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Abstract; Glomalin-related soil protein ( GRSP ), a glycoprotein produced by arbuscular mycorrhizal fungi ( AMF) , is
broadly distributed in terrestrial soils. Due to its recalcitrant molecular structure, strong binding affinity to soil particles,

and resistance to microbial degradation, GRSP is increasingly recognized as a major contributor to the stable soil organic
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carbon pool. Understanding how environmental factors regulate GRSP production and turnover is crucial for evaluating long-
term carbon storage in forest ecosystems, especially under climate change scenarios. Although ecologically important, how
GRSP responds to soil warming, especially in relation to different vegetation types, remains unclear and hinders accurate
predictions of soil carbon dynamics in subtropical forests. This study examined how soil warming affects GRSP levels in the
rthizosphere of two ecologically distinct but regionally significant tree species: Castanopsis carlesii ( Hemsl.) Hayata, a
dominant species in natural evergreen broadleaf forests, and Cunninghamia lanceolata (Lamb.) Hook, the most widely
planted commercial timber tree in southern China. Soil warming was simulated in the field using heating cables to increase
the temperature by 4 “C. Soil samples were collected from seedling plots of both species between June 28 and August 2,
2022, during the peak growing season. These samples were subsequently analyzed for easily extractable GRSP ( EE-
GRSP) , microbial biomass carbon ( MBC) , and ammonium nitrogen ( NH;-N) to gain insights into microbial and nutrient
dynamics under warming. To explore the associations between GRSP and key soil biogeochemical factors, redundancy
analysis ( RDA) was employed as a multivariate statistical approach. Results showed that under ambient conditions,
C. carlesii soils maintained higher moisture and EE-GRSP levels (2.70 pwg/g) than C. lanceolata soils (2.03 pg/g). In
contrast, when exposed to warming, C. carlesii soils exhibited a more substantial reduction in soil moisture than C.
lanceolata , suggesting that C. carlesii may be more sensitive to elevated temperatures and associated hydrological stress. EE-
GRSP levels declined significantly in both species under warming, with a sharper drop in C. carlesii (34.9%) than in
C. lanceolata (14.8% ). This reduction was accompanied by a 28.4% decline in MBC in C. carlesii soils, suggesting that
reduced microbial activity under warming may partly explain the drop in GRSP. Moreover, a significant negative correlation
between EE-GRSP and NH;-N was observed in both species, implying that nitrogen availability may constrain GRSP
production. The marked decline in MBC in C. carlesii soils further indicates that warming may indirectly reduce GRSP
production by lowering microbial activity. Overall, this study provides new insights into how soil warming and tree species
identity interact to shape GRSP dynamics, offering empirical evidence to refine evaluations of soil carbon stability and to

guide adaptive management of forest carbon sinks in a changing climate.

Key Words: soil warming; glomalin-related soil protein; cunninghamia lanceolata; castanopsis carlesii; subtropical

tree species
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JEHIEHGIR AT 55 GRSP & & B 52 1 R A5 B 784048 . R, SR I IR S5 10 B R R AR S R g
GRSP [WAR AL J H A AEAIL I, X B AR AR AL TS 5 S 3y ZRAR 3 ML s M B IR = L

MR SRS e AR5 i + 3 GRSP 7 8 S /0 A ) B BB R 150 A ol 28 780 v 5
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VR BE AR IR b R B, 31 S B ROk 85 3 (Total GRSP, T-GRSP!') Fil EE-GRSP 5 BE 6 1B % 754k

TEWHGH RS RGE T, #2 K ( Cunninghamia lanceolata ( Lamb.) Hook ) FlI KA ( Castanopsis carlesii
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1 #R57EE

1.1 WF5E XL

WA 1 BRI AL T W AR A A R G [ G B AR 2 LI A 9 — R O A (26° 197N,
117°36'E) , % HbIX @ ol #viy 25 KU A%, 4F 2500 19.5 °C L 4ERR KR 1749 mm ( FEHEH 7 3 H—S3
) AEZE KRR 1585 mm  AHXTREE N 81.0% . HuJE LUK IL Bk 3, B34 29 300 m,

