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Abstract; Matter and energy exchanges constitute the basis of ecological processes. Therefore, ecosystems can be regarded
as open thermodynamic systems, with bio-species as key components. The changes in ecosystem states can therefore be
measured and compared in terms of Gibbs free energy ( G) and chemical potential (). Based on thermodynamic theories,
an ecosystem Gibbs free energy model was established for calculating the changes in G of plant communities and w of the
plant species, at an ecological restoration site of manganese-ore tailing in the Xiangtan region. The total area of the
experimental site, including the control plot, was 4 hectares, which was covered with Paulownia fortunei and Koelreuteria
bipinnata as the dominant, transplanted, wood species. The rooting areas of the wood species at the experimental site were
amended with organic manure, containing a tolerant bacterium strain isolated from the experimental site’s mining waste.
Organic manure application was undertaken not only to provide necessary nutrients for plant growth, but also to improve the

root growth conditions by reducing the metal toxicity in the rhizosphere. The wood plant species were screened first, and the
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amending effects of the organic manure were tested in pot experiments before initiating the on-site ecological restoration
project. For comparison purposes, an equivalent amount of chemical fertilizers was applied to the control plot. Within a five-
year period after transplanting the wood species to the site, native plant species naturally germinated as well, and grew in
both the restoration and control sites. Soil and plant samples were collected and analyzed using standard methods. The
number of plant species was counted, and the density of each species was estimated at the site. Furthermore, the cover
percentage , biomass quantity, and manganese uptake of each plant species were calculated. The number of plant species at
the restoration site was 48, which was 4 times that of the control plot. The total dry biomass and manganese uptake at the
restoration site was 23,324 kg/hm” and 4,280 g/hm’, respectively. This was respectively 20.6, and 2.6 times as high as in
the control plot. In addition, the plant community’s total Gibbs free energy was significantly higher at the restoration site
than at the control site. These results indicate that the application of organic manure improved the root growth conditions of
the contaminated soil, and that the effects were significant. There were also significant differences in chemical potentials
among the plant species at both the restoration and control sites (P < 0.001). The w values for different plant species
ranged between —3.79 t0 6.76, and —3.42 to 3.59, respectively, at the restoration and control sites. The w value reflects the
ability of plant species not only to adapt, but also to restore the metal-contaminated environment. As ecosystem properties,
both G and w are functions of biomass, manganese uptake, density, and the number of plant species. The values of G
furthermore, comprise integrated information on the productivity and biodiversity of the ecosystem. The values of w concern
the growth potential, heavy metal accumulation capacity, and relevant ecological characteristics of the plant species
regarding their mutual competition, inhibition, and symbiosis behaviors under given site conditions. In comparison with
traditionally applied hyperaccumulators and biodiversity indices, the G and p values were found to be appropriate parameters
for evaluating the impacts of a site’s environment on ecosystem growth. Furthermore, they proved suitable for analyzing the
ecological behaviors of the remediation plants. In sum, both G and u values can be used as important indices for determining
the effects of ecological restoration in heavy metal contaminated areas, as well as for the screening of phytoremediation plant

species.

Key Words: manganese tailings; phytoremediation; ecosystem recovery; environmental engineering; Gibbs free energy;

chemical potential ; ecotoxicology
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1.1 5 XML

G XA TR SIS EE 0 R T ME AR St (IR LD B A, 112°45'—112°557E,27°53'—28°03' N, W #4i7
Ze A, H e R 42.2 °C L, Fefii-8 °C L AEYSRRN 17.4 °C K e 1912.2 mm, FAIK 1185.5 mm , 4F
PIREIK BN 1431.4 mm, BEK EZEPAE 4—7 H F 2K L B R K 1580.9 mm, 5/ 992.2 mm, {78 Kk &K
1321.7 mm, RIMEE X R TARIX, [ 4.53 hm?, TR 5 W20 8 2, B8 B0 A ERY 0 ik flik
E R R, RN HIRA TG R 40%—50% , R HFE 4 575 YR B WL 1, 430 B 2 e TR
XI5, EAEEIRTGYE, MuE & FHE IS 24213 me/kg, X I8 IX 5& 5 XA, 1
15 e A BURUK AR 518 5 XA —5
1.2 R X

