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Abstract: Soil extracellular enzymes affect organic matter decomposition, whereas grassland ecosystems are unstable and
sensitive to climate change. Extracellular enzyme activity is important in carbon and nutrient cycling in sandy grassland soils
considering global climate change. The present study investigates the effect of regional hydrothermal gradient changes on the
extracellular enzyme activity (EEA) in the Horqin sandy grassland soils and the correlation between environmental factors
and EEA. The enzyme activity indicators included cellulase involved in the soil carbon cycle and urease and alkaline
protease involved in the nitrogen cycle. The results showed that soil urease activity increased and then decreased with

increasing regional temperature (2.1~ 6.4 C). Contrastingly, with decreasing regional precipitation (451.1~370.0 mm), the
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urease activity decreased and then increased. An increase in regional temperature significantly increased soil alkaline
protease activity (P < 0.05), whereas a decrease significantly decreased alkaline protease activity (P < 0.05). However, there
was no significant difference in the effect of changes in regional temperature and precipitation on soil cellulase activity (P >
0.05). Soil urease activity was significantly and positively correlated with electrical conductivity, water content, very fine
sand, and clay and silt (P < 0.05). Contrastingly, soil urease activity was negatively correlated with soil temperature and
coarse and fine sand contents. Soil cellulase activity was positively correlated with water content and negatively correlated
with soil temperature. Soil alkaline protease activity was positively correlated with soil water content (P < 0.05) and
negatively correlated with soil temperature. Furthermore, soil water content, temperature and clay and silt influenced EEA in
the Horqin sandy grassland soils, among which the direct and indirect effects of soil water content on EEA were higher than
those of other environmental factors. The results of the present study provide a theoretical basis for soil ecoenzymology on
the effects of changing hydrothermal conditions on the soil carbon and nitrogen biogeochemical cycling processes in sandy

grassland ecosystems.

Keywords: hydrothermal gradient; warming; precipitation reduction; sandy grassland; soil temperature; soil moisture

content; soil extracellular enzyme activity
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1.1 REXER

W 78 X A7 T 3 b 5 R P08 4 s 4R ol i R 2R
W0 VD HL (118°30~123°30" E, 42°30'~45°10" N),
TR 180~650 m. 1% X I8 & T KFE T 82X

fik, ¥R 5.8~6.4 C, FHEEHHBZHRK;
SEIPE K & 350~ 500 mm, KPR LK, 8
e H—8H, K E 1500~2 500 mm,
T RHON 1.0~1.8. WIR-FJE)Z 54, Hd K
W RTE R, ZX M - TNTES RS
IR AERA A BT 52, T b, YoM, R 2 RS
RGIAT, 2T E AR PS5 B R AIF Al S 7Y
(X 4o WF 9T DXAE B B AR AE 22 1 BT 31

x 1 HREEERE RS

Table 1 Basic characteristics of the vegetation in the study region

KRR
Hydrothermal gradient

YR

Main species

L (Artemisia halodendron) R JE%:(Chloris virgata)~ ¥)JB ¥ (Setaria viridis)~ = %-.(Phragmites
LT australis)~ <M (Chenopodium acuminatum)~ $=%E(Tribulus terrester). KA HL5L
(Corispermum macrocarpum)~ ¥ E3%(Salsola collina)~ & ¥ (Eragrostis pilosa)

hE (Artemisia halodendron). WKL T (Lespedeza bicolor). R % (Setaria viridis)« &L (Chloris

MT virgata)~ 9 F(Chenopodium acuminatum) YRR ¥E(Ephedra sinica)~ $2%E(Tribulus
terrester)~ Ui i(Portulaca oleracea)

h# (Artemisia halodendron)~ ¥ JB ¥ (Setaria viridis) WIB T (Lespedeza bicolor). R H 5L

HT
(Bassia dasyphylla)

(Corispermum macrocarpum)~ JEJBY(Chloris virgata)~ $<%E(Tribulus terrester) WVHEHISk
(Echinops gmelini)~ 49332 (Chenopodium acuminatum) i (Euphorbia humifusa). 5-UK%E

