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Effects of experimental warming on plant reproductive phenology in Xizang alpine meadow
ZHU Jun-Tao"

Lhasa Plateau Ecosystem Research Station, Key Laboratory of Ecosystem Network Observation and Modeling, Institute of Geographic Sciences and Natural
Resources Research, Chinese Academy of Sciences, Beijing 100101, China

Abstract

Aims Climate warming strongly influences reproductive phenology of plants in alpine and arctic ecosystems.
Here we focus on phenological shifts caused by warming in a typical alpine meadow on the Qinghai-Xizang Pla-
teau. Our objective was to explore phenological responses of alpine plant species to experimental warming.
Methods Passive warming was achieved using open-top chambers (OTCs). The treatments included control (C),
and four levels of warming (T1, T2, T3, T4). We selected Kobresia pygmaea, Potentilla saundersiana, Potentilla
cuneata, Stipa purpurea, Festuca coelestis and Youngia simulatrix as the focal species. Plant phenology was
scored every 3-5 days in the growing season. The reproductive phenology phases of each species were estimated
through fitting the phenological scores to the Richards function.

Important findings Under soil water stress caused by warming, most plants in the alpine meadow advanced or
delayed their reproductive events. As a result, warming significantly delayed phenological development of K.
pygmaea. Warming significantly advanced reproductive phenology of P. saundersiana, S. purpurea and F. coe-
lestis, but not of P. cuneata and Y. simulatrix. In addition, warming significantly shortened the average flowering
duration of alpine plant species. The potentially warmer and drier growing seasons under climate change may
shift the reproductive phenology of the alpine systems in similar pattern.

Key words alpine meadow; experimental warming; phenological shifts; reproductive phenology; Qinghai-Xizang
Plateau
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Sl SRR, 5 H R A RES, SUREYREE
JR A HIgA% S5 (Sherry et al., 2007), 5 EUEEV% FhH]
X Z H B4 4 (Springate & Kover, 2014), #EiixfE
BRGNS A TR P2 E R (Visser & Both,
2005). HEVIVIEAE N SAEAZRE I “FR S0, AR E T
e (1 S R BURR, B[R] D e A R 4 (7 A6 AT
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KRB AR REIER, (&Y A K (R 5 /N g
2013), {Hi& 5 bR, 3K 28 R FIE Y 25 s 1E
I moa Y AR KR & i R AR 20 (Dorji et al.,
2013). Rk, FEMGHRT S FEX, iR T A 2
K 38 T 2 1R 3 (R AR 2 805 A 5] PR i 9 4
0, BRI YERLHT (Cleland et al., 2006). iR
(Yu et al., 2010) 7% A7 5 (Hoffmann et al., 2010).
T 5T (PP 9 B A2 1 HH S 6 18 U T R it I At v T
TG G AR AR TR e S, 5 R A 18 3 1 () B 5
i 7 3T 5 (Rutishauser et al., 2012).

TV IR FRAE A2 BRFAE B A 3 e PRIR S5
1 AH W) W A5 X 5 1 ) B (Hoffmann et al.,
2010). BIAETRAMET R, BT EARRA
RIE, ReRIHRIZ I 3K 5, DR 48 I8 vT 6 56 8
K IAE Y% BT (Dunne et al., 2003); 114 iE S8
B 3K b, KRR IR E Y KR E
(Klein et al., 2008). fE1L3E S B 5, 14 {5 HLAEY)
P T AE 32 511 0 A€ 9 M I 46 4E 5B (Sherry et al.,
2007). Sz, FEPIEHIRFN AR TS SHRAE, EEaniR &
REE AR R WSS, 7R BETE A (5 mm BLSAAR A
R 2O EZEEH (Dorji et al., 2013; Wang
etal., 2014).

