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Worldwide, many plant species are experiencing an earlier onset of spring

phenophases due to climate warming. Rapid recent temperature increases on

the Tibetan Plateau (TP) have triggered changes in the spring phenology of the

local vegetation. However, remote sensing studies of the land surface phenology

have reached conflicting interpretations about green-up patterns observed on the

TP since the mid-1990s. We investigated this issue using field phenological obser-

vations from 1990 to 2006, for 11 dominant plants on the TP at the levels of

species, families (Gramineae—grasses and Cyperaceae—sedges) and vegetation

communities (alpine meadow and alpine steppe). We found a significant trend of

earlier leaf-out dates for one species (Koeleria cristata). The leaf-out dates of both

Gramineae and Cyperaceae had advanced (the latter significantly, starting an

average of 9 days later per year than the former), but the correlation between

them was significant. The leaf-out dates of both vegetation communities also

advanced, but the pattern was only significant in the alpine meadow. This

study provides the first field evidence of advancement in spring leaf phenology

on the TP and suggests that the phenology of the alpine steppe can differ from

that of the alpine meadow. These findings will be useful for understanding

ecosystem responses to climate change and for grassland management on the TP.
1. Introduction
Plant phenology may be one of the traits in nature that responds most to climate

fluctuations [1]. There is now ample evidence that the onset of spring is advancing

for plants at middle and high latitudes worldwide, in parallel with climate warm-

ing. These patterns have been documented with field observations and remote

sensing, two independent methods used commonly to determine phenology [2–5].

The Tibetan Plateau (TP) is the world’s largest and highest plateau and is

known as its ‘third pole’; temperatures there have risen rapidly in recent dec-

ades, compared with extra-tropical lower elevations [6]. The high sensitivity

of its plants to climate change has attracted increasing levels of research atten-

tion [7–11]. Using remotely sensed satellite data, Yu et al. [7] suggested that the

onset of the growing season in alpine habitats on the TP has been delayed since

the mid-1990s, due to warming in winter and spring. By contrast, Zhang et al.
[12] argued that the quality of 2001–2006 remote sensing data (based on

GIMMS and NDVI) was poor; instead, they merged various sources of satellite

data and detected an advanced start of the growing season over this period.

http://crossmark.crossref.org/dialog/?doi=10.1098/rsbl.2014.0291&domain=pdf&date_stamp=2014-08-06
mailto:bqyao@nwipb.cas.cn
mailto:xqzhao@nwipb.cas.cn
http://dx.doi.org/10.1098/rsbl.2014.0291
http://dx.doi.org/10.1098/rsbl.2014.0291
http://rsbl.royalsocietypublishing.org
http://rsbl.royalsocietypublishing.org
http://rsbl.royalsocietypublishing.org/


300 300

km

Tibetan Plateau

N

50°0¢0¢¢ N

40°0¢0¢¢ N

30°0¢0¢¢ N

20°0¢0¢¢ N

90°0¢0¢¢ E 110°0¢0¢¢ E 130°0¢0¢¢ E

alpine steppe

alpine steppe sampling sites

alpine meadow

alpine meadow sampling sites

150 0

Figure 1. Field sampling sites on the eastern TP of central Asia. (The type and area of alpine grassland were extracted from the Vegetation Atlas of China (1 : 1 000 000)
[24].) (Online version in colour.)
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These conflicting results have caused debates about the issue

[13–20], but direct phenological information from obser-

vations on the ground is lacking for the region, especially

long-term data, due to barriers for field research posed by

the harsh environment.

Using remote sensing technology to detect land surface

phenology is distinctly different than identifying organism-

specific phenological events using field observations [21–23].

Direct observations on the ground measure the timing of

life cycle events of individual plants at the species level,

while satellite monitoring estimates seasonality of large-scale,

composite factors such as greenness and vegetation cover.

Furthermore, traditional ground observation of phenology is

based on developmental changes in plants, such as budburst

and leaf-outs that differ from the land surface phenology

quantified by remotely sensed spectral vegetation indices.

