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Abstract: The distribution of plant biomass among individual organs indicates the allocation of assimilation products,
and 1s a driving mechanism of the differential growth of different organs, regulated by both external environment and
internal factors. In alpine ecosystems the growing season is short and seasonal snow cover is a critical environmental
factor with wide ranging implications for regulation of plant growth. This study was conducted in the Minjiang River
headwaters on the eastern edge of the Qinghai— Tibet Plateau, to elucidate the growth strategies under different
patterns of seasonal snow cover and their biomass trade-offs. For this purpose, data were collected on the biomass
allocation to different organs (roots, stems leaves and flowers) of four dominant late flowering herb species
(Gentiana farreri, Cremanthodium lineare, Allium sikkimense and Gentiana hexaphylla). The findings revealed
that: 1) The biomass of different components of the four plant species responded differently to different snow cover
thicknesses. For C. [lineare, biomass of all plant organs tended to be reduced in medium snow compared to shallow
snow, with the reductions significant (P<C0.05) for stem and leal biomass. Moreover, under medium snow cover,
C. lineare biomass accumulation failed to meet the threshold for seed set, leading to a decrease in population size.
By contrast, biomass of all plant organs of G. farreri tended to be higher in medium snow than in shallow snow,
with root and leaf biomass values significantly (P<C0.05) increased. Similarly, A. sikkimense plant biomass was
increased in deep snow compared to medium snow with the increases significant (P<C0.05) for all plant organs-
roots, stems, leaves and flowers, and for plant height. In addition, A. sikkimense consistently exhibited allometric
growth relationships between the above- and belowground biomass [a@ =0. 208, a =0.262, P<(0.05, where «
denotes lg (above ground biomass) : Ig (below ground biomass) ]. Meanwhile, G. hexaphylla plant biomass and
allocation to plant parts was not significantly different in deep snow from that in shallow snow. With increase in depth
of snow cover, investment in reproductive organs increased, but reproductive allocation decreased, indicating size-
dependency. 2) Based on the response-effect trait model, the variations in plant form with different snow thickness
mainly reflected different resource acquisition roles of stems and leaves, as well as the reproductive function of
flowers. The niches of C. lineare, A. sikkimense, and G. hexaphylla were significantly correlated with their
aboveground biomass allocation, belowground biomass allocation, and the ratio of belowground to aboveground
biomass. Thicker snow cover enhanced resource availability, leading to an increased reproductive performance for
A. sikkimense and a decreased one for G. farreri, whereas G. hexaphylla maintained a constant reproductive
performance with change in snow cover. This demonstrates that changes in reproductive performance are governed
by various factors and exhibit species-specific responses. 3) When A. sikkimense is in locations with deep snow, it
faces a ‘seed-risk’ scenario. By raising the reproductive investment, it boosts its absolute investment in reproductive
organs, exemplifying the traits of a classic late-flowering alpine self-pollinating plant. Conversely, G. farreri, a
cross-pollinating species, reduces its reproductive investment in moderately snowy areas rich in resources, following
a strategy known as pollen-risking.
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Fig. 1 Overview map and target species of the study area
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Table 1 Basic information on snow cover at the study sites

Jib 2 e TR H 39 HEESIER Esged iy i Ny
Treatment Elevation (m) Date of formation Date of disappearance Duration time Maximum snow
(Month/day/year) (Month/day/year) (d) thickness (cm)
%3 Shallow snow, SS 3920 01/14/2012 04/28/2013 106 46
115 Medium snow, MS 3915 01/09/2012 05/01/2013 114 61
W3 Deep snow, DS 3910 02/28/2012 05/13/2013 138 115
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Fig. 2 [Effect of snow cover thickness on the biomass and its biomass allocation of roots, stems, leaves and flowers of G. farreri,
C. lineare, A. sikkimense and G. hexaphylla
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0.05. T [d] The same below.
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Table 2 Analysis of mixed linear models on the impact of plant species and snow cover thickness on plant biomass of roots,

stems, leaves and flowers

PR Trait YR P PTG Py Py X SRR PyX Py FEHLANE Py,
i Root <20.001 0. 304 <0.001 0. 646
Z£ Stem <20.001 0.223 0.166 <<0.001
it Leaf <20.001 0.181 0.020 <0.001
At Flower <<0.001 0.044 0.922 0.951
IR E ALYt Vegetative organ biomass <20.001 0.083 0.006 0.003
B4 W4t Total biomass <<0.001 0.098 0.031 <<0.001

