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Abstract; Soil enzymes are considered a key component of the soil, mediating the decomposition of organic matter and
catalyzing key transformations of carbon, nitrogen, and phosphorus cycling. In addition, extracellular enzyme activities
(EEAs) in soil can be used as a measure of soil health. Revegetation is an important method of promoting the ecological
restoration of a damaged ecosystem; however, little research has been conducted on EEAs in arid areas during vegetation
restoration and after revegetation. To elucidate the differences in EEAs among different vegetation types and restoration
stages in the dumping site of an open-pit coal mine in Heidaigou in northwest China, different revegetation types ( including
revegetation established in different years—a bare plot in a new dump, an abandoned area, and natural vegetation) were
selected in order to investigate the recovery of EEAs (including three types of oxidases—catalase, polyphenol oxidase, and
dehydrogenase, and four types of hydrolases—invertase, urease, phosphatase, and cellulose ). The results show that

revegetation significantly improves both the soil’s physical-chemistry properties and the EEAs in dumping sites when these
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properties are compared to those of bare land. After 18 y of revegetation, the EEAs in the topsoil (0—20 c¢m) recovered to
65%—T76% of that seen in the plot with natural vegetation. The recovery rates of hydrolases (average 86.9% ) were greater
than those of oxidases (average 42.7% ), and the recovery rates of EEAs exhibited a decreasing trend from phosphatase
(154.7%) , invertase (74.3%) , cellulase (59.9%), urease (58.5%), catalase (52.1%), and dehydrogenase ( 38.
1%) , to polyphenol oxidase (37.8% ). During the restoration process, the annual recovery rate of EEAs in the first 10 y
(averaged 6.0%/a) was greater than that seen 15 y (4.8%/a) and 18 y (3.2%/a) after revegetation. Significant
relationships were observed between EEAs and soil nutrients ; therefore, EEAs could be used as biological indicators when
assessing soil quality. Our study indicates that EEA recovery occurs over an extended period, and that specific enzyme
activities can be used to examine the changes in microbial physiology under different revegetation types in an arid mining

area.
Key Words: dumping site; revegetation; succession; soil fertility; soil extracellular enzyme activities; recovery
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AR B M0 T N S IR X SRR Z2 0 s 2 AR AR, A X 35 Ay 78 194 B+ e g VA 8% X TET AR
#)52.11 km*(39°43'—39°49" N, 111°13’'—111°20" E) , ¥4k 1025—1302 m, 1% XS M58 o iR 2 1 5 Kb
PR AR 7.2 °C, =10 CAERUR 3350 C. AF¥RE/K & 401.6 mm, BEHTE 7—9 H 24 i 4 Bk &1
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pseudoacacia ) JH #5 ( Pinus tabulaeformis) . /N 45 ( Populus simonii ) . 55 %9 JL ( Caragana mirophylla ) . V% §if
( Hippophae rhamnoides ) ZHY) R F 5 T3 £ 2 N ERATE (Artemisia gmelinii ) AR FREF P ( Stipa bungeana) | F 5
( Pennisetum centrasiaticum ) . ¥ & ( Artemisia arenaria ) . i) & & ( Setaria wviridis ) . $% % M 8% 1€ ( Thermopsis
lanceolata) 5% ( Leymus secalinus ) S5 2H WAL T AN [ S B B B AR M R 2
1.2 BpAhRA SRl R A

2013 4 8 H 7R ANTA BE R JLHE 1237 (1995 4E A ) 4% 4 FAEIC & 2R AL, A« AR “ ek “Ir-
B CTRHE R TEARHE L (1998 AR EE ) PHHE 4% (2003 AR ) BERE R LAY TR+ + 5 Bl E R A [A)
I N HE L BR M (2010 4R RIEA TR B B30 ) AR A PR T (1998 ARFETE) MR SRR X HEAT AR
PRI FIBRE (A AE D W 1) o TERAEHIBENLIEE 3 1 10 m x 10 m B RFE FH T ARAHEY 1 4
[F] SRR AN RAE DT N FFREALIE 3 > 1 m x 1 m B9/DEDT TR Y I8 & . TEASFEHLRRE D7 N4 S AU
VEMR 6 5, B B oRAE 0—20 em T3 3 KEER . BAET5 2 FURAE DARIR A S [0 5250 %8 22 A 31U FH T
- AR A AN SRS PR A

