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Abstract

Aims As foundation species in the alpine ecosystems, the reproduction and recruitment of alpine cushion plants
are very important for sustaining the alpine ecosystem functions. However, it still remains unclear that how
cushion plants effectively allocate resources to optimize reproductive fitness.

Methods Here we selected five populations of a gynodioecious herb Arenaria polytrichoides with different
exposures and slopes along an altitudinal gradient on the Baima snow mountain in northwest Yunnan, southwest
China, to investigate and compare flowering area and positions, within and among populations and between
female and hermaphroditic morphs. By doing so, we further discuss how the environmental stresses affect the
cushion’s flowering attributes thus the population-level reproduction.

Important findings The results showed that, individual plant size and resources allocated to flowering (flowe-
ring area %) both decreased with increasing elevation, indicating that the reproductive allocation strategy was sig-
nificantly affected by elevation. However, a population at lower elevation showed lower reproductive investment
than higher populations, suggesting that elevation was not the only factor affecting the cushion’s reproductive
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allocation. In addition, absolute flowering area increased with increasing individual size, but the flowering area
ratio decreased, indicating that the increases in reproductive allocation are fewer than that in vegetative allocation.
Hermaphroditic individuals invested more resources to flowering than females did, but again, such effect was
affected by elevation. Moreover, within a single population, the flowering areas were significantly different
among the four directions (east, south, west and north) within one single individual canopy, but such differences

varied in different populations.
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bt 5 g PROB I b, PR A% A A B I T
Wi W EFH100 m, SR 0.6 C, RET
[%8-9 hPa (Korner, 2003), 3550 & B WM EZ I
D (CEARESS, 2019). AT SR XA . T 397
NRABEERHER T, m L EDERK RS
FERTE R T £ 5 2 FF IR A& B IR B AE 5
(Sunetal., 2014; %455, 2019), FhEFEHHEM £
FEPEX SERE i LU AR S R AR AT B T SR E
(Hooper et al., 2005). JE Fu At abFH b L s AR 2
FEPE O XIS (FRME A AR, 1998; Zhang et al.,
2015). KIALIK, Tk J5 B me iy 1L i X Al
W A i PRI R (R L AL, 2% S A 2 K AR
BEFMNFE, MRBFCRRANTTRE, I 7 %1%
Hby DX A ) 22 5 1 T ol S LA 3 AL P AP (Sun
etal., 2014; 4%, 2019).

TR RS TR Bk BEIE SO R AR
SRR R E L K B OB R R
(Bloom et al., 1985; Chen et al., 2017b). N T Ni% i
MR X TR I LI AR, HEAAE B 5 SRR A
Gy BCJT R T A 22 5 R B A E L B 2 e
W&o A, EHE S RO (R 43 e 2 EHE A8 B 1 BE IR
)G & B K8 R Il (Bazzaz et al., 1987,
Weiner, 1988; Hartnett, 1990; Vega et al., 2000). Hf 5T
T, AEY) T o BC RS2 B AR 2 AR S5 AR A
THI¥E i (Reekie & Bazzaz, 2005; 5KI#%%, 2020). F
AT, WREE. JKSr . REEE IR AN
K HH 4y e S %5 5 2 1E H (Reekie & Bazzaz, 2005;
Zhang et al., 2014). M7EAEYIH T J71H, FilasE4
FER R PE LB B 1 R GiHF{E(Ashman, 1994;
Case & Ashman, 2005; Brzyski et al., 2014; Chen
etal., 2017a, 2017b)x HZ5E 73 Bie SR g A e A5 B 22
(RN . B an, A MEA bk R SRR (R [R]—Fh
70 [ B A7 6 M P R0 7 P A RO R, TR

