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Aims The spatial distribution patterns of plant populations result from the combined effects of multiple
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ecological processes, such as dispersal limitation and environmental filtering. The plants distributed in alpine
treeline ecotones are highly sensitive to climate change due to their unique habitats. Therefore, studying the
spatial distribution patterns of these plants and their correlations is critical for understanding and predicting the
dynamics and trends of forest communitiesin alpine treglines.

Methods This study is based on the inventory data collected from a 20 hm? dynamics plot of a subalpine
cold-temperate coniferous forest in Shangri-La, Yunnan, China. The dominant tree species identified were Abies
georgei, Lonicera tangutica, Dipelta yunnanensis, Rhododendron rubiginosum, and Sorbus rehderiana. The
spatial point pattern method was used to analyze the spatial distribution pattern of each dominant species, the
intraspecific association of A. georgei at different developmental stages, the interspecific association between A.
georgel and the other dominant species, and the interspecific association among the other dominant species.
Additionally, the Torus-translation method was applied to test the associations between these plants and
topographic factors.

Important findings (1) Sapling and juvenile trees of A. georgei demonstrated aggregated distributions, primarily
driven by dispersal limitation and habitat heterogeneity. In contrast, adult trees exhibited a predominantly random
distribution, suggesting that density-dependent competition may be the primary factor influencing the distribution
of individuals in large-diameter classes. The dominant species in both the subtree layer and shrub layer also
demonstrated aggregated distribution. However, the posterior partial advantage of the environmental
heterogeneity transformed into a random distribution, indicating that environmental filtering might be responsible
for driving the spatial distribution pattern of these tree species. (2) Positive associations were observed between
sapling and juvenile trees of A. georgei indicating that small-diameter individuals tend to congregate due to an
enhanced capacity to cope with external environmental stresses. Conversely, saplings and juvenile trees were
negatively correlated with adult trees. This was mainly due to the infestation of specific pathogens and
phytophagous insects caused by density constraints and asymmetric competition of large individuals against
smaller ones. (3) There were positive and negative correlations between the saplings and the dominant speciesin
the subtree layer and the shrub layer, respectively. The juvenile trees and other dominant species reveaed
predominantly negative correlation, while the adult trees showed predominantly positive correlation. The majority
of the dominant species in the tree layer and shrub layer exhibited positive correlation, indicating a complex
dynamic balance within the dominant species in the subalpine cold-temperate coniferous forest. The long-term
coexistence of each dominant species in the plot is achieved through their unique survival strategies and resource
utilization, and ultimately leading to the formation of a relatively stable successiona climax community
dominated by A. georgei. (4) Slope was found to be significantly negatively correlated with sapling and juvenile
trees of A. georgel, and significantly positively related to R. rubiginosum and D. yunnanensis. This suggests that
the slope ecological niche differentiation occurred between A. georgei and other dominant species. Additionally,
convexity was found to exert a significant effect on the distribution of dominant species due to adverse conditions
such as prolonged snowpack in winter. In conclusion, the habitat filtering driven by topography is the main driver
that maintains community assembly in subal pine cold-temperate coniferous forests.

Key words Abiesgeorgei; spatial point pattern; spatial association; habitat association
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Fig. 1 Spatial distribution pattern of Abies georgei at different developmental stages in the 20 hm? dynamics plot of subalpine
cold-temperate coniferous forest in Shangri-La, Yunnan. A, Saplings. B, Juvenile trees. C, Adult trees. Solid black lines represents the
value of the univariate pair-correlation g(r) function, the dashed red line represents the expected value of the univariate
pair-correlation g(r) function, and the gray shaded part represents the 99% confidence interval. Green on the map indicates low
atitudes and red indicates high altitudes. The p-value is the goodness of fit test result.
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Fig. 2 Spatial distribution pattern of dominant species in the subtree layer and shrub layer in the 20 hm?dynamics plot of subalpine
cold-temperate coniferous forest in Shangri-La, Yunnan. A, Rhododendron rubiginosum. B, Sorbus rehderiana. C, Lonicera tangutica.
D, Dipelta yunnanensis. Solid black lines represent the value of the univariate pair-correlation g(r) function, the dashed red lines
represent the expected value of the univariate pair-correlation g(r) function, and the gray shaded parts represent the 99% confidence
interval. Green on the map indicates low altitudes and red indicates high atitudes. The p-value is the goodness of fit test result.
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Fig. 3 Intraspecific correlation of Abies georgei population at different developmental stages in the 20 hm? dynamics plot of
subalpine cold-temperate coniferous forest in Shangri-La, Yunnan. A, Sapling and juvenile trees. B, Sapling and adult trees. C,
Juvenile and adult trees. The black curve represents the function value of the bivariate pair-correlation function g,(r), and the black
straight line represents the expected value of the bivariate pair-correlation gi»(r) function. The dashed gray line indicates a 99%
confidence interval. The p-value is the goodness of fit test result.
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Fig. 4 Interspecific relationship between Abies georgei at different developmental stages and other dominant species in the 20 hm?
dynamics plot of subalpine cold-temperate coniferous forest in Shangri-La, Yunnan. A, Relationship between Rhododendron
rubiginosum and dominant species in subtree layers. B, Relationship between Rhododendron rubiginosum and dominant species in
shrub layers. DY, Dipelta yunnanensis; LT, Lonicera tangutica; RR, Rhododendron rubiginosum; SR, Sorbus rehderiana. The p-value