Pq: Species effect; Pr: Snow thickness effect; Py X Py

Specie X snow thickness effect; P

site *

Random (sampling site) effect.
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Fig. 3 Effects of snow cover thickness on allometric relationships between aboveground and belowground biomass of G. farreri,

C. lineare, A. sikkimense and G. hexaphylla
AGB: Hi I8y £ ¥4 Aboveground biomass; UGB : H#i I #B4)2E #/ i Underground biomass.
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Fig. 4 Effects of snow cover thickness on reproductive organs and allocation of G. farreri, C. lineare, A. sikkimense and G.

hexaphylla
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Z (K 5,8S8:r=1.072, P<<0.001 . MS:r=1.160, P<<0.001; SS: 7=0. 816, P<C0. 01; MS: r=0. 762, P<<0. 001 .
DS:r=0. 549, P<<0.01;MS:r=1.060,P<<0.001 .DS:r=1.136,P<C0.001) , [Al 4 £ 55 » 34 77 76 — A #0054l
PRETE I U 75 B — A /N E TR A & BV TE S0 s E . N o] LUE B 5 5 BE A 38 L et e
JIEL 5 B J {5 /DS 1 s B (0. 5162>0. 418) , & Ll 4B D) 4 K (0. 957<C1..821) , 7 it g JIB T i 3% 2% 5 (0. 510,
0.431) , HE 4 BEHL R AL A 250X 25 M b 1) B 5 43 T JC 8 355 Wil (P=>0. 05) .
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Table 3 Linear mixed model analysis of reproductive distribution with different snow cover thickness of G. farreri, C. lineare, A.

sikkimense and G. hexaphylla

yFp PpAE L LR Snow cover thickness B HEEEKN BENLALNY
Species Covariate Reproductive distribution % SS HE MS HEDS P, BN P,/ Py P,
gt e i R 1= A Flower (geplant™ ') 0.18540.046a 0.247-0.037a — 0.687 0.368 0.911
G. farreri  Height (m) BRI RA 0.233-£0.022a 0.212£0.018a — 0. 665 0.531  0.956
BAYE A Flower (geplant™ ') 0.20040.042a 0. 257-0.034a — 0.638 <<0.001 0.937
TB (g-plant ") sgeg o ma R A 0.22540.011a 0. 20620.010a — 0.178 0.194 0.832
FbaEkA BRE Y Flower (geplant™')  0.066+0.011a 0.065+0. 020a — 0.551 0.521 0.969
C. lineare  Height (m) A RA 0.0820.017a 0.076--0.030a — 0.422 0.540  0.865
BAY R AEEW) B Flower (geplant ') 0.137+0.011a 0.114+0. 024a — 0. 867 0. 050 —
TB (geplant ) gegy s ma RA 0.116-£0.010a 0. 0960. 022a — 0.836 0.050 —
[UEL 7= 4P Flower (g-plant ') — 0.025+0.005a 0.03240.004a  0.623 0.458 0.714
A. sikkimense Height (m) FIE AT RA — 0.2524-0.024a 0.22740.017a  0.899 0.053 0.943
BAY R e Y Flower (g-plant ') — 0.035+0.002a 0.030+0.001a  0.313 <20. 001 0.931
TB (g-plant ") sgeg o R A — 0.2624-0.014a 0.22840.009a  0.609 0.478 0.924
7 g iR 3= A6 Flower (geplant ') — 0.081+0.020a 0.11740.016a  0.621 0.266 —
G. hexaphylla Height (m) A RA — 0.20940.022a 0.25220.018a  0.480 0.805 -
BAY R 6L i Flower (geplant ') - 0.086=+0.006a 0.097+0.005a  0.171 <<0.001 0. 925
TB (g-plant ") sgegy a1 R A — 0.2114:0.013a 0.22340.011a  0.515 0.047 0.925