— PR A BRI P A 5 P P AR AE 0 7 T SRS I
TAAEEUR ZE 57, RN MENE AN A = B0 B2 B 2
M ) B (U R BR S P2 ), T P e A A D) 3 2
H TR I3 B0 B0 AP D R (AN AE K A2 B S AR Ky
5])(Ashman, 1994; Chen et al., 2017a, 2017b), I H.ix
Fh oy B AR 252 B 53 R [ 5 2 52 0 (Chen et al.,
2017b). N T RN BRI L, VAT EAE
FAMEN B ERBENRER)SEHAT
R4l H LA, LIS B 0 1 B & 5 B (Reekie &
Avila-Sakar, 2005). JT {62 MY KR BAIPT B, HH
Ve H, BRI HEDER BT
(VI LSRN o — 7, FFEEE 2]
B U B H A AR K B8 i o B (n SR sk SR f
;=i ; Reekie & Bazzaz, 2005).

R — KRG BRIE BRI 25 )
(PEFR, RAEWE IS 2 48 AR KT ) /N
BEHEAEERI(EL; Gibson & Hope, 1986), [KHi&E
N FEE R 22 H L R A AR O T S IR PR SR 1)
A 1T & SZAEY) 2 5K (1) 7F (Aubert et al., 2014). I
R BA AR RS TR Dhae, wHAEY BA
“HEAER, AR AR RS RE TR 2
(Butterfield et al., 2013; Cavieres et al., 2014; Chen et al.,
2015a, 2015b, 2019), Ti#EIN AR EERS RS 4T
(] BE 7 (foundation species; Kikvidze et al., 2015).

1R 4 43¢ 5 (Arenaria polytrichoides) A4 77 £}
Jo 03 JE (Arenaria) 2 F A HOR B ARKEY), & B
JEARFAA, THE SR L SRR (3 500-5 300
m)Hh[X 534 (Wu et al., 2013). 574K H KT
TG, B E6-TH, ANF A7 X3k S i3
HERIAEIAAAAE — € 2 R (Chen et al., 2017a). Ff H,
B AR B A e R B ARG, BRI —Ff
T v [ B A7 AR RT R PR AR AR, A R 31 A
IARTE BT ™ (RS S b 77 &) 07 AR AE 3 22 5
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I H 2 2R A (Chen et al., 2017a). R I A
PR PRI 12 LA oo TR AR 1Y), P MR AR T AE
HH R T MEVEREPRAE 25 5 2 B IS T A Ak, [+
B, ARG IR PR P A AL AR 1 SR S 5
i TR AR N A(Chen et al., 2017a). It
Ab, BPIRAE R AR SR L s L AR S RG24
MIDCEEFR, REA A RIS SRR . s IR
JIK A3, NI R HABAG TR 52 40 H At B i i A
5, dEmA A . RS RaY i 2 A
JHBTH 2 7= 73(Yang et al., 2010, 2017; Chen et al.,
2015a,2019). SR, HPRAR AR EF0EE 10 5057 4 %2 3
T[] 55 4+ R 3 ZU B2 (Chen et al., 2020). B0 & 7
T4 6 B AR AR B T PR R 5 T 7L (Yang
et al., 2010, 2017; Chen et al., 2015a, 2015b, 2017a,
2019), {EOIHCARE R B 5 SR LS, 20 E 2Rk
7 F LL5E7F (Chen et al., 2017a, 2020). ¥t i, [
IR R — N B (ETOFE A K ZE T #RE