R1 HEHERER

Table 1 Basic statutes of sampling plots

FE L/ 0HS THAE T HAEAFA/a HAEAF R/ a FEEN T AR RIRAE
Plots/Code Vegetation types Year revegetated ~ Age revegetated ~ Main artificial vegetation
MHE+3Y5 /BL b . . VB Artemisia desertorum . ¥ J& W Setaria wviridis . Ffi B
Inner dump Leymus secalinus
F +/NHER R L+ SR
FiHE+ 5 /ASHI0 I B+ N5 "%JF EES '
TR+ AR+ LA 2003 10 Populus tomentosa+Caragana microphylla+
West dump . .
Bothriochloa ischaemum
BB+
7R Y /ASH1
L5 > TR +HEAR + A 1998 15 Populus tomentosa+Caragana Korshinskii+
East dump . .
Bothriochloa ischaemum
EA+ PR+
Y% /ASHI1 -
ALt / 8 TEAR+HEA+FA 1995 18 Populus tomentosa+Hippophae rhamnoides+
North dump . .
Bothriochloa ischaemum
et /AHI8 . EBEB+HFE
+ 1995 18
North dump TEAR+RA Populus tomentosa+Bothriochloa ischaemum
137 A18 E +IHAS
tHE 3 Tk 1995 18 B IR ‘ '
North dump Populus tomentosa+Pinus tabulaeformis
:+37 H18 - .
i R 1995 18 H ¥ Bothriochloa ischaemum
North dump
e WA Armeniaca sibirica / ¥ J& &L Setaria viridis . i ¥
it /AL e e . G . e e
R 1998 5t 15 Leymus secalinus |, 2% [% 51 5 Stipa capillata, F F %
Abandoned land . .
Bothriochloa ischaemum
b 25 Artemisia giraldii NG 2 Stipa capillata [EEN1
o %X /NV 221 N s N
RISHABEC /N =WN Bothriochloa ischaemum . ¥& & 3 Salsola collina , 4 £

Natural vegetation

Lespedeza potaninii 75 53§ Sophora alopecuroides

1.3 ME K

TIEADLE(SOM) AR (NH,-N) FHAA(NOS-N) AW (AP) EAE (AK) (HL % (C) \pH {HR
FH U s e S ) R e SR S W A2 B B SR AR FRA L S L 2,

i S S LG ( Catalase, CAT) SR FH i BB 2 L0 5E , 2 1 S AL B ( Polyphenol oxidase, POL) R FHARHK
I H AR RE | U ( Dehydrogenase, DEH) 2R TTC 43 606 BE 32 00 %2 , BEME A ( Sucrase, SUC) R 3,5-
TAH R R e 0 I 52, UK i ( Urease, URE) 2R FH 2K By 40 -Yk &R 8 L 6325 I %2 |, % FR i ( Phosphatase
PHO) R BRI 40 L (U | 274 Z 1 ( Cellulase, CEL) SR 3,5- RSk R LL (ki 2 1
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Table 2 Soil physic-chemical properties of different vegetation types and recovery stages