Therefore, field evidence is urgently needed to assess phenolo-

gical shifts on the cold plateau, where plants are widely

recognized to be sensitive to climate change.

Here, we present field observations of 11 grassland

species at five sites in two alpine vegetation communities of

the eastern TP over the period 1990–2006, and we evaluate
the trends in leaf-out dates at the levels of species, family

and vegetation communities.
2. Material and methods
(a) Study sites and plant species
Sampling was conducted at five meteorological stations across the

central and eastern TP (latitude 968 to 1058E, longitude 308 to

408N; figure 1). The major vegetation types of the region are

alpine steppe and alpine meadow (figure 1). Sites were chosen

to enclose grassland with relatively flat relief, in areas larger

than 10� 10 km. The plant species observed belong to two

families: Gramineae and Cyperaceae (table 1). This species list

includes almost all locally dominant plants. We chose four species

at each site for observation from 1990 to 2006 in the three sites of

the alpine meadow, 1990 to 1998 in Tongde site and 1997–2006 in

Haiyan site (electronic supplementary material).

(b) Data collection
Leaf-out dates were determined in repeated years, following

criteria of the China Meteorological Administration [25]. Leaf-out
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Figure 2. Inter-annual variations in the mean values of leaf-out date (in Julian Day) from 1990 to 2006 at the levels of (a) families: the Mann – Kendall tests
for Gramineae (t ¼20.321, p ¼ 0.088) and for Cyperaceae (t ¼20.382, p ¼ 0.041); and (b) grassland vegetation communities: the Mann – Kendall tests for
alpine meadow (t ¼20.370, p ¼ 0.047) and for steppe (t ¼20.141, p ¼ 0.457). Error bars show 1 s.d.
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was determined as the date when 50% of the directly observed

grassy area had turned green and had a height of approximately

1 cm. Observations at each site were conducted every 2 days.

(c) Statistical analyses
The yearly average leaf-out dates were analysed with the Mann–

Kendall trend test using software R at the levels of species,

families and vegetation communities. For the families and the

vegetation communities, we calculated the means across species

within each of their respective categories.
3. Results
At the species level, green-up dates of nine species appeared

to have advanced from 1990 to 2006, but this pattern was

only significant for one species (K. cristata; table 1). At the

family level, green-up dates of both grasses ( p ¼ 0.088) and

sedges ( p ¼ 0.041) had advanced, and the dates for the two

groups were significantly correlated (Spearman correlation,

R ¼ 0.797, p-value , 0.001) (figure 2a). On average, grasses

were delayed by about 9 days per year, compared with

sedges. At the level of the grassland community type,

meadow leaf-out dates advanced significantly ( p ¼ 0.047)

and dates on the steppe were also earlier though not signifi-

cant (figure 2b). The leaf-out dates for the two vegetation

communities were not correlated (Spearman correlation,

R ¼ 0.467, p ¼ 0.059).
4. Discussion
In this paper, we used field observations to assess the trends

in leaf-out dates at the levels of species, family and vegetation

community and found that the advanced trend was the main

pattern in the TP, as shown in table 1 and figure 2. Contrary

to a previous publication by Yu et al. [7], we did not find

significant delays in leaf-out dates in the mid-1990s.

The observed species share the same life form, and poss-

ibly the same cues for the onset of spring phenology [26].

This might be why we found a larger degree of advancement

in green-up dates as compared with others [4,26–28],
although most of the trends were not significant (table 1).

Perhaps the relatively short observational span was not

enough to tease apart the impact of the relatively large

inter-annual variation in phenology (mean s.d. ¼ 8.89 days,

more than 10 days for 4 spp.) that is affected by the large-

scale climatic variability [1], though our study duration was

relatively longer.

Overall, we found that grasses and sedges have a similar pat-

tern of advancement (based on trends and correlation patterns)

and, in addition, grasses generally leafed out later than sedges

(mean difference 9 days; figure 2). This similarity in the pheno-

logical plasticity in response to environmental change has

important implications for community stability—the patterns

of coexistence of the two dominant plant families on the

TP seem to be maintained [29], although their phenologies

have advanced.