H—oe e, SR, FRATAE 2 o 1 B S 5T ok B,
SR b, HAAERFEEEN AR, REHLEE
Y53 X H — € AR IAE(E1AL 1B). X
—IGULEH, BRI REZ2 3 T BRI R
oI o ST s e il B B2 A P e = AL P 7
BT A %2, BIERAR R T AE T A (R =R
TS o IR TT T, 1AL 1B) 30— 2 AR,
BAEARF R 2 MAFEZE S N T 3RIGE 2 BIR
FH a5 e B AN T 2 B B BB AR R, —En i)
B AE R 1 52 21K FHAR S 5 Z 5% 1 (Patifio et al.,
2002; Galen, 2006; Zhang et al., 2010), [Xit, A
5 ) A BRAR Ao (1) A B i 1 7 6 1T g A2 3 B Y AN
KBRS O XCE 520 o (H L0 7 e SR mg, Bk
X AR B B Y 43 TG SR %o R B s R (g )82 5 X
HATEIA AL IRARAELAS KRG i —K
TSI PO BB S AERF LA, X 48 LA 20
(AT 46 W B AR P ) 6 BRI B8] -1 1y o 2 Lk DA &%
XA ST FEAS [P ANAR  T] 22 S e B B

1 #RFAEE

1.1 FRRXERLER

58 X 37 T pa AL AR B (3 B 25 1L, M Ak
FrN28.48° N, 98.99° E, ik Vi [H A4 3604 920 m,
A SRR AL 22 e MR IR R E B ) . A -3 A MRS
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Bl #FRXEEAME. A, BUYRAEGE KT TR . B, BFAh
HETTE. C, BAREMINERLEH. D, BT IS 5 -
Fig. 1 Study area and materials. A, Arenaria polytrichoides
and flowering aspect of one individual. B, Field investigation

protocol. C, Structure of the cushion plant. D, Study area and
community landscape.

i AR A ME(EIID) . EPE LA TR L s L) 2
FEME HRO XS (FRMEE A AR, 1998; Zhang et al.,
2015), BAMAMEZAEE XA R, LA mEL
N 55 N RRAE, JF AR 50 R B SR ZOR PR AR 5, 4
FE7K 8680790 mm, FF¥ -1 C (GRS,
1997). YA HE IF6 15 H h AR S 1,
SEACTO H e R I B 2 R S o FRATT S )
s 2R, 2015F6 H 29 H Ma), A5 % L
#4900 mkb, BEESHATHILS emAbi P8 < R AR FE
I3 HIN(4.87 £ 0.04) T F1(89.9 = 0.24)%, 4kt
e R AN R AR 4 9 17.80F1-1.95 °C, BRI
ZRF10 C, Jmille C (R, KkkRH
) BbAh, LTRSS B BE AR T A A
(Chen et al., 2015b, 2019).

FADIR A kS LE BIF 0 X PR A Y TR P S T )
A, AH 52 5 E IR B AR AR SR 8] 5 4 9 B2 1) 52
ANFERERH EIFBERIE RN B SR
— € Z5#(Chen et al., 2020). HIHRAR R EZE T
BEHL R, FHLRE 410 5% K (Rhodiola coccinea subsp.
scabrida) e B V& 1) 55 — R B, e R0 H WA R
B ALFE R Z5 % 5 (Potentilla stenophylla). -G 2 iH
(Gentiana arethusae var. delicatula). %] % Z&p% 3
(Potentilla saundersiana). #j %2 It & {£ (Comastoma
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falcatum). [ (Polygonum macrophyllum). VHiJ
K # (Rheum delavayi) & 5-#4 K (Poa spp.)%
1.2 BRI

T201746 7 T RILERI 78 DX I8P 1 4R OB ik
HUSANFIEE, FhEE D)%% lE B AN ST vl s e, (R
I 25 & AN [R) AR IR Al A 58 22 S PR m) o 3o A
FEILE 5, REB N & LI i A R o ARHE AR R,
FERFAS PN BEN LI £ — 2 BRI AMA, X HITAE
FHEAT AR . SR EE R, ABRHIE
SR MR LR 1o 6T BEATLIZE 2 (AR,
TS L SR R R (T B ), IR
1 F & B ANCAE 5 J2 2R TV 7€ 7R R 8 A4 J7 7 (B
1B), )5, fEHIAEKR/NA 3 ecm x 3 emff]JE M
Wad 2R, REHEMEAE, FHRREEY
Woo BJG, 53 MGETH RN REIRAN R 2R T ) k% 2L
SR TEAEANT7 1) B B TFAE A% E . FAR AR T
e BORAEYI R AIRIE B ERTE, TR 3R Bt
BRI, #A A Hl (K R SE X R0)”, Bt
RUONCE R, YRR P ARG AL U7 1n) % cim — 2k 25 (R
Koo HH, PR LR 2 F A Bk, RIE AL
CEBROFIRTE LR, ARG THECE AN BRI A%
o DET IR BLACH AR TEAE, N TSR
SR, XTI R I PR SR T 1) 7k T
FETRUNT WAG T AR /3 0, A ANTFEME, KT
130, TE AT o
1.3 o

