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Climate change has caused advances in spring phases of many plant
species. Theoretically, however, strong warming in winter could
slow the fulfillmentof chilling requirements,whichmay delay spring
phenology. This phenomenon should be particularly pronounced in
regions that are experiencing rapid temperature increases and are
characterized by highly temperature-responsive vegetation. To test
this hypothesis, we used the Normalized Difference Vegetation
Index ratio method to determine the beginning, end, and length of
the growing season of meadow and steppe vegetation of the
Tibetan Plateau in Western China between 1982 and 2006. We then
correlated observed phenological dates with monthly temperatures
for the entire period on record. For both vegetation types, spring
phenology initially advanced, but started retreating in themid-1990s
in spite of continued warming. Together with an advancing end of
the growing season for steppe vegetation, this led to a shortening
of the growing period. Partial least-squares regression indicated
that temperatures in both winter and spring had strong effects on
spring phenology. Although warm springs led to an advance of the
growing season, warm conditions in winter caused a delay of the
spring phases. This delay appeared to be related to later fulfillment
of chilling requirements. Because most plants from temperate and
cold climates experience a period of dormancy in winter, it seems
likely that similar effects occur in other environments. Continued
warming may strengthen this effect and attenuate or even reverse
the advancing trend in spring phenology that has dominated
climate-change responses of plants thus far.

Climate change has influenced the timing of developmental
stages of most plants of the temperate and cold regions (1–9).

Many studies have provided evidence that increasing temperatures
have led to progressive advances in spring phases. In a study that
compared more than 125,000 observational time series of plant
and animal phenology between 1971 and 2000,Menzel et al. found
that 78% of species showed advanced phenology (significant
advances for 22% of all time series) (3). An analysis of observa-
tions of the first flowering date of 385 plant species in England
by Fitter and Fitter, showed three quarters of species flowering
earlier in the decade between 1991 and 2000 than in the previous
four decades (10). A recent comprehensive meta-analysis of sev-
eral studies on phenology trends (5) supports the impression that
most species show advanced spring phenology. However, all these
studies contain a sizeable proportion of species that do not con-
form to this pattern. Twenty-two percent of species in Menzel
et al.’s study (3) and 24% of species in Fitter and Fitter’s article
(10) showed trends toward later spring phenology. In both studies,
this delay was significant for 3% of species. Because temperatures
clearly increased over time in both studies, the spectrum of spring
phenology trends suggests that plant responses to warming are
not linear and differ among species.
The timing of spring phases in most temperate plants results

from the interplay of winter cold and spring heat (11, 12). Plants
that evolved in winter-cold climates fall dormant in fall to avoid
frost damage in winter and will only resume growth in spring after
their chilling requirements have been fulfilled. Temperature
increases in spring then lead to advancing spring phenology, but
warming in winter may delay the fulfillment of chilling require-

ments and thus lead to later onset of spring phases. The large
proportion of plant species that have shown advancing phenology
in recent decades suggests that effects of rising spring temperatures
so far outweigh the possibly delaying impact of winter warming in
most cases. However, plant species that are particularly sensitive
to temperature cues, such as those at high latitudes or altitudes
(13), may respond differently from those in more temperate cli-
mates, especially in regions that are experiencing particularly
strong temperature increases. A recent remote sensing analysis of
growing season changes at high Northern latitudes found a delay-
ing trend in the onset of spring greening between 1993 and 2004,
following an advancing trend between 1982 and 1991 (14).
Another region that has experienced extraordinary warming is

the Tibetan Plateau inWestern China (15) (Fig. 1). The climate of
this region is characterized by a long period of frost and a relatively
short growing season, and accurate determination of the ideal time
to break dormancy and resume growth is crucial for the success of
a plant species. Chilling and heat requirements of spring devel-
opmental phases are thus likely well adjusted to typical tempera-
ture regimes of the past; however, they may be less well adapted to
the warmer conditions experienced in recent years. We hypothe-
size that strong warming of the Tibetan Plateau has led to changes
in the effective growing season of meadow and steppe vegetation,
with warming in winter leading to delayed fulfillment of chilling
requirements, and thus later onset of the growing season.
To test this hypothesis, we assessed changes in the average be-

ginning, end, and length of the growing season of steppe and
meadow vegetation of the Tibetan Plateau (16) between 1982 and
2006 by analyzing imagery created by the Global Inventory Mod-
eling and Mapping Studies group (17) with the Normalized Dif-
ference Vegetation Index (NDVI) ratio method (18). We then
used partial least-squares (PLS) regression (19, 20) to relate
changes in the onset of spring greening to monthly gridded tem-
perature data obtained from the China Meteorological Adminis-
tration (21).

