphosate application, its residues and consequent risks of soil health and ecological environment
safety have received greater attention. The degradation kinetics of glyphosate in red soil aggregates with different sizes, as
well as the interaction between physical and chemical properties of soil aggregates and the degradation of glyphosate, have
rarely been studied. Thus, in this study, the degradation characteristics of glyphosate in red soil aggregates with different sizes
were observed under laboratory conditions by particle pre-sieving, incubation in a controlled climatic chamber, and residue
analysis via liquid chromatography-tandem mass spectrometry. The physical and chemical properties of the soil aggregates,
such as contents of organic matter, total phosphorus, and available phosphorus, were tested according to the national approved
methods and standards. The relationships between the physical and chemical properties of the aggregates and the degradation
of glyphosate were further analyzed and compared in the same observation day. The results showed that 1) the glyphosate
content decreased in the different aggregate particles during the observation period, following the single first-order kinetic
degradation model. However, no significant differences were observed among different aggregate sizes. The half-life time of
glyphosate in the different red soil aggregates ranged from 15.8 to 20.6 d, with a longer half-life time in the smallest aggre-
gates (<0.25 mm, 20.6 d). The aminomethylphosphonic acid (AMPA) content, the main metabolite of glyphosate, increased
immediately and peaked on the 5 day after glyphosate application, but no differences were found among different aggregates.
However, the AMPA content changed and declined significantly in different aggregates after the 5™ observation day (P<0.05).
The contents of organic matter, total nitrogen, total phosphorus, and available phosphorus in different aggregates varied greatly,
especially the available phosphorus content, which decreased with glyphosate degradation. 2) Correlation analysis and princi-
pal component analysis of glyphosate, aggregate size, and their properties showed that the residual glyphosate was signifi-
cantly positively correlated with the content of available phosphorus (P<0.05), and the AMPA content was significantly posi-
tively correlated with the activities of acid phosphatase and N-acetylamino-f-glucosidase (P<0.05). There were no significant
relationships between the aggregate size and the residuals of glyphosate, but a significant positive correlation was observed
between the aggregate size and the AMPA content (P<0.05). Furthermore, during the whole period of glyphosate degradation,
the organic matter content, acid phosphatase, N-acetylamino-f-glucosidase, and B-glucosidase showed a significant negative
relationship with the soil aggregate size (P<0.05). In conclusion, the characteristics of the red soil aggregates affect the deg-
radation kinetics of glyphosate, as well as the persistence of AMPA, especially the residuals in the smallest aggregates (<0.25
mm). The contents of glyphosate and AMPA in the red soil aggregates were still high after 30 days, which may affect soil
health. Glyphosate degradation was also closely related to phosphorus in the soil. Therefore, the fate of glyphosate under con-
ditions of phosphorus deficiency or abundant soil should be explored to provide detailed information on glyphosate risk as-
sessment in red soil.

Keywords: Soil aggregates; Glyphosate; Degradation kinetics; Soil phosphorus; Red soil
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[12]
1571 d 1286 d 13.30d (<0.002 mm)
, (0.002~0.02 mm) (0.02~0.05 mm) Bento 2
[13]
38.72 d, , AMPA ,
96.27 d , Bento 12"
(Pseudomonas) (Achromobacter) ,
(Penicillium) (Thermophiles) R
[14] [15]
Gl s
71.76%: [16]
B21 97%; (7] 1
ZM-1
85.38% , 11
(0~30 cm, 25%),
) 2 mm
, R R 2 mm
, I mm 0.25 mm 0.05 mm, 26.01%
, 49.77% 23.80% 0.42% , <0.05 mm
(18] , , 0.25 mm
R 1 <2 mm (
) 1~2mm 0.25~1 mm <0.25 mm,
. [19] 1
Table 1 Properties of aggregates with different sizes of the tested red soil
Size (mm)
Soil property <2 (X) 1~2( ) 0.25~1( ) <0.25( )
pH 5.29+0.02 5.03+0.01 4.91+0.00 4.89:£0.00
Organic matter (gkg ") 16.56+0.48 15.43+0.08 16.97+0.14 16.60+0.42
Total nitrogen (g-kg™") 0.99+0.01 1.02+0.01 1.21+0.01 1.20+0.03
Total phosphorus (g~kg71) 0.70+0.00 0.76+0.03 0.76+0.01 0.76+0.00
Available phosphorus (g-kg™") 0.14+0.00 0.140.00 0.14+0.00 0.140.00
1.2 60%, ,
, (25+£0.5) , (80+2)%,
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(  =98%)