i H 41 F 2009 4EFk 22384, 2010 4E-35 2= LA IR ( Paulownia fortunei) FIZRMY ( Koelreuteria bipinnata ) 1E Ry 2
FERI Rl ZEIRI0 5 ST T 4 hm™ AR B RIS TR IS Y KR £, 8 7 o R AW AR BRI | 1 AR B8 Al
BERAR bR S 1T 3B RSBk bR 0 L R UL . A A A A 5 25 04250 (0.5 mx0.5 mx0.5 m) ,
TN & A HLEREAE AL SRS R e b L B 4 A1 R At 1.4, A LR A R0 Wk 2, Al
BB S TR DR T 43 B 4l Ak 5 O e 15 30 1) 1 3 OR3P B P A 1, 2% FC A, AT AR SR Ay i 32
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B ATEEA 2.0 mx2.5 m, iR 501 B X BE XA A5 1 518 5 XM TR] , 22 S0 % A DXt A R 2848 A AR Bt FH 1
G,

*1 RRHENNELETESE

Table 1 Nutrient and heavy metal content of the experimental site

HEJR L/ (mg/kg)

T3 H- pH BTN/ LV TP/ B TR/ Total heavy metal content
Analyzed items (g/kg) (g/kg) (g/kg) in h d .
FEAS Samples 6.96 0.77 0.11 23.36 24213 261.6 3.30 143.60
P EBEH Farmland in China 4.50—9.10 1.00—2.09 0.44—0.85 5.00—30.00 / / / /

o [ 15 528 Background ofChina / / / / 583.0 26.0 0.1 22.6

x2 BHNEHRREE(%)

Table 2 Composition of the organic bacterial manure

LE B BIEE bR e B i PEE B BB
Native dominant resistence becteria Adsorption media TN TP Organic matter
5 42 1.80 3.10 47.90
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100 H i, 2485 B TR OE s TIERESZEE N T, SIBR S Y R4 BRI 100 H i, e 48 5% B TR IR A .
T 55 - SBERE  5R PR BT A, T D IR o3 D6 06 B ik (AA- 7000 24) il € Min \Pb  Cd ,Cu Zn Cr K ¥
BE ., SR pH AE VA BB A HLTTIE 2 R A R R LGS BT Lk M E R TR B KR
GIHTE 3 AEATRE , FPEA TR A R B BE , P AT IR 2208 BITE 5% —15% M,
1.3.3  RGAEYFN BN A Yy

TEILG A 38— 0 s B X RIGT BR X BT A

T I I AR ERE R B ZE R A AR A 15 BIARERE R SRR 0 X AR Wit R A b PR A P R S e 1T R
P A A RREL, 15 2N B d, DA FE T LI bk E W i R R R A B A A it R () A
R RS A R R
1.4 AMfe Sk datanik
141 AEEXRGHHGE

RS 2 RS AR (T) I ST (P) 5 AF R BRI AR AL 25 R GE 40 S RS A1 e — Rl g
HHRE(G,) MIAES RS H B RE(G) 4r 31K

GL‘:CLIU“[ Ci:ZC[/';j:l’z’S’ """ s I (1)

G=26=2Cp, i=1,2,3, 8 (2)

O R TIFFERT G o P HRh i 55 j ARG A= W i A N BT &5 SE R ARR IR ) ot ( SOC R IR ) i, n, WD i
%% B (CERAL T AR A 0 BORRED) | S M ERAL T AR R G rh B R, C oA i AR ) SO 5 R R ) o A
L YA (5 CARDC) Mtk WrsRAb s e B Ak 2E 380 SO G C 548,
(3G/IC) 1) ciwes =t

SR T CARAEIIE T RS p FUIFY €. AL, S0 IE (a,) 0 R (y, ) R AR A4

(%) FICRN
i =i +RTIn( ;)= w/+RTIn(y,C;) =] +RTIn(x,) (3)

K R NAUREEL, T HARREE ) AR 23 45 5 T R ) 55 1 R BE IR 3488 x, = 1 B
B FRGHITEEIR 3 EL o, W L

x,=C/¥C=C/C, C,=3C, i=1,2, 3, , S (4)