Results
Major phenological stages on the Tibetan Plateau could be
detected by remote sensing, as indicated by comparison with
phenological observations on the ground, which were available for
22 locations in Qinghai Province. The mean absolute error be-
tween remotely sensed and observed dates of the beginning and
end of the growing season was 12.8 and 15.0 d, respectively. Root
mean-square errors between remote sensing estimates and ob-
served phenology were 10.6 d for the beginning and 13.5 d for the
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end of the growing season. In light of the temporal resolution of
the NDVI dataset of 15 d, such errors were expected. Because
onset and end dates of the growing season were averaged over the
entire Tibetan Plateau, the temporal resolution of the data were
deemed sufficiently high for detailed analysis.
The onset of the growing season varied strongly across the

Tibetan Plateau, with some areas in the Southwest greening up to
2 mo later than the Eastern region (Fig. 2). To analyze temporal
trends in the data, we averaged these dates over all image pixels
covered by steppe and meadow vegetation (16), respectively, for
each year of the study period. The plot of these dates over time
(Fig. 3 A and B) reveals strong changes in the beginning of the
growing season but without one consistent trend over the entire
time span. Instead of a single linear trend, both steppe and
meadow vegetation show a slight advance in spring phenology
from the early 1980s until the mid-1990s, followed by a fairly

rapid delaying trend that persisted until the end of the study
period in 2006.
The plot of annual mean temperatures calculated from all

available weather data against time (Fig. 3C andD) shows that the
Tibetan Plateau has warmed consistently between 1982 and 2006.
Similar warming trends were found for temperatures during all
individual months (Tables S1 and S2), indicating that changes to
the beginning of the growing season do not result from a mono-
tonic response of vegetation to temperatures in any given time
interval. The PLS regression analysis included both winter and
spring temperatures as important variables into an explanatory
model for the beginning of the growing season for both steppe
(Fig. 4C) and meadow vegetation (Fig. 4D), according to the
commonly used variable importance threshold of 0.8 (19). Tem-
peratures in May and June had negative model coefficients for
both vegetation types (Fig. 4 A and B), indicating that high tem-

Fig. 1. Vegetation types of the Tibetan Plateau according to the Atlas of the Tibetan Plateau (16) and locations of weather stations in the region. (Inset) The
location of the Tibetan Plateau within Central Asia.

Fig. 2. Average timing of the beginning of the growing season (BGS) on the Tibetan Plateau between 1982 and 2006. BGS dates varied by up to 2 mo
between different parts of the Plateau.
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peratures during these months advanced the onset of the growing
season. Model coefficients for temperatures between October and
March were positive, indicating that high temperatures during
these months have a delaying effect on spring phenology.
Across the Tibetan Plateau, the growing season ended between

early September and early October (Fig. S1). The timing of this
phenological phase showed no consistent change over time in the
meadow region, but advanced progressively for steppe vegetation
over the entire study period (Fig. 3 E and F). For the meadow
region, the end of the growing season was mainly determined
by temperatures in September, with warm conditions during this
month extending the growing season (Fig. 4 E–H). For steppe
vegetation, warm temperatures during the winter, as well as
during July and August, advanced the end of the growing season
(Fig. 4 E–H). The net effect of changes in the beginning and end
of the growing season was a pronounced shortening of the
growing season between 2000 and 2006 by about 1 mo for steppe
and 3 wk for meadow vegetation (Fig. S2).

Discussion
Recent changes to the growing season on the Tibetan Plateau do
not conform to the general trend of extended growing seasons
reported elsewhere (1, 2, 22). In particular since about 2000, the
growing season of both meadow and steppe vegetation has
shortened substantially, driven primarily by delayed onset of spring
phenological phases. Our findings are thus in line with results
reported for vegetation at high northern latitudes, where a similar
delay in spring phases has been reported (14). Delayed onset of
spring greening of the Tibetan Plateau occurred despite strong
recent warming and despite a phenology-advancing effect of
temperature increases in spring. PLS regression assigned negative
model coefficients to temperatures in May and June, confirming
the phenology-advancing effect of warm springs that has been
reported elsewhere (1, 3, 6). The delayed onset of the growing
season in recent years appears to have been driven by increases in
winter temperatures, between October and March, for which PLS
regression assigned positive model coefficients. These positive
coefficients mean that warm temperatures during these phases

