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Fig.1 Plants of Primulina heterotricha with purple
flowers (A) and pale yellow flowers (B), sampling site of
the purple-flowered population (C) and pale yellow-
flowered population (D)
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Fig. 2 Floral traits of different geographic populations of
P. heterotricha
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Fig. 3 Linear relationships between floral traits and
altitude (A) and geographical distance (B)
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heterotricha at different flowering stages (C)
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Fig. 6 Pollinators of purple (A, B) and yellow (C, D)
flowers of P. heterotricha

3 1% it

FE A BHEY T LA E T AR LR A
TAEXS Wb 73 A R AT EE B HIC, DRIk ] i o A e 7
FAIE PN Z SRR B AL TR ER G NE S ALK F A
R A 1 B AE B AR B Dy T <1 RAE T . R
XK, FE €0 12 58 (B (0, B 32 2 LI/ AR
FERIAE S AL 453 Bl 421, T 3 e Rp Ak ] ) 32
BRI FE IR JESR AR AEMETE R AN R
KA UTAEE B/ NEUIARSG, & e B L RE
IR AAETEE AT 78 A I AR A DI RE IR,
BN ZRTT 22 3 BT T, MR- A B AN () i B Ao
TERIE R BAR | BN S8 S AE R R T B 25 52,
5 1 3t L Rl 5 LA K Bl B — A R I Y E 18] 73
o T =F MR R A R B e, HAREM
TR ) RS2 BB AR R S 1 18 0 AR 5, 3R %y
TFARRIRERE S . THREPEIR BOAR S B e
[ 1 M, 3 > AL AR A AL AT B 5 A AH G, 35
Wi AE AR 45 K ] BE B A DI BE DRI 1, J2 st BE D
A FAFAET R E R 20 A D fl . FoR, AROCPE
PAVIR TV S LU N 5 1 SE RS SR (RA R T S 3
SRR, Wi o AT rh R sV SRR T G 2R
ST 2L

ThE P 5% 1408 30T s DX RA AHBL A A R, L
WALy Sy o UL B AL R LA 0200 e ALy
BLAI B LE B Ak Az AR JH R
B B R SR Ry O B RO I 2 e O AR,
X 2 PRI A TR A AR S A B

TR 5 LI kIR A g VAR, 22 E iR R
80% MYRFA AR, X I 2% 1L DK B 17 b 2
25, 7] AE St PG 2 R T B M R 2 e T B e 1 A
S, WS HANRE A B R R A7 0 25 53 10 )R
BRAIE; HE T R R AR R BAR L (BN
JE | AT 5 A% by A R AU TE TC 1 G s ) RE MR
iy IS Byt e N i vl S L & S S W v R IR ]
PR S ARRAN AT R R RIES, SRR
7ty 3R DX 3 1) A5 0 3 SR A LSO AS | AT R AR
A2 SO0, WA AL AR b B A S R AR AR SR

Ao X T 5 |15k BB 2 G2, AR Ha N
M AEA T 5 5| RAG Ky B VT AEAT 0O, 2 R
o, SR R BT, BB AN SIS T i
U SR K B TR i S 05, AR
A H 0 5 5RO AR e Y T e 1 U (A3
0 L, IR o A A A AR, R
2 FfE AR RE LTSI S . TFESh AT B 2 57,
R AR S A5 b A v HU i DGR 5, 2 6
ML R E VI AT SRS IR, HKk, 2 Fhde
ORIFPREEAES] Bk B Fh2E E R AR . H
o, BAERNEFRY AL 4 ~ 10 H, SAERMRE AL
HMZER 1~2 4 H

BRI DGR 2 2N i RO R = R
JCH M, T 58 AL FhORE 1Y 1% 4 5 LA B PR O By
Fo KB RN M 5 R A R XU AR
(Impatiens hainanensis) A K, HALH & R A=
FIFHRAS R AR 25 5709 AR X S AL 4 2R
FRBTTCH | R I AR DX S T Sy S O TG B I (4.
zonata), (RZ W R AR K AEAG R RSB Ak, o
RTCHIE MR 14 ~ 16 mm, EBEAK 13~ 16
mm; 75 B JCHIE A RS 15 ~ 16 mm, #fERE ARG
13 ~ 15 mm™", 2 F 2R AR RUR/PMAHZEA R . TR
) E A 1 o 2, AR TRUAH ] 09 15 3 AN 5 TE 1 At
MR R ] 22 5, SEUETRIE S A R — 3.
VR, - A 5 0 R e L R R R A
907, fe (0 Z 28 R 4ERE AT BB S R E AR A Y
Mol % .

