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Abstract Over the past decades, rainfall amount and frequency changed considerably on
the Tibetan Plateau. However, how altered rainfall pattern affects vegetation growth and
phenology in Tibetan alpine grasslands is poorly understood. In this study, we investigated
the long-term effects of rainfall amount and frequency on production (i.e., aboveground
biomass, AGB) and phenology of three perennial plants in a Tibetan alpine meadow from
1994 to 2005. Growth period (i.e., the dates from greening to senescence) was referred to
plant phenology here. Our results showed that annual precipitation and total rainfall from
large events (≥ 5 mm per day) were mainly distributed in the growing season, which
increased significantly from 1994 to 2005 with more increment in May and July (p<0.05).
Total AGB and growth periods of three plants were linearly correlated with annual precip-
itation and total rainfall from large events, but have insignificant correlations with total
rainfall from small events (< 5 mm per day) and rainfall frequency (including small, large,
and all events). The results suggest that aboveground plant production and phenology are
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more sensitive to changes in large rainfall events (≥ 5 mm per day) than small events
(< 5 mm per day) in the alpine meadow ecosystems.

1 Introduction

As a consequence of anthropogenic buildup of CO2 and other greenhouse gases in the
atmosphere and the resulting global warming, precipitation frequency and amount are
predicted to largely alter with great possibility of extreme events in the 21th century due
to shifting patterns of air circulation and hydrologic cycling (Huntington 2008; IPCC 2007).
Changes in precipitation pattern may considerably affect ecosystem structure and functions
(Dougherty et al. 1996; Golluscio et al. 1998; Miranda et al. 2009; Weltzin et al. 2003;
Yahdjian and Sala 2006). Duration, amount and frequency of rainfall events can significantly
influence water availability (Loik 2007; Noy-Meir 1973; Schwinning and Ehleringer 2001).
Large rainfall events would increase moisture availability more easily than small ones. Plant
production thus would benefit more from large than small events, particularly in the growing
season with relatively high temperature (Weltzin et al. 2003). Availability of soil water may
also influence leaf bud flush (Blum 1996), senescence (Barr et al. 2007; Jolly and Running
2004), and then growth period (Grogan and Schulze 2012). The growth period refers to a
time that a plant species grows from greening to senescence. In many ecosystems, shifting
growth period induced by changes in precipitation patterns could obviously influence plant
production by changing individual competion and community stability (Churkina and
Running 1998; Churkina et al. 2005; Muller 1978; Zhou et al. 2001).

One of the approaches to understand precipitation effects is to characterize the patterns of
ecosystem processes along natural precipitation gradients. These studies found that plant
production (mainly aboveground net primary production (ANPP) or aboveground biomass
(AGB)) was positively correlated with changes in precipitation along spatial gradients (Bai
et al. 2008; Fang et al. 2005; Gao et al. 2009; Huxman et al. 2004; Munkhtsetseg et al. 2007;
Shackleton 1999; Sneva 1982; Yang et al. 2009; Zhou et al. 2009). The effects of precip-
itation were more significant when mean annual rainfall was less than 600 mm (Austin et al.
2004; Noy-Meir 1973; Sala et al. 1988).