AR e SR A A Ry I R, T R R A O B TR R SR SR S BE ML A, ] SPSS B MR 38 BR #E 4T 43 BT . With plant height or total
biomass as covariate, snow cover thickness as fixed factor, and sample as random factor, SPSS software was used to analyze the trait index. /[R5 13
ARANTE T JZ N 22 5 3 (P<<0. 05) . Different letters indicate the significant differences among snow thickness (P<<0.05). # % Plant height. #6449 &
Flower biomass. TB: Total biomass; RA : %48 (164 ¥4k ) 43 IiK Fe Reproductive allocation; Py, : HLFE K /N (MR ) 2% Plant size (height) effect; Py, - #FE
KNG A ) £ ) 85000 Plant size (twig biomass) effect; Po: 359 B B2 440 Snow thickness effect; Py, : BEHL (CR AR M #4520 Random (sampling site)
effect. SS: Shallow snow;MS: Medium snow ; DS: Deep snow.
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Fig. 5 [Effects of snow cover thickness on allometric relationships between vegetative organ and reproductive biomass of G.

farreri, C. lineare, A. sikkimense and G. hexaphylla
VB : 55 % B A M) Vegetative organ biomass ; RB : 251 £ #) & Reproductive biomass.
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Fig. 6 Response trait and effect trait to the change of environmental factors in alpine grassland of G. farreri, C. lineare, A.
sikkimense and G. hexaphylla

AGB: Aboveground biomass; TB: Total biomass; RA : Reproductive allocation ; Root: # 2l ) i Root biomass; Stem : 25/ ¥ f Stem biomass; Leaf: I/}
¥ it Leal biomass; Flower: 16 4= #) i Flower biomass; RBA : 42 4= ¥ i 43 i Root biomass allocation; SBA : 25 4= ¥ i 43 it Stem biomass allocation
LBA : £ ¥ 4 B Leaf biomass allocation; ABA : i 1385342 ) it /3 Bt Aboveground biomass allocation; RSR : #i ji Lt Root/ shoot.



534 B 2 W Bl 2R 3] 2025 4 77

3 g
3.1 ATHRap—FRAERRE SHE LR

22 W) Tl PR v o7 A P51 T S AR 2 SR S AR A T (] 8 A B IR 2 AT D T IR SR R T O () A S ) )
AR Bk — 2L R TN AR S RS AR . RO NG, LR e IE A% 3 K 28 L L RS il IR AR Y DR A 2
P e, BREZE M B R RAR B RS DI RE 25 S A 00, S5 IR A B D0 A DG R 45 R T LAUAS SRR v AR ) Y
SeAAE R AL SE M AR BEE T, 4/ W o AN (5] 6 5% R B B 43 TR SR S G B A s (R 6A) o BB
TR RIIEIN A AR Y AR AR R A o T SIS AT T AR R R LS AR A
(758 25 IE ARG, TP SR A5 PE TR 5 25 AR AR A X BB B R R AR O, S AR AR R AR AR By B KO R —
AR R USROG R o DIREF AR UL A, A IR OIS MR S A A I B AR PE R AR 8 S T
AR AR R AR TR A B P A AR e FE R A X AT RE UL TR S A T A AR KA OE L
THIE XK A B 5 45 Sl A 4 DR 3R A 8 A (], 23 740 5 0 7 A [ 7 =t ot DX A7 7 ] A f) B A 22 57, 7R
S BT I )R, DT AR R FR R IR T AR R F R AR AP R R o S ]
MBS T L R R R B s/ A LB R OR T T AR AR K AR S R R K
32 PR AT E S 1R T S B B AL ) AR R Y
3.2 FARTHEEZNTHSIESERRRR S BRE%

AMFFE R, A [A) 35 R B TR R R 2R W AR R K L B A W R R S . A e I T B AR W B AR RN T o
HARAL o L 2 R A K T Y R A BOK S, S U KRR IR K o R S o SRR AL R R4 K 4
B A A T M R AR AR Y B R R M b R A B SR AR ol PR T AR A A S AR R R A KOG R A
ek A NAH B, B AR AL AR i R 2 TS Az, H 2 RIAEZE i b 252 A 09 95 DR AR I 2%
B2 R DR ARG P RE S0 b T B AR A A A3 T R R S 2 A T A S R A L T Mg
6] TR 6 G 1E = 0 40 T 45 b T A= W ok, LASRAS R )2 - oK 43 Be % 43 e pr -, A it 2 3k 38 B B AR, v 35 3z
N EE AR FOR AR B 2L B AR R o R T AR I A Sk A A () 5 R L s A e B R R Y SR B S
PR AR HLE AR W) B T 5 0 i s, B 2 RS RS T A3 A I A R B, EL S e gk 1) AN DL S R
TR EEWAERA R LR, A [ ea B s B RS AR R R S, A E A
RS AR B LS, BES WAL T P04 5 A9 M AR AR YR i, R L — R A i AR R R R B
Py g S B A A A A BRI R S Bk, (ELJSE 35 AR b AR e AR SRR T R T R A, AN AUORIE SR 0 B WO RE T, HLREAS PR
MR ROE G W A R TN — B Bty A A ol b T D JE S A A K AN S R A AL T 43 AR Y i
DAL A 00 3 5 A6 7K 3 SR AN 2 LA e L AR A AR TSR o N T BEURE B, 4% 4% AR W R AR S B R (A] O
F2S B R YR RS AR T b S AL, M b R Ay A R R SE A ] 3 IR AT RE R R R MR S
PSS S I BRI AL S M e A IR H AR K (B IR T S 3 SO TR AL B, R e R T ekl BRI TR AR R A
WK
3.3 FRTHEEZAT Y S B AN KRR AR