S, M A A () B R 1 A6 R A
A B2 22 5, RUNZRBFAETIE ST 7 A 3
PRAS S T g 5 A5 K A A BRI A R A G
S M R BB AR RS 58 2 R4, (3
ANFEAE R RELEAE TR . FEAL SIS SFRRE 1Y



5 ] Zs

4145 WA A R MR AR E S T AT

RFAIE O B ER AR 7 RIAE £ 22 A P AR R IE 1 901

To 5 28 5, R R T AR IS HAE (1Y
KHEH R o B0 Z R BT BT 5 TR AR
G, A A T BEBFFEAE (0 2 R ME iU AR
AR o AT B 1 A R R
AT T T RRTRR [ 5 2 Dl AL AR AR AT 10 3 B A S
FIAE O 2 FEIE B A Ry i B, AL EE 7R T %A 1)
e oy AR Jeg Sl A 2 IO Ao e, A A 9B T AR b
GRS TR A ) ZE R TR DR R B IR 55 D RE DA 243
TRk

STEFR % 1~ 4. https:/rdswxb.hainanu.edu.cn/cn/
article/doi/10.15886/j.cnki.rdswxb.20250137

S22 3Lk

[1] Myers N, Mittermeier R A, Mittermeier C G, et al. Biod-
iversity hotspots for conservation priorities[J]. Nature,
2000, 403(6772): 853—858. https://doi.org/10.1038/35002
501
[2] Francisco-Ortega J, Wang Z S, Wang F G, et al. Seed
plant endemism on Hainan Island: a framework for con-
servation actions[J]. The Botanical Review, 2010, 76(3):
346-376. https://doi.org/10.1007/312229-010-9055-7
(3] BNk T matE 44 53 M. bt Bl ik, 2013.
(4] #7/Ne. g rE A -5 =46 TM . dE st BRA R A,
2015.
(5] 2=k, w2/ D7, WA 5, 5. BT 23 el 3 Xt e 5
ALY E AL Z R R (V] T A,
2020,40(10):1505—1513.https://doi.org/10.11931/guihaia.
gxzw201808024
[6] Ling S J, Caujapé-Castells J, Tang L, et al. Phylogeo-
graphic patterns driven by river isolations in an island-en-
demic montane plant[J]. Authorea, 2024. https://doi.org/
10.22541/au.170667125.55077758/v1
[7] Burtt B L. Studies on the gesneriaceae of the old world
XXIV: tentative keys to the tribes and genera[J]. Notes
from Royal Botanic Garden Edinburgh, 1962, 24(3): 205—
220. https://doi.org/10.24823/nrbge.1963.2624
(8] rh ERL B b E A S g R S 2. T ERE SR N
TIUE M. bt BR R, 1990.
(91 ZedRe3", FENBL. o B & RHEY) (M1 FBIN: T B
“FHOR AL, 2005.
(107 ) PRAR A DX b2 e ) PR RIS . A R
EHRHEY) IM]. BT T IURREHOR L, 2010.

[11] Ling S J, Qin X T, Song X Q, et al. Genetic delimitation
of Oreocharis species from Hainan Island[J]. Phy-
toKeys, 2020, 157: 59—81. https://doi.org/10.3897/phy-
tokeys.157.32427

[12] Ling S J, Guan S P, Wen F, et al. Oreocharis jasminina

(Gesneriaceae), a new species from mountain tops of
Hainan Island, South China[J]. PhytoKeys, 2020, 157:
121-135. https://doi.org/10.3897/phytokeys.157.50246

[13] Ling S J, Wen F, Ren M X. Oreocharis hainanensis

(Gesneriaceae), a new species from karst regions in
Hainan Island, South China[J]. Phytotaxa, 2022, 538(4):
281-291. https://doi.org/10.11646/phytotaxa.538.4.2
(14] B/ G T07, 52, 55, 1R B B & RHEY) i) 3
MMM RS RERE KRR UL B 2R, 2017,

25(8): 807—-815. https://doi.org/10.17520/biods.2016360

(15 Ak, JE S, E A, S5, i p A W) b 22 REE 2
H M. 530 A BHOR A H i, 2012.