is the goodness of fit test result.

H SR AR TSP 2 (A0 S R T e 25 SR (22 B R 5%,
2008; Liu et al., 2020; JmizR4%, 2021)— 2. RES M
Se/IMERAREH W 3 AR, 3 B 52 A B )
IR 85 3ok P8 3% P FR AR A5 I FE IK Bl (Getzin et al.,
2008). KATAKZ IR T LAER R 2A7TE, FhF 1K
R EEEESJMER, B IAR RE S AT
BEAZ 329 AR 1 A e (R S0 48, 2021). Ak, &
FEH T ZE IR, PRI SRR LA™ I, il n 11
ABERFAR KB RMAEREE S, DLFFY
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AR T4.2 CHRRIAF(RINTESE, 2021). KL,
I E AR BE A A5 P 51 RS ) 2R e i R R v
F2 4 A R BRSO AG B IR R 2 — . P I
IR ATRE NS PR RA NS, B AL
5, SIMALAS P2 (Fh % 5%, 2007). BEE MK
A2 A HG RFRS SRR AR SR A, b A SE 4R,
SEF AT A H N BIIET:, U L2 5]
(K1 B AR B 28 B BUR AL AZ 1 SO AR B 20 73
Aii e & e A2 N B KL 4y Aii (Stoll & Bergius, 2005;
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Fig. 5 Interspecific relationship of dominant species in subtree layer and shrub layer in 20 hm? dynamics plot of subalpine
cold-temperate coniferous forest in Shangri-La, Yunnan. DY, Dipelta yunnanensis; LT, Lonicera tangutica; RR, Rhododendron
rubiginosum; SR, Sorbus rehderiana. The p-value is the goodness of fit test result.

KL ZFREHE BT LU SR A bR 20 h?Bh 245 M MU R AC B A2 S o AL O 34 Bl 5 W N 1) Torus-transl ati ok 36, 2 170 2 B 5 1 % DR 1)
Spearmantfl 5% £ %
Table1l Torus-trandation test and Spearman correlation coefficient of species density and topographic factors of Abies georgei and other dominant speciesin

the 20 hm? dynamics plot of subalpine cold-temperate coniferous forest in Shangri-La, Yunnan

REMBYIF Development stage/species  #Hk Altitude  3/F Slope  [MI/4E Convex  IE3Z¥i[f Sin (aspect) RILILH Cos (aspect)
4k Sapling 0.16 041 0.08 -0.13 -0.13
T Juvenile 0.07 -0.30" -0.08 0.06 0.08
B Adult 027 0.04 0.34 0.07 0.08
#IA54tHY Rhododendron rubiginosum -0.17 0.39° 0.28 -0.07 -0.07
VUEGTEMk Sorbus rehderiana -0.26' 0.15 —-0.08 -0.07 -0.10
JE R 24 Lonicera tangutica 0.50" -0.04 017 0.35" 0.38"
7 T XUE A Dipelta yunnanensis 0.05 0.49' 0.08 0.50" 051"

* p<0.05.

