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Abstract: [ Objective] This study aims to achieve efficient utilization and value transformation of the space under
photovoltaic panels in rocky desertification areas, and to reveal the effects of different "medicinal herb-liana"
utilization models on improving soil nutrients and enzyme activities, thereby selecting a model that can efficiently

utilize the space under panels while having socioeconomic value. [ Methods] Based on a near-natural indoor
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simulation test site, composite utilization models of Polygonum multiflorum with various lianas were established.
Drawing from soil data in both dry and rainy seasons, one-way ANOVA, nonlinear regression, and redundancy
analysis were employed to systematically analyze the temporal variation trends of total soil nutrients and available
nutrients under different utilization models, thereby further clarifying the correlation characteristics between soil
physicochemical properties and enzyme activity. [Results] 1) The model of P. multiflorum with Lonicera
japonica exhibited a stable nutrient accumulation effect; the model of P. multiflorum with Pueraria lobata showed
strong seasonal fluctuations, with a net depletion of nutrient content throughout the year; the model of P. multi-
florum with Wisteria showed an initial increase followed by a decrease in nutrients. In comparison, the control
group exhibited continuous nutrient depletion. 2) The seasonal dynamics of available nutrients showed significant
species specificity. The L. japonica model achieved accumulation of available phosphorus and potassium in both
dry and rainy seasons. In addition, despite an explosive increase of 4.02 mg/kg in alkali-hydrolyzable nitrogen in
the Wisteria model during the dry season, this increase was rapidly lost during the rainy season. 3) Organic carbon
and available phosphorus served as key factors driving enzyme activity variation, with explanatory rates of 71.8%
(dry season) and 83.5% C(rainy season) , respectively. The L. japonica model alleviated carbon and phosphorus
limitations through the accumulation of organic carbon, resulting in a steady increase in both soil nutrients and
enzyme activity, whereas the Wisteria model presented a state of high enzyme activity but low nutrient content.
[ Conclusion] The "medicinal herb-liana" composite utilization model plays an important role in enhancing the
stability of the soil biochemical system and nutrient cycling efficiency in the area under photovoltaic panels. The
composite utilization model of P. multiflorum with L. japonica exhibits the best adaptation potential and ecological
benefits. The research results can provide a theoretical basis and practical guidance for under-panel economic deve-
lopment and sustainable soil ecological management of photovoltaic power stations in rocky desertification areas.

Keywords: rocky desertification; "photovoltaic+ "; "medicinal herb-liana" composite utilization model; soil

nutrients; enzyme activity

Received: 2026-02-13 Revised: 2026-03-31 Accepted: 2026-04-13 Online (www.cnki.net): 2026-04-20

FE 4 BRI AR Ak S 0 0T i it T 2 1) XAl
H bR T, 0GR K Hn DUHCTE 0 i A AIRBR £ i A,
R B ) AR R AL AL R B Oy YL R A Bk
=Rk R o B R A A X 2 — v 1V e T R
XA EA E A, R B3R 5 R T
AU IR 0 ME 55 A A R G . A Ak ) ™ ] 29 0%
M DX At 2 28 T AT R R R © ik VY R M X AR
AR BE ) —1 Bl AR T H AV R
DX R RIS A B, 3% B o6 AR A 2 i R B A AL - M Y
[, B T e R A . SRR A S
ARR SR T — B AR + 7B L Cagrivoltaics) , E
U B Ry R RO A 7 R R R A S P O A
RHORAR S M, AL oA B B R i AR R D A
ARG B ) UL SR AR AE AR T A B ST O IR AZ R
H. 25 (6] 52 20 R e ik AR 5 v, o L ST B ) A A M
DA SRR R 2 A, VR SR AL KU S i AN

18 5 CPolygonum multiflorum) 4 ¥4 (Loni-
cera japonica) J5E A 25 Rl AR 2 &35 , B A B9 Y
T 375 14 55 T 1 SR8 ), RE 8 T s i ke vl 2 MR A

B I i A A AR R AR A W T DG AR SR
R SCARE R DGR SO - R AS K W) B SE AR S5 R A A
“Br bk L BCR R 2GR A AR
A RO, 2R LA O s SRR S A A
SCAE A, H AR T AR AR AR A L A AR AR
DX e A ) A (B . B ORIk + BB S 2 R AR
TP ISR P B AR S R GO ke T
A BAL AR BN AR R R S AR B =

FEA AR B, ISR R S A BUR 5 4
BT ) R AR SR A S R LD BB S R S 1 T
FARAR . TR VR4 WA TR L X, K A3 2 PR Y
P B B R S R AR AR O W B A B
T 5 B S SR 40 5 W AT 0 A A S BT M
T, e B A5 R E BRI I AR ) R S 0 T
THaz A B 37 0 AR K R Gl vk BoAT JE 2808 3
ASHIE S 1 BURY) A FhAR ) 35 S A i LR A A W) AT
L A g Ties B s S5 AR A00 A A0 e ) AR E B R 0 Y [] B A
22 T BINEL; WA SERHE Y, A B IR A= K
R M SR T T BB e A 1] S B R T

http. // stbexb.alljournal.com.cn



58 PSRV R 3

840 %

BUR R LAl WAL R R %4 v [ )2 il g
WA HILIR TE T TG A VA PR T R Y R SR
A R [ AR 7 Y R A RO A B A 5 T

Hur & TR AE S RE MR K 245 8 X £
BSR4 R B B X R A R LER
HAF S EEE RS E XRZN RS
WEFT , DT B il T %o 5 A A K 2 R S =X v iff
i e S Xt - A S IR S AL G4 R o 55 b, A R
FAAL R AN 9 7K 43 S5 PR B L 52 22 0 28 fb A5 T
REXT HIER DR MR EA LW, 25 T4, 55
it 7 1 A TG, 520 22 S O v S . e il
52 AR 0 A HEEE X S 22 2 5T 30 0 it A7 v AR
AT R A Y

