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Abstract: Understanding spatial patterns of plant functional traits and functional diversity, and the
mechanisms that drive them, is essential for interpreting ecosystem functioning and for designing
biodiversity conservation strategies. However, patterns of tree functional traits and functional
diversity along altitude gradients in mountain forests, and the environmental drivers behind those
patterns, remain poorly understood. By establishing 24 forest monitoring plots across eight
altitudinal ranges (300 - 1 400 m) in the subtropical montane forest of Daming Mountain,
Guangxi, South China, this study analyzed the altitudinal variation in eight tree functional traits
and four functional diversity indices using community survey and trait measurement data, and
evaluated their key environmental determinants. The results were as follows: (1) With increasing
altitude, leaf thickness and leaf dry matter content increased significantly, while leaf area, specific
leaf area, leaf carbon content, leaf nitrogen content, and leaf water content decreased significantly.
In contrast, leaf phosphorus content displayed no clear altitudinal trend. Specific leaf area was
strongly negatively correlated with leaf dry matter content and significantly positively correlated
with both leaf nitrogen and leaf phosphorus contents. Leaf nitrogen and leaf phosphorus contents
were significantly positively correlated, while leaf phosphorus content was negatively correlated
with leaf carbon content. (2) Functional richness and functional divergence displayed unimodal
(hump-shaped) patterns along the altitude gradient. Functional evenness declined initially and then
increased, whereas Rao’s quadratic entropy increased monotonically with altitude. (3)
Redundancy analysis indicated that altitude and soil total potassium were the main factors
explaining spatial variation in functional traits, accounting for 29.6% and 12.8% of the variation,
respectively. For functional diversity, altitude-associated soil temperature and soil total
phosphorus were key drivers; soil temperature alone explained the largest share of variation
(36.0%), followed by soil total phosphorus (7.9%) and soil moisture (7.6%). This study reveals
that leaf structural traits exhibit stronger altitudinal adaptation than nutrient-related traits, whereas
functional diversity is more responsive to soil nutrients and microclimate than plant traits. These
findings advance our understanding of tree adaptive strategies in montane forests and provide
insights for ecosystem management. We recommend prioritizing conservation of mid-altitude
diversity hotspots in Daming Mountain, as well as managing soil phosphorus and potassium
availability to support the restoration of degraded forests.
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2 FEME I 4EFF L] (Mammola et al., 2021). {EAEYI ZEEMERICBELERE, ThREZ FEVEM)
AR E SR E AR B E R AT, BN AN DA IR R D) e
FEPE ) AR R T 50R ) Z i 7t . LAEL & A0 & v s JE R o], T e 2 FE I VIR
THER I IR A, IR EZBIAER FHER (B EA, 2023) o W7E 5 IRk
I Th e 2 FEEBE Wtk BT BP0 B3 (RiESE, 20190 , VL P8 S XL R AR A RS
(Rhododendron latoucheae) #Fi5WIZRILH Die Z A% 5ilIA 2 A& R R, FELLHIEK
TRNEZEGEZR (HEE, 2019) o EHEREER, FEE R ETHEY D6 2 FerEgd T
R, [RA PASG L AN 4 T 5 3 (Asplund et al., 2022). [ F£, #iE Baekdudaegan Ll Y
FEVR IR R IR DRe 2 FEME VR g AR T v SRR FRAIC, b s R 1 R 8 T OB 4 FH (Lee et al,
2013). ZR LAk, A (R B X S R 4 28 1Y (1) T e 22 RV OB FE (R AR A B AT B = G
—INR, H AR AT 52 B 46 L 5 SRAE N I 2 A S B L R 520