push the start of the growing season backward. The delaying effect
may be a manifestation of reductions in winter chill leading to
a later fulfillment of plants’ vernalization requirements. Like most
plants of temperate and cold climates, the vegetation of the Ti-
betan Plateau overwinters in a state of dormancy, which protects
sensitive growing tissue from frost damage. Overcoming dormancy
and resuming growth in spring requires the fulfillment of a winter-
chilling requirement, followed by the accumulation of spring heat
(12, 23). Warmer temperatures during the winter may thus delay
the fulfillment of the chilling requirement, slowing the dormancy-
breaking process. Warm temperatures during the spring, however,
accelerate the accumulation of heat and thus advance the re-
sumption of active growth. Both effects appear to affect the timing
of phenological phases.
Contrary to an extension of the growing season in fall, as has been

reported for other regions, we found a shortening of the growing
season, in particular for steppe vegetation. Despite warming in
summer and fall, the growing season of the steppe region ended
earlier in recent years than in the past. This finding indicates that
plants of this environment cannot make use of the extended period
of thermally favorable conditions, probably because of a de-
terminate life cycle.Warm temperatures during July andAugust led
to an advance rather than a delay of fall phenology. In contrast to
this finding, vegetation of the meadow region responded to warm
conditions in September with a delay in fall phenology, allowing
it to exploit the longer period of thermally favorable conditions.
Vegetation of the meadows thus seems to be more competitive
under warmer conditions than plants of the steppe region, and may
extend into the steppe region as warming continues.
On theTibetan Plateau, the combination of the advancing effect

of spring temperatures and the delaying effect of winter temper-
atures played out to result in an earlier onset of the growing season
up to 1996 and a retreat afterward. This effect probably resulted
from a combination of high chilling requirements, necessary for
avoiding frost damage, and fairly low heat requirements, needed to
exploitwarmtemperatures asearly aspossible.Because temperatures
rose during all months of the winter, the phenology-advancing ef-
fect of spring warming was thus relatively low compared with the

Fig. 3. Beginning (BGS; A and B) and end (EGS; E and F) of the growing season for steppe (A and E) and meadow (B and F) vegetation on the Tibetan Plateau
between 1982 and 2006, derived from 15-d NDVI composites obtained from the Advanced Very High Resolution Radiometer (AVHRR) sensor. BGS dates
advanced markedly between 1982 and the mid 1990s, before retreating significantly after that. EGS dates in the steppe region advanced progressively
between 1982 and the mid 1990s, whereas variation in the meadow region was less consistent. Consistent increases in temperature (C and D) and gradual and
steady change in snow melt dates (G and H; following a delay between 1985 and the early 1990s in the steppe environment) indicate that observed changes
are not linear responses to temperature or snow cover changes. Lines in the graph represent 3-y running means.
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delaying effect of warming in winter. Because of the relatively cool
temperatures that prevail in the steppe region even in summer,
heat requirements of summer developmental stages are also low.
Warming in summer thus rapidly accelerates plant development,
leading to an earlier completion of the reproductive cycle of
steppe species.
To exclude changes in snow cover or precipitation patterns as

possible causes of the observed changes, we evaluated precipitation
records from 25 weather stations in the region (China Meteoro-
logical Data Sharing Service System; shown in Fig. 1), as well as
published information on snow cover and records of daily snow
depth (24). Snow depth records were generated from passive
shortwave sensing (Scanning Multichannel Microwave Radiome-
ter) images and brightness temperature data (Special Sensor Mi-
crowave Imager) andprocessedby theAmericanNational Snowand
Ice Center (24). We defined the last day during the first half of the
year, at which snowdepth dropped to zero, as the date of snowmelt.
Averaged records of monthly precipitation over all stations

showedno significant changes over time (Table S3). The snow-melt
date, averaged over all pixels used in the PLS regression analysis,
showed a delayed trend until the early 1990s, but displayed only
slight changes for the rest of the study period (Fig. 3G and H). In
recent years, snowmelt appears to have advanced slightly, probably
in response to increasing spring temperatures. Moreover, a recent
analysis of snow depth across China showed low snow depths at all

weather stations on theTibetanPlateau (25, 26),without significant
change trends (25). Significant increases in snow depths, as
reported for the late 1970s (27), did not occur during our study