5, K7 BRSO N, 15 3 %1
PRI FFAE RS (HAR), Foik, 55 50k ST AR P b
EOMIAEEANT7 0] 1 TH A P ks BOAS I LS RS 2, 1938
BRI IFAEH A LL O TR 7 8, A5
BN TEAE T AR LU RR A B HE 43 i) AR A
J7 i ERIFFAETHAR LG, IR A X S i 3k AT f5 221
AL M o ANTRIREL IR B0 DR /N (R 18 ) 20 JHE B8 U5 2 T

F1 PBURABREF B IE R A B R & R A A R

W= AL e ma, RIAT B8 A7 75 A4 &R (Stockling &
Favre, 1994; Sakai & Sakai, 1995), [}, HRIEY)
ek 2 3% TR K /NIl 5 AR 18 5 TR AH 96 ¢ & (Chen
et al., 2017a), UL, T 7 BAS A AR B
E(RPRTAR/N), H FAE R bR /N 1 B AR i
T8 B, N T IRFEA RIFP R LA [F] 1
SRR BT AR TR S AR KN Z AR, T
FEPR SR AR S HAMAE KM T B8 R,
T R FCIF PO R /N R, SR PR A 8 AR
VLA 7 AN [FIHgAR PR A TR REL R 1 KD, HERR KN A
AR &, WM R R, EERAMAGR S NEELIR 2 .
B, AT IRICTFI AR LG (BD 5 43 BT ) fe] 52 3]
W PR FRERR K /N RE IR, 8 FH VR A AR Y
X EIR R RTINS . B, AR TR B N R AR
&, R KN A E R R, R R S
NEEHLE R thsh, HTHEESRERRFES
BRI G R, T RS B 2= N (AIC)BUE %
PRRARBL Y, B A B s K IAICH E, HF
TE BRI AL (1) ATC K EE 3 FH Sk 1F B4R B P 35 R 44,
M AR A R 7 76 i A5 R 8 o 1 ATCEL A 2R 2 0 (w) 3
RSB T T SR RN, VR4 T % 8L
HAEA RIS FIRBERR S, KiEAIC (AICC)
S5 RN AL A % - (AICC = —402.1 vs. AICc =
—401.4), HELHAERANEZE, FifiLh EiR s
RGE R U T & HEAR A B2/ G IES5A0 K
T Z 55 MR, A Kruskal-Wallis 3F 2 50K 5 5>
591 B A ) — ol P S R0 4 531 AR R0 5 7 22 1) FF A€ T
T LA AR A 2 [ AE T AL L 22 57 BT 4t
M K E ERE SR 3.5.1 (R Core Team, 2018)
SEH, Kruskal-Wallis3E 2 £k 46 18 H “agricolae” 4
(de Felipe, 2019), & & &% M AL {E H “coxme” £
(Therneau, 2018), A4 1% ££44 H“MuMIn”{l(Barton,
2019).