VAR FEE TR L MURR (1) B SRR BERRAE , K 3 DASR A A0 Ay BT 0 AL e 0l A 45578 e Wi 572 ) R 98
5255 % (Bricca et al., 2019) 7EAHXT ALK PEEBS N, X —BARE FIRAE . FE7K AN BRAR 54508
BRI TR AR BB AR, AT S R A U R 2 AN 22 REVEARFAE (Cud et al., 2019). 1Y)
Dae IR 5 Dy Be 2 AR VI I FR 00 B2 1) 73 A A% R /2 22 L BRI IR 1 B [R1/E F ¥ 45 2R (Zhang et al.,
2014). MR TIEED 7, Rl iR S KAk, i AR B ER 4R F 2 s i a4
I BEVE IR ZH BR(Thakur & Chawla, 2019). i $A DX 48 HO AR i A8 AR 4 5 B0 RE R [R] A
Wk 5w BERRAR, AR VAR DX 35 ) 7K 20 BR o DU i ik i 5 2 fR #7228 (Swenson & Enquist,
2007). AT, 387K oA WU AN TR 3 R 3% R R 2 R A7 1) B R R B e, ik — D BRI )R
Z FEIERE JRi(Schroeder et al., 2024). XSGR 1 )52 42 BAE 3L [EERE 1 LAY D) g
PEAR )R 7 A A 2

T VE R Lo 3 I [0 U 20 B AN A7 ) 2 B 2 XU 4 ) i AR b X 2 — o 2 X b 4 O
P58 iF MY Z RV 5, R XA A B i e AR I X2 —(Li et al., 2023a; Huo et al.,
2025a) . FLUR UK [ T SIS T AR DB RN S0 1Y) 5 25 1 E AR 4K (L et al., 2023b; Hu et al., 2025).
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REMERDT T, BOMEISEE (20240 KL, SARHEEKEI) ZR S L AiAE b, DR B L e ik X ek
PEFPRT AR L B TRR AN WUBRR FE Ay, X B PR AR A R T B e B AR R A 2R DK VR 1)
RIRETo IHA, KB B ERRMBIOR S B BB T B E L (Huo et al,,
2025a; Huo et al., 2025b) A1 % 407K SCH % (Hu et al., 2025)% 5 T B IF BBV & W50 T
YEo BOR EIRAITTE NIFH 22 REME o PRI MoK SCTRE A S T 1R AR ) 0 2 SR 55 22 1 FE A
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1.1 BFR XA

WS XA T PRI B R 5 AR PR X (23°24'—23°30'N, 108°20'—108°34'E; & 1)
KB LM S8 B WA 2R R X, A P3RR 15.1 °C, 7 HPF30R 21.9 °C, 1 P35S
I 5.8°C, FHIFERKE 2630 mm, KL 1760 m. MY XEMEZHEMEFE, oG4
Y 234 %1 918 J& 2374 Fir (IRITHEEE, 2004) o JLIAALeRE AR X b, s A o8
B2 X SRR I pR, R T M PR B R, R 600 m DLTR FRIARMR Ay S A 2 XU St il
W, B Z 45 )\ A Ullicium verum) < B JE ¥ (Pinus massoniana) F14% A ( Cunninghamia lanceolata)
N THARAT B AR #4K 600 25 1000 m g PRAFH 56 4 (1 L i 3 e bk s 4R 1100 22 1300 m
DU A= P G 08 1 R TR A PR VR A RO s 84Kk 1300 m DA b, AEAOZ T I 9 1L
BEEEM . IR DI TN E, pH {ETE 3.9~4.7 Z[F](Li et al., 2023b; Hu et al., 2025;
Huo et al., 2025a).
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Fig. 1 Study area and locations of forest plots
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T 2023 4 7 AEMAEKIES, EREEH AN N REFR ARG EL 5 MRARHEAR, A2 5 Pk
DUV ZE A J) 220 A B[R ol A o A FH v B VRN e B3R P F L b 4 AT R &)
Ko, BAECR KRR 3~5 Froe . (R H M i, SRR AR 15 B, BEAPEITEREE 75
Fo P B i A B R AE IR AT Bl 5000 =

FESEEG =N, DR HT S FWOK AR i v R K 73 Bl (8 SR FE B 7 R F ORGP
0.00 01 g) FREM F &£ (fresh weight, FW) o MJEJE (leaf thickness, LT) 18 F B b+
JOCKEBE 0.01 mm) W&, & 7y e 32 kil & 3 A s P H44E . (8 FERE 4 (LiIDE300,
Canon, Japan) FREUH F %, J8id Image-Pro Plus v6.0 # A4 1THH M I AL (leaf area, LA)
bR T 80 C MM T ERIEHE SFRRETE (dry weight, DW) , FEHEIGIHE:

M F4#))5 & & (leaf dry matter content, LDMC) =DW / FW

ELr 1A (specific leaf area, SLA) =LA /DW

M H & 7KZ (leaf water content, LWC) =FW—DW /FW

W el Ak R S B R Ry, BB S A8 4 B 3ot R 20 B A (vario MACRO cube,
Elementar, Germany ) Il i ' Ji % & & (leaf carbon content, LCC) 5 %7 & (leaf nitrogen
content, LNC) . M 7 & (leaf phosphorus content, LPC) K FEHEAHT L kit 4TI 52
14 TERFESE

FEARFN RSN F M A6 T RV S Rk i, B BRR Z ) 5 A8 A JJEL 0~20 em 1
KL, [FRAER ] B 100 g M-3R, R T mURE I 38R 5 3 5 Jm iy [l S 5
o ARSI E NG 2 mm i, WE HAGFPER . W E $8hR STk REEA NS &
K BRI AEAGENE . IR A S BRI E ZENE: LIReR & E XA
FAL IV R HBAPT L (kg s IR B R H O R RSO TE AN 5 ¢ S kgt
T EXMHBIRENR I HB P RN E . RIS RS &R AL S o B
s ISR B IR e W L kI e s 13 pH (ER A BARIEN E . BhAk, TE
TEAFEHD P 228 T LIRS FEH I A (TMS—4, TOMST, Czech Republic) , FT-HE&:HE
W HEE R SE (Wild et al., 2019).
1.5 ¥iEabs

THE Y PAERE H A A A A B PR 3018, DAL SRAG FE K S I b IR . B
5, FIH R4.03 F1 “FD” Wit5 4 FoiRe 2 AEvEaE (ThREFEE. DhReHISE. Thhe
BIELRE RN Rao ) LA K 8 s A D BE T4 AR R BF 7 A ST-35){f (Lavorel et al., 2008; Villeger
et al., 2008) . K —JC& 1k [ A 73 M DhRE R BE iR 184k, FFIg8 T 2R 1 TR A 1L Y

(generalized linear mixed model, GLMM) ¥l i 45 %) T g 2 #5141 5218l (Luo et al., 2019).

F BRI A 2 A v R 2 AR M S, AU — R IR IR =
IRIHAT VG, TR HE Rt 5 B e (akaike information criterion, AIC) 18 fx /)M J& ) 1% 33 B¢
AR, b4k, 1#id Pearson M- T AR /04T (redundancy analysis, RDA) R4 Th
REPEIR. DIREZ PRV S IAEIR T Z A )9 R o

2 RS0

2.1 MARTHREMER A T RE S AR B MR R B I 2R 4
HI& 2 AT, RS T 5 & R A AT R A AR



B R B RS K AR B A PR T v S s TP 0l UG I R AR R . LT
5, WEEMTYR SR SRR RE EAHES (R?=0.28, P<0.01; R?=0.31, P<0.01) ;
e AR Sk AR A C (R2=0.49, P<0.001) ; MARSE. KRS ES
R R B UHSE (R2=0.30, P<0.01; R?=0.27, P<0.01; R2=0.19, P<0.05) . &3
AT, DHRE=F & R Th RS 25 S bl B AR T i S 03 S PR I BE 0 AL R4 (R = 0.59, R2m
=0.23) , DhRed s RIS NG THE S (R2n=0.47) , Rao —URiHE 0 2 S 61y
ks (R?m=0.28) .
2.2 WARDIREHR E BISR B

W 4 fos, R RS TR Rt B S B R IR E G R (P <
0.001) , RN 5M A& EEEEEAHS (P<0.05) o HEFNS HHHR E S BT
K (P<0.0D) o EMTYREETM, K5 EKEEREZE MR (P<0.00D) , 5
P AR TR N B3 UG (P <0.01) o WA G A A& R EREEIEHX (P<
0.001) , 5 E/KEEBEEYEREEML (P<0.05 . A, HARSESHS
R AR E EAHIC (P < 0.001), 1M B8 & 55k & = U 2 23 UG (P < 0.05).
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Fig. 2 Changes in tree functional traits along the altitude gradient
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Fig. 3 Changes in tree functional diversity along the altitude gradient
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0.01, *** P<0.001. The same below.
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Fig.4 Correlations among tree functional traits
2.3 MARTIREHIR A D) e 2 REPE A B IR BRI R