Wang et al., 2010). AHIF 72 1) 45 5 75 6K e i R U T
A1 (Abies fargesii var. faxoniana) Ml 24y (L ) &
IR A K (Abies georgel var. smithii) T S FLEIBENL
OIATRE SRS, DABCKE 2 b X UR YT VA A2 1 SR 4R 43 A 45
AT P 25 R GRVR WI2E, 2004; B4R, 2022; R
54, 2022), 1X— 2 T 0] REA BT AN R FORE L Y
2% ) S5 5 1 B LT AR R /NI A [R5 RRE 1, BN A
Hby T FRUAT R 2 8 2 2 B 0 8 X A 0 AR 11 L S AE
o Bbah, AR BT TRAZ FIREA 2 L34 Fh
{14725 8] 43 AT A% JR [RI R DA SR AR 43 A R E (B12), X AE
MR Fo gl R — 8, BRI /MR B2 b
PR R P 5 = (Condit et al., 2000; Wang et .,
2010) . AHIF FEREH P KA AL MASCE: B AR
70%, LR, BN & R R AR LR RS L P
FALEMK R o R A A 2 B U AR A B AN R )

BB 5D, e SR A k3G i JE L [
AMARECE, oD R AR AR, ISR TS, AT
KI5 KA A AE R BRI € H:AF (Chacon-
Labellaet al., 2017; &1 R4, 2020). 4 BRI R0
YIRS, PERGAEmk. B ol R 2L AR = B S AR
(1725 1) 3 A vt Jo S 3 b FH SR B A0 AT e AR AL 70 A1
(B0, X5 K2 it 7t 45 2 (Condit et al., 2000;
Wang et al., 2010; Fila%%, 2021; BR4ESE, 2022)—
B 2R WX SBR[ 23 A i =) = B2 PRI 5 ot
PERITE
32 FERMFMHHABFRFA. MiE KK
AR IR T AMEZ G &R, AR
BICPITEE PR DA R A P A ] B HG 5 3R R AH LA FH
(Wang et a., 2010). AHF 7t K I LA K2 D0 5
R AR B SCHR(812), T 0 AR B e
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A8, DMEEAER T REOTFERE D M
V) 5 S RH X ARE 55, 00 ) T ek B B A FH SR AR e KA
Ab FL IR 85 M 18 1 B8 77, AT B v L AR A7 RE
(Caviereset al., 2014; Liu et al., 2020). 4R1, 45
JS AR 8] ) 57 5% Bk AT BE 72 52 Janzen-Connel ¢ i3 ) R
B AN R, 2 B2 AR AR T AN B R
(R s, 530 RO (1) 2l BE 5 52— Vi Ji T AN AR
P R By, M B AR 2 i A7 7 22 (Connell,
1971; Liu et d., 2012). LAk, [EFDMAST I
SRAFARA, JEILAE BRI, BT R O A8 TR
BRUR, S TE BEIR 58 G b b T 5 38 LA (R 4
2009). Kk, ZAAE A b R T o B, SR
PRIRARX . EF R IBUNMNAESE, DS A &
EEATHL S o RS s 2 ) 1) AR 5% FT R e K A%
AT T AN FRSE G BRI T A AR AN AR 23 ]
Fror. JCIREE IR (Fh 5 5%, 2021), JLHZK
BV AL RAR AR R, 8 BRI 2 0|, L
YRR, K AR B RIS 6e 7, R
il T A FE R R K

KA TR IR, KA EW 5T K Z R
AFNLAFFLRS . VU R AEMK 2 1E SCB(&3), —Jrmm]
e KA A AZ AR TN B T R AR ) R Ve %, TR
A JE T R0 568 g LB b 3 B 1 P PR B A D T %))
WA K (Wang et al., 2010; Liuet al., 2020). 5 —J7
T, METRAJZ R et 58 6% 70 HOF AR 2 B,
WKL AE KRS T S i A AF 51
R, KEAEZRIYNSERE. TR E5TRARE
FIEAR JZ AR AP 2 7 G (E3), X B KA

2o INEAE S HEARZ R A AE S (R IR 5E 4,

A AE S R 1 B ARBA I AR 2 75 SRR 8 YRR FH o
WS, SEURT BRI A KR D R ER Re i 5K
(Rt AEAIL S R R R | N 7 B eV
PR, 65 KER I /MERAE B A AL ]
(Yang et ., 2018; # 555, 2020). KALAAZ 1) A
5% AR AR % 2 ESCH(E3), XRKA
A2 ) BOR T e O GRS, IR SR R )
M A AR T2 AR %A TeARZFIER R
Tl IR RS RS N N U 1 N P A P WS
S e A o i 3 JH A 25 A R A SR AR JE U 1) LR R
FH o DR, 760 i Lh FE TR Ak b, R RIS A2
F] A ELAE R T — M SR B A M B 3 P &R
Gt BEERMREERIEE, AFEHRZTE LKA
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AR AR AR A2 5 R TR R V% o fEX — i Fi o,
KA T S H A8 & B 8RS TS
FCE A SR AR B AN PR (R] DG R, A ORI AR 78 5%
PR, B SRR B A7 (A4, 2018).
33 HEMEEMHITMRABEMZE S HIREH
A