A 1 S A AT BRSNS | R B4 T R R R — o A R, 2O e W R 4 T ) i
AR A AN BEFF A T AR D BE A B . —JRAR B0 T, Bl 5 PR3 1 30 e 38 A 8 o, 35 SR 4 R SRR 4 A 2R
Yyt U D R A AR 1) A /0N (B SR A% T A e U B R IR T SR T, ORE W) B 23 IC 23 3R B R
P AW L AR RS AR R (B 4) |, 55 45 B 55 bk oo A0 A 0 i [R) 7 W 38 D AR DG 6 2R, A5 B 4 I ) A7
FESUR SR OC A, BRIV L A B0 70 I 28 B 0 A AR , o 00 ThT 5 ) 1 A5 25 B RS T, B 0 GG = AL ) 2B A7 R 0
JEREPE L Lt g R A I Sk A RS I R 5 R B S B A3 INC 2 ()R OGRS S X R il IR R E Y, %
TR ZAEY M, TF A B FRAE f 8 I5 A K B BA A K R %7, 2 AR AR AB ) AR W ik 43 TC AU o, 3 5 B 5 Y
AR R A A, AR K R I KA A ) B A A FCAD AR A — S RO ™ A AL AR i SRR D CEAE i) )
W IEAR G (BT 4 AN 3) , UL 4 />4 Fh fE [7] Ik 5 136 5% % B R0 SR8 o B O B8 BT, i HL =5 98 88 3 0 o R i 2%



78 ACTA PRATACULTURAE SINICA(2025) Vol. 34,No. 2

I LR g L =l 7 2 o R A R DI/ T 5 Wiy S B A g T 5 R B A SO 2% 2 Sk 4 RS I AN (AR
AR HAAE T SRR o N e AN i E A B O3 IC 5 AR R/ B R IE A G OC R A A R
HRAUIE L 3X AT BE = R O A B8 W8 A 8 52 TR BE A (R AEL W) b 45 M IR 38 L R A ) A B gt A% 15 5 2 0 BB )
TE B4 AN E A 20, 5 Hemborg 55 BT R 45 R — 8. I &0 T LA VLR IIE £ 2k g w Lk
) R A, PR 0k g o Al Y A I (B 5 S A T A O 7 e I G O X AR
X 3R WA 7] 25 B 5L BE 2R AR A A 58 08 7S i g BRI 5 A AR o e il L B ) A T S A A
CIEAUERYE &I S S

4 &R

W R A ) A R AT A o 2 T IR T B AR A A2 B M (61 T R 2R W AR R AR Wy
TC B9 38 1A )T 3t B 4 AR IR, DA B M o AR B A A v S L A A B A v S R (R A A O
AR ICE AR  26 3 3 4 M i Ll AE A [A) 55 88 )R 5 R S 3R B R AR i AR R e T AR BRI e AR KOG R
e LAl TR AR A 0 B i, BEAE BB O, SR e Sk 4 BUE W i E SR AR B AR i S I PR B IR A AR 3 SR G
KA B2 B A W i 9 25 R, v T L AR R A D s S e RS ) 5 R R R A K T 2 e, B
R L AN T il 5 P, AR o A T DR i WA R A A5 1 AN T) 5 4 B R T A A A AR A R i i s AN T 3 T R
AL T2 R M b E R A W T BB O, v S A U M 1) T R AR A% A e o R ER IR AR A

5 % X #fk References:

[1] David V, Josefino C C, lan A, et al. Climate change 2013: the physical science basis: Working Group I contribution to the fifth
assessment report of the intergovernmental panel on climate change. Cambridge: Cambridge University Press, 2014: 317—382.