AW ST HC R BT [ AR = NS 7R A
WFFERT G AR LM 5 B AR R AL S A0
TR SGAR -25 AT A " 52 6 ) RS =, 45 6 JR Ao el 5
SEYGE S A, LU A SR 0 R S S AR R R AR R
G DT B A S A TR A A B i
AR T 25 -HeA R B AR B 7ESL B H
P s D BRI 6] e A AR 2 6 R AT T L
B At Ry SR 4 W B ARk S BT 25 5 2) JHE
T8 S OC B I M 11 2 75 e 1 R A A X AN ] A
AR 38 I 1 R A 5 3) BT - HE Ak 1 I 5 il O 1Y)
FRAHUE], FEROCERIK B 7. T 45 SR W o B oh
A AL i X AR H S 0 A s R R A R 2
WAP=b AR PR B AR 4 55 1 AL TR s
1 #RERE
1.1 REEESHMAHE

A5 4 RS WY T P R ARl R AR 0 B AR B
BRI I8 T 1E A 09 0T & RS B ERHE 2ok
R FHREE HEIT e . %6 B SR X HEAT , B2l 6 AR
BB MA N 14.4 m*(4.0 m X 3.6 m), B2 i JF &
B0 A, e B 1.8 m, A MK S B b 1.5 m. 1E

ARG EE T A 441 127 em X 127 cm REHE , 554
SWHEE , Mt 128k

AR YA 0 BT B S 5 B MR S B L (FMRPD) |
ol B 12 5 4 AR A B R (FMRLD fif B 12 54 IR
SR (FMEW D 30 AL AT % LU 5T, O 1%
AR AT Hl AR V% 7 5 FE AR S CKO BRAL . g il
FI R E 3T A, DL PR A [ b 3 8] A 5% 4%
PR —20tE . BEHLAEFP A B ARAE AT 20 A AR IR
B M ATV o B HURE 43 0 R 2 b AR ) 20 # , 3
408k AP BEPETTIS 1 a M2 B AT AR, 3R R AR
FAEWIR AR IR IR 2E o Fir A 36/ AR P 1
TR 35 R F 56 4 — B0 RO 25 B (RRATFE 2424 30 em)
S RRATIE B 3948 30 d bR HEFR D (B HaB 5K L A 4R
JERD RS E R R A K BRI R
1.2 HE:XESHLE

- MR Y SR A TAE T 2025 4E 43 34K BEOEAT
PR3 E RME S HRFENSAWE, Z W T w i
FRASE )R HE A s p g BRI R A, HL L
a bW R R AE X B FR)E SRR
H L A 2 SUTR A TR 3 e SRR R AR 0—
10 em % 2 HHOR A8 X3 ) ECOR £, 3 36 47
o SRS EE 157 Bl A TCTE B £ 48 % £ 45 [l
S Bl S 4 B2 200 g B fiE 4 R L AT I A £
b SN R T P o o i e | RS L E B/
T N TR BRAT A WA R K Bl A ) 58 A4 55 4% It , F
VB 3oL 5 F 25 L R T O 8 A M B I R il 9 P 4
B o SR B O AT SR K £ o iR
545 B B P2 B AR &K RN R EH 10.01%, B FER
FB9.67% ,MZEARE14.89%, £ pH 5 5t{H 7.34, 7
784, A= 7.69, MEITRFLLIEA R R 1.2 g/em’, H
[ HEK R 23%, B LB 36 %0, it &+ . A
KRR TR 0.97 g/em?®, T ] #5 k& 30% , B FL
BREE40% , B A R 1. TR ES BRIl & 1.

*1 EHHESRE
Table 1 Background values of each plot

Ab g H SOM/ TN/ AN/ TP/ AP/ TK/ AK/
P (g-kg™ (g-kg™»  (mg-kg» (mg-kg™ (mg-kg™ (g-kg™h (mg-kg™
FMR&.PI 7.0940.05b 16.62+0.20a 2.9740.08a 2.8740.21a 1.79+0.13a 0.93+0.02a 9.1840.18a 248.60+0.24a

FM&.LJ

FM&W{ 7.44a+0a 12.69+£0.28b 2.90+0c

CK 7.50£0.02a 13.42+£0.77b 3.50+£0.03b 3.964+0.21b 1.224-0.05¢

7.35+0.02a 12.37+£0.51b 2.90+£0.05¢ 2.634-0.12a 1.6340.19ab 1.0540.05a 5.94+0.31c 227.8741.24b
2.39£0.11a 1.322£0.06bc 1.0840.03a 5.9640.06c 181.24+0.76d