o +HA LR %?ka fﬁ%‘f& PR HRLER R
Site code SoM/ NH-N/ NO3-N/ Available P/ Available K/ Conductivity/ pH
(g/'kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (ps/cm)
BL 3.9£0.34d 6.7+0.11h 4.7+0.08¢ 6.7+0.09d 77.4%1.06de 0.6420.001b 7.97+0.02
ASHI0 4.420.06d 7.6+0.08g 5.0£0.42¢ 7.420.13d 82.9+1.50f 0.71+0.003a 8.9120.02a
ASHI5 5.3x0.18c¢ 10.420.08d 6.9+0.05bc 6.8+0.04b 82.2£0.52¢ 0.5420.001f 8.68+0.10b
ASHI8 5.8+0.04b 13.220.07b 8.8+0.05a 10.00.07a 118.2+1.84a 0.62+0.006¢ 7.67+0.03¢
AHIB 5.6+0.14bc 10.5+0.09¢d 7.0+0.06b 8.8+0.10c 98.0+1.13¢ 0.58+0.003e 8.12+0.06d
A18 5.320.11c¢ 9.720.20e 6.50.14c¢ 9.5+0.10b 105.2£0.72b 0.57+0.003¢ 7.7920.05¢
H18 3.9£0.26d 8.5+0.07f 5.6+0.04d 9.5+0.10b 107.2+0.48b 0.60+0.001d 7.7320.03e
AL 6.8+0.13a 13.7+0.06a 9.120.04a 7.620.08d 86.00.86d 0.58+0.003¢ 8.1720.01d
NV 6.4+0.06a 10.720.07¢ 7.1x0.05b 7.7+0.12d 84.4x1.30de 0.5420.010f 8.44+0.03f

BL fBHE L R AT B iR ; ASHI10 5 AR AR 10 4R (77 +E+ RERUAR A ; ASHLS 4B A AH 15 4E A9 TF +f + BRI AL ; ASHIS F A4 18
AR BUAB B AHI8 5 18 AR AT+ AU B ; A18 TR AN 18 AFAYTR AR BRI ; HI8 7 18 4R AP ABUAR B ; AL $B94 5 15 F A%
FeH s NV 38 R, KPR - F I EL bR FSR ENG T AR R A R R A bR B 22 52 B35 (P < 0.05)

1.4 IR E R LA TN
SR FH A AP A i o SR DA ol R o - SRS A R T A SR
(Ax = Ay)
Ryeovery = m x 100 (1)
N Ry eorer, TERE RIS X A STEEAF X R SRAT B X - RGP (VK % A 48 HIERE TG P, T AR R 8RB
SIX, D FR AR TR A B HE -4, N H8 KARFIHE X
VT AR A S AN R O B B - S T M 1 AT 2K B R R AN [ AT A 1 ) — A A Y
(FF+HE+ D) SR AWK I BEA - R AR S50 52 s R A s
(Aend - Amm)
P Ry, RN IR B B+ SR 2 3R (H %/ a 7R ) A, 0 A, RIS TT 46 (FERTHE L3 AR 17 4
BB AR AR ) A, SR ) - SRR TG | years FEHIHEE AR IRE AR .
1.5 Kb 55575k
SR FHBALIA 25 25007 (One-way ANOVA ) H 55 /1N B 25 25 500k (LSD) S-HT AR [l A 4 60 W 4 W B +- 4
R P 10 22 5 S 35 5 FH S8 B M6 ( Pearson ) 207 H S I 1 5+ SEBRAL PR T O AR G0, A i3t /0
F£ SPSS 11.5 Toei, Bt 153 51EER A Microsoft Excel 2013 F {417,

x 100/ years (2)

2 HREH

2.1 A[FEAHBEZEA PR B Bt SRS M AR Ak

i 225y BT iR 7 Fh - SRS PEAE O MREHL M A R s i 25 S W TR (B 1) o BREEFREG AL, FLAx 6 Fh 145
Tt T35 T3 0L Ay 98 5 b R DR SR AR e DX 8 TN AR X R AT A R 1 MR B IR, 22 S B PR
FIRSRAE B DX E AL ARG PEE A4 13,5 (ml/g, 1Th) 2 A TAESE X (BCE{E ) AR 1.4 F1 1.6 £5; 2
Ty S AL BTG PE R 7.2 (mg/kg, 24h) RN TAERFIBRHLE 1.5 F1 1.6 £%; BE A BEE MR 11.9 (pe/g, 24h) 2
N T AR 1.5 1% ; BERERE TG PE 4 591.9 (mg/kg, 24h) & N TAH B AR LAY 1.2 F1 1.8 3% ; BREE IS MESF
1% 33.8 (mg/kg, 24h) , ZrBHE N AW 1.3 F1 1.5 1% ; BERRBGE M THE WO S, 0 33.8 (mg/kg,
24h) AR RJE RN R AY 1.2 F5 A0 2.2 1% S 4E R BTG P4 20.3 (mg/kg, 24h) , J& A T AR BRI Hh Y
1370117 1%
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Fig.1 Soil enzyme activities in different vegetation types and recovery stage