IR (Lespedeza bicolor) &R T (Cleistogenes squarrosa)~ ¥ ¥ (Setaria viridis)~ KF H5L
HP (Corispermum macrocarpum)~ “&1 ¥ (Digitaria chrysoblephara). KW (Cannabis sativa). Hifg K
(Cynanchum thesioides) =38R 5 (Kummerowia stipulacea)

% (Artemisia halodendron) )R % (Setaria viridis)« AT (Lespedeza bicolor). K H 5L

(Bassia dasyphylla)

(Corispermum macrocarpum)~ [RJB¥(Chloris virgata)« $<%E(Tribulus terrester) Wi NIk
(Echinops gmelini)~ 233" #(Chenopodium acuminatum) HEi(Euphorbia humifusa). 25 UK%E

K& ST H(Cleistogenes squarrosa) %78 (Artemisia halodendron) ¥ T (Lespedeza bicolor). ¥
LP JEi(Setaria viridis)~ $<Z(Tribulus terrester)s WS (Echinops gmelini)~ 1% B3¢ (Salsola

collina)

TERNRERE, LT, MT. HTZ 5 RMEE . Pl SREXE: PRARKMKEE, HP. MP. LPARIRA MK, K. (KRR X Sk

NGE

T: temperature gradient, LT: low temperature, MT: medium temperature, HT: high temperature; P: precipitation gradient, HP: high precipitation, MP:

medium precipitation, LP: low precipitation regions. This is applicable for the following figures and tables as well.

1.2 Rt

WE AT, TERFR IOV H =5 A X 380 1 46 5
) b fl b ) R AR O B L SR R (E R 2.0~
5.8 C, MXHME IR X, LT). BT&RHRILIE (F 23R 5.5
€ Y, FExIEX, MT). 2520 (EHIE 6.1~6.4 C%),
FHOGE w3 X, HT) A il BB B X 88 & 77 ) b
FH 2R ) P A0 OO 8 B} 2R 0 22 B S R (GF 38 B K &
451.1 mm ™, AR X B K X IR, HP). 2% 2 (4 24 [%
KB 343.3~451.4 mm ™, MUK XK, MP). 45
A W G 2 K B 370 mm T, RE RIS R K X 8

LP) 1 9 % 7K 6 BE X 45

LA A A S0 20 ) A 1 T BE 5 B K DX I B AL
e BURE 4 5 b 03 S T MR RN & 3 AN T A SR AR
LM BURE S5 (B EE S E . LT, LT,. LT3. MT;. MTo.
MT;. HT,. HT,. HTs; P& 7K 8 /& : HP,. HP,. HP;.
MP,. MP,. MP5. LP,. LP,. LPy), K Ff 38 H 4R Hl
B R R, TG A B B S R X R, R MR
FE . # EEA)  AERENIURE S 100 m < 100 m X 35
PBEFLIEEL 6 AN 1 m x 1 m FIFE 71 N BE i BURE &
5. RIR B R AR X IR B, 15 AN R A 3
90 METTEKE .
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Figure 1 Horqin sandy grassland map indicating sampling sites in the present study

