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Abstract: To accurately investigate the coexistence patterns of the narrow-ranged Frangois’ langur ( Trachypithecus fran-
coisi) and the widely distributed rhesus macaque (Macaca mulatta) in karst habitats, a survey was conducted on both spe-
cies in the Yezhong Francois’ Langur Nature Reserve, Guizhou, from June 2023 to June 2025. Unmanned aerial vehicle
(UAV)-borne LiDAR technology was employed to extract high-precision three-dimensional topographic and vegetation struc-
tural variables, and combined camera-trapping technology to obtain the daily activity date of the two species. Based on the
ensemble species distribution modeling, kernel density estimation, and Watson’s two-sample test, the spatiotemporal co-
existence patterns of the two species were analyzed. The results showed that: (1) Spatially, Frangois’ langurs were aggre-
gated and primarily inhabited at the bottom of karst valleys and on both sides of cliffs in the central nature reserve, and the
high-suitability habitat was 6.71 km?, accounting for 25. 09% of the total reserve area. Rhesus macaques showed a more
dispersed distribution, and the high-suitability habitat was 8. 79 km?, accounting for 32. 88%. The central valley-adjacent ar-
eas represented overlapping high-suitability habitat zones for both species (3.02 km?) , with high spatial niche overlap
(Schoener’s D = 0. 733, Warren’s /= 0. 935) and substantial spatial competition. (2) There were differences in the selec-
tivity of environmental factors between the two species, topography and water sources were the dominant factors shaping
the spatial distribution of Frangois’ langurs, whereas rhesus macaque distribution was primarily constrained by anthropo-
genic disturbance factors. (3) In terms of time, the daily activity rhythms of two species were highly overlapping and af-
fected by season (overlap coefficient of 0.74 in rainy season and 0.81 in dry season). Significant differences were de-
tected between co-occurrence and non-co-occurrence sites for Frangois’ langurs in rainy season and for rhesus macaques
in dry season (P < 0.001). The former had shown and enhanced peak of activity in the morning, while the latter had exhib-
ited a significant reduction in activity intensity at noon. This study demonstrated that sympatric Frangois’ langurs and rhe-
sus macaques in complex karst canyon habitats exhibited mutual avoidance and adaptation patterns to a certain extent in
both space and time. These findings provide scientific basis for further elucidating species maintenance mechanism and pro-

moting conservation management of rare and endangered species in karst regions.

I3 BT R S A R R 7 R U R A 25051k
T B, WO R A R R RO R
— o S ) AR S LA R YR R R S Y
TS, R A 2 S AR B s ) S B A
Bl an, I EE A R S A AR R X s ]
MaxEnt #5 BRI 5E A R, [R]85 53 A1 14 )11 4 225 ( Rhino-
pithecus roxellana ) 5 3% 2§ ¥ (Macaca thibetana) 1E 7

WA B e EAFAAE B oA, I 4 220 32 T 4R AR
B DR 5 i g v A DX 8K, PG Ak DU 32 T B R
PR R SR [ AR AR A S T B 30 X
B AR LD AL ARS8 7R T 3K L [R] 38 53 17
() 24 4 22 4% ( Rhinopithecus brelichi) 5 J8 05 % (A7 76
FOA 5 b S, HV AT IE X AR BRI

AR P S, v B8 4 22 4k 2 5 A ok




F2H JA - URAE RlE ZLAMALS o AALEOE B IR H AR 713 W U A 35 SR A AN e 2 A7 A X 161

B TG A B 2R R . S R e S A AR
AL AFTER e F A 1 SN E] 234 ) ] BE 2[R
SRR SE 4 00 55— 72 BN, Zhou et al. KR
B W8 (Lophura nycthemera) 7t 5 54t ( Prionailurus
bengalensis) B IEINAT 5525 F B H 1% sl 15 3 LA
5 X 5 B [ HE & 5 1 Wang et al. W/ 7E = VLR HE
XS 4 B KA A S & B0, W) i ) 1 H 3% 3
T A e A, LR 4R IR OR R I
gl [, R W 25 B IR S 4 T ) el L I ] A A
JE S, R SE G AT RESE— R . R, TR
Sl b 8y B ] AR, AN BB 8 7R O S 1 Y
IR, B R S ) i ) 5 R0 T R A
FERLEI Y DG