X C N RGAEY SRS YR . 2 R o fRAR 1 2,6
G,=Cu;=C,[n+RTIn(x,) 1 =Cu’+RTC In(x,) (5)
G=2Cp,=2XC[p/+RTIn(x,) ] = X Cpu]+RTE C In(x,) (6)
S w I ERAR ST 5L CARR YR A W R S DN e, TR AR S R GE Rl i A K E TS C
SR SR B, W AT R 2R S R G R B RS ORI IR IS . BT B OC R AR
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FHEESRE, YAX YT 2R AL RGEBR B YT RE VR AT Gt ) 3R e e —
Mo T RGN (Bl TC R ) B R & R X, 4h e B T S5 ) p, W B R EE 2R ) E RE D
6L, V0BT e T 2 220 O O B A 27 A 4

), =) p, =1y,

BAE T p, VI IBRIEAL A3 w80 ANBEAE S R G AR AR A, T 224 DL R Ge AR 2R o 1 g 0 A
KGR GIT , R RAT — AN 5y, 415 W EE SR B R GE M EE IR L € LA TR R A3 88« 5 1 1,

x,=C/Y C=C/Cr=1 In(x,)=0
gy ik, a6 A4 RGLIZM T Gibbs F HIfiE
G=Y Cu+RTY, Cin(x,)=p’Y, C. +RTY, Cin(x,) = Cu’ + RTC,ln(x,) = Cps° (7)

7 YRR 2 R AL ARG AE WA ARG X AR A S R G, A B R R G
JITA R 08 T S5 B R A e R RE (AR A, B Tk —fRGXERTR , 457 T,p I, T WA AR T B i
SERMARE W TR AR A S RGN AR AR RE A a, R h HA f—4l
O LAY BE R R T R G IR o BE AR o AT 1, PRk, 30 7 ] JH T R Ge R %t Gibbs

RERY DTHR .
HFX 7, TABAESRE TS UM G EHZESALE
D=G,-G,=C,u’—Cyt’ =(Cp=Cp )11’ (8)
R=G,/G,=Cpu’/C i’ =Cp,/Cpy (9)

U, RGUE A Wi 22 AT Gibbs H HIREZE B RGAEY) &8 LS T RS0 Gibbs HIAEIL, RS G
AILLE R TCHEA, R KT 1, UEWIRSE 1Y Gibbs FIHIRERS /R T RS 1, X 9 AREHI LIS YA ¢ (9 HL1HE,
JR AR «, #x,71,In(x,) #0,

143 b rdhoss

Yrktxs 240 5 HRER TTHR S R B9 fk 2 A R EAR G . Y[R — W R E AR R S IR BT Th Y C AFTE 22 5
HALZ S p M IRAFAE 22 50, 53— D7 T TE A — LR B TP AR K AR R AP Y C S w AP TE 22 5 1 Ay
TR A

Ay ==ty =g, =y "+RTIn (%) =RTIn (2, ) = o, =, *+RTIn (2, /x,,)

TR TR I AT A3 IR ST HIAEE T SR 1L, RS IR DG TAR AL AE e, TEie C AR
Yih Ty iR i 2 B S R R S0 T op AT e, B " =0,

Ay =RTIn (/%) (10)

710 KW, Yy ) s A ZEAS ) 37 s PR rp 2R R R 2R R G U — W) 5T 3B 119 22 S ] M — H ARV o, LU
{ELHY AR X BUE T D 0« AR BB R TE A BE RS A i S b BR B 4, PRk, =X 10 BE AT HI LA B
IRGERAE I A=A R 2R, A n] DA B o) B 5 1) 3 17 i

210 (AR TSR 20 7 MR BE 450, TR A0 A6 RN AR 28 R GE RS AR Al B AN S S TRt 2 S R R 52 i
TR DK B 2CBR DA RT #5406  JC A L (E 8,

0=Au,_/(RT)=In(x,/x,) (11)

FEfRl— R g, SA i LSRRI C, o (8, W0Rh o A 1« LU

x/%,=[ (C/Cp)/(C/C) 1=C/C,
YR LR R — R Ge i A e 3as et 2011 TR
=AM, ;/(RT)=In(C,/C,)
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KRG IEAE 5t 2 B8, i) 4
(€)= (1/8) LIn(C,)
]
§=In(C,/C)=In(C,)-(1/8) XIn(C,) (12)