1.1840.12a 7.524+0.06c 206.184-0.22¢

VE <RIBS RN 5 8 427 AR [F b T 2 52 8 3% L (p<<0. 05)
1.3 TEBEAMREEFENEFE

1.3.1 E3gmieik Aol K R AR
S (P ARAL )Y R A LY/T 1215—1999¢ 7

PR S 7K 53 - A A 0 E ) T O S A
RS e KRp K (R RTRR K ) B 8 K i i
AN CH ARG 7K i) B4 FL B JEE 25 4 A s L e 57

http. // stbexb.alljournal.com.cn



o5 4 1

P T A5 < A0 ARG IR AR ™ 245 -1 M R 50T - S8 % 230 0 R g% 12 ) 532 Wk 280 59

oy e 2 2% (R AR A ) pH N R A
LI 5E A HLEK (SOC) K FH 585 1R B0 4N i #4 32: nl
SE, A FCTND & & 1 e Sk LR E /A ik,
BeAuk (TP 2 R BTt Ek, B2 (TKO
3 SR KO 6 B T i - BB R CAND I 2 2R H
i B B L AR CAP) I 52 2R I NaHCO, 12
PE-ARBE BT L Ak | - BEE A CAKO I 22 2R 1 bk 2,
TR B3 - K M G R T
1.3.2 E3gmEwma g+ Tk A
HEAAL A B o A R SR B A 4 B i (S-SCO
K 3,5- K e ik B R+ 24 h
A ) A A B s b R O SR IR (S-UED
SR FH B B W b (a3, B R B 100 5 £ 24 h AR B
NH,-N & & 5 1 38 9 4% Bl + 598 W2 vk o iR i (S-
ACP) R FI R R —4h L (kB 24 h s B9 e +
Hh R T T T
14 HELXLESSWH
AR 5T H Excel 2023 %428 X B 717 %) 4 %%
B R SPSS 20 84 #E 47 B R 2 J7 22 43 BT Cone way
ANOVA), IR I R YE S 11 07 2250 H1 Fil Pearson A
KM BT 5 T AT B AR 3 . TUAR A B (RDADAE
J Canoco 5.0 FAFHEAT s Hiodka il 14 W% 1 Origin 4
RS 2.1~2. 25048 R 45 8 br T 525 (W 2RI X
T S (E 28 Ak, HE AR 28 b R A K
A=C —C, (1)
s C O RABEBTZAE bR 10 520 % &, g/kg; CoN ALY
AL IS S 0 A5 B AR A s 25 A A > 0, RORFR
B EAN<O0, BRFENHLE.
1.5 TEIEAREHEE(SFI)IFEM
kI B — SR A3 AR AR P AN I R T M AR A 5 2 X
AHHLE (SOC) \2H(TN) & (TP) (44 (TK) 5l
il 2 CAND B CAP) \BRALE CAKD 7 435 A Ay
N S48 B (SFD i o 4 2 4 o Ak 1k b 3B O
SR 3 843 40 W i CERCAE AR i 7 AL, X R AR
AN 24 -je A =X 2R A S T R AT S ST
1.5.1 #¥E AL SR 25 AL L (min-
max normalization) X i 45 8048 #E 47 0 — b Ab 3, R
“STRSE B R R AT R i TR A R
N,:i( Xi — Xow) (2)
( Xmax - Xmin )
P NSRS AR B I FR AR 2 (OSIN<D); X, K
AR B S2 I 5 X 1 X0 23 51 0 T A REAS TR % 48
T 1) e K AA A A /ME o
1.5.2 MEHME L SFI++HE AU RH TR
Bt ¥ (principal component analysis, PCA) #fi & 4% 1T

WA bs ACE o 38 o B BURRIE(E =1 89 F 5, 1R
BAG AR 2 T F 5 2 (communality) |, B HAE b i &
AR bR 255 IE 7 BT R OR AR HE , HE T EAE R
AT Sy R4S B (SED SR AR Ak i,
AR
SFI:z”:(W,-XNf) (3)

b SFI R S8 o i 48 850, HoAE ol O~1, f K
PO LR A AR SR s WoR S i AN R AR AL s h
e br A

2 HRE5HWH

21 AE“H-BE"FAER L EFSHFEN I
211 AL ZhowEEEYHE hE LA
AT 24 - ) AR o el A 4 4 R A Y R
WAL RRAE , HL 2 5 R R A 2 22 BOAE B B
SOC J5 1, 3 Fh A FH AR 2 1 2 B0 A CK W A3 ALk
5 sk nz , He o FMRLLT B 5 36 Btk 35 0% Ak 5
B, SOC & i 76 B 2 i 35 8 T35 5, T g itk
2.80 g/kg(p<<0.05) , H.7E TN 2= 5 bk 1% B B8 T A1) IR 15
B W AR BT SR E A BT T (0.1 g/kg) 5 AH
ez F L, FMRWIHEE SOC & 52 3 51 2= 45 ) 5
ML RN B 0 RN W S R g e
ik 5.21 g/kg, F M AT+ HERk E BT AE
B2 0 AL CKAER (R 2% SOC A fb s 250 (i,
S H 9 /0 3.03 g/ kg, i W% RE R - B 1 I 2 1Y
- MR L 1)

B XA B 4, FMEPIAR 20 Al CK AR 5 75 i
AR, R IR AR R AE YR T A B AL+ 555 3%
BB A ZIME . Hobh  FM LI B A R 2 B %
R AR 4 Bl 09 2R, TR K a2 0.49 g/kg, UK
FMEPIAL Y 1/3, 2R W BOAR B 0 3 76 WY 2% 38 o ik
PR AR AR B R B RE TR, LIS
B AR A — 2™ R U 22 5 FME LT A 2
TR AR R F R R ), P 1 ik 0.86 g/
kg, i FM&.PTAR 20 4 8 A5 1k 1 15 2 T B, i A8 b 5
AR AT WL 1 A8 Ak B — 30, F — 2P B IR B AR
2CTE TR 25 A7 6 25080 1 55 40 T 40 ¢ LSS
212 rE#HAAHsWEREESHE mIE2T
S, O AR AT A AR A X S R e 4 R A
A RO L2 A O A . X T MR AL CK
YT T ZE AL LT O R R A X L I b AR AE )
AR E P AR A RRE T THES R
2K, T FMECW IR 2 7 52 2 3% 9 Oy Wl 8084 i, ~F- 35 g
K 4.02 mg/kg, 72 {6 I8 B E w7 H A b # (p<

http. // stbexb.alljournal.com.cn



60

PSRV R 3

40 %

&b ZH

0.05) , {H % 3 1 15 70 2= R BE 15 2 A 24 15 5 M
FMELI LA SRR P 2 249 44 AR P A 20 3% it
JSE, TR 2 e A SRR R AT AR R R AE R E KT R
FMEW A5 35 4 Al 2090 3l o 75 3 2 W D5 1, 3 7vf
AR A — s L s RSB A