RFAKE 5%

E 1

R

T
i 5. 255 A 18 AR N AR B IX. A 998 3 SR Ak S T AR B A +

£

R PE AR IR R AL (B B 22 R B EME (P < 0.05) 58 M - 31E

N B B i 2 TR o 4 Sl T 1

JIN

il

i

SR
22

http ; //www.ecologica.cn



6 S % 36 &

AHI18 Fr AR A18>HIAK HI8 Fr+E+Hi Rl ASHI8, 2253 B E (P = 0.005) ; ZEy A ALEFG I AH18> A18>
H18 ASH18, 2% 3% (P < 0.001) ;A MHE M H AH18>A18 HI18>ASHI8, 2 F W3 (P < 0.001) ; FEME 1%
P AH18 (A18>HI8>ASHIS, 225 .3 (P < 0.001) ; IREHE TER I N (AH18) >(A18) >(HI18) >(ASHI18) , %
SRE(P < 0.001) ;B HHE S ASHIS>HI8>A18>AHI8, 22 H B3 (P < 0.001) ; £ 4E Z il P AH18>
A18>H18>ASH18,ZF 3 (P < 0.001) (Kl 1);

[F]—ZE AN TAEE (I -+ + A ASH) AFIVRSE B Be (344 10a, 15a, 18a) £ TIEMHG MER A 5, 4
ARG 2 AR EE (P = 0.061) ; 2B A LERGPER I A 15a>10a>18a, 25 B35 (P < 0.001) ; Bl S G
HERIHK 10a>15a>18a, 22 F W E (P < 0.001) ; FEFERGEE R I 15a>10a>18a, 27 B (P < 0.001) ; Ik
TEPERI N 15a>18a>10a, 225 0.3 (P < 0.001) ; WA MG R K 18a>15a,10a, 225 B3 (P < 0.001) ; 2F
HEZBHE RPN 15a>10a>18a, ZF B E(P < 0.001) (K1),

2.2 eSS A A R A DG T

FASCHES BT R (3R 3)  BRBEIREG SN , 1 IEA DL 5 HA 6 PTG ML) 0 2 EAR O S S A AR A A S ot
EAL SN  RERERE DR BRI | 2T 4R R WY 0 ARG AR S 2 M AR AL 0 A DG S R T D I
ARG s SRAKCRR 5 0 U | 22 M S i o 25 00 R DG, S i R Il 28 TE AR OC s L 3R 5 ok AL U L RE M I DR it 32
LEUAE G pH 5 0 S 2 W AL LT 4E R N D E ARG SRR e W R G

#3 TEBEESEACEFREXESR

Table 3 Correlation coefficient among soil enzyme activities and soil physic-chemical factors

A AL AR A A TR B L

Variables SOM NH;-N NO3-N Available P Available K Conductivity pH

i AL B CAT 0.739** 0.529** 0.543** 0.119 0.036 -0.426" 0.055
Z W4 AL POL 0.457* 0.100 0.114 -0.76 % * -0.748 ** -0.254 0.841 "
Jit & DEH 0.695 ** 0.359 0.372 -0.344 -0.390 " -0.310 0.478*
TR SUC 0.695** 0.525** 0.535** -0.066 -0.073 -0.636"" 0.285
JIkfE URE 0.833"* 0.677"* 0.679 ** -0.069 -0.104 -0.631 " 0.179
WEFR PHO 0.222 0.490 ** 0.489** 0.867** 0.902 ** -0.199 -0.605 **
LR CEL 0.726** 0.456 0.468 * -0.301 -0.318 -0.464 0.475*