1 1R =AM AES R G E 2K BP0 R UL B 5% sk —— R K L iy

Fig.1 Chenda Observation Station at Fujian Sanming Forest Ecosystem National Field Scientific Observation and Research Station

1.2 SRt

ARWFFET 2021 AEWIR I BEHLIX 2 S 3 it 76 H AR A0 T 08 8 IR (PR +4 °C W) FIXT R (3R
BRIREE ,CT) Wi Fp AL, A AL B4 152 5 AN A, ISy 20 ANMRAA  ARAR A R0 K 1.1 m, 58 0.6 m
1 0.6 m, B 0.5 m {Y PVC ARIEIEMT AL, PEHIVE A = RS20 C, T8 (CH B 1) #1758, - BERY AR
TERZILE 1, MAEL I 4R A0 CMY) CREEFIRZAR) . FRRFE MRS E R K 10 DR, T 2021 48
11 s s e, 3Ry SOR T R 2 3R B R 10 em , X REAL BRI S vl B (HOR H , AR
FEHGR 8 N, T 2022 4E 7 A6y REARNR S em B9 L EXARFE EAT 1 8 ORE  IRE VR 0—10 em (7
FREAR b AR AR I B S AR AR IR ) | B R 3 R B 5 T A B I ARl . B ARAE 20
WE 2 EC-5 3K L EAE (Decagon, USA) FHF Wi 10 em BREE 38K 43 B9 AZ A E 0, Wi 458 R A 4/
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B 1Yk,2022 4F 6 H 28 H—2022 4F 8 H 2 H +HRE LS LK 2,
1.3 @i H 507k
1.3.1  HEEeER

A HLIK (Soil organic carbon,SOC ) Fl 354 HLE ( Soil organic nitrogen, SON) I % - ¢ X+t 100 H
BT FFREC 1 g, R E TR 01 ( Elementar VarioMAX , Germany ) #EA 70 % ; pH {HII %2 . #% +: 7K = 1:2.5(J&
) A ZE CO, BIZEM/K, =% 20 min, & 30 min, B35 W, JF 3% 28 B i pH 3100 %2 ; &3 8% ( Total
phosphorus , TP ) F145 % # ( Available phosphorus , AP) 4312 F HCIO,-H, SO, 7 fft i Fl M3 12 3R 4R | FHi%E
S Bl B4 (Skalar San™, Skalar, fif *% ) W %€ ; £ 3£ A A (Soil ammonium nitrogen , NH-N') T 4 3 il 25 5
(Soil Nitrate Nitrogen,NO;-N) il %E : 5 FH 2 mol/L A AL PR WAL IR 1:4 1Y 10K kTR IR, 2527 (B O Al
dﬁﬁﬁﬁﬁﬁﬁzﬁﬁlﬁ\ﬁﬁuﬂﬂﬁi,ﬁﬂﬁ( Available Nitrogen, AN) M . FRELS g i1 2 mm i B e - JJIA 20 mL
1) KCL ¥ (2 mol/L) ,RBIHBELZJ5 , 48 0.45 wm JERRAIIE | 7 3% 22 0k 0 23 B ASGHEA 70 5 5 P I%s 1kA BLAk
( Dissolved organic carbon, DOC) BN E . FREL 5 ¢ 3F 2 mm G5 A 8F £ A 25 855K, I HARUE K Lo 1:4,
BHGEOZIE, 2 0.45 wm JEBLHIE , 77 B4 HLK 5311 ( TOC-VCPH/CPN, Japan) 52" | 49144
7% ( Microbial biomass carbon,MBC)f)ﬂu%:%ﬁﬁi?ﬁ?f[m PEATHEHE, SR AR 5 g K24 h,B‘-JH'%
ME—a . BT K LI R RS 50 mL B9 BLLAE T FHANA 20 mL BGR RHH A (0.5 mol/L) ,
SRJ5 H 160 %/ min BEEPRY 30 min 7, ZEE.0HL F L 4000 %/min 5% B0 10 min 5 HCEIEBH0.45 wmiE