[2] ZhangZ, Xiao P F, Zhang X L, et al. Analysis of the characteristics of snow albedo during the snowmelt period of the Qinghai—
Tibet Plateau. Remote Sensing Technology and Application, 2019, 34(6): 1146—1154.

FRIE, FMG0E, TRoE R, SF TR SR AR S R A . B ORI, 2019, 34(6): 1146—1154.
[3] PauliJ N, Zuckerberg B, Whiteman J P, ez a/. The subnivium: a deteriorating seasonal refugium. Frontiers in Ecology and the
Environment, 2013, 11(5): 260—267.
[4] Aalto J, Scherrer D, Lenoir J, ez al. Biogeophysical controls on soil-atmosphere thermal differences: implications on warming
Arctic ecosystems. Environmental Research Letters, 2018, 13(7): 074003.
[5] Jackson R B, Canadell J G, Ehleringer J R, ez al. A global analysis of root distributions for terrestrial biomes. Oecologia, 1996,
108(3): 389—411.
[6] Wang W, Vinocur B, Altman A. Plant responses to drought, salinity and extreme temperatures: towards genetic engineering for
stress tolerance. Planta, 2003, 218(1): 1—14.
[7] Niittynen P, Heikkinen R K, Luoto M. Snow cover is a neglected driver of Arctic biodiversity loss. Nature Climate Change,
2018, 8(11): 997—1001.
[8] Stinson K A. Natural selection favors rapid reproductive phenology in Potentilla pulcherrima (Rosaceae) at opposite ends of a
subalpine snowmelt gradient. American Journal of Botany, 2004, 91(4): 531—539.
[9] Christiansen C T, Lafreniére M J, Henry G H R, ez al. Long-term deepened snow promotes tundra evergreen shrub growth and
summertime ecosystem net CO, gain but reduces soil carbon and nutrient pools. Global Change Biology, 2018, 24(8) : 3508 —
3525.
[10] Choler P. Growth response of temperate mountain grasslands to inter-annual variations in snow cover duration. Biogeosciences,
2015, 12(12): 3885—3897.

[11] Carlson B Z, Choler P, Renaud J, et al. Modelling snow cover duration improves predictions of functional and taxonomic
diversity for alpine plant communities. Annals of Botany, 2015, 116(6): 1023—1034.

[12] Leinaas H P. Activity of Arthropoda in snow within a coniferous forest, with special reference to Collembola. Ecography, 1981,
4(2): 127—138.

[13] Lucie Z, Bahar S, Florence B, et al. Microbial diversity in alpine tundra soils correlates with snow cover dynamics. The ISME
Journal, 2009, 3(7): 850—859.



534 B 2 W Fll2F 3 2025 4 79

[14]

[15]

[21]

[26]

[27]

[28]

Weigelt A, Mommer L, Andraczek K, er a/. An integrated framework of plant form and function: The belowground
perspective. New Phytologist, 2021, 232(1): 42—59.
Dennis L. H, Albert M G K T, Matilde R, ez a/. Climate change 2013: the physical science basis: Working Group I contribution
to the fifth assessment report of the intergovernmental panel on climate change. Cambridge: Cambridge University Press, 2014:
159—254.
Notarnicola C. Hotspots of snow cover changes in global mountain regions over 2000—2018. Remote Sensing of Environment,
2020, 243(1): 111781.
Bokhorst S, Pedersen S H, Brucker L., ez a/. Changing Arctic snow cover: A review of recent developments and assessment of
future needs for observations, modelling, and impacts. Ambio, 2016, 45(5): 516—537.
Yang D M, Mao L. C, Peng G Q. Within-twig biomass allocation in evergreen and deciduous broad-leaved species: Allometric
scaling analyses. Bulletin of Botanical Research, 2011, 31(4): 472—477.
W2t , BAAL, SZIE 4. S AN 0T R A AT )N BN AR YR TSR RS R R . HIESE, 2011, 31(4):
472—477.
Kerkhoff A J, Enquist B J. Ecosystem allometry: The scaling of nutrient stocks and primary productivity across plant
communities. Ecology Letters, 2006, 9(4): 419—427.
Gao J, Wang J N, Xu B, ez a/. Plant leaf traits, height and biomass partitioning in typical ephemerals under different levels of
snow cover thickness in an alpine meadow. Chinese Journal of Plant Ecology, 2016, 40(8): 775—787.