W s frow, WRES LR RN pH E R IEAHX (P<0.05) , 5LERER
FAHSG (P<0.01) ; M LBHREZIEMHX (P<0.05) , SEEMLERESASER
FAHK (P<0.01) 5 TS ES LR EFEREEMES (P<0.0D) , 51BN
EHEEEFMK (P<0.0D) ; WHEARS LR EZ2IEMHEL (P<0.0D) , 5LEEE,
R pH AH 2 UK (P<0.01) ; MRS RS 8RR E AL (P<0.0D) ;
AR RS IRIR A 2 PSS (P<0.05) , SEBEERE. S BRI E 5
K (P<0.05) 5 MAEKRS LHEREMESHTREIEMX (P<0.0D) , 5HEEEM
R EAAK (P<0.0D) . DREFEES LERE. MAA. BIREIEMAX (P<0.0D ,
SR A SRS REEIEMX (P<0.05) , S5EERE . £ E7MHX (P<0.05);
ThEeHI LI 5 HIE R . k. B S E R IEMC (P<0.05) , SHEEE. HE. &
BRI (P<0.05) ; DhReEHUE S LGS SRR 2 EAMC (P<0.01) , 51-88RE
BEHAHK (P<0.05) ; Rao —TEELS THEEE ., R A AR R EMX (P<0.05 , 5
TR E R AR (P<0.05) .

RDA 2558 (] 6: A) 7x, RDAIL F1 RDA2 A] 7 HfEREIIREMEIR 41.17%F1 37.63%(1)
g, Ho, MR LIRS BN BT, R T 29.6%A1 12.8% (K 6: C).
HI1& 6: B A1, RDA1 Al RDA2 A7) 5l il BT RE 2 AEVE 53.97%H01 22.03% & &, Hir,
IR FE T T BE 2 BRI B AR R A, 1K 36.0%, HIRA BRI IRIE AR R,
N T.9%H 7.6% (B 6: D) o XKRUESREF T, FEm D6 2 A2 LR T .
A BRI
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Jine o4
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++ N Lwe 02
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SOC. Soil organic carbon; TN. Total nitrogen; TK. Total potassium; TP. Total phosphorus; AP. Available
phosphorus; pH. Potential of hydrogen; AN. Ammonium nitrogen; NN. Nitrate nitrogen; ALT. Altitude; SLO.
Slope;  ST. Soil temperature; ST. Soil moisture; FRic. Functional richness; FEve. Functional evenness; FDiv.
Functional divergence; RaoQ. Rao’ s quadratic entropy. The same below.
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Fig. 5 Correlations between tree functional traits, functional diversity, and environmental factors
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3 e

3.1 AT REMEAR A Th RE L AR P MR PR A R

b - T AR AT - 5 B e T R SRR T R LR SR R A RE I,
P IASACIR R Y, A A DD REPEIRE T B (FIIKEE, 2019) o AHFTTLS
R, WY E R IR TR, HE T AR T AR U B s s Y, X 5 RO FH
55 (2024) X PUR ) LIRS ARA DI 1 DIREVERBE TS5 R — 8. & IRTT &, Y
PRI K BN A R T R TR PR DR A R AN AR B, A AT L T AU T
(Kiihn et al., 2021). M /EZRE KT 2B E G, X5 Li M Bao(2020)KIHT FL 451t —
Blo XML LR TR T R B0 B BRIR AN, TR IR & (et i 2 G5 B