(16] B2 g g By vt B S RH XU A 2 R A i
TR AL B S A BARTEPI Y 234k (D] g 12 R K
#,2017.

[17] Jin W T, Ling S J, Chung M G, et al. Human fragmenta-
tion effects are genetically detectable after 6 years in an
island-endemic plant[J]. Ecology and Evolution, 2025,
15(5): €71310. https://doi.org/10.1002/ece3.71310

(18] sWIZE. dutite 5 thky B b R R4 0] 2R
7% 7, 1996(3): 46—48. https:/doi.org/10.3969/j.issn.
1003-5508.2005.06.007

(19] AR HAR, B4k, & T 7. MEds: A5k M), Jbat:
Bl Hi AL, 2016.

[20] Anderson B, Alexandersson R, Johnson S D. Evolution
and coexistence of pollination ecotypes in an African
Gladiolus (Iridaceae)[J]. Evolution, 2009, 64(4): 960—
972. https://doi.org/10.1111/j.1558-5646.2009.00880.x

[21] Van Der Niet T, Pirie M D, Shuttleworth A, et al. Do
pollinator distributions underlie the evolution of pollina-
tion ecotypes in the Cape shrub Erica plukenetii?[J]. An-
nals of Botany, 2014, 113(2): 301-315. https://doi.org/
10.1093/a0b/mct193

[22] BRI, W T-07, AT BT JXUSE SRR AR AL 1 e S A3 28
T BABRHE S RIRIE R[], A= W2 FEME, 2016, 24(12):
1364—1372. https://doi.org/10.17520/biods.2016248

[23] Esri. ArcGIS desktop: release 10.8.1[EB/OLY]. (2024-08-
21)[2025-11-01]. https://support.esri.com/zh-cn/patches-
updates/2024/arcgis-desktop-10-8-1-general-component-
updates-patch

[24] R Core Team. R: a language and environment for statist-
ical computing[R]. Vienna, Austria: R Foundation for
Statistical Computing, 2024.

[25] Kassambara A. Rstatix: pipe-friendly framework for ba-
sic statistical tests[EB/OL]. (2025-10-18)[2025-11-01].
https://rpkgs.datanovia.com/rstatix/articles/rstatix.html

[26] Fox J, Weisberg S. An R companion to applied regres-
sion[M]. 3rd ed. Thousand Oaks: SAGE Publications,
2019.

[27] WEITY, SIMKO V, LEVY M, et al. Orrplot: visualiza-
tion of a correlation matrix[EB/OL]. (2024-10-14)
[2025-11-01]https://search.r-project.org/CRAN/refmans/
corrplot/html/00Index.html

[28] Martén-Rodriguez S, Almarales-Castro A, Fenster C B.
Evaluation of pollination syndromes in Antillean ges-
neriaceae: evidence for bat, hummingbird and general-
ized flowers[J]. Journal of Ecology, 2009, 97(2): 348—
359. https://doi.org/10.1111/1.1365-2745.2008.01465.x

[29] Rosas-Guerrero V, Aguilar R, Martén-Rodriguez S, et
al. A quantitative review of pollination syndromes: do
floral traits predict effective pollinators?[J]. Ecology
Letters, 2014, 17(3): 388—400. https://doi.org/10.1111/
ele.12224

[30] Ling S J, Meng Q W, Tang L, et al. Pollination syn-
dromes of Chinese gesneriaceae: a comparative study
between Hainan island and neighboring regions[J]. The
Botanical Review, 2017, 83(1): 59—73. https://doi.org/
10.1007/s12229-017-9181-6