B 12 A A — X R T W ) 8 (8, %5 8 M IE(E, UERHIZ YR G A 0 s I i K T R
SEISE, & K, Al 0 TR A AR | o PR 114 358 1 B T B
1.44 TF{H A3 BEF simpson 54K

MY TFAE " AR e SUh

TF = FE4) b1 060 v B2/ A ) b e v i (13)
PLINEE = (AHXT 22 B+ AH X003+ AH X 26 ) /3 (14)

AN Z BT | R A ARER LURETE T BT R A AR R AR S A | R e SR
BETT H BRIV BS LT A b B B AR AR 5 ARG 55 B S5 T8 0 NP A 35 R R LAT A Rl B 36
V- FRHEHL Simpson index "™ YHE AT

SIZI_ZPiz (15)
p;=n/N (16)
Ao, n BRI @ YR BORREL, V FE R TR R Y SRR

2 HR55%H

2.1 XY RS A e e

RV TR X (1) ARG 55 AR RN A Y TS 6 7E 83% LA L, Xof R DX Il A1 ZRAR P AR IS 565 2 4F A
ARG, 25 WAL, /RIS TREUG 5 o WEMEE X 5% I RS AR R AR T2 A Y
Fpe ARG LR S ) R R T A B A AR R R, TR — XA R X JR)
SR A A K 2 5 DU e — B e DX ] 3 5 1) 2 55 T DX P 0 o ) A ROPR A 114 25 55 ) e e i 41X
B A 3 I 1

FIHMTHEEX (D) SX X (D) AR R g S AEYw B AW U B d E5E A
XPEUE InB AR X BUE InU, £R4HBTIAMIXAGHEEYEYB, BEWREYU BEEY,
SRR DL X B R R 2 25 D, AR 2 22 D, SRR HUAE R, R EG RIS B LA R,

£33 BEX(I)MAXMEBEX () EVEYE ZE . SEMERKE

Table 3 Plant biomass, density, coverage and manganese uptake in restoration (I) and control (II) sites

L
S S T ST
. ; 'y o WEEd v
X3 YR : Y& B Manganese . i
. . Serial number . Density/ . InB InU
Site Plant species Biomass/ uptake/ ) Coverage/ %
of plant (ke/hm?) (&/hm?) hm
species ¢/hm g/hm
I WA Paulownia fortunei 1 19486.29 2676.15 833 89.54 9.88 7.89
258 Koelreuteria bipinnata 2 1594.37 208.91 867 68.08 7.37 5.34
M Broussonetia papyrifera 3 365.27 203.63 1469 5.66 5.90 5.32
MM Cynodon dactylon 4 285.66 199.23 313333 29.99 5.65 5.29
T Miscanthus sinensis 5 266.94 79.35 39567 1.24 5.59 4.37
Wik Phytolacca acinosa 6 117.43 194.27 3022 7.02 4.77 5.27
+3IFF Chenopodium ambrosioides 7 92.50 19.14 4667 3.59 4.53 2.95
KT Juncus effusus 8 89.98 55.51 135556 3.73 4.50 4.02
— AR Erigeron annuus 9 88.89 104.76 51111 2.44 4.49 4.65
FF 42 Conyza bonariensis 10 82.45 12.23 4533 1.03 4.41 2.50

http ; //www.ecologica.cn



BRBHARTS 2 Hn B2 KW AE S R SE A tiE S5k

- R LTI TS
I)f:bj *ﬂ%ﬂ]f Serial number %E B Manganese Density/ i £ InB InU
Site  Plant species of plant (]11;;11:;52/) (u;:l:z/) i Coverage/ %
species