Wy Fh 43 A B AU (species distribution model , SDM)
JE ST W R 2 ) o3 A 4 SR S LA AL B9 E T
Bl A AR o A iR 22 L T 0 37 S A%
KA ™, B RO B R O R By
I3 A1 R, B0 32 BR800 73 B AR 75 20, ME L
il PR ST AR b IX S A Y SO A8 A R A B = 425 1
RRAE , T 3X SE R AL SRR A 58 70 AL Y T IE 5 4
Wb A0 B ] BEZE A AR AR S AL Y SCBREE
B AWML K (UAV-borne LiDAR) K
18 R AINSE FH Ay ffe e B e R AL T Rl AR,
RO E 0N O1ni SULEI B TV CIF 4 RSN I e £ SR
JE AR R B AR RS A — 4S5 A5 B AL T
%58 1 I T3 2 3 SRR 5 b AR A 4 D s, T
AP0 1k B2 5w AR 2 5 25 () 0 B g
P IO J2 5 7 B BRI 150 2 A S5 A% S RN M
DLURICRIRE B A5 A A2 5 O i ik il s TR
S YL HAR A SO ASEAL AT SRS v bl 221 ) R
KDY 923 18] 73 A1 FRAE , D 7 HORS 40 RO R RY
23 [A) 734 1 Jay 5 S A B S BT A R S

% (Trachypithecus francoisi) K [E 5% — 2% &
SRR AR S, AU TR FE S P R
T AL 1 3 0 ST AR Ay L ARl 2 X B, JHG A1 3
BerE (B PERRAL™ B (Macaca mulatta) W) 2y 3d&
PSR AR SIS K B SRR E AR
PRAP DX (LU AR BP AR LR AP X7 ) 2 S 4 1) O A
S, DX RN A A7 224> B A 5 B A b
ARG I I AR B RRAIE 22 3 AR Y SRAR A e Sy
SRR R SEAE LR R T BT . BT
I, ARG LLAMAPLIE I LR A 5 IC AL

AR I o0 A (i B, AHC A ML O B
BB SRIR I DX PN R FE A T 5 A = 245 4
AR, SR AR S o o A A R 5 A T A 1 g A
T B S A AL RE B LR B (D) Rl
A 18 FE AR S5 AR 2 ) A A Jed 2 S B RS T A 2
(B REIE 5 (2) RN 35 23 6] 3 A1 ) £ BT I 1
e A S PRI LR S AR 5 (3) VR AE AR 8] 52
FORRUUE T AR SR S SR AR
TR A SN EERA RIS W E ke
R, DS 7R g ST A 35 v R R K e iy e s S A7
3 NETRWSE RAS A PRI B AR s

1 HRAZE

L1 WFSEIX S

BB R DX 5 A8 7S K T 7K 3k X e &R L
VLRI A (26°09'—26°15'N, 104°50'—104°57'E;
K1), XN PR 120 4% H S0P AR (21 FEAZ O Fb
TE KD AR ), S 4 TR o 8 1) S I A A v 43 A X
Z—, [RIB IR A ZREBRAE 5 A0 AR AP X Ay
TRV | 52 RE B i 11 S AR SR 25 AR AR SO, b 30
P KU DX, 25 VA DX S IR L e Ty 2R XU
i JE@ P AR RR 29 13 °CL AR BIREK & 1 239. 5 mm,
T 1200 m DLF A4 900 28 M s ) A B8 2 S0
SIS T 22 B R (247900 m) §U 0, X A W B 402
AH I, it PR AR DL HP S 3Rl P k] bR
TR IR 320 R SE AR A R b R R R
KB W o, XN I8 53 A 2 8PS A /N R (Viver-
ricula indica) F AN 33 ( Chrysolophus amherstiae ) 55
2R 2R
1.2 ZdidikE
1.2.1 EFIMAE 5 9o A