Table 1 Geographical information of the studied populations, habitat type and number of individuals investigated in each population of Arenaria

polytrichoides

R AT Wi M A i W AN
Population ID Habitat type Altitude (m) Coordinate Aspect Slope (°) Individual number
1 Hifi] Meadow 4360 28.45°N, 99.00° E i West 15 98 (41)
2 Eifa] Meadow 4450 28.45°N, 99.00° E i West 45 90 (36)
3 A Meadow 4520 28.46°N, 99.00° E 7F SE 40 100 (56)
4 i fa) - A MERC R AT Meadow-screes ecotone 4720 28.48°N, 99.00° E 7<F§ SE 40 100 (51)
5 WA ME Screes 4920 28.48°N, 99.01°E LT Peak 0 100 (47)

155 W MEEA AR

Numbers in parentheses present the numbers of female individuals investigated in each population.
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2 #ZR
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HIE A RABEA R2= —0.131, p < 0.001), 4>
PR TFAC AR LL R 2R B (E2), &/ METR
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PR 530 2116 1 0% 5 1 K 3 e ] BRAR T AR AR A1)
KGR PP URRR R 238 0 AH ), B AH 2218300
(1), MEBIFIEmE R 2 53 82 (K2A) . FhEE3
PRI 15 Rk S M LS ST ATTE Ay s = <)
03 22 R (RIS LB TG - BhAh, Fh
BES (i) B SR S I fem AR L, Ui
PR BT 7 Bl LA SR ZL IR (3R 2) -

AN TR A PR RE R 7 S 4 PG SR A7 AE SR
KZEESF . PIPERERE PSR AR b 2 2 K T AR
PRI BIFIE AR LL(B2B) . Rl MR PP ANk
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() (R I b 2 S — e e, R IR R T Y 7
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P B A 4 T R AR /N, B E R R R AL,
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AR ) S b, PR N B A R TH )T
WHNAFEERKRER . BRI TR, B
BONMFREEL, AGTH T ETH AR e s, P TR A,
TRy FETHIGZE Sy T [EVRE A UG 1 (3 P A K o
2, HEgmremAisok, YO, AL AR m
B 5 (BI5). ZRFA 1] 35— S R BE3 R RIS, AR
[ FFAETE R fe ok, Hopth o 67 B P A6 T #0225 (B
5)o AT 1L TR 4K 55t i (S FE MO) RS, FFAE T AR
RIECKN, PR/, KK AR>I>mE>PE(5).

3 Wig

T L iR X 26K 2 U M R 3
ok MG 1t 25 (Peng et al., 2012). HEXIXH 5
DIRe BRI, 7E1R KFRRE bikoe T PR R
(9 5k R o MAE A SE I ZEFE T e I B R,
TP FEAE I B IR G B 8 T R 1) B 24 BT 7=

=]
~
T

e
o

Rt
o

@
=

FAETHEI AR Ratio of flowering area

(=

HEMEAERE  PPAERR
Female Hermaphrodite

PEH] Gender

B2 PEDRAR A s e R (A) BT 72 DX 380 AN [R5 TR (B) T AE AR B CFEEEARE IR ) . AR NS FRFOREREBE(P <

0.05).

Fig. 2 Comparison of ratios of flowering area among populations (A) and between different gender morphs (B) of Arenaria
polytrichoides in the study area (mean + SE). Different lowercase letters indicate significant difference (p < 0.05).

2 MIMRITFETI AR 5 B ] 7 18] 45 P B0 5 00 ASE TR R AR i 3 45 2R

Table 2 Results of mixed effect models and selecting models of cushion flowering area and the explainary variables

A REL Value FrfEiR%E SE z p w AlCc
R Intercept 19191 0.186 3 10.300 0 <0.001
R Altitude ~0.000 3 0.000 0 —8.0200 <0.001 1 —401.4
5] Gender 0.035 4 0.014 4 2.460 0 0.014 0.88
Rtk K/ Plant size —0.001 2 0.000 2 52100 <0.001 1