R Poa annua 11 74.46 53.41 97778 2.19 431 3.98
R Humulus scandens 12 74.55 30.88 6117 0.13 431 3.43
/NE® Conyza canadensis 13 61.74 27.88 131111 0.03 4.12 3.33
B F Rubus howii 14 61.87 49.01 40494 4.28 4.12 3.89
GH: Xanthium sibiricum 15 54.68 17.68 19266 0.65 4.00 2.87
A Rhus chinensis 16 54.35 23.31 3704 2.59 4.00 3.15
¥4W) Gelsemium elegans 17 46.15 13.53 37777 1.78 3.83 2.60
INBLSE Vicia hirsuta 18 36.68 7.09 98556 15.33 3.60 1.96
YL Agrostis matsumurae 19 30.17 12.60 95556 1.39 3.41 2.53
% N Daucus carota 20 29.96 5.49 6667 0.19 3.40 1.70
B3 5 Oxalis corniculata 21 27.46 17.46 108889 2.45 3.31 2.86
% Kalimeris indica 22 26.84 8.82 4333 0.12 3.29 2.18
E . Carex tristachya 23 25.62 12.89 66667 1.39 3.24 2.56
HMRHE Setaria viridis 24 25.21 18.14 46667 12.63 3.23 2.90
Y Artemisia argyi 25 23.87 5.78 27355 1.51 3.17 1.75
HF3% 3 Rosa multiflora 26 22.60 17.67 7531 0.94 3.12 2.87
T Artemisia selengensis 27 22.18 17.84 37778 2.28 3.10 2.88
HFHIT. Vicia sepium 28 22.00 3.45 12000 17.06 3.09 1.24
3 Polygonum flaccidum 29 15.78 2.63 1667 0.11 2.76 0.97
K Clerodendrum cyrtophyllum 30 15.80 12.41 3333 0.43 2.76 2.52
FEHE Arthraxon hispidus 31 14.92 5.65 55556 0.78 2.70 1.73
JKFF Oenanthe javanica 32 14.68 1.10 4444 0.06 2.69 0.09
1% Eclipta prostrata 33 12.84 2.73 4444 0.28 2.55 1.00
BIHEY Prerocypsela formosana 34 11.13 1.90 722 0.53 2.41 0.64
R Clinopodium chinense 35 9.67 2.82 57778 0.78 2.27 1.04
% Solanum nigrum 36 9.45 7.95 2546 1.13 2.25 2.07
WHEAZ Avena fatua 37 9.41 1.61 7000 0.11 2.24 0.48
“K3& Erigeron acer 38 3.19 2.56 13333 0.29 1.16 0.94
X AR L Kummerowia striata 39 3.19 1.93 2222 0.01 1.16 0.66
T Artemisia carvifolia 40 2.30 0.52 2222 0.03 0.83 -0.66
¢ %F Duchesnea indica 41 2.01 0.98 6667 0.14 0.70 -0.02
[l JE 5 Eragrostis pilosa 42 1.92 1.25 12000 0.89 0.65 0.22
WA Pleioblastus amarus 43 1.70 1.03 19136 0.19 0.53 0.03
SEZERT Plantago depressa 44 1.67 1.18 4444 0.07 0.52 0.16
IR Mazus japonicus 45 1.48 1.32 2222 0.22 0.39 0.28
HF Imperata cylindrica 46 1.17 0.59 2222 0.01 0.15 -0.53
WS EAHE Commelina communis 47 1.02 0.47 4444 0.03 0.02 -0.76
4 Achyranthes bidentata 48 0.51 0.27 561 0.26 -0.67 -1.31
11 Fkk Phytolacca acinosa 1 512.40 1076.00 21632 24.59 6.24 6.98
/NE® Conyza canadensis 2 143.24 169.99 293333 3.69 4.96 5.14
A N Daucus carota 3 126.44 83.72 174333 3.74 4.84 4.43
K& Erigeron acer 4 84.26 57.75 613333 2.33 4.43 4.06
K Poa annua 5 79.52 58.87 116667 4.17 4.38 4.08
IKFE Oenanthe javanica 6 48.27 21.00 13337 0.33 3.88 3.04
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L
ek R
XK AR 7~ Y& B Manganese - g
.. . Serial number . Density/ InB InU
Site Plant species Biomass/ uptake/ ) Coverage/ %
of plant (ke/hm?) (&/hm?) hm
species g/hm g/hm
T B ¥ Setaria viridis 7 42.44 73.50 68889 17.99 3.75 4.30
F Clerodendrum cyrtophyllum 8 27.86 45.26 13333 0.33 3.33 3.81
+3IFF Chenopodium ambrosioides 9 24.13 14.89 1367 0.77 3.18 2.70
3 Artemisia argyi 10 17.87 14.04 53333 0.93 2.88 2.64
2% Solanum nigrum 11 12.80 11.86 4977 1.06 2.55 2.47
INELEE Vicia hirsuta 12 8.72 0.97 10112 3.21 2.17 -0.03
%5 Duchesnea indica 13 4.62 1.54 13333 0.13 1.53 0.43