1.3 HERESNE

2021 4F 7 R ADRERR G0 v i B B 52 i B
IR 7K Ao B A A R B A R 33 BE AL VR A L
e, HEA28cm L85 T Imx 1mFEJ ) 0—10 cm
TR R, B T8 RRE G, B
TR AR RS T RIEE KRN E (T
H H 3, 105 °C, 24 h), PR H o A% [R] SL 56 =
ITREsE . LEFEMBEAXTE, i 2 mm i
— B KBRS AE R AR A B, T g A
i1 EEA, %5 -3 pH (FE A%, T #4 PHS-3C pH i,
g, R S (AR, T 7 DDS-307A HL &
R, L, A E). LA L (T 7 7, ISSCAS, 1
[ R} 27 Bt B3 50 30 75 ), 3R EE (Urease) 15 14
OK A B, BE My 15 bk %, pH 6.7 A7 45 R 1 28 P iR,
630 nm, Solarbio BC0120). £ 4 % i (Cellulase) 7% 14
OK B, 3,5- 18 B2 K B R Lk E492:, pH 5.5 S R #h
2% W, 540 nm, Solarbio BCO150) Al i ¥ & 1 B
(Alkaline protease) i 1 (7K fift B, 45 Ak — By bk 832,
pH 10.5 TR 5 22 #i ¥ %, 680 nm, Solarbio BC0880).
35 10 om 5B HCH SRR T A BR o) e bk TS AU R
4t (GLDAS){NASA GES DISC GLDAS NOAH025 M
2AVEHE AL, IR 4y R N 0.25° x 0.25°, I [A] 4 H¢

% RyiE A,
14 HELEBES SR

IR 95 4 Excel 2013 AL HE 5, 2K FH SPSS 25.0
WA G AT 53 M, J7 22 57 B 5 AH M 43 i 22 i AR
HHAT IESYER S J7 Z 55 YRR S, 9 Bk =i Ad s 5 A
BRI ZR 7 Z2 M (one-way analysis of variance, ANOVA)
53 RS 36 AN () ek B RH B 7K s B A A o - 438 B Ak
A EEA 1) 5 35 1 22 e, A0 FH e /)y B 385 M 22 e vk gt
172 B EHEG 98IE J7 Z AT B &0 e 5 T AN T
ST ZEFF IR, {8 Welch’s ANOVA #6546 S [A] 3 FE
R B 7K A B ) - 18 3 A0 % 5 A0 BEA (1) 32 2 1 22 5%
i H Games-Howell 31T 2 H LL 5 22 77 38 35 147K P
%14 0= 0.05; i A} Pearson #H 3¢ & 4 7 #r L # AL
P 5 BEA Z [a1 ) AH ¢ FIH R 1B 5 (R software
version 4.0.3, lavaan f) ¥ & 457 77 FE LY 2 AT IR 55
PRl % - 38 BEA (1) B 42 F1 (8] 2 % W 5 ff A Origin
2018 BEAT 2 B 73 Mt o Hdls DL M + b e R O 30
LR

2 HBRE50M

2.1 AEIKHREEE T LIRE AR WM FURHE
AN TR KRB T TR b o R b 3 8 2R B 95
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PEGR2). WEME L, BEF &R ERK T
Hh -+ 3% pH (P < 0.05), H: " HT 1 pH & F L T MT
(P <0.05), LT /] pH 55 HT 1 MT M bt 22 7% R & %
(P>0.05) (K 2)o i FE 3G ooy B 3 22 3% W3 52
(P>0.05), A2 HAB1EHA 5 pH AHALL, BI MT B H
SHREEET HT (P<0.05). FEE&EEHM, MT.
HT -3 &K ER & % & F LT (P <0.05), MT fil HT
EIKFERALEZE (P>0.05). FEKELE L, pH 5
SRR AR ALRRAE, 13K 3 FT A, B K
/b pH 5 L3 AR T N (P <0.001). £
K 2 [ K D B 3 FE AR (P < 0.01), 5 HP AH L,
MP 5 LP & 7K Z& FE1E 7 7 8 2.09% 5 15.71% (3% 2.
% 3).

AR K 30 A& HE TR 70 R S LB 4 R 2 R
BN ARS AR (R 4), ROy SR, &
W RL 2 B AR AU AL B P o B B AR o IR 3 0 W B
SN T SRR AL . A A0S AR R RS & (P < 0.001)
(£ 5), ARb & BRI N HT > LT > MT, {HI 4070
Rk ki g AR &, AR FERI N
MT > LT > HT; &k fi & & R WA MT > HT > LT.
B K I/ B 25 B AR T 40D 2 (P < 0.05), 1 ik 25 3
T A AR 5 B R RS & (P < 0.001), H b5 HP A
b, LP (AR & &> T 9.59%, 1k 40> 5 68
LS B IEIA F] 75.45% 5 219.12% (£ 5).