Another important approach is, at the local scale, to use long-term site-specific observation
data to understand the effects of precipitation on ecosystem processes, although there are effects
of confounding factors to some degree (Swemmer et al. 2007). However, most studies sug-
gested that AGB was primarily responsive to the seasonal timing and magnitude of rainfall,
instead of annual precipitation amount (Fay et al. 2000; Robertson et al. 2009). Increased
variability in growing-season rainfall led to reduced AGB in grassland ecosystems (Fay et al.
2003). In addition, large rainfall events can penetrate root-zone soil and increase soil water
potentials enough for the plants to keep turgor during leaf flush (Blum 1996), while water deficit
may accelerate leaf senescence (Barr et al. 2007; Jolly and Running 2004). In the agriculture
system, crop yield increased with the lengths of growth period (Liu et al. 2010; Tao et al. 2006;
Wang et al. 2008). But an increase in the length of growth period reduced aboveground biomass
in the northern hardwood forest (Muller 1978). Furthermore, different plant species may
respond specifically to rainfall events (Golluscio et al. 1998; Jenerette et al. 2008). Plant
productivity and phenology (e.g., growth period) may also respond differently to climate
variability at different times of year (Craine et al. 2012). Effects of amount and frequency of
large rainfall events (≥ 5 mm) on vegetation growth and phenology may be different from those
of small ones (< 5 mm). Thus, how amount and frequency of large and small rainfall events
affect plant growth and phenology is poorly understood, especially in Tibetan alpine meadows.
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There is still a debate on primary production and climate factors on the Tibetan Plateau.
Previous studies showed that plant production was mainly determined by rainfall (Wang et
al. 2009; Yang et al. 2010; Yang et al. 2008), solar radiation (Piao et al. 2006), temperature
(Piao et al. 2006; Xu et al. 2011; Zhang et al. 2009) and their combined effect in the Tibetan
alpine meadows (Luo et al. 2004; Zhong et al. 2010). Few studies have examined responses
of growth period and plant production to large and small rainfall events in the Tibetan
plateau. Grassland ecosystems cover approximately 1.2×106km2 in Tibetan plateau, where
alpine meadows account for 35 % of the area (Cao et al. 2004) and play a key role in local
ecological environment (Bai et al. 2012) and animal husbandry (Zhou et al. 2001). In an
alpine meadow ecosystem, grassland utilization was determined by the amount of AGB and
its carrying capacity to support livestock production (Fay et al. 2000; Yahdjian and Sala
2006; Yang et al. 2009). Therefore, we examined the effects of precipitation amount and
frequency on production and phenology of three perennial plants in an alpine meadow from
1994 to 2005. In this study, the objectives were to examine patterns of rainfall pattern (i.e.,
amount and frequency of large (≥ 5 mm) and small (< 5 mm) rainfall events) and their effects
on AGB and growth period of three dominant forages. We hypothesized that total rainfall
from large events (≥ 5 mm) would significantly affect AGB and growth periods of plant
species compared to that from small events (< 5 mm).

2 Materials and methods

2.1 Study site

The study area, Husbandry Meteorology of Qumalai county observation station (HMQS), was
located on the southeast Tibetan Plateau (34.08º N, 95.47º E) with a typical continental plateau
climate, which have a larger diurnal variation (cold and dry) and strong radiation (Xu et al.
2011). The mean annual air temperature is −2.2 °C with frost occurring at any time of the year.
Recent mean annual precipitation ranges from 323 to 545 mmwith an average of 390 mm. The
HMQS is a typical alpine meadow ecosystem, which is dominated by perennial grasses, such as
Festuca vubra, Kobresia pygmaea, Poa pratensis, Carex tristachya, Kobresia humilis, and
Korbresia Capillifolia. These plant species maintain the integrity of alpine meadow (Zhao
2009) and provide high-quality forages for livestock (Long et al. 1999).

2.2 Experimental protocol

The study site, 100×100 m2 in area, has been fenced to prevent grazing since 1986.
Aboveground biomass was measured once a year during the study period. At the HMSQ,
four plots (1×1 m2) were randomly harvested all aboveground biomass to ground level at the
end of August each year (peak biomass usually in August). Biomass samples were oven-
dried at 65 °C to constant mass and the average was considered as aboveground biomass
(AGB) in alpine meadows (China Meteorological Administration 1993; Yang et al. 2010).

Growth period, the dates from the greening to senescence, was used to represent plant
phenology. The date of first greening is defined as the date that 10 or more percent of the
perennial forages turns green, and the date of senescence is referred to the date that the two
thirds or more percent of the perennial forages becomes yellow (State Meteorological
Administration 1993). We mainly recorded the growth periods of three dominant species
Festuca (Festuca rubra), Kobresia (Kobresia pygmaea), and Bluegrass (Poa pratensis) from
1994 to 2005.
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Daily rainfall events are categorized as large (≥ 5 mm) and small (< 5 mm) ones. Total
rainfall from large events is the annual accumulation as well as that from small events.
Precipitation frequency is total days with all rainfall events as well as frequency with
large (≥ 5 mm) and small rainfall events (< 5 mm).

2.3 Statistical analysis

Effects of rainfall patterns on alpine meadow production were analyzed by the following
three steps. Firstly, we calculated the change rate of every month’s rainfall frequency and
amount from 1994 to 2005. Secondly, correlations between rainfall pattern (i.e., amount and
frequency) and growth period of three dominant grasses were conducted by Pearson
correlation analysis and stepwise regression analysis. Finally, we examined relationships
of rainfall pattern (frequency and amount) with AGB and growth period. All statistical
analyses were performed using SPSS 13.0 for Windows (SPSS Inc., Chicago, Illinois, USA
2004).