0 R A B BIARAE 226 1 - 8% —16% , SR W U AR HES TR . 5%—18%

R BT XA T 1 2 v T I X, T XA AR i W Rh A R ROR BV R B 4 R
11 X9 20.6.3.7.2.6 1.2 4.5 %,1 5 11 X[ R, M R, lWAEW KT 1,5051K 20.6 #12.55, FF X 8 M 9,R,
FR, FLAE WX 2250 F B ARG FLAE, DEIH T X A= 28 R S8 A A= W e AV R i PR IEE B9 Gibbs [ R RESS & T
I X, 22 53R .35 (P<0.001) o 4 3 4 B W W4 FH A BIL TR IE AN AT DA R0 (4 a0 DA ) A 4 R
MR , 0 T DA G 25 B e W A B AR A 7 2 R B 3 R AR 7 M & AR ) 2R R G IR X AR A
RGLEATIRE , AT AR 3 s A S R G A Hifg,
*F4 BEX(I)MMBEX(N)EYNESEYE EZE LEEENRERKE

Table 4 Total plant biomass, density, coverage and manganese uptake in restoration (I) and control (II) sites

SRR XU,

BHFEE BAEWREE,

X 1 Total >
[:, 2 SNumber of Total biomass/ otal manganese Total Total Dy Dy Ry ORy
Site . uptake/ . 2
plant species (kg/ hm?) ) density/hm coverage/ %
(g/hm?)
I 48 23323.97 4280.20 1610166 285.61
I 13 1132.56 1599.37 1397981 63.27 22191 2518 20.6 2.55

E N Dy=3B-%XB,,Dy=5U0,-LUy ,Ry=XB\/ LBy, Ry=X U/ LUy

2.2 PR R

ETHY Y AEYE BB, R 12 78T TR I XPFAY 8,08, &1 JRR T 1R I X A Al
Kb 5 B PR 6, (KB NHES  HoA R4 5 528 3 5 Hl IR, AL 1 VM &
RER BT XY ) A2 3422 S R B 2 R T 111X (P<0.001) o T AT IL X 8, {H i Sy 7351 2 -3.79—6.76 il
-2.17—2.54 . Hrfr 5, WU I/ NT RGOV 8, RN, 1T XA S, (B 5 = , H N 2R R ), 1563 16
il ZERS AR 2 R T XA OEAAEI RIS, 10 X 8, (L dw e O W Ao R Bty , Ol /N e B AT 8 D | 1 B 5
3 it B A AR SR S N 1 e T SR BRI RE T o MK 8, (E/INHEFF AT i 2 AR W i KA PEAE AN 2K

K2 /R T 1AL IX YRR i ik 3 s 5 o S5IEL L AL, DR IS i o 35 5 2 i {2 3
2255 /N,6,5 S MHRAEHIEAR —F 1 X 5,5 8§, FIHHIE REAE R=0.994,11 IX R=0.979, it W14 P 5 e W it
H5AYEEREEMAG, BE LTI XHANS AR AER2ESEE 1S 0 XE S, E13E 5
-3.52—5.69 F1-3.42—3.59,1 XYy lalfb2gdios 7 B 3 K F 1 X (P<0.001) . 5K 1 YFHEF LT X
8 MELIRe 135 P Py Ffi-ths SRy LA | SR kg AR RS | TT DX de 3 & (8 10 S v i, LU /N RERNIEF A 88 | ST
8 AEL A3 B ] i o HH B I K IR AE P S

RKSHUBT IM I XET S5, 8, F- TR TF B EEHF T 10 AAEY A 1T 10 PFh 8, (E
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Fig.1 Difference in chemical potential ( biomass) among plant species in restoration (I) and control (II) sites
8y=In(B;)-(1/S) XIn(B,) ,B, . LW, S PFhEL
I X BEKX
HHHHHHHHHHHHHHHHHHHHHHH S
_ LRI}
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Fig.2 Difference in chemical potential ( manganese) uptake among plant species in restoration (I) and control (II) sites