RUCG% 0 AL A S B R R o B EAEH . Horp
FME LI e 80 Fp 2k HRR & 19 16 AL, T it 2
7B S T 2, b 9 AL B 1 AR e DR 0.84 mg/kg
() IE 1) A8 f i, 35 A F CK & FMEPIAR 3L 76 1 %
HH B 0 ol 2R T e R IR

6 (a) . (b) Ab (c) ik ] " %g r (d) _
=~ al P \} Py P \) & o Tk 7
' W W ¥ W W o 15 s .
2,1 I I il ol o & & & Ty 1Y ii i i
2 o} - i w Of B
® | S04t =05t o
=2 s E—].U-ll
I 08¢ o150 W)
-4 5 _%g_ :
® TR K K R O
NASII VP N e
H-16} & @
s Q‘Q’!\ fé\ QKSH’
-2.0*% %}E
mm G Ll =
1 :FM&.PL.FM&LI FM&W I CK 4 5 1 E & G 4L 5 X R AR, R,
E1 TEEXLEFFLERETTHTH
Fig.1 Seasonal variations of total soil nutrient contents
~ s Bl e ~ 250;© . 10r@
'ep w15 'sg 200F H 0.8f 7
5 . b b % Ibop
X v 1.0 b % s 1001 a 0.6} ag  :
£ E 05 E c ol E a ?
= = II : = 50 [ i o4l o
K £ o0 T g oA M HE ER O .
% g—u.s e !! E sol . 0.2 [
=1.0 db T-100f ©
» » & & S & ¢+ S » & &
& o ¥ ¥ -2 o
*’C&h Q\b Q\x&‘ *?gs Q\h QY!\‘BH Q‘h Qﬁt‘ (5“3}‘
fb T Ab¥R bisk ]
= 5L =
T B B ARG - 5 3R OR AN TR Ak 2R ) 22 5 .35 (p<<0. 05) .
B2 TEEELAFSIRpHEET TR

Fig.2 Seasonal variations of soil available nutrients and pH values

AR PR 2 K O R A B W O e
FMR.LT #5152 W i 4> 1 5 7 T 22 88 0 &80
T 2 A EUSCE AR AL i L 5 R T R 181.41 mg/kg, IR
- #4 2% {H 234.81 mg/kg, it & T FME.PI £ X Y
56.12 mg/kg, MG #4181 . ARALBE T 3 pH
AR A 1 Sk TR 3 AR R R A A pH i Sl R R AH X
BN CKAE 522219 pH X I 0.49 , U8 I Ji A 48 97 1)
I ROUE AR b X AR B A R R 4
0 1) R R E 1

213 AEAABRXFEERSFALEMG T/ L5
B 5T 5T 5 E A AR R RRE, 3RO

[vi) 1) FH S 27 4 3R 40 UR -0 " e e R B B Y
Iy SRRAECE 1.8 2) . FMRLIKE R A2 &
B 3% o0 M, FLAE 52 2 S AT ML 4 40 1 1 4
FUR A HLI S 280 2 3138 in 2.80.,0.86 g/kg, 7E TN 2%
YEFEBE A S SRR R T B A IR BRI FR Lk
M AR R 3R 43I0 . FME WX 75 7 2
A ERCOR B R SO B T (AT 2R A

PlEBE % ™ 5 SR R R AR R BURE YRR
W5 2= SOC 247 3k 3.82 g/kg, 1H 2 T Z= i ik #4
AR R V- 35 1.39 g/ kg PV, 2 THI I 44 1R 35 43 T 2 K
B A . FIMQ.PTASE 251 6 {8 I AE X P A2, b T 2
PR 2 0], + 3R 155 7 Bk . CKAE 2 4R
b b2 B i) AR Ak (22 Ak i << 0D, 3 HLAR L4 A
76 T 25 B4R FE (R 20 90035 21 3.03.1.58 g/kg, Fen HHESE
O3 HARIFE R TR A T IR R .
2.2 3EFEE M A R S 0 R R AE

AN T 24 - e R R ASE X5 ) 8 7l 9 P 1 B s
SRR UL 30 FME LIRS v e il 1% P e 52 W]
AR T AR FE R R AR 2 A0 R U iR N T
flogb B, HZEA 2541 5.2 mg/(g-24 b, Tl FMR.WT
P 15 10.8 mg/(g+24 h) o FMW 4 X A ity 7%
PRI R, I 200 M 2 RIS, KT CKOK O,

2 5550 WG IR 0 TR e 2R R R S R Y
e b7 22 S Bl K o 3 AR S AE AN R AL T CK. ¢
i Ry LRME Y 2 2R R 2 3 B R =X IR

http. // stbexb.alljournal.com.cn



4 3]

P T A5 < A0 ARG IR AR ™ 245 -1 M R 50T - S8 % 230 0 R g% 12 ) 532 Wk 280 61

I PR W, AR Ak i 3 i T A b 3 (p<<0.05) , B
BN B NI R A (EN T =R P NP N = R S
PR, 3EAT 5 G B 5 Z A0 G, FMR LT IR
it 5 M A T 2 A R P AR AR E KT R e v
AN Fe G R YR R (H AR MIF&W 455 3 iR 1 76 1 7
B R A 5%, T FMR WK R (1) 42% . 76 B 11 BF