T 2023 4F 6 1 —2025 4 6 H X {47 X 2517
WEI 7 DX A L R 2 R e 4 ) 30 2 gl
BRI A 1R 72 B LLAMEML (B CL-A1) o AHPL TAERE
AU E T 24 hE SN EE, fil & (B B9 30 s, R AU h
8 DIARBOM R R K0 s (5 5ds . Bt
17 090FAPLTAE H , HARIS A 248 720 755 5K, Horr
FE 22 AR 5 T s B S At 37 A A5 218 5K
FE 25 M i s BRI ST A R R 3755k . FEZR
PAA 5 I NIRRT, A A Lk 55 4%,
B 109. 64 km, EIIREZRKEE 1. 99 km (& 1C).,




162

¥oE 3 B o it

4T %

104°00'E  106°00'E  108°00'E  110°00'E

104°48'E 104°50'E 104°52'E

104°54'E

104°56'E

A N

Z A
o

St

0

I

Z

o

St

)

I

z O semain s

=48 Guizhou Province boundary
= B kT

0 80 160 ki : i Ci
LU Liupanshui City

25°30'N  26°00'N  26°30'N

26°14'N

26°12'N

A Z
)
5] Legend ] g
o ZIAMIIMLA & Camera-trapping location N
o B4V 4, Frangois® langurs location
o JikME 44V 25 Rhesus macaques location
O X305 Reserve boundary
—— JAAFELL Survey transect Z
; < — {37 River 18
I skt o
Liupanshui City boundary ¥4k /m Elevation o
I Ak A AR X 1 666,61
Yezhong Frangois’ Langur '
0 25 50km Nature Reserve L 706.10 0 1 2km
| I E— —_
104°30'E  105°00'E  105°30'E  106°00'E 104°48'E 104°50'E 104°52'E 104°54'E 104°56'E

A RERTTE SO AR BORLE s B PRI PRI XA R BRI B 25 C. ZET IR ANLABOL T 18 8 2 2 A B PR 4P DR R RS 2

A. Location of Liupanshui City in Guizhou Province; B. Location of Yezhong Nature Reserve in Liupanshui City; C. LiDAR-derived digital eleva-

tion model (DEM) of Yezhong Nature Reserve.
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Figure 1 Location of Yezhong Nature Reserve in Guizhou Province and Liupanshui City, and the LIDAR-derived digital elevation model of the reserve
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Table 1 Parameter settings of the UAV platform and LiDAR sensor

28 filiid
Parameter Description

AT Flight height 100 m
KATHE Flight speed 3 mis
2511 5K Side overlap ratio 70%
i Scanning angle 45°
WOEN K Laser wavelength 905 nm
%48 Number of returns 5
SRS Planar accuracy 5cm
TEEAFE Vertical accuracy 4 cm

Jok % B A% Pulse emission frequency 240 kHz

X E B Average point cloud density 25 points/m®




%2 A A

Fil B LLAMBILS JE AP0 7 I8 B o 7 W 37 A 58 R AR R A e 2 A7 163

1.2.3 FmEFHRR

it FH R 35 B (DJT Terra ) {4 % 3 LR ) 380
T LR A 2 B BEA T B R TR
XTI LS MR 4.3, TH A9 1idR £, 5%
T Ml T R S BN = £f5 M (triangulated irregular
network , TIN) , I FiJ TIN Z& V476 (B 7 7% 3153 b 1 i
P, SE s o H— AR BT S B SCHIEE il
WOL TR K 8 = B S 012 4 5 JR A i o3 A1 n]
REAHSC IR AR B (3R 2) , A G I 5 M 9
Je o MR AR B IR T M TH AT 2, BEORT B ) 4 [ A
RS K LAt DAy A I 1) R AR 5 o) A 32 2 0 52