[31] Fenster C B, Armbruster W S, Wilson P, et al. Pollina-
tion syndromes and floral specialization[J]. Annual Re-
view of Ecology, Evolution, and Systematics, 2004, 35:


https://rdswxb.hainanu.edu.cn/cn/article/doi/10.15886/j.cnki.rdswxb.20250137
https://rdswxb.hainanu.edu.cn/cn/article/doi/10.15886/j.cnki.rdswxb.20250137
https://doi.org/10.1038/35002501
https://doi.org/10.1038/35002501
https://doi.org/10.1038/35002501
https://doi.org/10.1038/35002501
https://doi.org/10.1007/s12229-010-9055-7
https://doi.org/10.1007/s12229-010-9055-7
https://doi.org/10.1007/s12229-010-9055-7
https://doi.org/10.1007/s12229-010-9055-7
https://doi.org/10.1007/s12229-010-9055-7
https://doi.org/10.1007/s12229-010-9055-7
https://doi.org/10.1007/s12229-010-9055-7
https://doi.org/10.1007/s12229-010-9055-7
https://doi.org/10.1007/s12229-010-9055-7
https://doi.org/10.11931/guihaia.gxzw201808024
https://doi.org/10.11931/guihaia.gxzw201808024
https://doi.org/10.11931/guihaia.gxzw201808024
https://doi.org/10.11931/guihaia.gxzw201808024
https://doi.org/10.22541/au.170667125.55077758/v1
https://doi.org/10.22541/au.170667125.55077758/v1
https://doi.org/10.22541/au.170667125.55077758/v1
https://doi.org/10.24823/nrbge.1963.2624
https://doi.org/10.24823/nrbge.1963.2624
https://doi.org/10.24823/nrbge.1963.2624
https://doi.org/10.24823/nrbge.1963.2624
https://doi.org/10.3897/phytokeys.157.32427
https://doi.org/10.3897/phytokeys.157.32427
https://doi.org/10.3897/phytokeys.157.32427
https://doi.org/10.3897/phytokeys.157.32427
https://doi.org/10.3897/phytokeys.157.32427
https://doi.org/10.3897/phytokeys.157.32427
https://doi.org/10.3897/phytokeys.157.50246
https://doi.org/10.3897/phytokeys.157.50246
https://doi.org/10.3897/phytokeys.157.50246
https://doi.org/10.11646/phytotaxa.538.4.2
https://doi.org/10.11646/phytotaxa.538.4.2
https://doi.org/10.11646/phytotaxa.538.4.2
https://doi.org/10.17520/biods.2016360
https://doi.org/10.17520/biods.2016360
https://doi.org/10.17520/biods.2016360
https://doi.org/10.1002/ece3.71310
https://doi.org/10.1002/ece3.71310
https://doi.org/10.1002/ece3.71310
https://doi.org/10.3969/j.issn.1003-5508.2005.06.007
https://doi.org/10.3969/j.issn.1003-5508.2005.06.007
https://doi.org/10.3969/j.issn.1003-5508.2005.06.007
https://doi.org/10.3969/j.issn.1003-5508.2005.06.007
https://doi.org/10.3969/j.issn.1003-5508.2005.06.007
https://doi.org/10.3969/j.issn.1003-5508.2005.06.007
https://doi.org/10.3969/j.issn.1003-5508.2005.06.007
https://doi.org/10.1111/j.1558-5646.2009.00880.x
https://doi.org/10.1111/j.1558-5646.2009.00880.x
https://doi.org/10.1111/j.1558-5646.2009.00880.x
https://doi.org/10.1111/j.1558-5646.2009.00880.x
https://doi.org/10.1111/j.1558-5646.2009.00880.x
https://doi.org/10.1093/aob/mct193
https://doi.org/10.1093/aob/mct193
https://doi.org/10.1093/aob/mct193
https://doi.org/10.1093/aob/mct193
https://doi.org/10.1093/aob/mct193
https://doi.org/10.17520/biods.2016248
https://doi.org/10.17520/biods.2016248
https://doi.org/10.17520/biods.2016248
https://support.esri.com/zh-cn/patches-updates/2024/arcgis-desktop-10-8-1-general-component-updates-patch
https://support.esri.com/zh-cn/patches-updates/2024/arcgis-desktop-10-8-1-general-component-updates-patch
https://support.esri.com/zh-cn/patches-updates/2024/arcgis-desktop-10-8-1-general-component-updates-patch