AN [5)  SHS R 0 O A XoF 189 R 1) o . R A8 AN [
(Hoffmann et al., 2010), — L&A 45 2= PRk
L3R, T o — e RR S ] BE T G IR 1 R AN
(Arft et al., 1999; Hoffmann et al., 2010) . 1 &1 — L& fiff
Fudi th FACAEA AT fig LG R A AR ) T 14 i3 P e 7 B A
J&(Wolkovich et al., 2012), {HA —LEkH R 1458,
A5 G £ A 5 v B i e S 2R A (R R 0T 1 3 ) e
I B SR (Sherry et al., 2007). 748, AP
AN B PRBE AR A (R Wi B AN R A, A [R] A i 3
Sxif 335 B B AN [F] (Post et all., 2008) . 1l -5 oA 47)
fize S AH B, I 78 A0 A6 3 58 3 iR A e S B R

RFEVg SEIR G IR X AL o S A A SRR 1029

(Hoffmann et al., 2010).

Zi LR, BTN CITRE T ORER AR
A BRAAGAR W PR R B2 PRV B 9T, FLLE 75 e L L 2 AT
FORMIFT D o Rk, AHE SR F A AR R AR AL 4
il Sy, BIF TR B T R AL e S e R ) BT Y
B . EREY A KZES-9H, R
(OTCs) 2 i F 77 V2 0] AL v B Ae) HEAT H 0, Sk
By AR BEER(TL. T2, T3, T4) SFbH, JF
KHEPD 5 F3A FEE T RERE: HAR-F A HAR-1E
AR - AEAEY) o 3L I AT T SR AN [ D REREAE )
MIILEE . TTAE SESERImFTa], [R]mf5E 25 U 1 3%
IR TS, B ERT IR AN R D) BER A ) S B
[FL) Yo 16 i T P 2R o AN FORE O R A AR S R
58 M) S A SRR AR I B2 (i RE Al A LR AR, X
T ARRAAGRALE T 75 e J5 (1) AR A PR AR A T
A RS A W RO A 7 4 BT R IR A A

1 #RFIEE

11 fAREXBR

AHIEFE b FUAL T A S R A A R G ATk
(T FRAB ML) . FI0 35 (31.64° N, 92.02° E, #3ik
4585 m)sRJ& T [ RR A B BB b BRI AT T
P R AR A S, A TR AL FE I R JFAZ O
TIE ot DXty S 70 ot oty SR AT SR, BRI ot Lk
2922 kmo iZHLIX 8 T e RV FE A 2 AR
X, “FIif4ka 500 mLh b, s, ST 5.
AERMHL00K A A, FHIRE2.T ms™, KA
HAA26.3 msT™ AEFEIR-1.2 C, A4 H R
[1]2 788 h; “FERF/KE430 mm, HEFE-9H, 4
TR IKEKI85% . 1 2604F ] B Z= 7 K- 1 A6 1Y
IF 18] 95 H 22 H (day of year, DOY: 142), H EA 0%
BRI B) . AFERA LN TR, BFE10H 2k
S H NS AR R 450, 6 H 29 H i AK
.

TR S A R = JE ), AR AR R L
%I (Kobresia pygmaea), 5 WL AE A P A £T 4 22 B 5
(Potentilla saundersiana) . #2 It 2% % 3 (Potentilla
cuneata). —ZZFZ ¢ (Potentilla bifurca). KALE 7
(Stipa purpurea). J%&=F>F (Festuca coelestis). o253
#% 3% (Youngia simulatrix) . 75 111 X\ & 4§ (Saussurea
alpina) . F %4 K (Poa annua). % ‘k 4% % (Leonto-
podium nanum)%, FE 4 7E 55 60%-90%. + IR
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THRT7H12H(DOY: 193 £ 0.5), B ¥ FHLZTH
16H(DOY: 197 + 1.2). JCEHHEAL 27 H27H
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A& f85%LL L.
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HAhPyFretk, $MFFRid. P00 M20144E5 H
NHRJTAG, 1201429 H RIS IR, WLINAR K 3-5
RLIW . W T AREROREM F, 555K FH 67 il
(Price & Waser, 1998)F144)il|(Dunne et al., 2003)%}
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W b vt A — P b AN [R) Ak B R BES I 1)
(budding time). FF-{EH[E](flowering time). &SR
[&] (fruiting time) Al JT ££ ¥ 2L B [A] (flowering dura-
tion). Horb: PUFE AV E AR R AR R AR HE
VDB 3B Loy B E IR ) H B T AR (8] R
NAERAFFNR A BHE Y Y% 738 92 53 B %5 B
H O, 25 50mt e RIERAR RARHEYI )
i 5348 43 391 R 3N 2.5 i %o B H 3, JE R ARHE
W T A 457 S5 6 18] Dy A TF A8 (243 ) B 1632 2 (347
)RR LRI [R], RANTFR LIRS (8] 9 MIFAE(2
I3 UG B S5 S (2.5 ) IR B2 1] . SRt AR
FAXUR 25 22 0 M R Turkey K06, 43 A 36 384 35 b
L MR LA AR XTIE . TEEA 25 R
B S TP AE R ST [R] (R 52, 22 e 3 35 MR /K~ 8
0.05. K F BRI 2 5 22 530, Ar e 3 I AL BEGE ER AN 1)
T AR 20, 22 S 8 3B /K1 e 20,05, BL
S HTAESPSS version 19.09 3T, WL &
fEMatlab 7.0 # A HEAT .