R, ERR, R, S AN IE IR LT AL e L A R A o b ORI IS AR SR
2016, 40(8): 775—787.
Zhang N, Wang J N, Zhu N, ez al. Plant traits of Stellera chamaejasme in the degraded grasslands of Mangco Lake, Tibet:
Influences of altitudinal gradients and growth stages. Xizang Science and Technology, 2023, 45(11): 29— 38.
KT, EAA, AR, S TE RS HE LI AR Al b b S A R EE B MR AN R SRR R B B B e L P OB, 2023,
45(11): 29—38.
Bonser S P, Aarssen 1. W. Interpreting reproductive allometry: Individual strategies of allocation explain size dependent
reproduction in plant populations. Perspectives in Plant Ecology Evolution and Systematics, 2009, 11(1): 31—40.
Fabbro T, Kérner C. Altitudinal differences in flower traits and reproductive allocation. Flora-Morphology, Distribution,
Functional Ecology of Plants, 2004, 199(1): 70—81.
Xue J, He J, Wang L, ez al. Plant traits and biomass allocation of Gentiana hexaphylla on different slope aspects at the eastern
margin of Qinghai— Tibet Plateau. Applied Ecology and Environmental Research, 2018, 16(2): 1835—1853.
Molau U. Relationships between flowering phenology and life history strategies in Tundra plants. Arctic and Alpine Research,
1993, 55(4): 391—402.
Baruah G, Molau U, Bai Y, ez a/. Community and species-specific responses of plant traits to 23 years of experimental warming
across subarctic tundra plant communities. Scientific Reports, 2017, 7(1): 2571.
Olden J D, Poff N L, Bestgen K R. Life-history strategies predict fish invasions and extirpations in the Colorado river basin.
Ecological Monographs, 2006, 76(1): 25—40.
Mouillot D, Graham N A J, Villéger S, ez al. A functional approach reveals community responses to disturbances. Trends in
Ecology & Evolution, 2013, 28(3): 167—177.
Zhang N, Wang J N, Shi N, ez a/. Differentiation patterns of current-year twig traits and biomass allocation of two dominant
coniferous trees along an altitudinal gradient on the eastern edge of the Tibetan Plateau. Acta Eclogica Sinica, 2023, 43(23) :
9814—9826.
KT, B, AsE, & RV PRR LS ET 0T R AR AN HOIR S AR Y o BC BE T SR B0 e LR L AR AR SRR, 2023,
43(23): 9814—9826.
Wang J N, Zhou T Y, Gao J, et al. Effect of different snow depths on plant traits at individual and functional group levels in an
alpine meadow. Pratacultural Science, 2019, 36(4): 1126—1136.
Ead, FRM, &5, & RREBRETEE T 05 LSSy K5 D REREACT (Mot . Sl AE, 2019, 36(4): 1126—
1136.
LiJ H, Zhang R, Cheng B H, ez al. Effects of nitrogen and phosphorus additions on decomposition and accumulation of soil
organic carbon in alpine meadows on the Tibetan Plateau. Land Degradation &. Development, 2020, 32(3): 1467 —1477.

Chen Y, Collins S L, Zhao Y, er al. Warming reduced flowering synchrony and extended community flowering season in an



80

ACTA PRATACULTURAE SINICA(2025) Vol. 34,No. 2

[33]

[34]

[35]

[36]

[37]

[38]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]
[51]

alpine meadow on the Tibetan Plateau. Ecology, 2022, 104(1): e3862.

ZhuJ, Zhang Y J, Wang W. Interactions between warming and soil moisture increase overlap in reproductive phenology among
species in an alpine meadow. Biology Letters, 2016, 12(7): 20150749.

Berdanier A B, Klein J A. Growing season length and soil moisture interactively constrain high elevation aboveground net
primary production. Ecosystems, 2011, 14(6): 963—974.

Wadgymar S M, Ogilvie J E, Inouye D W, er al. Phenological responses to multiple environmental drivers under climate
change: insights from a long-term observational study and a manipulative field experiment. New phytologist, 2018, 218(2) :
517—1529.