J7 1, FME PR = 5 2= 0l 2 ity 3% P b B0 22 =X £ )
AR Ak, 2 B HL R 6T 5 a0 A 0 #5585 s FME LI =il
TP A i R IK B FMROW I X R {1, (B 454
A v A R A FMQLLT A5 =X 4 B0 7 W 1R il 1%
P T R IO ) R B B R FMRPTBL (1Y 2.5 6%, Uit
W2 2T A A 5 1y EL A B g ) BN %

~2r@ ) 2500  (b) 01 (@)
= . 2000 & i &
<+ 5 = 0r
ha. % A = 1500} 3 by
e A 1000t a2 m -50f
o 107 2 ® 500} lﬁ D" . b
[ = =) L a
= - : g2 ote o i g
& st 5 E qj 5 2
2 g 5001 U b & -1sor L b
" = oj000r T ¢ b4 . !
0 ~1500 ~200
& O & & ARG SN S o & &
AR T ¥ & ¢ >
& @3& & @!‘%' S P Q‘J‘g'
b3 b ihE
=% =i

B3 AE“A-E"FARKXT L EEEENE TS0 HE

Fig.3 Seasonaldynamicresponse characteristics of soil enzyme activities under different “medicinal herb—liana” utilization models

23 TEFSEXEBMEENBEER

Sk 48 7 G AR AR AN 7] 24 - e IR B8 AR 2 5%
T FE AT B AR W A L X DG SR Ay 5 R
7 1 7K e Bl S R AT R 2k R E A AT CIEL 4D
FMRLIBEA A5 i e BE B 52 W3 ARG, RERECR
(6.455) Y SOC & HLILF] 15 g/kg W, B A il 1 P ]
ik 45 mg/(g-24 h), LIl 4 SOC /KR 1 FME. W {45
X FE L 20% . RIS A PLE R T 5 W
TG 1 BE 7 2R AR o . FMRW B X 1 A IS (8

e, (L BE SOC B, BTG R 42 T+ s ks TP 22
SRS RS P 7 T, FMRW IR R R & b
E T PR v, R A G . FMRLIAE R A & 2w H
SRR IR I AR, 2% B 2 Bl 9 K R) G 03 R U
W&o B T, ML X 4 il 5 0 1 il 005 1 11 6
FB0UE A R P A A R HE S M
ORI Vel R R O N - < B ]
FMR.PT#E Al FM.W 45 3 38 B8 7 A SC 4R AIE | 4
T 1 R I Tl T A 2 A T AR R T R AL
(b) ~ 80 ()
40

20

PEREE/ (mg =g " -

~ 507 () : 6000
=
I 40 & 5000
s 7
T 30 e 34000
. =
220+ . 3000 |
2 g
= 10f = 2000
0 : : B 00 L—
5 10 15 20 1.0
HEEHE (g kg )
= FM&WT

TIEEE (g kg™

09.2 04 06 08 10 1.2
THEEH(g kg

1.5 2.0

FM&PI FM&LJ

B4 TEXEFOSHEHRNBEENFEFLZERSRESUFTERSHE

Fig.4 Nonlinearcouplingandecologicalstoichiometriccharacteristicsofkeysoilnutrientsand theircorrespondingenzymeactivities

24 ITERS-BEUHREHNXBENRF

TUAR 3BT (RDAD S5 53R W], iy W3 b 78 52 2 A1 T
2 3 ) i R M S PR S 0 71,806 M1 83.500, K
M 3 BB 4 B0 35 [R5 8 A 280 A R T 9% 7 ) I = ) S
(F5 . WAEYMSHENT IR RKE, + 5
A LB AN B R K E R K, HAE 2 A F T
55 T W AR AR R BN e SRR Y B
G 6 2 W], T o Tl 9% A S ) e R S B L K P

(SOC: F=14.2, p<<0.01; AP: F=11.5, p<<0.01),
Fem AT BRI 5B 2 UK Bh 7R 5 AR b i) O B I
PO b 1 AR ARG SR TE I IR SN
it | W TR A A R 52 2 19 Ok i e A 38 <307, B AR
F LEAH G, 3R B A LR A R A2 52 0L RS 4, BRIV e UR 1Y)
A RO 2 BB W Tl AR B 1 S . AS TR
R 2 CTE HE 3 v 253 ) 43 SRR AE B 3, FMIQL LT B
TERFEHEET AR R, 5 SOC. TN, TP

http. // stbexb.alljournal.com.cn



62

PSRV R 3

840 %

L AP R HIEEE R MR E I — 2, KW
FMELIAE 3 oo 2 1 i 1 b e e S8 %8 2 Mt 2R
W IR O - R IR AR R A A I
TP AE 5 WK () 1) (ELS TN B o) B9 DX, 32 0] 4
B R ZR 7 R T LR A ) AR ) A R

JOk e LA fin K A7 AL A Ak . i FMEPTAL it CK I
K253 A5 46 A 855 TR 1) 2 1) 38 R 28 X3, 67 % 4
HARAL SR 4 B0 HLR TG PEAIR R o Bk, pHAER R
i i SR S22 O AH G T AE R 2 D0 5 O M R B —
14 1F A G 1 o

2.0 2.0

[(a) B % [ (b) WZ

1.5 F 1.5 F

1.0 1.0 b
X 051 e = 05} m AFM & PI
g ol o & : ol Sucrase OFM & LJ
= = andd " FM & Wf
‘::' =05 2-0,5 @ e CK
g -1.0 + E—I.U -

-15+F -1.5F

201 -2.0F

_2_ Il L Il 1 1 _25 1 1 I 1 I

3 -2 -1 0 1 2 -2 -1 0 1 2

RDA 1 (78.5%)

RDA 1 (81.2%)