https://support.esri.com/zh-cn/patches-updates/2024/arcgis-desktop-10-8-1-general-component-updates-patch
https://support.esri.com/zh-cn/patches-updates/2024/arcgis-desktop-10-8-1-general-component-updates-patch
https://support.esri.com/zh-cn/patches-updates/2024/arcgis-desktop-10-8-1-general-component-updates-patch
https://support.esri.com/zh-cn/patches-updates/2024/arcgis-desktop-10-8-1-general-component-updates-patch
https://support.esri.com/zh-cn/patches-updates/2024/arcgis-desktop-10-8-1-general-component-updates-patch
https://support.esri.com/zh-cn/patches-updates/2024/arcgis-desktop-10-8-1-general-component-updates-patch
https://support.esri.com/zh-cn/patches-updates/2024/arcgis-desktop-10-8-1-general-component-updates-patch
https://support.esri.com/zh-cn/patches-updates/2024/arcgis-desktop-10-8-1-general-component-updates-patch
https://support.esri.com/zh-cn/patches-updates/2024/arcgis-desktop-10-8-1-general-component-updates-patch
https://support.esri.com/zh-cn/patches-updates/2024/arcgis-desktop-10-8-1-general-component-updates-patch
https://support.esri.com/zh-cn/patches-updates/2024/arcgis-desktop-10-8-1-general-component-updates-patch
https://support.esri.com/zh-cn/patches-updates/2024/arcgis-desktop-10-8-1-general-component-updates-patch
https://support.esri.com/zh-cn/patches-updates/2024/arcgis-desktop-10-8-1-general-component-updates-patch
https://support.esri.com/zh-cn/patches-updates/2024/arcgis-desktop-10-8-1-general-component-updates-patch
https://support.esri.com/zh-cn/patches-updates/2024/arcgis-desktop-10-8-1-general-component-updates-patch
https://support.esri.com/zh-cn/patches-updates/2024/arcgis-desktop-10-8-1-general-component-updates-patch
https://support.esri.com/zh-cn/patches-updates/2024/arcgis-desktop-10-8-1-general-component-updates-patch
https://support.esri.com/zh-cn/patches-updates/2024/arcgis-desktop-10-8-1-general-component-updates-patch
https://rpkgs.datanovia.com/rstatix/articles/rstatix.html
https://search.r-project.org/CRAN/refmans/corrplot/html/00Index.html
https://search.r-project.org/CRAN/refmans/corrplot/html/00Index.html
https://search.r-project.org/CRAN/refmans/corrplot/html/00Index.html
https://search.r-project.org/CRAN/refmans/corrplot/html/00Index.html
https://doi.org/10.1111/j.1365-2745.2008.01465.x
https://doi.org/10.1111/j.1365-2745.2008.01465.x
https://doi.org/10.1111/j.1365-2745.2008.01465.x
https://doi.org/10.1111/j.1365-2745.2008.01465.x
https://doi.org/10.1111/j.1365-2745.2008.01465.x
https://doi.org/10.1111/ele.12224
https://doi.org/10.1111/ele.12224
https://doi.org/10.1111/ele.12224
https://doi.org/10.1111/ele.12224
https://doi.org/10.1111/ele.12224
https://doi.org/10.1007/s12229-017-9181-6
https://doi.org/10.1007/s12229-017-9181-6
https://doi.org/10.1007/s12229-017-9181-6
https://doi.org/10.1007/s12229-017-9181-6
https://doi.org/10.1007/s12229-017-9181-6
https://doi.org/10.1007/s12229-017-9181-6
https://doi.org/10.1007/s12229-017-9181-6
https://doi.org/10.1007/s12229-017-9181-6
https://doi.org/10.1007/s12229-017-9181-6
https://doi.org/10.1007/s12229-017-9181-6
https://doi.org/10.1007/s12229-017-9181-6
https://doi.org/10.1146/annurev.ecolsys.34.011802.132347
https://doi.org/10.1146/annurev.ecolsys.34.011802.132347
https://doi.org/10.1146/annurev.ecolsys.34.011802.132347