2.2 A[EIKHAEEE T I8N IE M T IHFIE

W2 6 AT A, 5 RN B 7K B B A5 4k %o 0 i B 3t
T ARG (P < 0.001) FEH 1 & H B (P < 0.05) ¥ 7=
AT R E R, 0 A YR R R S G 2 1 2
(P>0.05). H A EAR AR 2 38 20 7 R IR B S
PE (P <0.001), Fifia5 i B2 58 m, Ik B v v 2 3056 38
Ja D S, MT IR EGIE 14 53 = T LT A HT (P <
0.05), T LT JJR B35 P4 398 = T HT, (H £ 7 A B #
(P>0.05) (¥ 2); #H b T8 B AR Ak, B 7K A8 4 X iR il
T PR TR S 5 AE R, B B KR D, IR
T PR S U/ 5 A8, MP IR B 1 B AR, T LP R
PR ST HP A MP (P <0.05), 55 W& #H HLBE
F B 7K I D LP IR PR 3G 1R 23 4 18.24%- 45.05%
(K 2). Bl PEE ABEETEE HT. MT 25 & T LT, &
J5E T v S MG 0 T R AR A R M (P < 0.05), {22
HT. MT Z A B e R A B VG R A B & 2 7 (P>
0.05); [ 7K 98/ X sl P 5 11 i 9t 2 R 5 W 6 o A

R®2 TEIKAEET LIRIBAUME R

Table 2 Soil physical and chemical properties under different

hydrothermal gradients

KA SREE ke
Hydrothermal pH ductivity/ Moisture
gradient C(EES -om™Y) content/%

LT, 850+0.04a 66.68+0.94a 191+0.17a
LT, 8.03£0.09p 3634+1.65b 1.37+0.15b
LT;  7.62+£0.06c 29.94+1.71c  1.05+0.08b
LT 8.05+0.10AB 44.32+4.35AB 1.44+0.12B
MT;, 8.00+0.04c 5392+1.77b 2.94+0.20a
MT, 849+0.02a 71.78+2.13a  2.24+0.06b

! MT; 8.14+0.04b 34.54+048c 1.39+0.04c
MT  821£0.06A 53.41+4.16A 2.19+0.18A
HT, 7.51+0.04a 26.14+1.02a 1.90+0.06a
HT, 833+0.03b 60.58+1.40b 1.88+0.12a
HT;  7.69+0.03c 30.84+1.21c 1.83+0.08a
HT 7.84+0.10B  39.19+4.13B  1.87+0.05A
HP,  7.36+0.02a 3536+2.02a 2.15+0.12a
HP, 6.94+£0.03b 23.10+£1.09b 1.76+0.08a
HP;  7.39+0.05a 27.40+1.08b 1.80+0.17a
HP 7.23+0.06B 28.62+1.57B 1.91+£0.08A
MP; 751+0.04a 26.14+1.02a 1.90 +0.06a
MP, 833+0.03b 60.58+1.40b 1.88+0.12a

g MP;  7.69+£0.03c 30.84+12lc 1.83+0.08a
MP  7.84+£0.10A 39.19+4.13A 1.87+0.05A
LP,  742+0.02b 39.56+1.20b 1.40+0.10b
LP, 748+0.03b 43.02+1.80b 1.66+0.06a
LP, 8.60+0.07a 56.84+1.78a 1.75+0.07a
LP 7.83+0.15A 4647+2.17A 1.61+0.06B

IKIABEREE L 2 33N [A] — i BE B B K XIS R ORE 55 [ B1AS
[Fl K5 - R R AN R P B K X 422 5 (B 35 (P < 0.05), [RIFIANIR] /N
B RER AR RN B K XA R URE R 25 7 B35 (P < 0.05); T IAl.