FERCINREE b, TR 7 A7 4 Jey 32 252 Jo] () A
NS T AT AAAH LA F s ma, T 7R AR 23 ) RUEE |
A 55 5 VA 5 0 232 (HilleRisLambers et al., 2012
Shenetal., 2013). HuJ¥ 75 5 1 1 ) Ja 3 RS 4y
A vk % 51 B 4F FH (Webb & Peart, 2000; Chuyong et
al., 2011). il id Torus-translationf 46 & B, ASFEHLK)
PE A0 T 685 2 220 B — M TR [R5 35 SR R A
(RY). milgHhX BA G RS 2R 4 i o
LKA, XX 2R EAA R T BRIk
% (Sun et ., 2018). AFEHLAIILAFI R Z Sifgik 2
IEAHR R R, KA KEIm A REFEmE LT,
TN 1 E R m RO SR B A A S . SR
M, PErES gk 2 MAHCC R, Uil B BEE IR
(ot FRE bR AR IR Tk, AT RRE RRAE TR
BRI P8 R AL RN PR AR A B A R, TR
[f1] - 1) B B0 438 28 4k AH X 22 18 10 4 34K [X 428 (Xing
etal., 2023; 434, 2024). KALA T LAk
WS 2R E AR, YL /MR
T AT A TR (3 R o HP I )3k P (i 7 T R
FEFERRA O, BUONBEUS I AR T KA A A2
TR A e, AR, AR 2% [
o, T BRI TE 5 TR LR R, SN 7 oE
MINLE . PR BRI KA A2, B HAR R AR
9 ke, XF IR0 MK S5 SHIR TR SR 21, S
BRI X 3 AT i 2 DAL D - 358 v S RN 72 20 (I A A2 1T
AFIF AR AR . ZAEAL RS RN 2 B UG A - 35 5
BBER AT, SRR KA A1k,
MRS 7 M a4, R T X e it fa e A
(R CUE5E, 2021) . KATAFZ I LTARKLAS R 3
R 2 A P B 5 1 1) TR G AT R R T M X
WAR T )R B S (R, 43R A i A A
TRMAE . Ak, AT R BLHEA 2 (0 5
ot J2E 7 AR A AT 2 B U AR 3B [ () O 4, i 7w 8
T4 51 62 11 ' R R 7K 4 28 2 25 67 43 A %o I v L e
M4 Fh A7 1 B 4 (Punchi-Manage et al., 2013).
K2, TR e I e A 5 e B, R A A 1) 3 A
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KRR, AN A A i 5 S A AR S 7R SR A
PhaEft AN E B L2, AR T4 2 R
() 4k +7 (Palmer, 1990).

4 ZEig

2RI LR L SR AT PR 20 hmPah 2
S U e PAY P DI 4 o B R SR UL ) o B D SR SR A
REERELREE RIE NG INTTZEH R, A RS
T AR AR A S AL R 5. (HEEE
RIIBER, Bl E, FERERZNK
W T ML AT o AT T 1 Bk P N [B] SR
RO T IERER TR RER3F R &, Hrp LA
1B SR, RWIPRRE] A A A I (nsE A
GBS EREVE M ThSEFUAE AR T eAh, DUssa
{22 8] 3 A BRI 7 (g, SBOEAN T, J5E)
52 25 R, 1 3 S A SR AZ A
FR R Ak RS I BRI . B TR 4l A
)% Je) 2 s AR ARV 2L i R 3. DL, %
ST RIMIZhAS I, BE— DI 2w i A3 Al 4%
JRy, DA 7S ST R BT AR R S S LA

