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Effects of Soil Amendment on Reclaimed Soil Health Enhancement
assessed by Soil Enzyme Activities and Germination/Seedling
Growth of Lentil (Lens culinaris)
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ABSTRACT

Soil amendments are often used to improve the soil health of recalimed soil that has lost its value and is only used for road
backfill of landfill cover. In total, 10 soil amendments were tested on two types of soil, that is, landfarming-treated DDC
soil and thermally treated YJ soil. The 10 amendments were vermicompost (VC), peat moss (PM), chicken manure (CM),
EM product (EM), chlorella (CCR), biochar (BC), compound fertilizer (CF), zeolite (ZL), dolomite lime (DL), and
gypsum (GS). After 10 weeks of incubation with 5% (W/W) of the amendment, 7 soil enzyme activities along with
germination and seedling growth of lentil were compared to the control. The results showed that the organic amendments
CM and CR significantly enhanced the soil enzyme activities in both the DDC and Y] soils. However, the VC amendment
in both types of soils best enhanced the germination and growth of lentils. Furthermore, even after 10 weeks of incubation
with the amendment, plant stress and soil infertility, as indicated by the specific root length (SRL), still persisted despite
the addition of soil amendment materials. These results suggest that a longer duration than 10 weeks is necessary for

amendments to take effect on soil health enhancement.
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et al, 2011) UJAFELS] Hol2 <ls) He|&Ee] JEUT}
= Y& vAEro] AAdE T (Bergsveinson et al., 2019).
0] S fAE ARE A A AR 5
o] FolEo] FHZ 0T FafjetH, A15)73A1F &4o]
FETHPape et al, 2015). A& S0 EEA osh=
TA] FHONAM A (Lactuca sativa) FEAR olojH L
(Knight et al., 2013), EFYE 75 23lE of7lsie] EF
SAEE A7 A, EYE B A, B A
2 EYENIE ST 5 Zo] AETFsAde] dEEHA
THDoran and Zeiss, 2000).
FHolxtE AE AHIE =ol7] Sl EYel 4% 7]
2 57] J7HE Fdsh, A3t A FEEHAY
H B Ao /fAex H7HI7E ARE AT H7 A
FTAE EFRES BEdhl d&d 038s 3Eshk
Zo|a1 A&k whHo o}, 32l Ed2 = SshEd
2 H| 5oz 215 E|H|(Dissanayake and Hoy, 1999),
AlE-(Riegel and Noe, 2000), 3K+ <& (Garcia-Gil et
al,, 2004)5°] a1, o= vlo] L xH(Garbuz et al.,
2021; Zhao and Naeth, 2022), F2& (Deng et al., 2021;
Zhao and Naeth, 2022) 2 =3 Z}(Huang et al., 2022)
55 ARESIATE Lee et al(2022)= TPH £9S A2
g Bl 1059 H7HAIE sEEE Hrlstal /433
s EYEA 9 B4R E83ety 5A4usts 5414
o2 FAgH A, HrH|Ee| S7HRE M ESY] Al
Hk E40] SFE A, 2.5-5%5 AUl BEY 54 &

EF ARYS BAShE AR B4, YU, B,
38, $HUE, Yol w5, $ ¥ FA%, 9Y
B, 5718 9 5ol ovt o)y iglel et wspr}
whS- =9 o] Ik, vk BRI, EEATY

2 EYTEE 52 #2 ARl Wsar Al&shA S48
T A= 83 AFEo|th(Cardoso et al., 2013). EFaA
A o3t B4 3-8 k= AHuE,
A E90E 71 2 G tigk BT YETS]
ST TEE 2B BT S = A3 ITH(Reinersmann
et al,, 2023). HESH 250] ol g Axke EoF 1S
vdshe b vl 83 xR, ok, AP 2 X5}
T Ao 2 BEYFas/dS 4Pgsial JITHOECD, 2003).
AL A7) SlsiA oY B B 3 %
2EA B200 Q1o Q= o, A (Lens culinaris)
Al 2 ARl 93t FE BA3E o] 83 tke] Alg
E &2 ARE el #4984 Ack(Park et al., 2021).
ol B AdllAe 25 MYE 1052 F7HE
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2.1. EQF M=