1.3.2 AMPA
2 g 50 mL
, 10 mL 0.6 mol- L' KOH
, 1 h
3500 r-min ! 15 min 1 mL
10 mL , 80 uL 6 mol-L™"  HCI
pH 9 , 40 pL
/AMPA ,
0.5 mL 5%
6.5 mmol'L!  FMOC-CI,
5 30 min
s 50 uL , )
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0.1 pg-mL™'
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[21]
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1.3.3 -
: XBridge™ Shield RP C18 (
3.5 pum, 150 mm, 2.1 mm)
5 mmol-L™" NH4Ac ( A, pH=9)
9 1 MeOH H,0O ( B, pH=9),
25% NH; pH 9 : 0~1 min,
100% A 0 B; 1~6 min, B 0 100%
; 6~8 min, 0 A 100% B; 8~9 min, B 100%
0; 9~14 min, 100% A 0B 350 ,
0.4 mL-min ", 1 min
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3500 V, 20 V,
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14
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Fig. 1  Glyphosate (A) and aminomethylphosphonic acid

(AMPA, B) residues in red soil aggregates with different sizes
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, R? 0.73 (<2 mm) 0.73 (1~2 mm) 0.62
(0.25~1 mm) 0.65 (<0.25 mm) 4 ,
185 d (<2 mm) 158 d

aggregates with different sizes

2

Aggregate size (mm) Kinetics equation Half-life (d)

<2 C=13.56¢ "7 18.5+3.5 0.73
1~2 C=14.41e"% 158428 0.73
0.25~1 C=14.14 "% 17.7£3.6 0.62
<0.25 C=13.50e "% 20.6+4.0 0.65
2.2
2.2.1
4 3
3 , ,
1~3d , (
), 15.84 gkg'
(1~2 mm) 16.37 gkg™' (0.25~1 mm) 18.04 gkg'
(<0.25 mm); s
7d 17.30 gkg ',
5d ,

16.33 g'kg™' (1~2 mm) 17.34 gkg™' (0.25~1 mm)
19.41 gkg' (<0.25 mm); ,

, 30 d (
) 0 d’
<0.25 mm 0.25~1 mm 1~2 mm
L4
( 3),<0.25 mm
1d (1.21 gkg™),
5~7 d , 1.15 g'kg ' (<2 mm)

1.20 g'kg ' (1~2 mm) 1.10 g'kg' (0.25~1 mm)

> > >

30d 0d,
4
<0.25 mm 0.25~1 mm 1~2 mm
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(<0.25 mm);

> 5 d >
0.12 gkg ' (<2 mm) 0.12 gkg™' (1~2 mm)

3, 0.13 gkg™' (0.25~1 mm) 0.12 gkg' (<0.25 mm);
S 0~1d , R R S
, 0.15 gkg ' (<2 mm) 0.15 gkg 30d 5d
(1~2 mm) 0.14 gkg' (0.25~1 mm) 0.15 gkg' ,
3
Table 3  Soil properties of red soil aggregates with different sizes at different days after application of glyphosat
gke'
Days after application (d)
Soil property Aggregate size (mm) 0 1 5 7 14 30
<2 16.73+0.52b 17.05+0.56b 16.92+0.28b 16.89+0.24b 17.30+0.59b 17.27+0.45b 16.88+0.94ab
Organic 1~2 16.30+0.16b  15.84+0.43b  16.27+0.38b  16.33+0.21b  16.31£0.37b  16.28+0.36b  15.20+0.57¢
matter 0.25~1 17.56+0.40ab 16.62+0.16ab 16.37+0.80b 17.34+0.18b 16.31+0.81b 17.16+0.59b 16.38+0.40b
<0.25 18.55+0.17a 18.25+0.59a 18.04+0.76a 19.41+£0.50a 18.62+0.66a 18.09+0.62a 17.58+0.69ac
<2 1.05+0.13b 1.00+0.09b 1.00+0.08b 1.06+0.05b 1.15+0.04ab  0.97+0.05b 1.08+0.03b
Total 1~2 0.92+0.02b 0.93+0.05b 1.14£0.05a 1.11£0.03ab 1.2040.06b 1.01£0.05b 1.04+0.07b
nitrogen 0.25~1 0.95£0.02b  0.930.08b  1.0930.03ab  1.10£0.05ab  1.06+0.10b  1.08£0.04ab  1.10+0.04b
<0.25 1.01+0.05a 1.21£0.08a 1.18+0.05a 1.19£0.10a 1.13+0.02ab 1.12+0.02a 1.11+£0.03a
<2 0.77+0.02a 0.78+0.01a 0.76+0.01a 0.73+0.01a 0.78+0.02a 0.74+0.02a 0.75+0.03a
Total 1~2 0.77+0.03a 0.77+0.03a 0.75+0.02a 0.76+0.01a 0.774+0.02a 0.78+0.02a 0.74+0.02a
phosphorus
0.25~1 0.75+0.01a 0.78+0.01a 0.78+0.02a 0.76+0.01a 0.76+0.01a 0.79+0.01a 0.74+0.02a
<0.25 0.76+0.02a 0.76+0.02a 0.74+0.02a 0.77+0.00a 0.75+0.02a 0.76+0.02a 0.70+0.00a
<2 0.14+£0.01a 0.15+0.00a 0.13+0.00a 0.12+0.00a 0.14+0.01a 0.13+0.01a 0.13+0.01a
Available 1~2 0.14+0.00a 0.15+0.00a 0.13+0.01a 0.12+0.00a 0.1440.00a 0.13+0.01a 0.13+0.01a
phosphorus 0.25~1 0.14+0.01a  0.14£0.00a  0.13£0.00a  0.13+0.00a  0.13:0.0la  0.14£0.00a  0.13+0.00a
<0.25 0.15+0.00a 0.13+0.00a 0.13+0.00a 0.12+0.00a 0.14+0.01a 0.14+0.01a 0.13+0.01a
P<0.05 Different lowercase letters indicate significant differences among