2 &R

2.1 SEEIERIH NSRS

e AL i JE OTCs 3G i 7 g i 1 2 A 3%
HRE, PG T 3K (L), SxTaAH L, Seaiy
ITL. T2, T3FATA5 A= SR ERE = 72.2. 2.84
32,36 C, /rulftm 7 HHEEZ0.9, 1.9, 2.1f12.1
C; WETL. T2, T3MTA% Bl + 1898 B FEAK T
3.1%. 4.4%. 7.29%#18.7%. MRt HIEE R IHEE
P R E R (K1) . 20144ERF 5T X H 23 KT A1)
i 1A] 5 H 25 H (DOY: 145), B&HET £ 4 ¥ 4R
HI(DOY: 142). AKZF=FEKE 460 mm, & T 24
YRR K & (408 mm), s KFEKEHILETH6H
(DOY: 187) (1)
22 SIS EsHEYINERIE A

WK T 20 MR, R AL HIRhE

FR1 AFRMIRALHETLEEC, N. P BB KCNKIZER(CFEARMERE)

Table1 Soil C, N, P contents and C:N for each treatments (mean + SE)

RFEVg SR IEIR X AL o S A A SRR 1031

HAZHAEHRERw T HEYAIER (K2, p <
0.05). HLIH T Z o Aral R W], SLI6 iR W
IR L@ FE I R () (B2), £T1. T2, T3, T4
AFER, 43R 765408, 7.2 1.0, 125+2.3,
174 +25d (p < 0.05). 52z A&, Ll iRAAE
I I (R W2 AT (B]2), £T1. T2, T3,
TALHR, 4354287 73.5+0.5.4.1+0.8.7.8 + 1.1,
84+ 14d(p<0.05). B 7HEAFETL, BRI
T2, T3, TMELLALA RN 50 1B I () 2 5 42
BT, 209480 73.4+0.3.35+04.7.2+1.0d1 3.1
+0.2, 3.3+05. 6.7+0.6d (p<0.05)., SZI X}
AN E X IPES ¥ LA N ZER TS|
(2, p>0.05).
2.3 SCIGHERSHEFFTERT B A 20T

KUK 2 77 22 40 AT 2 B, 38 1 A 33 X0 HE A 1) 4K
I (B 9% 2 S (2, p > 0.05), MitEYIRhE. 1
TR AN 1) 22 A F R 3 O TR A ) AR R (]
(%2, p < 0.05). SXTREAHLL, SCEGIIR B EHER T
Ll AR AE R R (B2), AET1. T2, T3, T44bH
T, 7R 76.0+0.6. 7.0+0.8. 13.6 £1.7. 185
+22d(p<0.05). 52k, S50 EET A2
SR FFFEI 7] B35 2 T (K2), /£T1. T2, T3, T4
MR, 4342 RT 73.8+0.8. 4.0+0.8. 82+1.0.
8.7+15d (p<0.05), HHAFEET2, T3, T4 E
B SF RV 25 (W B RE ) ) S 35 4 W1, 2 3T 77 3.6
+05. 41+05. 7.5+05df13.5+0.4, 4.0+0.3.
7.1+0.3d (p <0.05). SEEGIGHRHLHZ2 R ATC
SR ARG SR A R A T A W s (2, p >
0.05).
2.4 SCIGHER SHE4LE RETE RS20