Aol AH83E 2% ERS TPH LUEYS EXEZHY
o2 A2)s EDDC soil)d} & 283t EKYI
s0i)O 2, 71 542 Table 13} 7o) DDC Bk &),
YIEGS AdEoIt. Edel A7 H7le EHE
(vermicompost, VC), T|EX >~ (peat moss, PM), AlEEH]
(chicken manure, CM), EM A|A|(EM product, EM), EZ
Aek(chlorella, CR), BF] 2 X} (biochar, BC)2] #7144 7 1A
653} B3] E (compound fertilizer, CF), Al-2E}0|E(zeolite,
ZL), 23] 1% (dolomite lime, DL), 4} 3 (gypsum, GS)<]
F714 7 450)A(Table 2).
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720+ 5 ¥ 2R Gl 1050 7RIS 4 AxF
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Table 1. Physicochemical properties of treated soils used in the
experiments

DDC YJ
Soil texture Loam Clay loam
Soil pH 7.0(0.0) 8.2(x0.1)
Soil EC(uS/cm) 36.9(x0.1) 555(%7.0)
WHC(%) 24.8(£0.1) 26.0(0.1)
WHC(%)-1/3 bar 19.5(x0.7) 20.8(%2.5)
Organic contents (%) 3.740.8 3.3+0.1

Soil bulk density (g/em®)  1.19(x0.005)  1.31(x0.019)
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Table 2. Properties of soil amendments used in the experiments

Organic amendment

Vermicompost, VC
Peat moss, PM
Chicken manure, CM
EM product, EM
Chlorella, CR
Biochar, BC

pH 3.5~4.5

Made from 100% chaff

Produced by feeding organic substrates to earthworm

Pig manure 40%, chicken manure 15%, sawdust 37%, etc.
10 microbial species including Vacillus laterosporus, Bacillus megaterium, etc. 4.5 g/tablet
Chlorella 99%, vitamin C 1%, etc.

Inorganic amendment

Compound fertilizer, CF
Zeolite, ZL
Dolomite calcite

Natural zeolite 100%

Gypsum, GS CaSO, 99%+

N 11%, P 7%, K 10%, granular

Soluble MgO 14%, alkali content 51%, etc.

AgslRed], Age gy ApullE ¥ o2 (Wani et al.,
2008) FA}] Wolgo] =1, 1XHEE] (primary root)7}
Fal Hego] A glo] 233k el 88 = 7]
Folth WA (4°Celx Bagh A" FAEIEY)

Rk} Ao] oJHslal &R ek AE =2t Hied
g TR, Wols dAsHA sl7] 98l Hi SRl 19
123 ok 2EskTt.
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2.3, HIE 3 &=l W
d EGS UXEEAN WdoR F= Tl
HS5Eo] Zofe TS ZEIRIEE HRle) APEE &
At o3 Aol LRSSt A Aule] iR 2=
U GE(E 1] ) AFE3ITE 3RS 50 mL Falcon
vial aFctel] 27§9] 2174 3 mm ¥l 7S & U,
A0 2 et EGS Wit HE B tix,
A7 B Bl 242 18+2 g, 70+5 g ollont, 37t
A BY B oA YI-BCESXS 60+5 g, DDC-PM 2
DDC-BCEYE 65+5 o]tk 7} $H&-2 galfe= FHlst
3 shEdolo] 1A% the, g FEoE ol whd
W7 SHTE FolFideh. EGel geo] Fs] 21
£ 3HE TYFOl 1.0 em o2 FAE A FH &
o7 FTAE G2 T, ARG sttt miF
2308 BEY A4 s 2% 25°C, §5% 60%, S
18217 6A17EC.E 31 3L, Apogee Quantum Flux Meter
MQ-2002 E¢F EHol|A S48t PAR (Photosynthetically
Active Radiation)}2 130~140 pmol/m>-s ©]t}. HJ S
Z58 7] 24 7HHo T FRHFE FE3] FojH
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Aol )31 Ageate] oA 2R & YRPRA] Ao
AFstnt ezt rtEA] A &5 '@ HEUA
(square dish 245 mm x 245 mm x 28 mm)°l] AEAS F
a1 9 =olol] A& o= 31743k ek (Canon G7 x Mark
= 23311, ou|A] SAEE 5472 x 3648 DPI(Dots
per Inch)°]th. =83t A &A= AAZF SHS 28l
T S §, ddsle] Bl ARE vro] By
TAE S8ttt ol Breje] VIS dd FAo) olef
FEOF i, AdEE BAF 58 F Chl-ast
carotenoidES 4 sk= ol ALE35}aL, Bla]= 70°CoA] 48