8y= In(U)-(1/8) XIn(U,) , U, Wi, S WFh gL
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(X8,) S AEM(XS,) VAMFEHAEEHEFHT 10 P9Fi A9 Simpson F8EUE, BHE S5 Al FH, i 6,71 6, (5 K/MHE
FEA B HT 10 AT SEEEAR —B, R 8,81 8, (B A i e A8 S AR AR AR, 7l il A DR R O A e | 19 5 R
G FARAE S ANEE R iG Ye b A P AR Hbs 1 DX P A AR AR 23 531 S IR SRR RE DA o, B A i
IR TEE, ATVE AR TS e XA A B2 A AR B, SRR 24 B2 TF (8 AU EEHERR 51 HE A T 10 R A
525 AR, B W ik ) 2 HE R A9 SE 22 AR W i/ NV WO R B/ N AR I RIS T 1 X B R R —4E 3 G
SR f) ZF AR I DX/ NE R S R IR T AR AR FARE ), rT A & T M E AR
HESEH,IXYS, . X8, Simpson FEEEII KT II IXAY(E, Simpson $8EUE ML R G W) Fh Z 4%
PEFER , W] 2.6, 1 X6, 5 Simpson FEEUEEAMUTIRE, \IAE N RGAE ZRE bR, SUA B IT IXHT 10 48
PrFp e i A i MRSt AR/ T T IX (HHERETE R 2 B Y e v R 75 e PR v B AR AR G Tt PR AR 5, PR T
DIAE i 15 e B 52 B S A ) T8 S T e XS S A v A B s B i 5P ] R AR R I

x5 BERX(D)MMER () ENERHEFERT 10 EYFMERE Y6, X6, .simpson FEHE

Table 5 Top 10 plant species sequenced by five indicators and their > &;, > 8, and simpson index values in restoration (I) and control

(II) sites
_— TF i Simpson
K K R e fRgE i
Site Sequence % O Manganese ¢ v Dominance 29, 28y Simpson
content value index value
I 1 TELH JELA b K& TR A
2 ZERE ZERE —AETE i H AR
3 Ty Fat SHE BT )
4 T AR B AR yz 3 [iog 3 PARINA
5 i Rk £ INEERE IS 25.88 27.93 0.81
6 T bl —AEE kiE X HR B g
7 R iiPin i BT = LR TS
8 PRI PSRN A K KE [T
9 —AEE LR TS L A INERE
10 o 5 BT R #H Fat
i 1 il Tk T i Tl Tl
2 /N B INFERE TR +IhIF Kk
3 Lo El M RBH K& INFERE MR
4 E Rk INFERE KT LHEDIR NN
5 Rk Wk S % K NEE 487 7.27 0.73
6 KT PR b b'a R Rk
7 M FEHE K R /NS b
8 N} KT ®E 1723 /N
9 +IRF +HIT Y K KT
10 3'a 3’3 FIIF FER K
3 itig

T DX VA R T < s SR PO, FUA DM R T R AR RE TR I 2R 25 H RS
AT HLTE AL B R XA ROAE I RS 3K 48 B, Do xt IRIX A 3.7 48, oAy 44 b A SR A= B A AE M)A 4 R i k2
H R T MELUAT I IR R SEARAAE Y, Ul L R ML L Bl RASCR B2 . L IS A het bk |
M RRFA 0 A HILES 5 W) R AR A S S o, FORR T RE DA AL A B s B0 3R 23 A, i E ) D RE S e i T
MR 2685 SR A AR A T A A1 25 A PR R AR AL AR P TP 5 o 5 TR O P, 0 5 Jom o AL ) 19 92
6% A XL HAYLENC M B Jm TRV ML 7R 5 2225 5 R B s A TR AT S5 1he
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8 BRBHARTS 2 Hn B2 KW AE S R SE A tiE S5k 11

ARG H INAE G MY YR B SR ¥ SRR U BEE d PR S R AL TR AE KORDL 4
J& & B RE I A Z R SO 5 IR B 1 6 RAF LR A5 B I AT AR SO AR S R Ge Ak 7 0 Wbtk 3
B EMIBERZE AR r .