Bs5 EWNAEIEBEENTSRHRERIEFITRIM(RDA)

Fig.5 RDA of environmental driving factors for spatiotemporal differentiation of soil enzyme activities in dry and rainy seasons

3 it i
30 RASER T ARREEER S TE-C B

1E LR W e R B R ERA A B X, SR
I3 00 W B R 5 A 2 1 R R A S K A Y XU B
BE o ASWTIE K B, AE AR AHE B9 T, AN 8] 9 K o 25 F
NERARRES, BRI A D o PR
J0 % 2t DX T SR Y A R XA . R R A R K
AL S 2FEM 800 UL L, HZ M . ekt 2
A A 1) 4y B4 AR 50T 0 BC PR, ok R A
A SRS EOK R . 2) i E TG R X 2 Y K TR
o6 T G B R A0 ) TR R 0 R A b L A D IR AR B
PR ZE & R T PR o 0 22 T 2 IR AR G AR AR
WY B, SRR T M2 B A . 3) M
Wik o IX 4 2O HARKRE ) 22 VAR IR Z , TR
Feor e Sy B N AR T B . 4 AN EAE YA [F] AR
KTt X 2% #7405 R BEANIA] L 5 Fiantis 55 B 58
S5 R — B0 2 5 20 R I RE D 48R TR 2 0 O
L PR E MG S RAMM TR Z.

b T T8 T HUR A 1 CKXS BRZATE AR B T 11 £
PERFEEI SR I IR IR IR IR P R G AR AR )
Yy R T AT I G, BT S A T 2 AL AR AR I
)= LIRS MR LSS R 5 BOR 2 BORA PLBR S 22 ™
PR IR VA R e, A R XA B g AR G T A
FRBACAE B IR TR B WT A R & o TR 5 0 2=
il B 5 5 R G A PR EL ok  7EA R AR Y
A R it A AL S BRLAE -5 58 FA 7 W X e IR B b T, L
BB 2 M P T 5 2 T ) ik DAL S B30T MBI 5 4 45 2 Dk
D FREWIAR A 2 s s fng B B o5 AR 4 2 45 B D
AYIE 1 MiAe ™ FJR 3997 TR S A T X BE B ] 1 % 5 4

BRAETY 525 A FHASE XN 2 1 2 i A B 3753 I T
T 22X 45 T2 AT B RO H DL iR o 8 il o st
S A2 E AL AT REAE T 4 R AR K IR MR R RIS 43 1k
AT IR LR A LR |, 38 A AR PR R b A FH T Ak
S0 - 48 P 2R [ XA PR, AT A AL R R A B
v AF E Y BR ) L 1% 4 BT 5 Dakora 461 Pan %5
KT R TN AL I OF 5 A 3 S il
55 0 2 AR AR 1 S TRHE Y, R TE
525 1o AR A A T RV R4 T R A R T
) A il L e 2 B T DR B E AT 2R
T A ALK S PR 2 R G R
R ZERA 7 JE G Ha s 5 5 GRS A AR
ZR I S5 b LS 4 AR AR A5 MR 7R R SR A W AR X FA T, g
TRAUE B B A7 15 A0 LAHR BT e 107 45 b, DX 0 [ T 5 % 1) b
VSN o 3% WA B — 38 SR [ 80800 17 240 - SR Py 3 45
PR E TR R o B B IR AR

Pan %5 BIF5¢ K B, /0N 0 B L D B iR 4 4 T il
T PR R — B ORI B IR BE U 3 5 ) 3] i
PEIE I G0 2E W0 3% 2 s Tan 07 A BF 9Tt & B, 22 009
I W A AR S Y A S WS P Y [ e e
STl X 5 L B W 8 AT A2k o Ik W R 48 XA ()
(9 7K 43 5 A Al o SO, HL DR 2 R Tl A ) Y T 52
P, T 2 I O R TR AR R XU BLAE R g A
TR S8 MR AE A0S 4 3 A RE 235 4 K 0 42 I B ) O T i 3
e T ali Ak, A UE T A 5 b MY 2R R A B A K
AR FF AR LAY R R e TR A BRI
DB
3.2 BRI XS B IR R 8 M R R R

A SE T AR Ay ik A W R BB o e A A AR

http. // stbexb.alljournal.com.cn



4 A 05 26 A O AR AR 24 - PR X S8 3% 0 B B T A4 9 5 i 80 63
HAF MRS R R TS RGBT T B B B 20 0 i T8RS A o3 AT A 9 A 1 g

WL B, ABEFE R A 5 S R B A R R
52 R O H R (IR A R - v DR B AR AE 3 R £ A
KR 7 | 76 A R A X B0 B0 BUR R & a2 BRI
b A Wy L R R 0 A 22 AR B A A AR B
M AN LRI = 0 /R JE T L A 2
W S N ML A S A A X R R A AR TR
Gy TR B SR L MR, FMELT A S A a0 ok
B i = o I (0 R TNl =1t 7 R Ut aR T 1
fifg " DX 35k, 58 B 76 A AL IR T Ak KAk 75 W) R S 3R 4 e
MBS i A ) 05 4 i 3t o R0 K BT B T it A
PR R AR B IREFE R ORI R B 1T ML

B RG F SA R 2 BIK Bl T M R g A AR Y R
MR, A PLRK 5 B R A AL P e
WAL T AR A AR . FMRLLT R =X 1 i 4 3 A HL
i 11 [) R 552 T 76 il 0 0 R SRR W1 R T
PETE R AT E BB E AL . B s A nT R Ok
PR 3l A2 S N 7 T) (R TH 5% 4006 AR A0%
33 BEEAREAMXAKEENESH AENXIEGN

LEA A TS W M AR AR OR F L B
G Y B AR 7E — o R L e el 2D K B O L el K
Iy &AM B CK AR PE 52 % pH L, 5 BB A i
ER AR AL, X A A 35 WG 55 04 A TRl X R T AT 5 AR
+ R AR o AR Y AR R R T
5&WAAME ARSI A A EE b pH B3
By, Y - R T R B 1 A X R E

4 HENE S 18 B CSFD A 25 5 2 A6 AS [7] A1) A%
(A B BE 1 (p<<0.05)., FM&.LI{340.78 5 & ,
2y 4 CK i 2.8 /% , FM&.WI43 43 0.55, FM&.PI 1§ 4}
0.42,CK 343 0.28 Ak . FM.LIA R TF + 55 4)
T Y BN SR T v SE B R )
M4 T, CKAFA et BB THER RS .