3 Results

3.1 Trends of rainfall pattern

From 1994 to 2005, annual mean temperature, rainfall and total rainfall from large events (≥
5 mm) were shown in Fig. 1a,b,c. Annual rainfall amount increased significantly with a rate
of 12.09 mm/year over the study period (p<0.05), while total rainfall from large
events (≥ 5 mm) increased marginally with a rate of 13.29 mm/year (p00.054). In
contrast, annual mean temperature, annual rainfall frequency (Fig. 1e) and total
rainfall from small events (< 5 mm) did not display the distinct trend over time (p
>0.2). Frequency of large rainfall (≥ 5 mm) and small events (< 5 mm) increased
significantly over time with an increase rate of 1.9 day/year (p<0.001) and a decrease
one of 1.97 day/year (p<0.054), respectively (Fig. 1d, f).

The monthly changes in rainfall pattern (i.e., the slope of the linear regression) from 1994
to 2005 were diverse for annual, large, and small events (Table 1). Frequency of annual
rainfall and small events increased in May but decreased in November over time as well as
annual rainfall in August (p<0.05), while that of large events did not showed the significant
trend (p>0.05). Amount of annual rainfall and large events increased significantly in May
and July from 1994 to 2005, while amount of small events decreased in November (p<0.05,
Table 1).

3.2 Effects of rainfall patterns on growth periods

The growth periods of the three perennial forages—Festuca, Kobresia and Bluegrass -
increased significantly with total amount of annual rainfall and large events (p<0.05,
Figs. 2a,b,c and 3a,b,c), while they did not change with total rainfall frequency (p>0.6,
Fig. 2d, e, f) and small rainfall event (data not shown). Only the growth periods of Festuca
showed a significant increase with the frequency of large rainfall events (≥ 5 mm) (p<0.05,
Fig. 3f), when those of Bluegrass increased marginally with frequency of large rainfall
events (p00.08, Fig. 3d). Growth periods of all three plants did not change significantly with
frequency of annual rainfall and small events (< 5 mm) as well as those of Kobresia with
frequency of large rainfall events (p>0.10, Fig. 3e).
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Fig. 1 Annualmean temperature (a), annual rainfall (b), rainfall frequency of annual (c), large events (≥ 5mmper
day, d), and small events (< 5 mm per day, e), and total rainfall from large events (f) from 1994 and 2005
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3.3 Effects of rainfall patterns on aboveground biomass (AGB)

The AGB of the Tibetan alpine meadow increased significantly with a rate of 4.92 gm−2

year−1 from 1994 to 2005 (p00.05), and showed a synchronized increase with annual
rainfall amount with a rate of 0.38 g.mm−1 (r200.66, p<0.001, Fig. 4a). However, the
frequency of annual rainfall did not have a significant correlation with AGB (p>0.8,
Fig. 4d).

The AGB of the alpine meadow increased marginally with total rainfall and frequency
from large events (≥ 5 mm) (Fig. 4c,f), while the total rainfall amount and frequency from
small events (< 5 mm) did not show the significant effects on AGB (p>0.05, Fig. 4b, e;
Table 2). Higher rainfall frequency of large events (≥ 5 mm) may promote more grassland
production compared with that of small events (< 5 mm). The sensitive coefficient of AGB
with the changes in large rainfall frequency (i.e., the slope of the linear regression) was
2.65 g.m−2.day−1 (Fig. 4f).

3.4 Relationship between growth period and AGB

The correlations between grassland AGB, rainfall pattern, and growth period by
person Pearson correlation were shown in Table 2. The total AGB was correlated
significantly with the growth periods of three dominant plants (r2≥0.54, p<0.01). In
addition, regression coefficient of Festuca was maximum, followed by Bluegrass and
Kobresia (Fig. 5).

4 Discussion

In the area of Tibetan alpine meadows, the total rainfall amount have an increasing trend
from 1994 to 2005 as well as total rainfall from large events (≥ 5 mm, Fig. 1), whereas the

Table 1 The change trend (i.e., the slop of the linear regression over time) in rainfall pattern from 1994 to
2005

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Rainfall frequency

RF<5 −0.14 −0.15 0.04 −0.42 0.56c 0.11 −0.34 0.32 −0.14 0.14 −0.57a −0.04
RF≥5 0 0 0 0.1 0.16 0.06 0.24 0.3 0.22 0.06 0.07 0

ARF −0.14 −0.12 0.04 −0.37 0.70b 0.19 0.06 0.68c 0.1 0.19 −0.50b −0.04
Rainfall Amount