different aggregate sizes for the same index at the same time at P<0.05 level.

2.2.2
4 B-
(BG) 2a 2b
BG ,

, BG
, BG 3d ,
38.18 umolkg “h™' (<2 mm) 33.46 pmol-kg "“h™'
(1~2 mm) 58.05 umolkg "h™" (0.25~1 mm) 77.35
pmol-kg “h™' (<0.25 mm) 7~14 d
BG , BG

, BG
, BG )
BG
2¢ 2d ,4 N-
-B- (NAG)
, NAG , 1d
, =59.90% (<2 mm) —90.64%
(1~2 mm) —73.55% (0.25~1 mm) —24.48%
(<0.25 mm) ,
, NAG
, NAG 3d
, 245.83% (<2 mm) 1047.17%
(1~2 mm)  144.09% (0.25~1 mm) 233.82%
(<0.25 mm); , NAG ,

21.78 umol-kg "“h™' (<2 mm) 31.68 pumol-kg "-h™'
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Fig.2 B-glucosidase (BG), N-acetylamino-B-glucosidase (NAQG), acid phosphatase (ACP) activities and their change rates in red soil
aggregates with different sizes at different days after application of glyphosat

4 (ACP)
2e 2f ACP ,
, ACP , 1d ,
125.82 pmolkg “h™'(<2 mm)  92.50
pmol'kg “h™' (1~2 mm) 87.34 umol-kg "h™' (0.25~1
162.90 pmolkg *h™" (<0.25 mm); ACP
3~30d  0~3d
, 7 d ,
157.90 umolkg "“h™" (<2 mm) 86.14 pumol-kg "h™'

mm)

(1~2 mm) 102.83 pmolkg “h™" (0.25~1 mm)
193.58 umol-kg "h™' (<0.25 mm), 1d
; , 30 d
ACP 0d ,
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2f , , 4

ACP

, ACP
2.3
SPSS
AMPA
( 4,
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, 4 ,
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BG NAG ACP
AMPA NAG ACP
(P<0.05)
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s 41.56% 1~2 mm 0.25~1 mm 2
21.24% ( 3a) 3, 1
BG NAG ACP BG NAG ,
2 : ; 2
<0.25 mm 2 s s
4 (AMPA)
Table 4 Correlation analysis among aggregate properties with glyphosate and aminomethylphosphonic acid (AMPA) contents
BG NAG
Correlation Aggregate size Glyphosate ~ AMPA Organic matter Available phosphorus  BG activity NAG activity
Glyphosate 0.020
AMPA 0.131 —0.443"
Organic matter -0.268" —0.140 —0.028
Available phosphorus -0.018 0.412"  -0.523" -0.068
BG BG activity -0.357"" 0.009 0.173 0.366" -0.369""
NAG NAG activity -0.231" -0.205 03357 0.281° —0.463"" 0.695"
BG: p- ; NAG: N- -B- ; ACP: *Okx P<0.05 P<0.01 BG: B-glucosidase;

NAG: N-acetylamino-B-glucosidase; ACP: acid phosphatase. * and ** indicate significant correlation at P<0.05 and P<0.01 levels, respectively.

3 (@ (b)
Fig. 3 Principal component scores of aggregate sizes (a) and principal component analysis of glyphosate residue and aggregate
properties (b)
Gly: ; OM: ; AP: ; BG: B- ; NAG: N- -B- ; ACP:
Gly: glyphosate residue; OM: organic matter content; AP: available phosphorus content; BG: p-glucosidase activity; NAG:
N-acetylamino-B-glucosidase activity; ACP: acid phosphatase activity.

3 Cd Cu Pb Zn
[23-25]
3.1 AMPA ; (BHC)
(DDT) (261,
’ [27]
AMPA :
- > 5
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