Zhou T Y, Wang J N, DuW T, ez al. Litter decomposition of alpine meadow under seasonal snow cover. Chinese Journal of
Applied &. Environmental Biology, 2019, 25(1): 1—38.

JARM, Ea4, A3ci, 8 FWIERE T #m G & Yo . N S IR AR Y, 2019, 25(1): 1—8.

Wang L H, Gao J, Wang J N, ez a/. Adaptation of traits and biomass allocation of Pedicularis longiflora to different slope
aspects in an alpine meadow. Chinese Journal of Applied & Environmental Biology, 2017, 23(4): 648—657.

Emie, mE, £e4, & R LR IE T e w0 HOIR R AR B0 43 0 X B 1) (35 B R TS SR AR AR L 2017, 23(4)
648—657.

Chen W N, WuY, Wu N, ez al. Changes of five alpine species’ individual growth along snowmelt gradient. Journal of Wuhan
Botanical Research, 2009, 27(6): 629—636.

WRSCHE, REZ, =T, AF . TR LA R AR RAE AL TR 2 s fh . DU 2 B9, 2009, 27(6) : 629—636.
Suding K N, Lavorel S, Chapin F S 1, er a/. Scaling environmental change through the community-level: a trait-based response-
and-effect framework for plants. Global Change Biology, 2008, 14(5): 1125—1140.

Hou Q Z, Wen J, Li H C, er al. Reproductive allocation of three Gentianaceae species. Pratacultural Science, 2017, 34(5) :
1017—1023.

BRENIE, SCHf, 2R REE, AF . SFR AR A9 SR OSSR . RO, 2017, 34(5): 1017 —1023.

Fan Y, Miguez-Macho G, Jobbagy E G, et al. Hydrologic regulation of plant rooting depth. Proceedings of the National
Academy of Sciences of the United States of America, 2017, 114(40): 10572—10577.

Slatyer R A, Umbers K D L, Arnold P A. Ecological responses to variation in seasonal snow cover. Conservation Biology,
2021, 36(1): e13727.

Wang X, Wang T, Guo H, ez a/. Disentangling the mechanisms behind winter snow impact on vegetation activity in northern
ecosystems. Global Change Biology, 2017, 24(4): 1651—1662.

Sommerfeld R A, Mosier A R, Musselman R C. CO,, CH, and N,O flux through a Wyoming snowpack and implications for
global budgets. Nature, 1993, 361(6408): 140—142.

SunJ, Ma B, Lu X. Grazing enhances soil nutrient effects: Trade-offs between aboveground and belowground biomass in alpine
grasslands of the Tibetan Plateau. Land Degradation & Development, 2018, 29(2): 337—348.

Diggle P K, Meixner M A, Carroll A B, ez al. Barriers to sexual reproduction in Polygonum viviparum: A comparative
developmental analysis of P. viviparum and P. bistortoides. Annals of Botany, 2002, 89(2): 145— 156.

Gadgil M, Solbrig O T. The concept of - and K-selection: Evidence from wild flowers and some theoretical considerations.
American Naturalist, 1972, 106(947): 14—31.

Vorkauf M, Kahmen A, Kérner C, ez al. Flowering phenology in alpine grassland strongly responds to shifts in snowmelt but
weakly to summer drought. Alpine Botany, 2021, 131(1): 73—88.

Austen E J, Rowe L, Stinchcombe J R, et a/. Explaining the apparent paradox of persistent selection for early flowering. New
Phytologist, 2017, 215(3): 929—934.

Iwasa Y, Cohen D. Optimal growth schedule of a perennial plant. The American Naturalist, 1989, 133(4): 480—505.

Wang Y, Hu L J, Duan Y W, ez al. Altitudinal variations in reproductive allocation of Bergenia purpurascens (Saxifragaceae).
Plant Diversity, 2010, 32(3): 270—280.

Jongejans E, de Kroon H, Berendse F. The interplay between shifts in biomass allocation and costs of reproduction in four
grassland perennials under simulated successional change. Oecologia, 2006, 147(2): 369— 378.

Hemborg A M, Karlsson P S. Altitudinal variation in size effects on plant reproductive effort and somatic costs of reproduction.
Ecoscience, 1998, 5(4): 517—525.

Worley A C, Harder L D. Size-dependent resource allocation and costs of reproduction in Pinguicula wvulgaris
(Lentibulariaceae ). Journal of Ecology, 1996, 84(2): 195— 206.