RA<5 −0.12 0.046 0.12 −0.09 1.15 0.64 −0.44 1.37 0.28 0.18 −0.60a −0.16
RA≥5 0 0 0 0.21 1.11a 1.42 6.23a 3.04 −0.71 −1.09 −0.29 −0.17
ARA −0.03 0.21 0.04 0.12 2.26b 2.05 5.80b 0.32 −0.14 −0.11 −0.58 −0.33

Unit is day/year for rainfall frequency and mm/year for rainfall amount

RA<5 - Rainfall Amount (Daily<5 mm); RA≥5 - Rainfall Amount (Daily≥5 mm); ARF-Annual Rainfall
Frequency; RF<5-Rainfall frequency (Daily<5 mm); RF≥5-Rainfall frequency (Daily ≥5 mm); ARA -
Annual Rainfall Amount
a represents significance at the 0.01 level
b at the 0.05 level
c at the 0.1 level
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trend of small events (< 5 mm) was not significant (p>0.1). Furthermore, the frequency of
large rainfall events presented an increasing trend, while the small ones showed a decrease
over time. This implied that the increase in precipitation mainly resulted from large rainfall
events (≥ 5 mm) (Fig. 1b, c), which are usually regarded as effective rainfall (Munson et al.
2010; Wei et al. 2008).
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4.1 Effects of rainfall amount and frequency on AGB

Large rainfall events played a pivotal role in promoting leaf development and leaf-level
photosynthetic capacity and in maintaining plant activity (Yang et al. 2008). Large rain
events not only increased water infiltration in soil but also reduced the proportion of water
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loss via evaporation and transpiration (Weltzin et al. 2003). Large rainfall events would thus
recharge deeper soil layers more effectively (Knapp et al. 2008). The recharged soil water
would become available for plant use above critical thresholds of growth for the long period
(Du et al. 2011; Nord and Lynch 2009; Sala and Lauenroth 1982),
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Most of large rainfall events in the growing season showed an increasing trend from 1994
to 2005 (especially, in May and Jul). At that time, leaf area is quickly developed with high
photosynthetic C uptake to accumulate high biomass (Thomson et al. 1997; Loik 2007; Potts
et al. 2006). Rainfall amount and frequency of large events (≥ 5 mm) could thus improve
alpine meadow production, which is consistent with previous research (Dougherty et al.
1996; Fay et al. 2008). Large rainfall events (≥ 5 mm) are thus a major part of annual
precipitation (80 % total) to promote grassland production (Bai et al. 2008; Fay et al. 2003;
Sherry et al. 2008; Yang et al. 2008, 2009, 2010). In the future, the Tibetan alpine meadow
may be largely benefited for plant primary production if the increasing trend in large rainfall
events continues (Fig. 1).

Alpine meadow production showed a synchronized increase with annual rainfall amount
during the study period (p<0.001, Fig. 4a). Although some studies found that annual rainfall
would have a lag effect on plant production (Milchunas and Lauenroth 2001; Sims and
Singh 1978; Sherry et al. 2008; Swemmer et al. 2007) and the linear correlation between
previous-year rainfall and ANPP was significant (p00.02) in this study, the results from
stepwise regression analysis with current- and two previous-year rainfall showed that the
previous-year rainfall could not be included in the model. We thus considered that the effects
of previous-year rainfall on plant production were minor compared to the effects of the
current-year rainfall. In addition, growth period of the three plants did not present significant
correlations with the previous-year rainfall (data not shown).

4.1.1 Effects of rainfall amount and frequency on growth period

Plant life history can be largely affected by the duration, intensity and frequency of rainfall
events (Loik 2007; Noy-Meir 1973; Schwinning and Ehleringer 2001). Our results showed
that the growth periods of three perennial species increased significantly with rainfall
amount and frequency of large events except that of Kobresia with rainfall frequency
(Fig. 3a, b, c). This supported previous study that large rainfall could keep higher water
availability and pulse leaf sprout during leaf flush than small one (Blum 1996). In earlier
spring, plant available water might prompt shoot growth via synthesis of plant hormones,
uptake of water and absorption of nutrients (Dieleman et al. 1998), which may result in
earlier bud burst. Lack of spring soil moisture may not facilitate turning greenness in annual
grassland in California (Zavaleta et al. 2003). In autumn, large rainfall events keep plant
vigour (Barr et al. 2007; Jolly and Running 2004) through changing foliar concentrations of
nitrogen (Santiago et al. 2005) and altering soil nutrient mineralization (Huxman et al.
2004). The increase in foliar nitrogen content would improve plant vigor (Feng et al.
2009) to delay senescence and increase growth period. In this study, effective rainfall (i.e.,
large events) increased in April and May after plant flush and in July and August after leaf
senescence (Table 1), resulting in the extension of the growing season for the dominant
forages (Jolly and Running 2004) and increasing AGB over the study period. However, the
growth periods of the three dominant plants responded differently to frequency of large
rainfall events (≥ 5 mm). This may result from different ecophysiological environment.
Festuca prefers to habit in xerophytes, whereas Bluegrass prefers to habit in mesic environ-
ment and Kobresia is not stringent for moisture condition (Zhao 2009).