Mt 99— TR SRR ZE ) R 20 mL YRR R AR VA K (0.5 mol/L) FEATHENL . H o K B L 5h
ST AE |

TR A MR (MBC) B AR N
MBC=A E /K,

A AE R ZE 5K S8 U E M A W i (B 25, K R 5 250, M 0.45,
1.32 BFREFERSTEIZE

GRSP & 457 D flirms i 143 ) % EE-GRSP HI T-GRSP &% | EE-GRSP I & ; #R U 2 mm §ii Y
AT+ 1 g ABEOE D MA 8 mL FrERRENTZHE7] (20 mmol/L,pH 7.0) ,7E 121 CH1 103 kPa 454 T $#2HL
30 min, ¥ HESZEITE 10000xg B #5.0 10 min(4 C) R g, FIEWED N EE-GRSP EEHUK , & T4 C
VKAEVE I, T-GRSP Il %2 FRBUE 2 mm G AT+ 1 g A B O B, A 8 mL Fr 5 R 4 12 41 7
(50 mmol/L,pH 8.0) , IR & FEA), 7E 121 C Ml 103 kPa 255 F i 6 & B b 75 98, $E B b 375 90 12 T ok 78
10000xg  B5.0> 10 min(4 °C) 4 LyRP N 5 b 202 th 26 R BV SRR I S 8B Sk 9 b3 W A5 44
TR LR A R AR B 50 T B OV ISR A ) 48 | A o A SR ), AR UE B RO A AR T e HL A 5T 4
TR SRR e SR AR, B E DEBOLAR 6, RIEWAERE T 4 ClRE& NIRRT,

72 RBF PR B 28 10000xg 250> 10 min, ZRJ5 W HL 0.5 mL EE-GRSP B{ T-GRSP $2HUR& , A 5 mL % 5
i 22 G-250 YL FI i EES), B 5 min, ] UV-2450( 55 Ht) 48] WOGHE(YAE 595 nm B KR e, 14
L35 2 1 ( BSA) VE AR , i br e 2, BD AR IR R 5 i

F1 R

Table 1 Soil properties of the experimental site

Tl AR HIEAILA §587: " PR AR
Plants SOC/ (g/kg) SON/(g/kg) TP/ (g/kg) b AP/ (mg/kg) AN/ (mg/kg)
Kkt
. .. 20.42+0.38 1.69+0.02 1.17+0.06 8.03+0.02 23.65+0.54 7.53+1.13
Castanopsis carlesii (Hemsl.) Hayata
A
20.51+0.41 1.66+0.03 1.14+0.02 8.06+0.02 24.30+0.50 4.42+0.13

Cunninghamia lanceolata (Lamb.) Hook
SOC ; +3EAHLEK Soil organic carbon; SON T HEAEHLA Soil organic nitrogen; TP ; B Total phosphoms;AP;ﬁ_’{%{@? Available phosphorus ;AN H
B available nitrogen ; 3% AT R -2 {H £ bR 15
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27 B AFFI Canoco 5.0 #47, FIH Origin 2024 #1722,

2 ER59H
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B2 #ARMRELEREHEST
Fig.2 Dynamic changes of soil moisture in Cunninghamia lanceolata and Castanopsis carlesii

W il Warming; CT: %I Control

2.2 SEIRAVRIRIT T T AR S B

TEAZAR Y 13 3l 5 % NOS-N SR T 17.6% , NH-N MBC | AN &4 70 B3 I 1 15.8%
36.6% .3.6% . TEAKBELH L3 rh JE R 15 MBC AN SRR T 28.49% 21.7% , 13 NH-N NO;-N {4
BEINT 2.4% 11.1% (5 3) ,

TERTHEAR BB PR K2 G 1 8 NH;-N MBC AN 5 543 51 LUKl ) 15 + SEAIE 47.8% ,75.5% ,70.4% (P<
0.01) ,NO;-N & B HORER L + 5 50.2% (P<0.001) . FESFIRALH R A2 AL + 8 NHI-N AN & 53531
HoRA#SN 1 3 30.7% .28.8% ,NO;-N MBC. 75 ik LR A4 1+ 32.9% .7.9% (] 3) ,