Moreover, results indicate that the overall phenology

advanced in the alpine meadow, consistent with remote sen-

sing results in the eastern TP [8,11,13]. We hypothesize that

the lack of significance in the trend of the alpine steppe was

probably due to the fact that these sites were typically

assessed at lower elevations (3110 and 3160 m for Haiyan

and Tongde, respectively) than the alpine meadow sites (alti-

tudes, 3600–4300 m). Interestingly, the spring phenology at

lower elevations was previously found to be less sensitive

to climate change [8]. These extremely different phenological

responses of the two major vegetation communities will

result in more contiguous leaf-out dates.

We note that our sampling sites were in the eastern TP,

where alpine steppes are relatively uncommon (figure 1).

The inclusion of data from the western TP, where the

steppe spreads across a large area, would help to elucidate

the observed patterns. Regardless, the clear advancement in

leaf-out dates that we detected on the meadows, and in

sedge, is highly relevant for any future grassland manage-

ment of the TP and for understanding the influence of

global climate changes on plants growing at high elevations.
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1. Badeck FW, Bondeau A, Böttcher K, Doktor D, Lucht
W, Schaber J, Sitch S. 2004 Responses of spring
phenology to climate change. New Phytol. 162,
295 – 309. (doi:10.1111/j.1469-8137.2004.01059.x)

2. Parmesan C, Yohe G. 2003 A globally coherent
fingerprint of climate change impacts across natural
systems. Nature 421, 37 – 42. (doi:10.1038/
nature01286)

3. Root TL, Price JT, Hall KR, Schneider SH, Rosenzweig
C, Pounds JA. 2003 Fingerprints of global warming
on wild animals and plants. Nature 421, 57 – 60.
(doi:10.1038/nature01333)

4. Menzel A, Sparks TH, Estrella N, Koch E, Aasa A,
Ahas R, Zust ANA. 2006 European phenological
response to climate change matches the warming
pattern. Glob. Change Biol. 12, 1969 – 1976. (doi:10.
1111/j.1365-2486.2006.01193.x)

5. Cleland EE, Chuine I, Menzel A, Mooney HA,
Schwartz MD. 2007 Shifting plant phenology in
response to global change. Trends Ecol. Evol. 22,
357 – 365. (doi:10.1016/j.tree.2007.04.003)

6. Xu J, Grumbine RE, Shrestha A, Eriksson M, Yang X,
Wang YUN, Wilkes A. 2009 The melting Himalayas:
cascading effects of climate change on water,
biodiversity and livelihoods. Conserv. Biol. 23,
520 – 530. (doi:10.1111/j.1523-1739.2009.01237.x)

7. Yu HY, Luedeling E, Xu JC. 2010 Winter and spring
warming result in delayed spring phenology on the
Tibetan Plateau. Proc. Natl Acad. Sci. USA 107,
22 151 – 22 156. (doi:10.1073/pnas.1012490107)

8. Piao S, Cui M, Chen A, Wang X, Ciais P, Liu J, Tang
Y. 2011 Altitude and temperature dependence of
change in the spring vegetation green-up date from
1982 to 2006 in the Qinghai – Xizang Plateau. Agric.
Forest Meteorol. 151, 1599 – 1608. (doi:10.1016/j.
agrformet.2011.06.016)

9. Piao S, Wang X, Ciais P, Zhu B, Wang TAO, Liu JIE.
2011 Changes in satellite-derived vegetation growth
trend in temperate and boreal Eurasia from 1982 to
2006. Glob. Change Biol. 17, 3228 – 3239. (doi:10.
1111/j.1365-2486.2011.02419.x)

10. Shen MG. 2011 Spring phenology was not
consistently related to winter warming on the
Tibetan Plateau. Proc. Natl Acad. Sci. USA 108,
91 – 92. (doi:10.1073/pnas.1018390108)
11. Shen M, Zhang G, Cong N, Wang S, Kong W, Piao S.
2014 Increasing altitudinal gradient of spring
vegetation phenology during the last decade on the
Qinghai – Tibetan Plateau. Agric. Forest Meteorol.
189, 71 – 80. (doi:10.1016/j.agrformet.2014.01.003)