4.1.2 Relationship between AGB and growth period

With earlier greenness in spring and later senescence in autumn, extension of the growth
period indicated that plants would have more time to uptake atmospheric CO2 and have
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potential to accumulate primary production (Fay et al. 2003). Our results showed that the
growth periods of three dominant species had positive relationships with their respective
AGB. Long-term record in the agriculture showed that an increase in the length of growth
period significantly stimulated crop yield (Liu et al. 2010; Tao et al. 2006; Wang et al. 2008).
The extension of growth period also facilitates the increase in primary production in natural
ecosystems (Churkina et al. 2005; Davison et al. 2011).

5 Conclusions

Precipitation is a main controlling factor for plant growth in the low-temperature and high-
altitude Tibetan Plateau. The production of the alpine meadow depended on rainfall quantity,
frequency, and growth period of the dominant forages, especially large rainfall events
(≥5 mm). Our finding not only provides insight for the management of forage grasses in
the Qinghai-Tibet Plateau (e.g., conservative grazing), but also demonstrates the necessity to
incorporate precipitation patterns and their effects into predictive climatic and ecological
models. It is important, therefore, that the frequency, magnitude, and amount of rainfall
should be integrated to examine their effects on ecosystem processes in future climate
change on the Qinghai-Tibet Plateau.

Acknowledgments The authors thank the five anonymous reviewers for the insightful comments on the
manuscript. This research was financially supported by China eleventh and twelfth 5-year plan science and
technology support project (2007BAC30B00 and 2012BAH31B03), and sponsored by 2012 Shanghai
Pujiang Program (12PJ1401400), Thousand Young Talents Program in China, and The Program for Professor
of Special Appointment (Eastern Scholar) at Shanghai Institutions of Higher Learning.

References

Austin AT, Yahdjian L, Stark JM, Belnap J, Porporato A, Norton U, Ravetta DA, Schaeffer SM (2004) Water
pulses and biogeochemical cycles in arid and semiarid ecosystems. Oecologia 141(2):221–235

Bai YF, Wu JG, Xing Q, Pan QM, Huang JH, Yang DL, Han XG (2008) Primary production and rain use
efficiency across a precipitation gradient on the Mongolia plateau. Ecology 89(8):2140–2153

Bai YF, Wang J, Zhang BC, Zhang ZH (2012) Comparing the impact of cloudiness on carbon dioxide
exchange in a grassland and a maize cropland in northwestern China. Ecol Res 27(3):615–623

Barr AG, Black TA, Hogg EH, Griffis TJ, Morgenstern K, Kljun N, Theede A, Nesic Z (2007) Climatic
controls on the carbon and water balances of a boreal aspen forest, 1994–2003. Glob Chang Biol 13
(3):561–576

Blum A (1996) Crop responses to drought and the interpretation of adaptation. Plant Growth Regul 20
(2):135–148

Cao GM, Lin L, Zhang FW, Li YK, Han DR, Long RJ (2004) A review of maintenance, loss and recovery of
stability of alpine Kobresia humilis meadow on Tibetan Plateau. Pratacultural Sci 27(8):34–38

China Meteorological Administration (1993) Observation criterion of agricultural meteorology. China Meteoro-
logical Press, Beijing 167–174

Churkina G, Running SW (1998) Contrasting climatic controls on the estimated productivity of global
terrestrial biomes. Ecosystems 1(2):206–215

Churkina G, Schimel D, Braswell BH, Xiao X (2005) Spatial analysis of growing season length control over
net ecosystem exchange. Glob Chang Biol 11(10):1777–1787

Craine JM et al (2012) Timing of climate variability and grassland productivity. Proc Natl Acad Sci U S A 109
(9):3401–3405