Fig. 4. Response of the BGS (A–D) and EGS (E–H) in steppe and meadow vegetation of the Tibetan Plateau between 1982 and 2006 to monthly temperatures,
according to PLS regression. For the BGS, the variable importance plots (VIP; C and D) indicate that temperatures in both spring (May and June) and winter
(October through March) were important for explaining the response of BGS dates (VIP values above 0.8). Model coefficients (MC) of the centered and scaled
data showed that warm winter temperatures delayed spring phenology (positive coefficients), whereas warm spring temperatures advanced the BGS
(negative coefficients) for both steppe (A) and meadow (B). Including both effects into phenological models could substantially enhance our understanding
of climate-change effects on vegetation at temperate and cold locations. For the EGS in the steppe region, the VIP (G) indicates that temperatures during
most months contributed to explaining the variation in EGS dates. MC values (E) showed that warm temperatures in all of the important months contributed
to an advance of the EGS date. This finding indicates that additional heat allows plants to complete their growth cycle earlier rather than extending the
period, during which vegetation is active. EGS dates of meadow vegetation were mainly determined by temperatures in spring and September (H). Although
temperature influence in spring is somewhat inconsistent (F), warm conditions in September delay the EGS date. In contrast to steppe, meadow vegetation
can thus make use of the extended period of favorable conditions.

Fig. 5. Illustration of the NDVI ratio method used to model the BGS and the
EGS. BGS is assumed to occur when the BGS-specific threshold [NDVIratio
(BGS)] is exceeded and followed by three consecutive data points with in-
creasing NDVI ratio. EGS occurs when the NDVI ratio falls below the NDVI
ratio (EGS) threshold, followed by three consecutive points of falling NDVI.

22154 | www.pnas.org/cgi/doi/10.1073/pnas.1012490107 Yu et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1012490107/-/DCSupplemental/pnas.201012490SI.pdf?targetid=nameddest=ST3
www.pnas.org/cgi/doi/10.1073/pnas.1012490107


period. It therefore seems unlikely that observed changes in phe-
nology area result of changes in snowcoverorprecipitation regime.
High northern latitudes appear to be experiencing similar

developments. The vegetation of both the northern latitudes and
the highlands of the Tibetan Plateau are characterized by strong
temperature dependence, and their environments haveexperienced
abnormally strong temperature increases in recent years. It stands
to reason, therefore, that as temperatures continue to increase,
vegetation in different parts of the world may also experience
a phenology-delaying effect caused by winter warming. Because
plants of the temperate zones vary greatly in their temperature
responses, with a wide range of chilling and heat requirements, it is
likely that phenology-delaying effects of winter warming are already
occurring. Many of the species reported to experience delayed
onsets of spring phases in the studies byMenzel et al. (3) and Fitter
andFitter (10)may show this behavior as a result ofwinterwarming.
Further temperature increases may thus push more and more spe-
cies toward delayed rather than advanced phenology. Initial
advances in spring phenology, which have been reported in many
places (1, 4–6, 22, 28), may then be halted or even reversed as
temperature increases continue.
It is important to note, however, that scientific understanding of

the intricacies of the chilling and dormancy-breaking process is
relatively limited and convincing quantitative models are lacking at
present. In particular, little is known about the range of temper-
atures that is effective for accumulating chilling in high-altitude
vegetation. Trees are generally assumed to not accumulate winter
chill during freezing conditions (23, 29), but annual plants are likely
to respond primarily to soil temperature, which is moderated in
winter by protective snow cover, raising it substantially above air
temperature (30, 31).Muchmore research isneeded toelucidate the
interactions of plantswith temperatures duringdifferent parts of the
year to enhance our ability to predict the effects of temperature
increases on plant phenology. Because of these limitations, accurate
predictions of how plant phenology will respond to increasing tem-
peratures are not possible at present. Nevertheless, under a range of
assumptions, indicative projections can be made for species with
known chilling and heat requirements. We use the example of the
walnut cultivar Payne in California to illustrate that delayed phe-
nology in response to warming is plausible. Long-term observations
of spring phenology have indicated that this cultivar needs about
66.1 chill portions and 5,139 growing degree hours for leaf-out (12).
Assuming that both requirementsmust be fulfilled in sequence, leaf-
out dates for different climate regimes can be predicted. Using this
process to predict leaf-out for projected temperatures for a range of
future scenarios in Northern California (described in ref. 32) indi-
cates adelay in this phenological stage frommid-March tomid-April
by the end of the 21st century, because of later fulfillment of the
chilling requirement. Moreover, such projection suggests that
chilling requirements will no longer be fulfilled in about 50% of all
years, with unclear consequences for tree development. Although
these estimates are only approximations and rely on assumptions
that strongly simplify the dormancy process, they support our hy-
pothesis that warming may lead to phenology delays.
Although the existence of a delaying effect of winter warming