AR R AT, T AL AR=IE P+ AR AR /BN LR R (RS ) AICc, RAHEFRIE BB HENI(AIC); w, & —MAZEIENTH B K AIC

BEZ A,

The best model: Flowering area = Altitude + Gender + Plant size + Random factor (individual ID). AICc, corrected Akaike’s information criterion (AIC); w, the

sum of the AIC weights of each predictor in all models.
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A B C D
F: coef=0.583"" F: coef=-0.129 F: coef=0.467" F: coef=—0.181
1.00 ¢ H: coef=0.621"" H: coef=—0.081 * H: coef=0.598" « H:coef=—0522""
A
0.75 | "
0.50 |
0.25 | 2
(R
E F G H
1.00 g : ©o8r
F: coef=0.365 8 F: coef=-0.452" F: coef=0.502"" 8 F: coef=-0.329"
< H: coef=0.371" &0 H: coef=-0.130 H: coef=0.435"" = H: coef=—0.367"
: : : £
8 075} & f 51 8|
& g 0 S
) g 5
5 = g =]
z 3 g k)
S 0507 o | 2T ol
= £ = £
29 & K &
= o5t = o 21
¥ X ] &
2N = N =
i gl ~ i R
oL, K C KR
| J K L
1.00 ¢ F: coef=0.243 e F:coef=—0482" [ F: coef=0439" ° F: coef=—0.139
H: coef=0.715"" : H: coef=-0.077 H: coef=0.617"" H: coef=-0.286"
0.75 |
0.50 |
025 fy ot
0 - ) . ) ) ) ) F ) . ) ) ) ) F ) oo '. ) ) ) ) ) ) ) X
0 025 050 0.75 1.00 0 025 050 075 1.00 0 025 050 0.75 1.00 0 025 050 0.75 1.00
A/ Plant size
5] Gender: = B4 Hermaphrodite (H) = B4 Female (F)
E3 HIRAER AR M OONS R a FEniR A K R L C R . AL B, FrAMEE. C. D, ##f1. E. F, ##f2. G. H, Ff

3o 1N J, FhfFd. Ko L, FPEES. WAL Eidam s oLt A4k; Coef, MIHRE. Fra¥desiniiibZ20-12 1/, K

BEM:* p < 005 %, p < 0.01; %+, p < 0.001.

Fig. 3 Relationship between plant size and the total flowering area and the relevant ratio of flowering area of Arenaria
polytrichoides. A, B, All populations. C, D, Population 1. E, F, Population 2. G, H, Population 3. I, J, Population 4. K, L, Population
5. Regression line: ordinary least squares linear regression lines; coef, regression coefficient. All data are normalized to between 0 and
1. Significant relationship: *,p < 0.05; **, p < 0.01; *** p < 0.001.

(Reekie & Bazzaz, 2005). AN A I FEREYIH)
N EEM B EEEEEH, £8 - BRET
(Chn B9 ) BB e S A R 0 1 BT oy TE B L
(Delph & Carroll, 2001). 7ERATHIRF 7L X I P, FREE
il 3 2 P (a3 77 4 P e R AR I P ) 9 T v
I 5% (Chen et al., 2015b, 2019). FATHIHTE T 45
BoR, BEEGRTE G, PO R R A IR
. MK/ FER R A R . — 7T,
REARMAEOR, HBFFIRTIA R, (35— 5T,

FEMGERR, HEJF AR EE /N ER2), JF HiXFbiE
AN T R PR [ LA e P — R (J&13), il B
VRPR A FLSEAFAE R, B, R IR 3R 73
PR AL BEIR B AT B . IhAh, 1245 F 0 U B A
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Fig. 4 Ratio of flowering area (mean + SE) of different gender morphs in the five studied populations of Arenaria polytrichoides.
Different lowercase letters indicate significant differences (p < 0.05).
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Fig. 5 Comparison of ratios of flowering areas (mean + SE) in different aspects within populations of Arenaria polytrichoides.
Different lowercase letters indicate significant differences (p < 0.05).
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