2.3 IRl R R R AR

BES EE-GRSP & it i35 N W, T T-GRSP & Rt 6 i 78fk, 7EXF BEAL#rp | 42 A4y i 14 EE-GRSP
Fi N 2.03 /g MRS N 173 pg/g, FRET 14.8% (P<0.001) ; KAi#4l i 13 EE-GRSP &£ 2.70 ng/g,
WIS N 1.76 pe/g, THET 34.9% (P<0.001) s 76 XF BEAN TR it A2 AT S 15 15 T-GRSP 3 bt 43 5y
15.18 pg/gfll 14.65 wg/g, iEJG /3510 14.65 pe/g Fl 15.06 ne/g, I BELIL(E 4)

SRS A IR R+ GRSP A R B — g 22 51 . 00 RUAR B APORAR YT 1+ 5 EE-GRSP & i HEAZ K4
15 985 24.8% , T-GRSP #r ik FeAZ A4 1 1A 3.6% M 6LG AhE 4T +HEfY EE-GRSP il T-GRSP 4%
PSR 1.7%F 2.8% | R4 J5 K AE4h T 11 GRSP & mIs i FRoA (K 4)

TUASIHT (RDA) 25 R NH,-N 35 RIS AZ A HIR B 1 1 BE-GRSP 5 LR SEHEA T, 15 A Rk
HEATE + 5 EE-GRSP 7 fk 445 + 18 NH;-N & i 52 535 S70H1 56, 390965 EE-GRSP & BB NH-N & B3 fin
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Fig.3 Effects of soil warming and tree species on soil dissolved organic carbon and dissolved organic nitrogen content
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Fig.4 Effects of different treatments and tree species on glomalin content
i/ [ ZEKEES 5 EE-GRSP 7 it 5 MBC & it &2 3 I AHSE (A S) .
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3.1 IR RRAE R R S R

S0 O A S 2 T 5 L R R, I B K 45 2 R 2 i R
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A4k, Qiao 251 S BUIEIE 0.3—1.9 °CJ5 FJE B fi) ) EE-GRSP I T-GRSP &t B T 6.4% 1 5.0% .
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Fig.5 Redundancy analysis (RDA) of the effects of warming and tree species on changes in soil glomalin content in Cunninghamia

lanceolata and Castanopsis carlesii seedlings
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3.2 BRRRES REOR T A RS

G R I, FEXT BBAL B A% Ll 3 EE-GRSP &4 (2.70 wg/g) & m TR +1(2.03 py/
g) . X—ZF A HeS P WA B AR 2 Ay S 3 JER FE S NAERER (AM, Arbuscular mycorrhiza ) 34 | 2k
Hi ) 3 BT A ME AR ( Ectomycorrhiza , ECM ) FE A= 1R | 19 35 (R AR 28 25 44 Bk 49 I 3R W M 1l A= W) AR BIL R A7 7
BEESR, WERIEEME T, AM EH 2 GRSP WK EDY . ECM ARG B A H 4 M GRSP, {HA] L)
A I PR P AR PR MR VR R S AM 3 PR AR AR E GRSP AR R AM FUE 5 H A+ e f R
YIZ BT 2 EAERRDY EES S T R IR Mo i M2 T, ECM B X + 3
BUT A A3 A A FEARG A5 7 NI 20 3984 WL A R At , BT 3gem e AR e k) L [RIE R AE AG 9 1 i
BERFEAR, Mo R H & S A AL, 86 838 1 hn A U 2 nl {2 08 GRSP 143 ™ Mld
T 2ARYH L3 EE-GRSP & S BN AT fe-5 5 AR BUER & B 0 i R DL R DA 22 N 45 35 i S5
P
3.3 MR AR R R R B i S L

RIEVFZ bl A S RGP BRI PE S SR 5, o NHG-N AR AR ) 32 B R0, e A ) A e
Y B HER AR WA R, RIS S i R AR AR AR DL R AR G AR R TR
GRSP M/ BURIBL B Jia S5 R EAEAZ AN AR RAS N i & B IK T EE-GRSP Ml T-GRSP i, T1#
AL 4 S SRR N 5 R AIK T EE-GRSP & 1 9.8%—16.8% . AHFGE &I, K AR FUKAES) 1 + 1 EE-GRSP
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