12. Zhang GL, Zhang YJ, Dong JW, Xiao XM. 2013
Green-up dates in the Tibetan Plateau have
continuously advanced from 1982 to 2011. Proc.
Natl Acad. Sci. USA 110, 4309 – 4314. (doi:10.1073/
pnas.1210423110)

13. Shen MG, Tang YH, Chen J, Zhu XL, Zheng YH. 2011
Influences of temperature and precipitation before
the growing season on spring phenology in
grasslands of the central and eastern Qinghai –
Tibetan Plateau. Agric. Forest Meteorol. 151,
1711 – 1722. (doi:10.1016/j.agrformet.2011.07.003)

14. Chen H, Zhu Q, Wu N, Wang YF, Peng CH. 2011
Delayed spring phenology on the Tibetan Plateau
may also be attributable to other factors than
winter and spring warming. Proc. Natl Acad. Sci.
USA 108, E93. (doi:10.1073/pnas.1100091108)

15. Yi SH, Zhou ZY. 2011 Increasing contamination
might have delayed spring phenology on the
Tibetan Plateau. Proc. Natl Acad. Sci. USA 108, E94.
(doi:10.1073/pnas.1100394108)

16. Luedeling E, Yu HY, Xu JC. 2011 Replies to Shen,
Chen et al., and Yi and Zhou: linear regression
analysis misses effects of winter temperature on
Tibetan vegetation. Proc. Natl Acad. Sci. USA 108,
E95. (doi:10.1073/pnas.1103336108)

17. Shen MG, Sun ZZ, Wang SP, Zhang GX, Kong WD,
Chen AP, Piao SL. 2013 No evidence of continuously
advanced green-up dates in the Tibetan Plateau
over the last decade. Proc. Natl Acad. Sci. USA 110,
E2329. (doi:10.1073/pnas.1304625110)

18. Zhang GL, Dong JW, Zhang YJ, Xiao XM. 2013 Reply
to Shen et al.: no evidence to show nongrowing
season NDVI affects spring phenology trend in the
Tibetan Plateau over the last decade. Proc. Natl
Acad. Sci. USA 110, 2330 – 2331. (doi:10.1073/pnas.
1305593110)

19. Wang T, Peng SS, Lin X, Chang JF. 2013 Declining
snow cover may affect spring phenological trend on
the Tibetan Plateau. Proc. Natl Acad. Sci. USA 110,
2854 – 2855. (doi:10.1073/pnas.1306157110)
20. Dong JW, Zhang GL, Zhang YJ, Xiao XM. 2013
Reply to Wang et al.: snow cover and air
temperature affect the rate of changes in spring
phenology in the Tibetan Plateau. Proc. Natl Acad.
Sci. USA 110, 2856 – 2857. (doi:10.1073/pnas.
1306813110)

21. de Beurs KM, Henebry GM. 2004 Land surface
phenology, climatic variation, and institutional
change: analyzing agricultural land cover change in
Kazakhstan. Remote Sens. Environ. 89, 497 – 509.
(doi:10.1016/j.rse.2003.11.006)

22. Liang L, Schwartz MD, Fei S. 2011 Validating
satellite phenology through intensive ground
observation and landscape scaling in a mixed
seasonal forest. Remote Sens. Environ. 115,
143 – 157. (doi:10.1016/j.rse.2010.08.013)

23. Schwartz MD, Reed BC. 1999 Surface phenology and
satellite sensor-derived onset of greenness: an
initial comparison. Int. J. Remote Sens. 20,
3451 – 3457. (doi:10.1080/014311699211499)

24. Editorial Board of Vegetation Map of China, Chinese
of Academy of Sciences. 2001 1:1000000 vegetation
Atlas of China. Beijing, China: Science Press. [in
Chinese]

25. China Metiorological Administration. 1993 The
criterion of agro-weather observation, vol. 1. Beijing,
China: Meteorological Press.