#* Fm P < 0.05, * * R~ P <0.01

2.3 ARG R ITAN

P& 31 ( AL) 22 193 S A Tt R I8 S Tl 52 T30 R 31 R AR AT B 11 809 LA I, HiAy 5 R IR &2 R I B R i R
SRAEHE (>100% ) (F 4) , N TAEE Xl S8 A0 S PEPK &8 R 7 N TR #E AH18  A18 il HI8 T HPL, 43 4
S RIRAHDL X1 75.9% .68.2% F1 49.8% , FoE A e B N Pk &2 3B B B R SRAEBE X —2F (<50% ) ; Z B
ALK 5 R AE ASH15 FIl ASHI0 R et , 73510 96.19% F1 78.4% (6 H B A L B F MR T 50% ; i A 1
PR HCRAAE ASHI0 T3 50% , 8 57.8% , HATEHBEEC B N KT 50% ; FEWEBEK 2 3 6 AE 6 Fh N T 8
T Hy T 50% , Hod ASH10 Feth, o8 99.8% ; Ik K 52 M3 7E AH18 ASH15 Fll A18 B4R, 433128 79.7% [ 75.3%
1 64.4% ; WEIR B VK &2 R AE ASH10 I ASH15 F ik %] 70.7% 1 77.3% , Ho & B & F YT 100% , 16
ASHI18 Fl H18 T K & # R i b | 2 K IR X 1Y 250. 1% F1 211.1% 5 £F 4k % ik 5 3 R AE ASHI5  AHILS
ASHI10 F1 A18 FHH 43 51K 81.4% .69.4% 67.3% 1 58.6% , A Mk F LT 50% (% 4) .

FEN TAE R T +UE+ 507 FEAE 10a PR E SERE o A0 S0 | 22 W T Il 0 S0 0 21 48 28 il 006 1 4 34
PR SRR AL A3 1°h 4.63%/a 7.87%/a 5.80%/ a F1 6.70%/ a; TEFEAH 15a BIVKIE | RO PRI IR il 40K 5 3
Faeth, 8 6.70%/a F15.03%/ a; BEAH 18a MK H  BEFR B &2 3 R e T, 24 10.90%/a, HiAr 6 PTG PR
HORIEIZ N B2, 3 KT 10a 1 15a IKE BB (1 2) .
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F4 AEEHELETIEBmHEEREEER
Table 4 Recovery percentages of activities of soil enzyme in different vegetation types

WA %

Recovery rate ASH10 ASHI15 ASHI18 AH18 A18 H18 AL

i F AL S CAT 45.7+16.8¢ 29.9+10.5d 43.2+4.7¢cd 75.9+15.9h 68.2+5.1b 49.8+4.1c¢ 103.0+25.6a
Z WA L POL 78.4+5.7h 96.1+19.5a 6.5+8.5d 29.3+8.5¢ 12.2+3.9d 4.5+0.6d 80.1+10.8b
Jii &fE DEH 57.8+6.0b 39.8+9.2¢ 22.2+3.8e 45.7+ 3.7c¢ 33.927.2dc 29.2+6.1d 87.5¢14.1a
HERE SUC 59.7+10.3de  99.8+8.8b 51.4% 5.7e 83.9£9.3¢ 81.9+10.4¢ 69.0+10.6d 114.6£17.3a
JIx @ URE 38.0+6.3g 75.3+12.9¢ 44.7+10.5f 79.7+ 5.6b 64.4+10.1d 49.328.4e 130.611.6a
BiEREE PHO 70.7+ 117 77.3= 11.6f  250.1x15.1a  148.126.5d 170.9£17.1¢ ~ 211.1+32.8b 124.4x14.7¢
HF AT CEL 67.3+8.7¢ 81.4+11.7b 35.4+5.2f 69.4+13.1¢ 58.6+9.3d 47.4+14.3¢ 114.0+15.2a

KB N I bR 22 | RIAT ARG PR RN RIAE RS BT Rl PRI S R B 22 5 B35 E (P < 0.05)

3 iFig P G 0—10a :
I }
30 R - R PR B s .

TEHTIR S (/B A5 SE B A M Rt 5 2 ° b aa U o
SRR O BSE AR ORIV E S R it § 8 o2 ; G EE
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