Davison JE, Breshears DD, van Leeuwen WJD, Casady GM (2011) Remotely sensed vegetation phenology
and productivity along a climatic gradient: on the value of incorporating the dimension of woody plant
cover. Glob Ecol Biogeogr 20(1):101–113

Climatic Change (2013) 118:197–212 209



Dieleman JA, Verstappen FWA, Kuiper D (1998) Root temperature effects on growth and bud break of Rosa
hybrida in relation to cytokinin concentrations in xylem sap. Sci Hortic 76(3–4):183–192

Dougherty RL, Lauenroth WK, Singh JS (1996) Response of a grassland cactus to frequency and size of
rainfall events in a North American shortgrass steppe. J Ecol 84(2):177–183

Du J, Yan P, Dong Y (2011) Precipitation characteristics and its impact on vegetation restoration in Minqin
County, Gansu Province, northwest China. Int J Climatol 31(8):1153–1165

Fang J, Piao S, Zhou L, He J, Wei F, Myneni RB, Tucker CJ, Tan K (2005) Precipitation patterns alter growth
of temperate vegetation. Geophys Res Lett 32:L21411. doi:10.1029/2005GL024231

Fay PA, Carlisle JD, Knapp AK, Blair JM, Collins SL (2000) Altering Rainfall Timing and Quantity in a
Mesic Grassland Ecosystem: Design and Performance of Rainfall Manipulation Shelters. Ecosystems 3
(3):308–319

Fay PA, Carlisle JD, Knapp AK, Blair JM, Collins SL (2003) Productivity responses to altered rainfall
patterns in a C4-dominated grassland. Oecologia 137(2):245–251

Fay PA, Kaufman DM, Nippert JB, Carlisle JD, Harper CW (2008) Changes in grassland ecosystem function
due to extreme rainfall events: implications for responses to climate change. Glob Chang Biol 14
(7):1600–1608

Feng YL, Lei YB, Wang RF, Callaway RM, Valiente-Banuet A, Inderjit, Li YP, Zheng YL (2009) Evolu-
tionary tradeoffs for nitrogen allocation to photosynthesis versus cell walls in an invasive plant. Proc Natl
Acad Sci U S A 106(6):1853–1856

Gao Q, Li Y, Wan YF, Qin XB, Jiangcun WZ, Liu YH (2009) Dynamics of alpine grassland NPP and its
response to climate change in Northern Tibet. Clim Chang 97(3):515–528

Golluscio RA, Sala OE, Lauenroth WK (1998) Differential use of large summer rainfall events by shrubs and
grasses: a manipulative experiment in the Patagonian steppe. Oecologia 115(1–2):17–25

Grogan J, Schulze M (2012) The impact of annual and seasonal rainfall patterns on growth and phenology of
emergent tree species in southeastern Amazonia, Brazil. Biotropica 44(3):331–340

Huntington TG (2008) CO2 induced suppression of transpiration cannot explain increasing runoff. Hydrol
Process 22(2):311–314

Huxman TE, Snyder KA, Tissue D, Leffler AJ, Ogle K, PockmanWT, Sandquist DR, Potts DL, Schwinning S
(2004) Precipitation pulses and carbon fluxes in semiarid and arid ecosystems. Oecologia 141(2):254–268

Intergov. Panel Clim. Change (2007) Working group 1: the physical science basis. Summary for policy-
makers. http://ipcc-wg1.ucar.edu/wg1/wg1-report.html

Jenerette GD, Scott RL, Huxman TE (2008) Whole ecosystem metabolic pulses following precipitation
events. Funct Ecol 22(5):924–930

Jolly WM, Running SW (2004) Effects of precipitation and soil water potential on drought deciduous
phenology in the Kalahari. Glob Chang Biol 10(3):303–308

Knapp AK, Beier C, Briske DD, Classen AT, Luo YQ, Reichstein M, Smith MD, Smith SD, Bell JE, Fay PA,
Heisler JL, Leavitt SD, Sherry R, Smith B, Weng E (2008) Consequences of more extreme precipitation
regimes for terrestrial ecosystems. BioScience 58(9):811–821

Liu YA, Wang EL, Yang XG, Wang J (2010) Contributions of climatic and crop varietal changes to crop
production in the North China Plain, since 1980s. Glob Chang Biol 16(8):2287–2299

Loik ME (2007) Sensitivity of water relations and photosynthesis to summer precipitation pulses for
Artemisia tridentata and Purshia tridentata. Plant Ecol 191(1):95–108