=
=
ARE 9 AxT F Ax TS S

2.3.2. 289 a 2 Carotenoid %

A A FeEpel "aL, 80% oMlE 20 mLE
2 T, PIFE Solu/l Sl o WEael 193
W4°C) BAsiATt. o]F A4 feiel @1l Y
A2} ol =S 50 mL conical tubedll %7]3L, 80%
OMAIE 10 mLZ ZAH-S AlFsl] F7gl0] conical tube
2 £ oS, #&7](Polytron PT 2500E)& H-23}3ict.
E7)0l] G2 ZAAES 80% o=} HAS o835}
50 mL conical vialol €31, 80% oMIES Hrlsk HE
FIE 50 mLE SIth 4 Al 849 2571 <3t

A FEE D2-87%9 conical tubeZ o E43IT) F
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t}. oAlE F= A|EE 02 pm PTFE E(Whatman)Z

oAr)sled Ao Fulo] YL, 470, 647 = 663 nmol| A1)

RS S8 AL (D~@ell olsll ZA2te] s
AP Lichtenthaler, 1987).

Chlorophyll a (C,)(pg/mL) = 12.2544,-2.794¢4; (1)
Chlorophyll b (C,)(ng/mL) = 21.504,,—5.104;  (2)
C,.p(ng/mL)="7.1544,,+18.714¢,, 3)
Carotenoids (na/mL) — 10004, 1.82C,~85.02C, @

198

2.3.3. g do] & §y &3
we] dole} Ky S thad 2ok AR S
Image J(Schneider et al., 2012) ZZI# 0 F § H|E RGB
2 WH35}ar, SmartRoot 213 (Lobet et al., 2011)2.2
e olulAE el Zel hdske Sassh 13
< % S<I(lateral root) BLE]] AIRPHS A, 22
j_ano] 298 J|FoE _ﬂmﬂ—ﬂi A )= o) Als)
i) do], 7 9§35 ARSI o] ARE ut
F)f_i SRL(Specific Root Length)é‘ A=, ol
eslEa e Zolz AEA AR 9 2Ed, =
< vlE=E 7S A Fo|t(Eissenstat, 1991; Kramer-
2016).

L(root length)
M(root dry weight)

Walter et al.,

SRL =

®)

REER L

234. BY9] SS9 84 B B¥RL: S

ST EQRs M), F71ESRES NIFS(2014)
el oA st ZHHTE Z431th. E% pH % EC=
EFSHT(5) WHoE Ssilal B v,
71&3ERe a7 @_ﬁ

Eargde BT 7S
oJ8}= B-glucosidase(BG), B
acetyl- D—glucosam1mdase(NAG)
phosphatase(Pase_a & Pase alk)l} %L
Arylsulfatase(AS)= Stott(2019)°] %’5‘]{—
ot A7) e 5 §4HESARE2] PNP(para-nitrophenol)
=407 STE H7|SH}. DHA(dehydrogenase activityf=
Pepper and Gerba(2004)3HO 2 =311, B Urease=
Kandeler and Gerber(1988)2] WHo = ZA3IA=Hl, &
& EYOR AFslar, sAll 5743 e s BAsIol