WU R T7 20 TR, B IR A HE XY 25
I [B] %A 2 B (62, p > 0.05), TR, 1
AN TR AE FAE AR 3 O T R A 1) 4 R (]
(%2, p < 0.05). SXTHEAALL, SCIGIfiR W R T

Wi C content (%)

& & Pcontent (mg.g™) C:N

AT Treatment A& N content (%)

4 T4 Warming T4 0.22 +0.04 242 +0.52
IR T3 Warming T3 0.24 +0.06 2.31+0.65
IR T2 Warming T2 0.21+0.05 2.35+0.74
H4IET1 Warming T1 0.25+0.07 2.40 +0.55
X Control 0.25 +0.06 2.53+0.61

0.75+0.04 11.00 +0.32
0.73+0.05 9.63+0.55
0.74 £0.04 11.19+0.74
0.72£0.03 9.60 +0.65
0.75+0.04 10.12 +0.44
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E1l YA KERFEEE A T FE5REC, A). 5 em TR (°C, B). 3T (%, C) X /K& (mm, D).
Fig. 1 Mean air temperature (°C, A), soil temperature at 5 cm depth (°C, B), soil moisture (%, C) at 5 cm depth and precipitation
(mm, D) during the growing seasons under different warming treatments.

E2  GIRAL X BRI IE (A) TTAE(B)FISE R (C)IN E] 520 (I E AR AE R 2) o B vh IEAA AR 550 BEAH LA /5 1 R 2,
S AT 550 BEAH B SR 0 A R B ARG iR AL HRL 5 50 R AH EL 22 57 .2 (p < 0.05).

Fig. 2 Changes in the onset of budding, flowering and fruiting (in days) in four experimental treatments [i.e., T1, T2, T3, T4] com-
pared with the control in 2014 (A, B, C) (mean + SE). A positive value indicates later budding, flowering or fruiting than the control;
a negative value indicates earlier budding, flowering or fruiting than the control. Data are mean + SE for advanced or delayed
phenology, respectively. “*” indicates significant difference between treatment and the control.
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Table 2 Results (F value) of two-way ANOVA on the effects of warming, plant species and their interactions on budding time, flowering time, fruiting time

and flowering duration

'%efftment LR} (A Budding time FFAERTE] Flowering time 45T IE] Fruiting time FFAEH#F8: Flowering duration
H F p H F p H i F p H i F p
Degree of Degree of Degree of Degree of
freedom freedom freedom freedom
34 Warming 4 2.92 0.03 1.84 0.13 3 113 0.35 39.46  0.00
)% Species 5 115339 0.00 2567.89 0.00 5 2268.60 0.00 589.42 0.00
IR <) 20 3154 0.00 24.97 0.00 15 12.74 0.00 2.30 0.00

Warming x species

2R3 G AL TR RO AE SR SR R 1 FAG 6

Table 3 Results of Fisher test showing the differences of the flowering duration for each species among treatments (T1, T2, T3, T4)

Yi#f Species 3 T1 Warming T1

43 T2 Warming T2

3 T3 Warming T3 145 T4 Warming T4

Fi1l & Kobresia pygmaea 0 0
EHEZER53% Potentilla saundersiana 0 0
BN Z55% Potentilla cuneata 0 1
L84S Stipa purpurea 1 1
J%2£3 Festuca coelestis 0 0
TZEHHY3E Youngia simulatrix 0 1

= = S S =
N T

0, M HXIRMZERA G (p > 0.05); 1, Hi SR %R B3 (p < 0.05).