902 PEEMFIR (PR ) J. Trop. Biol.

2026 4F

375-403.  https://doi.org/10.1146/annurev.ecolsys.34.
011802.132347

[32] GaoJ Y,Ren P Y, Yang Z H, et al. The pollination eco-
logy of Paraboea rufescens (Gesneriaceae): a buzz-pol-
linated tropical herb with mirror-image flowers[J]. An-
nals of Botany, 2006, 97(3): 371-376. https://doi.org/10.
1093/a0ob/mcj044

[33] Ak, F70E%, FRM. MR TR IREE AR G
EERH) WALk A5 (1], )Pk, 2012,
32(5):571-578.https://doi.org/10.3969/j.issn.1000-3142.
2012.05.001

[34] Rodriguez-Gironés M A, Santamaria L. Why are so
many bird flowers red?[J]. PLoS Biology, 2004, 2(10):
€350. https://doi.org/10.1371/journal.pbio.0020350

[35] B 5, skAT, RAv iR, 55, 16 pg RUNAEAS [F] SR it

475. https://doi.org/10.3724/SP.J.1003.2014.13243

[36] Menghini M. # ¥R i FE2% [1]. SCHR, 1% BRA ISR,
2004(3): 66—69.

[37] TR Bk s e pi ot 5L (M. I, 3. bt
Bleg i, 2008.

[38] Menzel R, Blakers M. Colour receptors in the bee eye -
Morphology and spectral sensitivity[J]. Journal of Com-
parative Physiology, 1976, 108(1): 11-13. https://doi.
org/10.1007/BF00625437

[39] Osorio D, Vorobyev M. Photoreceptor sectral sensitivit-
ies in terrestrial animals: adaptations for luminance and
colour vision[J]. Proceedings of the Royal Society B:
Biological Sciences, 2005, 272(1574): 1745-1752.
https://doi.org/10.1098/rspb.2005.3156

[40] RFeqn, f3, EW0T. ~rgE ek M), BRI = fl

RO A% Ry A= 2 [T). A9 Z R, 2014, 22(4): 467— i H AL, 1988.

Geographical variation in floral traits and pollination
adaptation of floral color diversity of Primulina heterotricha

(Gesneriaceae), an endemic species of Hainan Island, China

Li Hong'*, Ling Shaojun'?, Ren Mingxun'*’
(1. Hainan Institute of National Park/Key Laboratory for National Park Protection and Development of Hainan Province, Haikou,
Hainan 570203, China; 2. International Joint Center for Terrestrial Biodiversity around South China Sea of Hainan Province,

School of Ecology, Hainan University, Haikou, Hainan 570228, China)

Abstract: Hainan Island, as one of the global biodiversity hotspots, has its biodiversity concentrated in National Park of Hainan
Tropical Rainforest. Primulina heterotricha, an endemic plant of Hainan Island, has a widespread distribution and consists of two
floral color morphs: yellow-flowered and purple-flowered individuals. First, to clarify the differentiation pattern of floral traits
among different geographical populations, we measured key floral traits including floral diameter, floral mouth width, and corolla
tube length across various geographical populations, and analyzed the potential driving effect of geographical isolation on the
differentiation of these floral traits. Second, focusing on the differentiation of two floral color morphs and the differences in
pollination mechanisms, we comparatively analyzed the flowering dynamics of yellow-flowered and purple-flowered individuals,
as well as flower-visiting insects and their visiting behaviors, to reveal the possible differences in pollination mechanisms between
populations with different flower colors. A multivariate analysis of variance (MANOVA) revealed significant differences in floral
traits among different geographical populations (P < 0.05), but geographical distance and altitude had no significant effect on
floral traits. Populations with different floral colors also did not show significant difference in floral traits (P > 0.05). Moreover, at
different flowering stages, there were no significant differences in stamen length, pistil length and herkogamy degree between the
two floral color populations (P > 0.05), but the stigma gradually elongated and exceeded the position of the anthers as the
flowering period progressed. Observations on flower-visiting insects indicated that the main flower-visiting insects of yellow-
flowered populations were Amegilla leptocoma and A. yunnanensis, while the main flower-visiting insect of the purple-flowered
populations was A. leptocoma. Thus, yellow-flowered individuals have a more generalized assemblage of flower visitors, whereas
purple-flowered individuals exhibit a more specialized pollination system. This study investigated the differentiation pattern of
floral traits among different geographical populations, floral color diversity and pollination adaptation process of P. heterotricha,
and provides a scientific basis for biodiversity conservation and pollination service function assessment in National Park of
Hainan Tropical Rainforest..

Keywords: Hainan Island; floral syndrome; floral color; flowering dynamics; pollination system
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