3.4 # E9f
3.1. S2|EEN 54 WSt
AEA N 107 <788 A
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=429 PM % BC AHgFolA 239 EG EFolA
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CM 2 CR AHZFAME 0.1 gem® =7} 7H31)
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Table 3. Soil bulk density and pH after 10 weeks of incubation under controlled environment

DDC soil YJ soil
Bulk density (g/cm®)+ stdev pH =+ stdev Bulk density (g/cm®) = stdev pH = stdev
VC 1.28 0.02 5.89 0.04 1.20 0.01 8.90 0.01
PM 1.10 0.01 5.63 0.11 1.16 0.00 8.83 0.04
CM 1.26 0.02 7.52 0.04 1.19 0.00 8.56 0.02
BC 1.14 0.00 6.90 0.11 1.07 0.01 8.72 0.00
EM 1.29 0.02 6.65 0.04 1.29 0.01 8.84 0.00
CR 1.34 0.02 8.98 0.06 1.19 0.01 8.87 0.01
CF 1.34 0.01 8.23 0.00 1.27 0.01 8.31 0.01
ZL 1.32 0.02 6.35 0.04 1.28 0.02 8.75 0.02
DL 1.23 0.01 6.91 0.12 1.27 0.01 8.61 0.01
GS 1.31 0.02 6.03 0.01 1.24 0.00 8.36 0.01
Control* 1.19 0.00 6.23 0.12 1.31 0.02 8.21 0.12

*without amendment
**Hoticulture soil: bulk density 0.23 +0.01, pH 5.54+0.11
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Table 4. Enzyme activities of DDC soil after 10 weeks of incubation with 5% (W/W) amendment

DHA! BG? NAG? P a P alk’ AS® Urease’

Control 4.0+£0.4 35.3+0.5 20.043.1 35.6£0.4 70.8+3.1 22.8+1.2 26.3+9.0
VC 20.6+1.9 26.3+0.8 14.3£0.8 200.5+2.5 105.9+0.4 14.2+0.1 19.0+£0.7
PM 2.0+0.0 31.7+0.1 13.6+0.5 203.10.9 76.9+1.4 10.120.2 0.94+0.1
CM 28.9+0.0 67.742.5 39.3+0.9 193.04£3.1 309.0+1.7 19.6+0.0 13.5+0.4
BC 85.8+1.0 19.00.1 5.1+1.3 135.043.0 51.542.0 6.2+0.2 37.8+1.9
EM 77.1£1.9 21.6£1.1 4.0+£0.7 129.8+4.5 50.6+1.6 8.4+1.1 1.0+£0.2
CR 1132.1x17.2 44.1%1.1 45.7+0.9 110.7+0.4 108.6+1.6 35.3+0.7 38924
CF 79.5+0.9 20.6+1.8 2.8+0.8 40.2+0.2 34.4+0.1 3.840.0 55413
ZL 80.3+2.8 21.6£0.2 3.3+0.3 137.2+1.6 48.8+1.5 5.840.3 6.5+1.5
DL 94.4+0.9 38.0+0.3 6.5+0.6 90.2+3.4 93.6+1.0 15.7+0.5 31.3+0.5
GS 79.8+0.1 17.8+0.3 0.340.1 113.8+2.1 30.2£1.6 7.3+1.1 8.1+1.7

'Dehydrogenase (ugTPF/g-soil)
2B-Glucosidase (ugPNP/g-soil-hr)
*N-acetyl-B-glucosaminidase (ugPNP/g-soil-hr)
“Acid phosphatase (ugPNP/g-soil-hr)
SAlkaline phosphatase (ugPNP/g-soil-hr)
®Arlysulfatase (ugPNP/g-soil-hr)

"Urease (ugNH, produced/g-soil-hr)