b, W 3G i v 2% J3 R ¥ (Cruz-Maldonado et al., 2021), M55 7K 2 6 & 4K (1 T & i
BREAR o X2 B2 i DX 3™ i P PR 5 2 R o) R 7 A L 0 AR 1) 256 52 e (K hn et al., 2021)0 B
JrFR5r B mRERE RS FRK . AR K RE IR A A& BV, 2 PEAS AR S R G740 BRI 1) 5%
HEfedr(Han et al., 2011). ABFFH, MR B BRI ENEE T, XEELEHT
EE R T IR G I a E R, B FRARIR . UE TR R AIG DA B Y SR 1 55 A e G 4
(Wright et al., 2004). 757 1 e L AREE R0 1) U 8 B0 23 e SR, R A B ) B2 U
MRSE B L BUadt It AH G A B R, AR T =Bk & A7, IS E0H k. 05 & 1 F(Chen
etal., 2022). MMM 8 & 800 B 2RO, 2005 T R S i 2 e i S A ) A A
B AR . SRR, L33 2R B BEE KL, HA R 52 9% pH AR 45 P
LW, FEUSERICH AN RN, A8 5 5 oo 2% IR U SE SRS 4E+F
WtaRs, #E—B RIS 1 I SR B G (Huang et al.,2023).

WHRRY], ThRe 2 FEvEFa e 2 0] B3R B gtk eh FEAAL B35, (H RS R DR b 3 X 3 5
WEEE S, 1, ek, Dhaed s Rtk R dim, 322 52 I B2 PR 9K 5)
(Bafares-de-Dios et al., 2024). i £ 7 58 51 2 A< 38 L, D) BE B8 4 T e B8 WK T v 1 3
Tns ST PRSI S IR 4 A R R B 0 I (Liu et al., 2022). ABFFCH, ThRETF & A ThAE
BRI IR R “IRIERY” kg, SRIREZ LRGP AR, B R 2
i1l ik i (Schroeder et al., 2024), W E FEAEL L (BB EE, 2025) Fid [E £ 1L (Zhang et
al., 2014). 1%H& J7 I R 0T i T Fhofg R h DX 0E i B 2% T A B IR B 5K e kA, BN
FKIESNTHEES, INIMZAE TR R Z e, (2 7 RE ARSI, AR
(20 & 5 9% (Dani et al., 2023).  DfRg ) R PR THE S, RUMKIEREY) %
FITIEBR, —HBEZR T, XM CIKE (Biswas et al., 2019), M7E Sdk X8, 50
FURI A R D A 7547 B 1) /D BV AP AE B AR 1) Dl e 2 [B) 9 2 T L0 BE O B ST A0 AIRAS , IR —
GAET e R 55 v L AR S RGBT L 43 2 7 EDIE(Zhao et al., 2025). Rao — U 454K
SR 2RI S, IR T i R KB M E R >, DA IE . i R
R, EARRCREA G ISR 1T, YRz 4 Ay id NAGIR AR U, P0FhiE]
DI Re PR A S 0, S 7e 7 IR X B 505, dE — 22 3G s Ad A0t Ah AT 4R 0
(Gazol et al., 2017). [Flt, Rao ZCRSHEER) b FEARIE TP (A O RAR ALY B 8 I, B ke
TEEERELE )T, AR B R B 2 AR D RE SRR I 4E VR .

3.2 MARTHREMR A] I AH R4

AREFEH, AR 5T E R AR R R K R . X — KA S D)
ZUTIEES, RYMERBEAN 8 A, P TR B PROER R AR R
W+ BRI e 250 v PR B P TR AR AT AR PR P o 5 R R R A T B o e i RO 5 2%,
T PRE IR B R Y 75 (Gotsch et al., 2022). X ARG S 7 HEYDR 5 2 SR Bl gs ot & 40
SR AN A A TH AR A A S, T AR S5 A I R A% (Hietz et al., 2022). AW FLIE K
B, AR S AL B B R R R, RN MRS E LSS R MR R
G, MM RS ESmE EN 2 B E MK XECREY, rtmARAm 770 (k.
B WD 1P R AR AL RE S AT 25 S WA AE AS [P0 855 25 1 1R B Y5 H SR s ) A0 AR AIE
(Islam et al., 2024). FEARHEAR X4, WA R, MBI, BURE CRFRE 7R 5 1A



AR AR, UMY RIA LS, (HAE ) e 2RI N0t 37 73 F K B0 i A7 R0R U1K
(Poorter et al., 2012). 7EmifEdk X I, BRUEAHXS FGR, R T ZE R0 R AR & N 8,

ARG, G om A HAE % 5 A 52 1 B8 /7 (Bernard-Verdier et al., 2012).  £5_E 0] A1,
T E A 2 B D) REMR B[R] ik 5 3haS 7T, BESB1XS A [ A S A BE A AR AL SR U5 E L 56
W, AT S EIL S L AR A IR0 1 AE 3508 R (Maynard et al., 2022).