T 5 5 G R AR 2 G R 2O S 8 R 2R 554y
TR 55 R 2 05 Ab R i, 0 F AR A 1 il i S AR 3R AT
T5 o I PRS0 O M T A8 AT BRI o (TR
55 5 4 A R A R MOR RO L E R R )
Fhim AHA S R GENESS , Zy PR R 2= 08 W 221 % A i 46
R SRR RE D025 . AEHEEE IR+ B
TRHFLABAR R TR S b S T 3 2 5 AR SR R
K ik H AT SRR BRIE AL RE 1 09 245 FH A HEA T AT Fves
AT BEAS R HE SR B AE BETHER RG RS TIRe  $#2T71 +
Hu B2 BEANE o XS5V S A W BT L X e EL A 42
DEME 25 - A TAE B R AR S

SRS 9% B 38 A A AR IR ML XA 7 A
2, H R BE A b PR SR AT S R BR .

R T ST A 22 K P I SO R ) S STk A o R R
oK (9 AL HRF 5 R 3 B A1 X IR DA — P e %
Yol B0 i 7 AR 25 TR

4 % it
D) BFE 1K v 3l A 5 0 2 B R O 2 1 vk
HEAH S S 40 0 TS PR R T B 2 5 A R A

AR R i DG ) B 11 45 BE 0, 7E W 2 iR I U PR 05
LR A A P R T L b A R
O AT S A SRR B L R 03 A R B 45 5 )
XUHE -, 1A F 4 B0 I 258 38 5 1k

2) WA R T E -G AR B HL SR
JREWE T L 16 8] 5 5 Wl M W TR T 9 S (5t 94 Y JF A, SF
o3k 0.78, K $2 T+ 135 E 7y , 35 S ik v S ke A=
SR R oy BRI, 2GR AR T AR K Y B TG

3) HHEATHLIR S RO I B AR e A
T 728 (R S B PR DR, XoF 5% T 2 O PR R G e R A
B4 1K 71.8% MI83.5% . 185 1555 4 LAk S 4 48
S T HLBR A T R 8 AR 250, I 1 86 0 5 0 1
PRI SE THLE A AL B9 SR o R PR S 3E AR T, 2
ARG T A S TR P e HE A =
B%TH#:

(1] SRR AHENE, Sk, 55 X B AR T I T g IR AR
BRI ] ARt 42, 2023,8(5) :555-576.
Zhang Hongwei, Zhu Haibo, Wu Xinru, et al. Status
quo and future trends of green and clean energy technol-
ogy toward "dual carbon" goal[ J].Petroleum Science Bul-
letin, 2023,8(5) : 555-576.

(2] AERRET, BRACHE  BRIF, 45 . G40 04 « B A0 AL YA B
ARGEAIM . 5B SN R H AT, 2011:125-139.
Xiong Kangning, Chen Yongbi, Chen Hu, et al. Turning
stone into gold: The technology and model of rocky
desertification control in Guizhou[M]. Guiyang: Guizhou
Science and Technology Publishing House,2011:125-139.

[3] skt &, 26y, Fva iy, 55 ML AR B R X 1 e L

FRAE K 22 48 b R BT 52 [J]. K B AR FR22 31, 2023, 37(2)
287-293.
Zhang Yefei, LiSanjian, Wang Keqin, etal. Physicochemi-
cal properties and multi-indicator clustering of soils in typi-
cal rocky desertification vegetation restoration area[ J]. Jour-
nal of Soil and Water Conservation,2023,37(2):287-293.

[4] Hernandez R R, Easter S B, Murphy-Mariscal M L, et al.
Environmental impacts of utility-scale solar energy [J].
Renewable and Sustainable Energy Reviews, 2014, 29:
766-779.

[5] Barron-Gafford G A, Pavao-Zuckerman M A, Minor R
L, et al. Agrivoltaics provide mutual benefits across the

food-energy-water nexus in drylands[J]. Nature Sustain-

http. // stbexb.alljournal.com.cn



64

PSRV R 3

840 %

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

ability, 2019,2(9) : 848-855.

Hassanpour Adeh E, Selker J S, Higgins C W. Remark-
able agrivoltaic influence on soil moisture, micrometeo-
rology and water-use efficiency [J].PLoS One, 2018, 13
(11):e0203256.

Wang Qiang, Zhang Kailai, Li Rongrong. Advancing
sustainable development through desertification control:
Evaluating the African Great Green Wall initiative using
the RAGA-PP model[J].Journal of Environmental Man-
agement, 2026, 398:e128552.

Pan Longhui, Li Rui, Yu Benjin, et al. Multidimensional
assessment and precision restoration strategies for soil ero-
sion in karst areas: Based on multi-scenario simulation[J].
International Journal of Sediment Research, 2025, 40(6) :
972-989.