1, 2, 3 indicate different sampling sites in the same temperature or
precipitation region. Different capital letters within the same column
indicate significant differences in different temperature or precipitation
regions at the 0.05 level, and different lowercase letters within the same
column indicate significant differences between different sampling sites
within the same temperature or precipitation regions at the 0.05 level. This
is applicable for the following figures and tables as well.

ACSE N WY S, Bl A e K ek 2D e £ e P I 3 PR
fik (P <0.01), &I N HP >MP > LP (Kl 2).
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Table 3 Effects of hydrothermal conditions on physical and chemical properties of the Horqin sandy grassland soils

K F e pH H1 5% Electrical conductivity % 7K % Moisture content
Hydrothermal gradient @ F F P P
T 2 4419 2.948 0.069 0.001
P 2 10.800 <0.001 9.983 <0.001 0.004
R4 REIKHREEE T LIRIAERL
Table 4 Soil mechanical composition under different hydrothermal gradients
IKIRBE o YD Wemirh bR
Hydrothermal Coarse sand Fine sand Very fine sand Clay and silt
gradient (0.25 mm, 2 mm]/% (0.1 mm, 0.25 mm}/% (0.05 mm, 0.1 mm]}/% (<0.05 mm)/%
LT, 3527+ 1.0la 50.90 + 1.57¢ 1295+ 1.37a 0.65+0.11b
LT, 29.02 +0.29b 64.00 = 0.47a 6.29 +0.32b 0.40 + 0.06b
LT, 36.04 + 0.60a 54.71 + 0.68b 8.00+0.31b 0.92 £ 0.08a
LT 3345+ 0.92A 56.54 +1.57B 9.08 +0.88B 0.66 +0.07B
MT, 25.44 +0.60c 47.88 +0.72b 2426 +1.02a 2.35+0.10a
MT, 28.92 £ 0.52b 51.17 £ 0.34a 17.17 £ 0.87b 2.25+0.40a
T MT; 3542 +0.79a 52.87+0.70a 10.60 £ 0.49¢ 0.93+0.10b
MT 29.93 + 1.16A 50.64 + 0.64C 17.34 + 1.56A 1.84 £ 0.22A
HT, 38.89+£0.67a 56.41 £ 0.67¢c 4.25+0.14b 0.43+0.11b
HT, 29.34 +0.22b 61.38 = 0.90b 7.44 £0.95a 1.91+0.25a
HT; 24.81 +0.54c 68.61 +0.52a 6.16 £0.19a 0.50 + 0.09b
HT 31.01 £ 1.59A 62.14 + 1.39A 5.95+£0.46C 0.95+0.20B
HP, 27.29 +0.65b 62.94 +0.92b 9.15+1.00a 0.65 £ 0.05a
HP, 23.29 +0.58¢ 68.32 +0.90a 7.23 £0.47ab 0.90 +£0.19a
HP; 33.70 £ 0.67a 61.05+0.72b 5.15+0.51b 0.49 +£0.18a
HP 28.09 + 1.20A 64.10 = 0.94A 7.17+0.58B 0.68 +0.09B
MP, 38.89+0.67a 56.41 +0.67c 4.25+0.14b 0.43+0.11b
MP, 29.34 £ 0.22b 61.38 = 0.90b 7.44 £ 0.95a 1.91+0.25a
? MP; 24.81+0.54c 68.61 =0.52a 6.16 =0.19a 0.50 + 0.09b
MP 31.01 £ 1.59A 62.14 + 1.39AB 5.95+0.46B 0.95+0.20B
LP, 36.23 £ 0.57a 47.60 +0.72b 13.88 £ 0.83a 2.09 +£0.18ab
LP, 24.31+1.13b 61.99 +0.94a 11.94+0.52a 1.66 +=0.21b
LPs 21.06 £ 0.75¢ 64.26 = 1.29a 11.92 +£0.90a 2.75+0.36a
LP 27.20 + 1.80A 57.95+2.04B 12.58 £ 0.48A 2.17+0.18A
RS OKARFMEI D RE M R A LA AR A S
Table 5 Effects of hydrothermal conditions on the mechanical composition of the Horqin sandy grassland soils
HURZHE % Mechanical composition
IR IR EE R RD L il Eip
Hydrothermal Coarse sand Fine sand Very fine sand Clay and silt
gradient (0.25 mm, 2 mm] (0.1 mm, 0.25 mm)] (0.05 mm, 0.1 mm)] (<0.05 mm)
F P F P F P F P
2.062 0.140 20.595 <0.001 30.533 <0.001 12.382 <0.001
P 1.495 0.242 4.230 0.021 52.623 <0.001 22.451 <0.001
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Table 6 Effects of hydrothermal conditions on urease, cellulase, and alkaline protease activities in the Horqin sandy grassland soils