VC Vermicompost

PM Peat moss

CM Chicken manure
EM EM product

CR Chlorella

BC Biochar

CF Compound fertilizer
ZL Zeolite

DL Dolomite lime

GS Gypsum

(Table 3). E%F pHIME H7HA| 2 Bl we} & Ajo]7}
ATt DDC EYA= CRFY CM Tl A= pHZ}
737} 8.98 % 8230% F7Iglo, 2MdE4R] PMF VC
)Tl M= pHE 6.001812 FHaglar, FA gl =
EY pH7t 6352 HAdiainh. v, YI EYelME 2
=421 PM AZFE T3l B ATl pHt F
7ietant. Wby R AP EY B IE-S 9
Xl Aol pH S35 913t ok Flo] g AoR
et Y pH 9552 715 2H37] viE, ek
83, HEQ o]t 5 et alo| JYFS we=rh
(Nelson and Su, 2010). EFE2H *glel] 59 pH A&
3l F5 As)HE)7t 2adt A7} 2o (US EPA, 2017),
DDC ERE 74 g0l ka5 7 H <4 FgollA
2H3 71 A o= QIS pHYE H7HA Fdell Rzt
3lA Wk Aol Ak}, v, YT BEGRS A7
ol % ol2F L7} 2o} pH Wiy} gAY 78 Aoz
et

3.2. EQIG AN

:
[
}4
[
o

Edalg 7, BT H7HAlC we 2
zpo]E H Atk DDC EUolA DHAE F-3]g]7-ollA]
4.0 pgTPF/g-soile]o}, F712 2 712 =g}l A

A\
N
iy

ZY7} 2.0~1132 2 80~94 ugTPF/g-soilE =LA ¥H3}s}te]
A7 oJgt o] w9 Z AS & 5 UTH(Table 4).
J7]14 CR®] DHAZ} w9~ & 3hs HQl AL dwl 1%
Z3teo] e vitamin C7F YA 2 Z-83t] DHAS}
TUS g5a HhE-S 3§19 7] wiiE o] th(Borsook and
Keighley, 1933). ©] 2= Y] EIAT FL3ITH
DDC E%e] PM F7FollA= 7] tiHl 50%7F 243t
AvE BT, AMESIA &gt P a 840] St
Sk AoF Hol, pMel| &gt pH 7HAr}t FERlolet A
Aot =3k, EY 9E 59} DHA 40| vhlgsitie
g ®ueke AX3KBlonska, 2010). BGE 712 3]
g2loll A 22~68 pgPNP/g-soil-hr2 F-713 A |72
18~38 pgPNP/g-soil-hrE T 32 73S HATE U3
NAG, P a @ P alk 2 ASIIXE Aukdog {714 A
T 9 &2 H3S R DDC EYY] Urease= CR
> BC > DL U222 tJZ7ollA 26.3 ugNH," produced/
g-soil-hr® 2 2 3hS KBt YI EGelX 9] Azl7-E
Edaasty 2= Table 594 2t} DHA® U&7
4.0 pgTPF/g-soilol] BIal 22|l = 81~2416 ugTPF/g-
s0ilo] 2™, vitamin C& X3Fl= CRS Al2]shH <F 308)
= 7Y 28y YA EYasdAe Zkzte)
A7HMEE 2 AfolE Bt AWEes CM % CR
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Table 5. Enzyme activities of YJ soil after 10 weeks of incubation with 5% (W/W) amendment