T Y A G e b D AR T 4 TR B BRI W T A2, TR 8 S AR ) [ b b 0 RS o
GIRICRMEES P W Garcia M A 5] Ph W BER/NLE A B E Y | Judrez-Santillan L F 45 TF {E0
PEAR TR PR > RSP R A KSR bR, RBL R AE RS TP Y SR L R R R A A
W), it 32V G 32 4 (0 RE AR B ) R e o BRI | TR 1 5 AT A HEAL B0 FR F 4 (0 7E B R IX |
B HE 24 SERT AR R BRI B2 A TF {8, 3522 )5 PR 2 KA ) 6 8 378 /N T Y0 A 0 2SR 45 At AR e | 8 W A o
WABXE/IN, R 8,71 6, (BN, SR b 76 11X 5 W hnHE 4 SERTAE 9 8, 81 8 AR AR 1 XA,

WEES R T XA RS E B B B B W R . TRAER ARG MY K B ARG HIEE F7 T
FOMNAE RS [R] o 3 R 5 DR A A DU L3R AT vy | 5 JBE R B AR ASAFL ) YL AR RN SRS | LA B I A3 4 JBE K 1Y)
T F AT R, PRI TR AR i e b, ASRE DA MR BVR B C 5678 R8T W BIE AN 38 75 2 RIE
20 38 XA T AR RN AR i (R A 00 B (IR TR D) A SRS R G b WA e e A SRR
) EASELRAT N KW E SRR TF $8 55 0T LR LAY R 52 AR 2295 YL oo 3R 9 AR 2R
AR A (HANRE SN ) 7 H 4 S U Qe PRI v () A 2SS R 01 7 45 2 TR B IX UL, 1 AR e A KA )
PSS AER IR BE AN TF (H K, N R AW s Jon R G AR/, GBS L, fh2E 32z i8R
8, F1 8, 8% T Re iR M A= K s SRR G R RE ) 25 b, i A Wi ) A A 2 R P R A 3

Y Z BV SRR DR S R P I AR A A E AR AR SR, AR S RS T RE R BT g
s , B Fh Z2 VR ) FE BR AR 22 , W )R Simpson Fe % o Simpson BRI T p;=n/2n;,
MR AT R FIE x,= C/ X C BRI 2ZR R, Simpson $8 LAY FI AL n, 5 R G BANEE S n, LUIE
NERICRAR RG AV ZHNE AL F AR DR A Y ¢ 5 R G S AEY R Y C 1 LA N FEA R S ey R
TERYSGE, P Co MBI o, SR n IRFL(C =cn,) , L, AL2E B4 T Simpson 85078 = K,
G20, M6, IARHE RN B RGN T

IS 3 BT 4 R AR SR H R LU AR AL 2 S 2 RPN R T G X AR RIS S AR AN 118 S A )
HARKRME X, C@ 0 E meeMiby Aoy BRI E S REREN, R LA SR GR L, 451 DI fg, 4=
I3, A R AN A AR DT T BAT B T BN B, A2 B R A AR AG=0 2 RGEF
bR AR SR B (T 2 o/ 0 T R mBE SR I (B, BRI, AG (B AT IVE M AW E S R
R DS M ow/oT 7R ] LA T AR S RGN SR ZREPER G R . X807 H 1) TAER AR5 4 ik — 2
HEERFHIR I RIEA MR,

4 #ig

4.1 B XA YRR SEE AWy R W A Ty B TR IR DX A fEL, Ul A A AL I A 2o e 2t
e DR A AR PR, 2 8 R AU 2R R IR I X A S R AL DI RE

4.2 T HYEZS RS Gibbs [ AT R Al FH LA SR B A 25006 XA i R GE RO S5 F ZhRE, A il RE LU fEAS
ASCAT FH LAKS 305 Y IXAH B B8R 16 T DA R HUH AR 25 R G0 MR BE 22 S IR 7

4.3 WyRh e Wy Rl R AN E S T5 e BT A BE T, S L GERR R AR LL , Wb Al 2 358 4 b S AL
AR A AR TR S s G XA S AL W W 1 ) B LA AR
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