s AT EAFERESRART Y EGD
. L, mAE. BLg. BRER. R, D
N, BTME. RE BRI, Bk BE. E
A RS, TARE. K. IMEME St
EIAE: BaftA 2L A RE RANEEEE I
SRR ) LB A R PR, B A B EES
LA B EAR R R AR P AT AR B
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Supplement I Spatial distribution pattern of Abies georgei at different developmental stages under the null model of
heterogeneous Poisson (HP) in the 20 hm? dynamics plot of subalpine cold-temperate coniferous forest in Shangri-La, Yunnan
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A, Sapling. B, Juvenile trees. C, Adult trees. Solid lines represent the value of the univariate pair-correlation function (g(r)), the black
dashed line represents the expected value of the g() function, and the gray dashed lines represent the 99% confidence interval.
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Supplement II Spatial distribution pattern of dominant species in subtree and shrub layer under the null model of
heterogeneous Poisson (HP) in the 20 hm? dynamics plot of subalpine cold-temperate coniferous forest in Shangri-La, Yunnan
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A, Rhododendron rubiginosum. B, Sorbus rehderiana. C, Lonicera tangutica. D, Dipelta yunnanensis. Solid black line represents the
value of the univariate pair-correlation g(r) function, the black solid line in the middle represents the expected value of the g(r)
function, and the gray dashed lines represent the 99% confidence interval.
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Supplement III Interspecific relationship distribution between Abies georgei at different developmental stages and other
dominant species in the 20 hm? dynamics plot of subalpine cold-temperate coniferous forest in Shangri-La, Yunnan

20 A 2rB 10r C
p <0.001 p<0.001 p<0.001
1.5¢
0
0.5
1.0~
_2_
0.5 00
0. -4+
05k -0.5¢
) L - L L 1 _67 L . 1 1 )
20 40 60 80 100 20 40 60 80 100 20 ] 60 80 00
1.5-D 2rE 1o F
p<0.001 p<0.001 P£<0.001

Lo i
0.5¢
0.5

—~ L0 2
& %0 0 %0 g0 100 30 40 80 80100 70 10 8 80 100
[h
10r G 0.6 H 150 1
05 P <0.001 oq Pe0001 £ <0.001
100
. V 0]
00
L L 1 ] _0.5 L 1 ]
20 40 ) 80 T00 20 0 ) %0 100
20 J 1K 10 L
p<0.001 P <0.001 P <0.001
0
0
0.5
Sl
4 {\
—4L /
00l
—6F -2
-8t 030
4l
20 0 %0 %0 100 20 40 0 %0 100 20 40 %0 30 100
JREE Scale (m)

WA A, SIRALAZAERS . B, TRRIZIARALRS . C, B AIZIARALRS . D, AiRIPEEGEMK. E, "PRAPEREER. F, &
WP EM . EARZ: G, AR SR 2 4. H, TRAESREL. I, RMAESEREL. J, DM ZEIUEAR. K, F
PRI B UG Ao Ly SO 23 B UG Ao 3 i 24 2= UAZ B8ORS AH 5% R B (g 12r)) R BRI ERAEL, o8] 2R B B IR g () A 2
18, REOHELFIRIINIEEX . pE G RREE R .

Subtree layer: A, Sapling and Rhododendron rubiginosum. B, Juvenile trees and Rhododendron rubiginosum. C, Adult trees and
Rhododendron rubiginosum. D, Sapling and Sorbus rehderiana. E, Juvenile trees and Sorbus rehderiana. F, Adult trees and Sorbus
rehderiana. Shrub layer G, Sapling and Lonicera tangutica. H, Juvenile trees and Lonicera tangutica. 1, Adult trees and Lonicera
tangutica. J, Sapling and Dipelta yunnanensis. K, Juvenile trees and Dipelta yunnanensis. L, Adult trees and Dipelta yunnanensis. The
black curve represents the function value of the bivariate pair-correlation function (gi2(r)), and the black line represents the expected
value of the gi12(r) function. The dashed gray lines indicate a 99% confidence interval. The p-value is the goodness of fit test result.
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Supplement IV Interspecific relationship distribution of dominant species in subtree layer and shrub layer in the 20 hm?
dynamics plot of subalpine cold-temperate coniferous forest in Shangri-La, Yunnan
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A, Rhododendron rubiginosum and Sorbus rehderiana. B, Rhododendron rubiginosum and Lonicera tangutica. C, Rhododendron
rubiginosum and Dipelta yunnanensis. D, Sorbus rehderiana and Lonicera tangutica. E, Sorbus rehderiana and Dipelta yunnanensis.
F, Lonicera tangutica and Dipelta yunnanensis. The black curve represents the function value of the bivariate pair-correlation function
g12(r), and the black line represents the expected value of the (gi2(r)) function. The dashed gray line indicates a 99% confidence
interval. The dashed gray line indicates a 99% confidence interval. The p-value is the goodness of fit test result.
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