Long RJ, Apori SO, Castro FB, Ørskov ER (1999) Feed value of native forages of the Tibetan Plateau of
China. Anim Feed Sci Technol 80(2):101–113

Luo T, Pan Y, Ouyang H, Shi P, Luo J, Yu Z, Lu Q (2004) Leaf area index and net primary productivity along
subtropical to alpine gradients in the Tibetan Plateau. Global Ecol Biogeogr 13(4):345–358

Milchunas DG, Lauenroth WK (2001) Belowground primary production by carbon isotope decay and long-
term root biomass dynamics. Ecosystems 4(2):139–150

Miranda JD, Padilla FM, Lázaro R, Pugnaire FI (2009) Do changes in rainfall patterns affect semiarid annual
plant communities? J Veg Sci 20(2):269–276

Muller RN (1978) The phenology, growth and ecosystem dynamics of erythronium americanum in the
northern hardwood forest. Ecol Monogr 48(1):1–20

Munkhtsetseg E, Kimura R, Wang J, Shinoda M (2007) Pasture yield response to precipitation and high
temperature in Mongolia. J Arid Environ 70(1):94–110

Munson S, Benton T, Lauenroth W, Burke I (2010) Soil carbon flux following pulse precipitation events in the
shortgrass steppe. Eco Res 25(1):205–211

Nord EA, Lynch JP (2009) Plant phenology: a critical controller of soil resource acquisition. J Exp Bot 60
(7):1927–1937

Noy-Meir I (1973) Desert ecosystems: environment and producers. Annu Rev Ecol Syst 4(1):25–51

210 Climatic Change (2013) 118:197–212

http://dx.doi.org/10.1029/2005GL024231
http://ipcc-wg1.ucar.edu/wg1/wg1-report.html


Piao SL, Fang JY, He JS (2006) Variations in vegetation net primary production in the Qinghai-Xizang
Plateau, China, from 1982 to 1999. Clim Chang 74(1–3):253–267

Potts DL, Huxman TE, Enquist BJ, Weltzin JF, Williams DG (2006) Resilience and resistance of ecosystem
functional response to a precipitation pulse in a semi-arid grassland. J Ecol 94(1):23–30

Robertson TR, Bell CW, Zak JC, Tissue DT (2009) Precipitation timing and magnitude differentially affect
aboveground annual net primary productivity in three perennial species in a Chihuahuan Desert grassland.
New Phytol 181(1):230–242

Sala OE, Lauenroth WK (1982) Small rainfall events: an ecological role in semiarid regions. Oecologia 53
(3):301–304

Sala OE, Parton WJ, Joyce LA, Lauenroth WK (1988) Primary production of the central Grassland region of
the United States. Ecology 69(1):40–45

Santiago LS, Schuur EAG, Schuur KS (2005) Nutrient cycling and plant-soil feedbacks across a precipitation
gradient in lowland Panama. J Trop Ecol 21:46–470

Schwinning S, Ehleringer JR (2001) Water use trade-offs and optimal adaptations to pulse-driven arid
ecosystems. J Ecol 89(3):464–480

Shackleton CM (1999) Rainfall and topo-edaphic influences on woody community phenology in South
African savannas. Glob Ecol Biogeogr 8(2):125–136

Sherry RA, Weng ES, Arnone JA, Johnson DW, Schimel DS, Verburg PS, Wallace LL, Luo YQ (2008)
Lagged effects of experimental warming and doubled precipitation on annual and seasonal aboveground
biomass production in a tallgrass prairie. Glob Chang Biol 14(12):2923–2936

Sims PL, Singh JS (1978) The structure and function of ten Western North American grasslands: III. Net
primary production, turnover and efficiencies of energy capture and water use. J Ecol 66(2):573–597

Sneva F (1982) Relation of precipitation and temperature with yield of herbaceous plants in eastern Oregon.
Int J Biometeorol 26:263–276

SPSS Inc. (2004) SPSS® 13.0 Base User’s Guide. Chicago, Illinois, USA
State Meteorological Administration, chief editor (1993) Agricultural Meteorology Meteorology Press, Bei-

jing 136–138
Swemmer AM, Knapp AK, Snyman HA (2007) Intra-seasonal precipitation patterns and above-ground

productivity in three perennial grasslands. J Ecol 95(4):780–788
Tao F, Yokozawa M, Xu Y, Hayashi Y, Zhang Z (2006) Climate changes and trends in phenology and yields of

field crops in China, 1981–2000. Agric For Meteorol 138(1–4):82–92
Thomson BD, Siddique KHM, Barr MD, Wilson JM (1997) Grain legume species in low rainfall