26. Cleland EE, Chiariello NR, Loarie SR, Mooney HA,
Field CB. 2006 Diverse responses of phenology to
global changes in a grassland ecosystem. Proc. Natl
Acad. Sci. USA 103, 13 740 – 13 744. (doi:10.1073/
pnas.0600815103)

27. Fitter AH, Fitter RSR. 2002 Rapid changes in
flowering time in British plants. Science 296,
1689 – 1691. (doi:10.1126/science.1071617)

28. Parmesan C. 2007 Influences of species, latitudes
and methodologies on estimates of phenological
response to global warming. Glob. Change Biol.
13, 1860 – 1872. (doi:10.1111/j.1365-2486.2007.
01404.x)

29. Miehe G, Miehe S, Kaiser K, Jianquan L, Zhao X.
2008 Status and dynamics of the Kobresia pygmaea
ecosystem on the Tibetan Plateau. AMBIO J. Hum.
Environ. 37, 272 – 279. (doi.10.1579/0044-7447
(2008)37[272:SADOTK]2.0.CO;2)

http://dx.doi.org/10.1111/j.1469-8137.2004.01059.x
http://dx.doi.org/10.1038/nature01286
http://dx.doi.org/10.1038/nature01286
http://dx.doi.org/10.1038/nature01333
http://dx.doi.org/10.1111/j.1365-2486.2006.01193.x
http://dx.doi.org/10.1111/j.1365-2486.2006.01193.x
http://dx.doi.org/10.1016/j.tree.2007.04.003
http://dx.doi.org/10.1111/j.1523-1739.2009.01237.x
http://dx.doi.org/10.1073/pnas.1012490107
http://dx.doi.org/10.1016/j.agrformet.2011.06.016
http://dx.doi.org/10.1016/j.agrformet.2011.06.016
http://dx.doi.org/10.1111/j.1365-2486.2011.02419.x
http://dx.doi.org/10.1111/j.1365-2486.2011.02419.x
http://dx.doi.org/10.1073/pnas.1018390108
http://dx.doi.org/10.1016/j.agrformet.2014.01.003
http://dx.doi.org/10.1073/pnas.1210423110
http://dx.doi.org/10.1073/pnas.1210423110
http://dx.doi.org/10.1016/j.agrformet.2011.07.003
http://dx.doi.org/10.1073/pnas.1100091108
http://dx.doi.org/10.1073/pnas.1100394108
http://dx.doi.org/10.1073/pnas.1103336108
http://dx.doi.org/10.1073/pnas.1304625110
http://dx.doi.org/10.1073/pnas.1305593110
http://dx.doi.org/10.1073/pnas.1305593110
http://dx.doi.org/10.1073/pnas.1306157110
http://dx.doi.org/10.1073/pnas.1306813110
http://dx.doi.org/10.1073/pnas.1306813110
http://dx.doi.org/10.1016/j.rse.2003.11.006
http://dx.doi.org/10.1016/j.rse.2010.08.013
http://dx.doi.org/10.1080/014311699211499
http://dx.doi.org/10.1073/pnas.0600815103
http://dx.doi.org/10.1073/pnas.0600815103
http://dx.doi.org/10.1126/science.1071617
http://dx.doi.org/10.1111/j.1365-2486.2007.01404.x
http://dx.doi.org/10.1111/j.1365-2486.2007.01404.x
http://dx.doi.org/doi.10.1579/0044-7447(2008)37[272:SADOTK]2.0.CO;2
http://dx.doi.org/doi.10.1579/0044-7447(2008)37[272:SADOTK]2.0.CO;2
http://rsbl.royalsocietypublishing.org/

	Field evidence for earlier leaf-out dates in alpine grassland on the eastern Tibetan Plateau from 1990 to 2006
	Introduction
	Material and methods
	Study sites and plant species
	Data collection
	Statistical analyses

	Results
	Discussion
	Acknowledgements
	Funding statement
	References