Disciglio G, Frabboni L., Tarantino A, et al. Association
between dynamic agrivoltaic system and cultivation:
Viability, yields and qualitative assessment of medical
plants[ J].Sustainability, 2023,15(23) :e16252.
Armstrong A, Ostle N J, Whitaker J. Solar park micro-
climate and vegetation management effects on grassland
carbon cycling[ J ] .Environmental Research Letters, 2016,
11(7):e074016.

Ravi S, Macknick J, Lobell D, et al. Colocation opportu-
nities for large solar infrastructures and agriculture in dry-
lands[ J].Applied Energy,2016,165:383-392.

Nannipieri P, Greco S, Ceccanti B, et al. Ecological sig-
nificance of the biological activity in soil [M] //Soil Bio-
chemistry.London: Routledge, 2017:293-356.

Hu Linan, Li Qiang, Yan Jiahui, et al. Vegetation resto-
ration facilitates belowground microbial network complex-
ity and recalcitrant soil organic carbon storage in South-
west China karst region[ J].Science of the Total Environ-
ment, 2022,820:e153137.

Dakora F D, Phillips D A. Root exudates as mediators of
mineral acquisition in low-nutrient environments [J].
Plant and Soil,2002,245(1) :35-47.

i SR EWF L XU, 45 AR AR mg B X 5 2 1 VB b b
XA [ 38 B2 - S P T3 A9 5 i [T, 7K PR 35 4, 2025,
45(4):105-112.

Gao Wenjiao, Wang Yan, Liu Yungen, et al. Effects of
photovoltaic panel height on soil physicochemical proper-
ties in rocky desertification areas with different slopes
during dry season[J].Bulletin of Soil and Water Conser-
vation, 2025,45(4) :105-112.

Wang Shang, Hoang D T T, Luu A T, et al. Environ-
mental memory of microbes regulates the response of soil
enzyme kinetics to extreme water events: Drought-rewet-
ting-flooding[ J].Geoderma, 2023,437:e116593.

Tan Xiangping, He Jinhong, Nie Yanxia, et al. Climate
and edaphic factors drive soil enzyme activity dynamics
and tolerance to Cd toxicity after rewetting of dry soil [ J].
Science of the Total Environment, 2023, 855:e158926.
BB AT ML 3R LS Al A, 2000.

[19]

[20]

[21]

[22]

[23]

[24]

[26]

[27]

[28]

Bao Shidan. Soil and agricultural chemistry analysis[ M ].
3rd. Beijing: China Agriculture Press, 2000.

[ MRl S 2R AR oK oy - BEE BRI E - LY/ T
1215—1999L S J. At 5t « v E B i At , 1999.

State Forestry Administration. Determination of forest
soil water-physical properties: LY/T 1215—1999 [S].
Beijing: Standards Press of China, 1999.

Yu Pujia, Liu Jinlian, Tang Hanya, et al. Establishing a
soil quality index to evaluate soil quality after afforesta-
tion in a karst region of Southwest China [J]. Catena,
2023,230:e107237.

Fiantis D, Ginting F I, Chahyahusna A, et al. Impacts of
agrivoltaic systems on soil properties and pedogenesis: A
review[M]// Advances in Agronomy.Amsterdam:Elsevier,
2026:1-33.

il [ 0L, ¥ T, KA A v ] P T 0T R A 1AL Y
B HELT] AR TR e B4l , 2021, 38(11) : 38-43.
Chong Guoshuang, Hai Yue, Zheng Hua, et al. Current
situation and measures of karst rocky desertification con-
trol in Southwest Chinal J].Journal of Yangtze River Sci-
entific Research Institute,2021,38(11):38-43.

B SRUEVL BRAMA L S SRR KA R
UKL A3 T2 R AE I Fo 5 + B Ab Pk R i 06 R [T ). 7K 47
Fpif5E,2014,21(6):129-133.

Li Jiangiang, Zhang Hongjiang, Chen Qibo, et al. Soil
particle-size fractal characteristics and the relationship
with physicochemical properties of soil in hedgerow sys-
tems in the Three Gorges Reservoir areal J]. Research of
Soil and Water Conservation,2014,21(6):129-133.

Pan Jiachen, Zheng Xuejia, Liao Dongxi, et al. Tempera-
ture fluctuation affects soil organic carbon accumulation
through soil enzyme activity and nutrient limitation[ J]. Envi-
ronmental Technology and Innovation,2025,40:e104458.
XNEL, BRTE , £ A B, 45 AN TR AR A A2 R0 R 22 bR 5 4l bk
TSR Eh A A [T ] AR AR AR A A R (A R R
N2 ,2022,51(2):185-194.

Liu Kai, Chen Qian, Wang Xixian, et al. Dynamics of soil
nutrients in Fokienia hodginsii-Pinus massoniana mixed
forest and Fokienia hodginsii pure forest at different ages
[J].Journal of Fujian Agriculture and Forestry University:
Natural Science Edition,2022,51(2):185-194.

Sinsabaugh R L., Lauber C L., Weintraub M N, et al.
Stoichiometry of soil enzyme activity at global scale [J].
Ecology Letters,2008,11(11):1252-1264.

FAA AT, A0 g 3w 0 R A VAL T B B
SR BT S5 4L AT 5T, 2003, 23(6) : 657-666.

Wang Shijie, Li Yangbing, Li Ruiling. Karst rocky
desertification: Formation background, evolution and
comprehensive taming [ J]. Quaternary Sciences, 2003, 23
(6):657-666.

Zheng Wei, Guo Xiaobin, Zhou Ping, et al. Vegetation
restoration enhancing soil carbon sequestration in karst
rocky desertification ecosystems: A meta-analysis[J].Jour-

nal of Environmental Management,2024,370:e122530.

http. // stbexb.alljournal.com.cn