DHA! BG’ NAG® P a* P alk® AS¢ Urease’
Control 3.5+0.6 17.3+0.9 13.4+0.4 71.7£3.5 30.8+18.9 1.1+0.4 4.1£2.9
vC 99.4+0.9 9.8+0.5 3.9+0.5 60.6+1.1 73.5+1.3 8.1+0.2 11.2+4.7
PM 93.1+0.9 17.5+£0.8 9.2+0.8 45.5+0.1 84.9+1.7 8.6+0.2 52413
CM 111.8+2.2 44.3+0.7 23.6+1.1 191.2+1.9 291.242.1 14.0+1.6 40.5+0.2
BC 90.5+0.0 4.5+0.0 1.4+0.9 15.9+0.0 20.8+0.3 3.3+14 8.2+4.4
EM 88.6+0.1 7.3+£0.0 4.8+1.1 33.7£0.8 76.9+1.7 3.8+0.1 5.7+0.5
CR 2415.7£17.3 28.7+0.3 38.6+1.0 187.8+1.3 411.7£1.9 20.6+0.0 18.7+0.8
CF 115.0+2.0 4.6+0.2 1.1+0.7 17.2+0.3 12.6+£0.6 3.9+0.2 37.1+£5.6
ZL 80.5+2.9 5.6+0.0 4.0£0.4 19.9+1.1 28.5+£2.2 4.9+0.0 10.4+3.5
DL 93.8+1.8 15.0+0.5 9.9+0.7 50.4+0.3 127.3+1.3 9.8+0.2 25.1£5.5
GS 82.7+1.0 4.7£0.0 1.4£0.5 28.5+1.4 42.1+£1.4 2.5+0.2 5.2+04
VC Vermicompost
i . PM Peat moss
2Dehydrogenase (1gTPF/g-soil) CM Chicken manure
B-Glucosidase (pugPNP/g-soil-hr) EM EM product
*N-acetyl-B-glucosaminidase (ugPNP/g-soil-hr) P
ap . CR Chlorella
'Acid phosphatase (pgPNP/g-soil-hr) BC Biochar
SAlkaline phosphatase (ugPNP/g-soil-hr) CF Compound fertilizer
®Arlysulfatase (ugPNP/g-soil-hr) P
"Urease (ugNH, produced/g-soil-hr) ZL Zeolite
He p & DL Dolomite lime
GS Gypsum
e}TollX] DHAS Al€d 65 EFaLTA0] 22 3ks FS WETH(Das and Varma, 2011). WpA 24 47141
HRl v, T Aglollde BEdaagdo] vzt vl 423 24, 53] 718 7 B A7 e A=
LY TS ARG vl B i 2ol thek AH7} g el BEdasgie] ks
EFaLgAe pHell RIZFSH ¥hE3tal, BG, Urease, ASsAY Arstrle w9 ofHoh otk 2wk FeAflo
P alk 52 E%F pHoll Avldlshe Aoz HuFou: o5 f71 e BEX ¢ ¥ P o3-S SR8

(Acosta-Martinez and Tabatabai, 2000), & <3 A3} A]
© EY pHe} B4l Al < 0.2)7} vl
StTH(data not shown). YN O Z+= Fe 477t w
B fA71A gt =5, A4 FAjol ogk o wvjE
A 5ol US A= AlmHE

DDC ¥ YJ Eqol gt 37 ¥ a3E vlushy)
Qo EFRATAS 2T o g vro] Al
Fig. 13} Zt}. DDC EYIME 7714 A7HAlelA49] BG,
P a @ P alk’}, 714 H7HA Al A= DHA, BG
2 p o7} BF UERTET 3T Y] EYAE BE
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Fig. 1. Comparing the soil enzymes activity in each amendment treatment to the control. (a) DDC soil with organic amendments, (b) DDC soil
with inorganic amendments, (¢) YJ soil with organic amendments, (d) YJ soil with inorganic amendments. Vitamin B was the cause of the
unusually high DHA, 1,132 gTPF/g-soil in DDH soil, and 2416 1,132 gTPF/g-soil in YJ soil, in the CR (chlorella) treatment; precise
values were not shown in the figures (a) and (c).
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Fig. 2. Steps of image processing for estimation of root length and volume. (a) original digital image, (b) conversion to an 8-bit RGB
image by ImageJ, (c) root identification and estimation of length/volume by the SmartRoot program, which shows the main root in red

and the secondary root in yellow.
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Fig. 3. Radar graph showing comparison of seven indices of lentil germination and growth on reclaimed DDC soils with amendment relative
to nursery soil. Each value of plant growth index on nursery soil was set to 1.0. (a) amended with vermicompost, (b) amended with peat
moss, (¢) amended with chicken manure, (d) amended with zeolite, (¢) amended with dolomite lime, (f) amended with EM product.
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Fig. 4. Radar graph showing comparison of eight indices of lentil germination and growth on reclaimed YJ soils with amendment relative
to nursery soil. Each value of plant growth index on nursery soil was set to 1.0. (a) amended with vermicompost, (b) amended with peat

moss, (c) amended with chicken manure, (d) amended with biochar.
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