Sri RS EORIE T 0RO R = o S,
BEBORKIEHAN R I0 P 75 W 73 A5 245 b 4 B
AS gk, H K PR 05 Ok A OpenStreetMap (https : //
download. geofabrik. de/asia/china. html) , A\ &4 28
1ok H Yang et al. "R 30 m 43 HER 4 R FH AL
o BT AT AR PR A A R 2t Oy TIFF A% =A% SC
1, 23 1) 3 BERGE— 9 10 m, AL AR R G — ) WGS84/
UTM zone 48N 52 A0 b , LA P i 224 o 0 A A 71
AT — Btk . BRI BRAE R 4.3, 1 38T P A
terra spatialEco fl lidR f5E Al .

R2 HABERTENESUEESTS

Table 2 LiDAR-derived variables used for ecological niche modeling
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Table 3 Variance inflation factor (VIF) test results of modeling variables in Frangois’ langurs and rhesus macaques species distribution models

J7 2B FF Variance inflation factor 75 228 K R F Variance inflation factor
At A TR " At A4 R -
Variable name MR iy Variable name AR Ttk
Trachypithecus francoisi ~ Macaca mulatta Trachypithecus francoisi ~ Macaca mulatta
134 ELE 2.35 2.17 TR FE Hmax — 9.10
W SLO 5.54 3.84 1R SR 25 H 43 L H25 4.94 6.77
Jedkin) NOR 1.54 1.32 FER T 54 VVD 5.40 7.69
ZRYE 1) EAS 1.67 1.36 FE/K IR B DTW 2.29 2.64
HJEHIEEE ROU 5.12 6. 36 PR A B DTR 2.55 1.83
HOJE AL HE K TPI 1.74 1.39 PR HEE S DTF 1.54 1.38
EEHERIE CC 2.17 3.03 PR R X R RS DTH 2.52 2.01

—. AR A AR
—. The variable was not included in the final model for that species.

KR 4.3, 1 # biomod2 (LM A B IH A S 5k L BRANSEVR S I M B A R O i G T
ok 8 B B ) 43 A B Y (ensemble model , EM) , £ ££ Wy A S B 15 Bl S Nk BPR R AF FE S (pseudo-
10 g HI 6% SDM B35 AT AR U S (3R 4) . absence , PA) 1 0% Y (i 22 , A KA Deng et al.
SDM A4 581 2 Kl isk B 1% B biomod?2 £ BRIA 11 default 2D ] Ul TR AR A A DX R A R AR 1473
HMG T AU A AE 8L (presence ) B ds JC U4 F 1 307 B 5 B E TS 4 2R, 0 ) b SR A R s E

F4 BIRSEREASITR S —ERR AT AR

Table 4 Performance evaluation results of Frangois’ langur and rhesus macaque in ensemble model and single model

SR b{iiY3
B Trachypithecus francoisi Macaca mulatta
Model
AUC TSS AUC TSS
AL RIFP AR Ensemblemodel , EM 0.93 0.77 0.92 0.72
£ J0 & W [ U EE 4% Multivariate adaptive regression splines, MARS 0.94 0.70 0. 89 0.58
I XA Generalized linear model , GLM 0.91 0. 68 0. 89 0. 64
RIEH BT Flexible discriminant analysis, FDA 0.91 0.67 0.90 0.59
I AR Generalized additive model , GAM 0.91 0. 65 0.89 0.59
I XARETFHERL Generalized boosted model , GBM 0.92 0. 63 0. 90 0.59
I3 Classification tree analysis, CTA 0.79 0.59 0. 80 0.55
AN T2 M Artificial neural network , ANN 0.71 0.42 0.70 0. 40
We it b FEHE T Extreme gradient boosting , XGBoost 0. 84 0.27 0.84 0.45
BlHLARM Random forest, RF 0.93 0.23 0.93 0.35
LML FE L2 Surface range envelope , SRE 0.61 0.22 0. 62 0.25