3.3 MARTIREEIR I D) BE 2 B AR IR S R R

ARHFTER I, WG R B IR BN K B LR PR AR Dy RE MR AR e () E BRI 7, aX — 46
5 Chen 55 (2022)fE#i = LA F 4510 — 2. LHEIRFE . 1B 5 2 R Y D ke
PRI G R . o, SRS SH A5 E 2 B B, SHHmaR.
Rl BEEMM R EKEREREN. FEAE (2022) FFFRKIHEY M 7 DhRe IR 3
BLZ LKA R L IE SRR R, X R R R K B B s ) A K ) R R
FE GG BRI 25T, R 2 D6 PR BT IR 38 40 BE I8, IR ) i i iR e e +-4)
Jo B B A R 25 D R M IR R IE N A2 A7 (Cochrane et al., 2016). 38R S5 HEMFHIAR . A%
RAEEME/KEREMMN ., X2 0T LR R @ W E A B R RIS &
KR, B H IR MR (Cuesta et al., 2023). T3S &0 B EEWEYTh Rtk
MR o 3 b B 0 Z 0 S A A ) AR AL B, IR G S E ARV E T, B
LmEY AR REAES (BEZSE, 2023) .

KRR, DhReF & EE LIEHAR. BEA. . 2SR EMK, Tt
Byo) B e & s 2 IEAH G, Rao “UUMIREIS &S E 2 1IEMHK . Choe 55 (2021)7EK
E Ll i LD AR AR S RS Fe s I o A 3R Oy o A S O P AR A A R S M AL
PR T IR WA RO R SR B i M XA 2 R AT R R G AR IR 1 o IR ROy 4
H AT ER G = 2 FEUFIE AN B 18] AR A A 22 5 (R ek, SR AP 1t DR AR ek 1 3
In, BT Re IR BETE R A Z A (Liu et al., 2021). TIEEE S R EEYEK K G EE
Feor, HEEA R ol AR Bl PR AL T e 0% & BARBEPA SRR, M R R A 1 A
KA (RS, 2021) o JURIMME—BRY], L3R AN 0 R DI 2 AL
FEHWE T, X5 EEF (2024) X & FER a2 MR 45 R — 8. D3RR E
SR R RS 1 S R BN 1, SRR IR IR 2 RSO R S Bk o3 B SR, AT SR 5 L D RE MR
7 (Liu et al., 2017). X —Id FRAE SR XIRJC N &, ARIR -5 5 10 0 [F) e i i 5 24 1)
MBI YEIEH, &G 7R AR D REVEIR 4L (K Srmer & Hiltbrunner, 2021) . ZX X E
JoiE e R M e 1 B SRR DRy Y SRS A SR, FUR R IO B B T AR LA D
7MW 5 FE I, LA IR R JZ MR 2R DA 5 7K 73 SR BRI L SZ #7871 (Weemstra et al., 2022;
Ding et al., 2024) . X LE ¥ [ BEAL I ARAATL 1 AP0 B o A BE (R 2R B T 9 ks BE, BEAE
RV RUE RIBIE 1 VIR ARORE BE I ThRE 2 AEMERS R
4 g

A FEARR T T VE R A BRARR AR T Be IR 5 Ty B8 22 FF 14 R 86 P A SRl S
WA R . BEFCRI, BEMGR T &, MR RS T & & N, A, et
MR RS & BEEREKERZERC W ss &L REFRENES: i
(R A Ve S B 5, EIIE T BE U DR 57 S AE g AR 0 1 o ThRE 5 5 B il R g g AR



b, D5 B B e RARE T i %, Rao R BUR i . PR D REMER AL 2
SEHFARON 3 A R IRE . THEE 2 FEIEAR A 3B B L R A B N T B SR AR R T
Lo EIRETREZH, HR aSH VIR FEIR o PERR L B o A OGS, 1T D RE 2 A X
bR RIS R BSURAE E TREADIEAR o AR SO TR L M AR 2 AR OR A R AL T BRR
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