“0” indicates that the means are not significantly different between warming treatments and the control (p > 0.05). “1” indicates that the means are significantly

different between warming treatments and the control (p < 0.05).

e L g R R (K12), 78 T1. T2, T3,
AR T4.7 £ 05, 5.0+ 0.6, 105+12d (p <
0.05), TALFEF, ml S E kA7 AERL. S5ZH
SR, S R A T R S I S 1) 4 SR (] I 3
(K2), 7£T1. T2. T3. TALLFER, 2> HI4RAT 7 2.6 +
0.4.27+0.3.50%06.61+0.7d(p<0.05). T2.
T3, TAAh PRSI 28 MR 56 1 45 SN 1) 2 2 3
BT, 23 A3ERT 73.0+40.3. 3.0+ 0.3, 6.1+ 0.4 df12.8
+0.3. 28+0.6. 5.7+05d (p<0.05). SZLH %t
R 232 98 S R G 25 SR S 1 235 SR N [V 7 A J 3
S (&2, p > 0.05).
25 SCIGHERXHEYIF L IFLEEATE A R0

UK 255 220 M e i, SGIE b3 . M A2 Ry
H HAER B m TR IE RS 7)(£2, p
< 0.05). HxIREAHLE, Seio R aEs 1t s s A
VI TF AR B0 18] (%5) . £ T3. T4LFF, &l
5 BRI AT 23 2 3 1) T AR FF B2 (8] 3 Sl 4 2 1 1.6
+0.4. 1.8+0.2df11.4+0.5. 25+0.6d (p < 0.05).
TET2. T3\ TARELR, MM Z3 08 SR 0 25 3R 32 1Y
FEAE RS} (A 43 465 70.8 £ 0.3, 1.2+0.2, 14+
0.3dM10.5+0.2. 0.7+0.3. 0.8+0.3d (p<0.05). &
T1. T2. T3. TARFET, SEAEE S T AERF ST [A]
S AI4ERE 71302, 1.940.3, 20+0.3. 23+0.5d

(p <0.05).
3 g

TERYFEVE T, AR5 JA 1) 22 7 VR
K b BEAR o 18] 5% 4 24 5 0 P LA (1) 3 L)
(Cleland et al., 2006), Tfi ELAE Y44 H045 S22
HART ()4 5 PE T Y REVE I 2R A R H B (Gu
etal., 1998). HEMIWIEAIN Iy TUEALE 48207,
XoF il FEE v ) e G BB . FRATTI I SR B 3
T O T Rk AL v FE B R IR 22 O R I
(i), ELA [ A 0] 184 303 P g B2 A — B (B A HE S5 5K
AAR), B 2T B IR 0T AE AN 45 SR ] 1 5 0 AN
B, TR PRI A AR R R T
Y BHE . FEAPFR X, SIEFET LK
gyiE, JGHRAEE FFNKIE Z HT (Dorji et al.,
2013). ANEAEGE SEEAR RS, 0 an ST AR A
TERERD, JAS[FIAR 2R R FE IR o 1 il 5 B R 2
87K G 1 PR o SRR AN [R] o B TR A R AR -
FACHEY) 1L F L I TR IR T 7-17TK, JFiE
AR T 619K, &5 i [al4fEiR 75-11K .. HEiE
SE K R FEY ZE RS E R iR S, T E
217 1Z X IR AR AP 7 4= K R F (Porporato et al.,
2001; Klein et al., 2008). 1= L1 & 52 R ALY
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B, BLEEHT R N5 H 29 H (DOY: 152), Bhi [ H
RRIFF (B HA25H, DOY: 145), BEKMRTH D, 1
TR LT R oy E, B, R
e L o B PR IS AT AR ) 2 S IR, g 3
TR B4 I N AR B D AR (K lein et all., 2008) .

XA R YR AL, AR - A T A2
W2z i AR I 223 [ SR PRI Rl 38 ik o 7 B AN — B, 3
AT AT A2 PR SR DL EE B (R H AT 1 4-8R, FTAEmS
(SR 1 4-9°K, &5 Bm A FE AT 1 3-67K; Mt iR Xt
PRI 22 8 S P S BRI 8] 5 7 S 3 SR o 0P AR-Hh A
P, HIEE R T AL (] £ 160-170 K (DOY),
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