e AL T TSS > 0. 4 1 B ASRUR FH INACT- YA e

Note: The ensemble model was constructed using the weighted average method based on single models with TSS > 0. 4.
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Figure 2 Distribution of habitat suitability for Francois” langurs and rhesus macaques in Yezhong Nature Reserve
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Figure 3 Distribution of overlap regions in different suitable habitats between Frangois’ langurs and rhesus macaques in Yezhong Nature Reserve
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ELE. Elevation; SLO. Slope; NOR. Northness; ROU. Terrain roughness; CC. Canopy cover; Hmax. Maximum vegetation height; H25. 25th
percentile of height; VVD. Vegetation vertical distribution index; DTW. Distance to water; DTR. Distance to road; DTF. Distance to farmland; DTH.
Distance to human settlement.
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Figure 4 Ranking of variables permutation importance in the integrated models for Francois’ langurs and rhesus macaques in Yezhong Nature Reserve
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Table 5 Environmental variable ranges in suitable and coexistence habitats of Frangois’ langurs and rhesus macaques
B HAEBEVE I Suitable habitat range
E3ne sl AR R A7

Variable type Variable name

Trachypithecus francoisi

Coexistence range
Macaca mulatta

33/m ELE 733.67 ~1441.92 756. 00 ~ 1 564. 04 756.00 ~ 1 441. 92

YeEEI(°) SLO 22.80~77.04 13.88 ~73. 14 22.80 ~73. 14
W HJE ML) /m ROU 5.62~61.83 3.33~47.38 5.62~47.38
Topography H A7 15 50/ TPT -2.10~1.95 -1.29~1.34 -1.29~1.34

dbHem NOR -0. 96 ~ 0. 96 -0.93~0.96 -0.93~0.96

AYE 1 EAS -0.96 ~ 0. 96 -0.97~0.97 -0.96 ~ 0. 96

S 2 T /% CC 2.46 ~69. 16 0.57 ~74. 84 2.46 ~69. 16
Wik FE B A EL5 A F8 %0/ m VVD 0.71~7.49 0.53~5.79 0.71~5.79
Vegetation RIS 25 F M 8Um H2S 0.16~5.91 0.09~5.70 0.16~5.70

i KB 155 B /m Hmax 2.19~21.57
;Jv(jir PEK GBS /m DTW 20. 00 ~ 560. 36 36. 06 ~ 968. 76 36. 06 ~ 560. 36

1 1 B 25 /m DTR 157.99 ~ 1 078. 13 74.24 ~ 1 063. 45 157.99 ~ 1 063. 45
ﬁziﬁimﬂmm FE A H #H 25 /m DTF 0~135.10 0~117.18 0~117.18

B R X B ES/m DTH 255.40~1176.13 204.31 ~ 1 150. 27 255.40 ~ 1 150. 27

TE: RAEUIE 3 T TSS S UL B BRI 40 F9E B AR 55 A7 A S5 A RS A8 1 RO BUELVE L, S e 1 BRI S AR 4% A G B A B M

B R E AR X ]

Note: The data in the table show the range of environmental variable values for suitable habitats and coexistence habitats, classified based on the

optimal TSS threshold, and reflect the environmental condition distribution intervals for Francois’ langur and rhesus macaque in their respective suitable

and overlapping habitats.
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Figure 5 Diurnal activity rthythms of Frangois’

(c) Rhesus macaques (wet season)
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Figure 6 Temporal niche overlap of Francois ’ langurs and rhesus macaques at co-occurrence camera sites in Yezhong Nature Reserve
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