Mediterranean-type environments.1. Phenology and seed yield. Field Crops Res 54(2–3):173–187
Wang HL, Gan YT, Wang RY, Niu JY, Zhao H, Yang QG, Li GC (2008) Phenological trends in winter wheat and

spring cotton in response to climate changes in northwest China. Agric For Meteorol 148(8–9):1242–1251
Wang GX, Li SN, Hu HC, Li YS (2009) Water regime shifts in the active soil layer of the Qinghai-Tibet

Plateau permafrost region, under different levels of vegetation. Geoderma 149(3–4):280–289
Wei YF, Guo K, Chen JQ (2008). Effect of precipitation pattern on recruitment of soil water in Kubuqi desert,

northwestern China. J Plant Ecol 32(6):1346–1355 (in Chinese)
Weltzin JF, Loik ME, Schwinning S, Williams DG, Fay PA, Haddad BM, Harte J, Huxman TE, Knapp AK,

Lin GH, Pockman WT, Shaw MR, Small EE, Smith MD, Smith SD, Tissue DT, Zak JC (2003) Assessing
the response of terrestrial ecosystems to potential changes in precipitation. BioScience 53(10):941–952

Xu WX, Song G, Zhao XQ, Xiao JS, Tange YH, Fang JY, Zhang J, Jiang S (2011) High positive correlation
between soil temperature and NDVI from 1982 to 2006 in alpine meadow of the Three-River Source
Region on the Qinghai-Tibetan Plateau. Int J Appl Earth Obs Geoinformation 13(4):528–535

Yahdjian L, Sala OE (2006) Vegetation structure constrains primary production response to water availability
in the Patagonian steppe. Ecology 87(4):952–962

Yang YH, Fang JY, Ma WH, Wang W (2008) Relationship between variability in aboveground net primary
production and precipitation in global grassland. Geophys Res Lett 35,L23710, doi:10.1029/2008GL035408

Yang YH, Fang JY, Pan YD, Ji CJ (2009) Aboveground biomass in Tibetan grasslands. J Arid Environ 73
(1):91–95

Yang, YH, Fang, JY, Fay, PA, Bell, JE and Ji, CJ (2010) Rain use efficiency across a precipitation gradient on
the Tibetan Plateau. Geophys Res Lett 37

Zavaleta ES, Thomas BD, Chiariello NR, Asner GP, Shaw MR, Field CB (2003) Plants reverse warming
effect on ecosystem water balance. Proc Natl Acad Sci 100(17):9892–9893

Zhang F, Li H, Li Y, Li Y, Lin L (2009) Periodic fluctuation features of air temperature, precipitation, and
aboveground net primary production of alpine meadow ecosystem on Qinghai-Tibetan Plateau. Chin J
Ecol 20(3):525–530

Zhao X (2009) Alpine meadow ecosystem and global change. Science Press, Beijing

Climatic Change (2013) 118:197–212 211

http://dx.doi.org/10.1029/2008GL035408


Zhong L, Ma Y, Salama M, Su Z (2010) Assessment of vegetation dynamics and their response to variations in
precipitation and temperature in the Tibetan Plateau. Clim Chang 103(3):519–535

Zhou LM, Tucker CJ, Kaufmann RK, Slayback D, Shabanov NV, Myneni RB (2001) Variations in northern
vegetation activity inferred from satellite data of vegetation index during 1981 to 1999. J Geophys Res-
Atmos 106(D17):20069–20083

Zhou X, Talley M, Luo Y (2009) Biomass, litter, and soil respiration along a precipitation gradient in southern
great plains, USA. Ecosystems 12(8):1369–1380

212 Climatic Change (2013) 118:197–212


	Effects of rainfall amount and frequency on vegetation growth in a Tibetan alpine meadow
	Abstract
	Introduction
	Materials and methods
	Study site
	Experimental protocol
	Statistical analysis

	Results
	Trends of rainfall pattern
	Effects of rainfall patterns on growth periods
	Effects of rainfall patterns on aboveground biomass (AGB)
	Relationship between growth period and AGB

	Discussion
	Effects of rainfall amount and frequency on AGB
	Effects of rainfall amount and frequency on growth period
	Relationship between AGB and growth period


	Conclusions
	References