K s JIRE Urease 214K Cellulase B P 2 1§ Alkaline protease
Hydrothermal gradient df F P F P F P
T 2 11.109 <0.001 0.427 0.656 4.415 0.022
P 2 8.159 0.002 2.058 0.147 8.189 0.002
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Figure 2 Urease, cellulase, and alkaline protease activities in the Horqin sandy grassland soils under
different temperature and precipitation gradients
*RONEFRRE (P<0.05), “*RRNEFHKEE (P<001), ns RINLRFEZER (P>0.05); AFEKEFEERRA RS K X 82 8 1)
ZES A (P<0.05), ANIF/NEFREZR IR A 1R B S K DX AN R HURE 522 ) B0 22 5 45 3% (P < 0.05).
* indicate significant difference, ** indicate highly significant difference, and ns indicate no significant difference; different capital letters indicate
significant differences between different temperature or precipitation regions at the 0.05 level, and different lowercase letters indicate significant differences

between different sampling sites in the same temperature or precipitation regions at the 0.05 level.
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Figure 3 Pearson correlation between soil physical and chemical properties, regional latitude and longitude, and altitude and

soil extracellular enzyme activity at different temperature and precipitation gradients

() WRFEBEEE, (b) MK AREE s MEIJT M 72 N oA EARIEM OGO R, MBI a2 B4 AR UGS & IR T AU o B R AR SR
MM K, BERREZEME, Hb* P<005 *: P<00l, *** P<000l;: EC: '35, ST: LHREE: SWC: LEEHKE,
CA: HHlW; FA: 4ikb; VFA: 4IEP; CAS: ZiMki; Longi: & J¥; Lati: 4ifE; Alti: #1k; UE: WRME; CL: 414k K E; ALPT:
WEE . NER.

(a) temperature gradient, (b) precipitation gradient. The lower left and upper right ellipse directions represent positive correlations, and the upper left and
lower right ellipse directions represent negative correlations. The smaller the ellipse area and the darker the color represents, the greater the correlation. The
asterisk indicates statistical significance, where *: P < 0.05, **: P < 0.01, and ***: P < 0.001. EC: electrical conductivity; ST: soil temperature; SWC:
soil water content; CA: coarse sand; FA: fine sand; VFA: very fine sand; CAS: clay and silt; Longi: longitude; Lati: latitude; Alti: altitude; UE: urease; CL:
cellulase; ALPT: alkaline protease. This is applicable for the following figures as well.
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Figure 4 Structural equation models representing the direct and indirect effects of environmental factors on

soil extracellular enzyme activity under different hydrothermal gradients
SRS EENNNRRBE SR BEOBRER R SRR BB KA, R RR B RO, SkfrR

IRPREALER AR R, BF AN IEARIEM R, NOAURAMIG. SUE: LI3ENREE: SALPT: L3EmikE AN,
The solid and dashed lines indicate the significant and insignificant path relationships, respectively. The thickness of the arrow indicate significant
difference at the 0.05 level indicates the relative magnitude of the standardized path coefficient, and R indicates the extent to which this variable is
explained. The numbers on the arrows are the standardized path coefficient. A positive number indicate a positive correlation, a negative number indicates a

negative correlation, and an asterisk indicates its statistical significance. SUE: soil urease; SALPT: soil alkaline protease.
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