on spring phenology has been suspected occasionally in the past
(3, 9), it has not been included in analyses of observational time
series, which have typically focused on identifying linear trends in
plant phenology (1, 3, 9). This approach has recently been called
into question (33, 34), however, and phenological analyses may

benefit from differentiating between temperature effects in spring
and in winter. Our results indicate that the combined effect of
warming in both winter and spring on early season phenology may
not be linear or monotonic, but rather consist of an advancing
followed by a retreating trend. Recent studies have identified
historic (35–37) and projected future (32, 36, 37) losses in winter
chill in many parts of the world, leading us to hypothesize that
phenology delays may be in store for many regions in the future.
Future studies of climate-change effects on phenology may be
well advised to take the additional effects of winter warming into
consideration. This theory may substantially reduce the amount of
unexplained variation in regressions of phenology with tempera-
ture and help produce much more accurate projections of future
trends in phenology than are currently available.

Materials and Methods
We analyzed changes in the beginning (BGS), end (EGS), and length (LGS) of
the growing season for steppe and meadow vegetation of the Tibetan Plateau
between 1982 and 2006 based on the NDVI dataset created by the Global In-
ventoryModeling andMapping Studies group (17). This dataset is derived from
imagery obtained from the Advanced Very High Resolution Radiometer
(AVHRR)andhasa spatialandtemporal resolutionof8kmand15d, respectively.

BGS, EGS, and LGS were modeled using the NDVI ratio method developed
by White et al. (18) for specific plant communities (Fig. 5). The NDVI ratio is
the difference between the NDVI value at a certain time [NDVI (t)] and the
minimum NDVI value (NDVImin) for the time span of interest, normalized by
the total range of NDVI values during this time span (NDVImax − NDVImin).
Evaluation of the average NDVI curve over 24 y showed that the NDVI
reached its minimum value in February and March. The average NDVI in
these 2 mo was thus used as NDVImin, rather than the annual NDVI mini-
mum, which might occur at the time of maximum snow cover. Ground ob-
servation data from 22 grassland-monitoring stations in Qinghai Province
were then used to determine the appropriate threshold. The final thresholds
were selected according to mean absolute error (MAE) and root mean-
square error (RMSE), which were calculated between the ground observa-
tions and modeled growing season parameters. For the BGS, we selected an
NDVI ratio threshold of 0.2 (MAE = 12.8 d and RMSE = 10.6 d); a drop of the
NDVI ratio below 0.6 (MAE = 15.0 d and RMSE = 13.5 d) was interpreted to
signify the EGS. Using these thresholds, the BGS, EGS, and LGS were esti-
mated for each pixel of the study area for each year on record. Monthly
temperatures for the entire observation period were obtained from the
China Meteorological Administration (21). This dataset integrates various
observational temperature time series in a 1°-by-1° grid.

We evaluated the response of spring phenology to monthly temperatures,
relating both datasets by PLS regression (19, 20) (implemented in JMP 8, SAS
Institute). PLS regression describes variation in both the independent and
dependent variables by determining latent factors, which are linear-weighted
combinations of the input variables. This strategy is useful for highly auto-
correlated variables, such as the temperatures of the individual months used
here, and allows detecting the influence of deviations from “normal” patterns
on the response variable. This analysis provides an indication of which in-
dependent variables are useful for explaining the variation in the dependent
variable (variable-importance-plot), and of the direction in which that in-
fluence is exerted (model coefficients of the centered and scaled data). We
used two latent factors to relate the onset of the growing season dates with
monthly temperatures for steppe and meadow vegetation. In preparation for
this analysis, we spatially averageddata for all image pixels of the temperature
grids that had more than 50% cover by the respective vegetation type.
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