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1.  INTRODUCTION

Recent phenological changes in response to cli-
mate change in the Northern Hemisphere have been
detected using data of ground-based observational
networks (Parmesan & Yohe 2003, Root et al. 2003,
Menzel et al. 2006, Rutishauser et al. 2007, Ge et al.
2011) and remote sensing (White et al. 2009, Jeong et
al. 2011, Piao et al. 2011, Wu & Liu 2013). Most stud-
ies have found advanced spring events and delayed
autumn events, which indicate an extension of the
length of the growing season of deciduous plants
(Linderholm 2006, Donnelly et al. 2012). The length-
ening of the growing season over the past several de -
cades has mainly been due to a pronounced advance

of spring events, while the delay of autumn events
has generally been less pronounced (Menzel et al.
2006). This shift in plant phenology has im portant
effects on the carbon balance of forest ecosystems
(Picard et al. 2005, Richardson et al. 2010, Schwartz
et al. 2013), the distribution of plant species (Chuine
2010), ecosystem structure and function (Devaux &
Lande 2010) and frost risk (Bennie et al. 2010). More-
over, the phenological response to climate warming
varied between different functional groups, leading
to a mismatch in timing between, for example, plants
and pollinators (Visser et al. 1998) and host plants
and herbivorous insects (DeLucia et al. 2012), further
impacting the growth or repro duction of plants. Since
aeroallergens are directly related to pollen amounts
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and seasons (Beggs 2004, Reid & Gamble 2009),
changes in time and duration of the pollen season
can affect human health as well.

The change in frost risk is one important aspect of
the effects of phenological change. The frost risk of
plants depends on both changes to plant pheno -
phases and the timing of frost occurrences (Schwartz
1993, Scheifinger et al. 2003). Of interest here is
whether plant phenophases (an observable stage or
phase in the annual life cycle of a specific plant or
animal) change at a higher or lower rate in terms of
potentially damaging events, such as the timing of a
last spring frost. For example, if the last-frost dates
(LFD) advanced more quickly than changes in plant
phenophases, frost risk should be reduced as the
 timing of the 2 events diverge. Therefore, the rela-
tionship between plant pheno phases and frost events
needs to be studied further.

The occurrence of plant phenophases and frost
events are controlled by different mechanisms. A
large body of evidence indicates that temperature,
both alone and through interactions with other cues
such as photoperiod, is the primary factor triggering
plant phenophases in spring (Partanen et al. 1998,
Chuine 2000). The timing of a last frost in spring,
in contrast, is mainly dependent on temperature ex -
tremes. When assessing frost risk, therefore, plant
phenophases and the timing of a final frost should be
considered in tandem.

Studies on frost risk and phenophases have drawn
different conclusions. Some studies in China looking
at these factors separately have identified changes to
spring phenophases (Ge et al. 2011, Wang et al. 2012)
or the occurrence of frost or temperature extremes
(Liu et al. 2008, Huang et al. 2010). A number of
 studies have examined frost risk and phenophase
together, including studies in China (Schwartz &
Chen 2002, Dai et al. 2013), and several modelling
studies in Europe (Cannell & Smith 1986, Kramer
1994, Leinonen 1996, Hänninen 2006). Using a site-
specific analysis, Dai et al. (2013) found that the per-
centage of species of woody plants exposed to frost
during their flowering period has decreased in
 temperate China. However, whether the frost risk of
vegetative phenophases (e.g. leaf timing) has consis-
tently changed and whether differences in the frost
resistance of phenophases and the changes in frost
risk are correlated need to be further investigated.

The area experiencing temperate monsoons is an
important agricultural region in China. Spring frosts
often cause much damage to plants in this area
(Fen et al. 1995). Climate averages in the area have
become significantly warmer and drier over the past

half century (Ding et al. 2007). These factors make
this area suitable as an experimental region to inves-
tigate changes in plant phenophases and the timing
of spring frost events. Specifically, our objectives
were (1) to compare shifts in plant phenophases and
the last-frost events damaging plants and to assess
changes in the frost risk over the last half century in
temperate China and (2) to identify the relationship
between the frost resistance and the frost risk change
of different phenophases.

2.  MATERIALS AND METHODS

2.1.  Phenological and meteorological data

All phenological data in this study were derived
from the Chinese Phenological Observation Network
(CPON), which began its observations in 1963 under
the auspices of the Institute of Geographic Sciences
and Natural Resources Research (IGSNRR) of the
Chinese Academy of Sciences. For this study, 23
spring phenophases at 15 different CPON sites from
1963 to 2011 were available for analysis (Fig. 1). A
total of 206 different cases were therefore available,
with 1 case consisting of a single phenological event
at a specific site. Twelve species of deciduous woody
plants and 2 phases—first-flowering date and first-
leaf date—were observed (Table 1). According to the
uniform observation criteria and guidelines of CPON
(Wan & Liu 1979), first-flowering date (FFD) and first-
leaf date (FLD) are defined, respectively, as the date
in spring when a fixed individual specimen formed
its first full flower and first full leaf.
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Fig. 1. Phenological stations used for the study. Center of
 circle: location; circle size: number of years observed at
each site during the 1963−2011 study period; m.a.s.l: meters 

above sea level. Site numbers and names are shown
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Among the 23 phenophases, the earlier pheno -
phases are more at risk of suffering frost, but they
also may be much more resistant to extreme temper-
ature, e.g. the Ulmus pumila (Siberian elm) has long
been shown to be able to endure temperature fluctu-
ations at low temperature extremes (Dorsett 1916).
We use the critical temperature (Tc) to describe the
frost resistance of each pheno phase (Table 1). Tc is
defined as the minimum temperature in the mean
dates of phenophases based on climate averages
from 1963 to 2011. Phenophases with lower Tc values
tend to have stronger frost resistance and be less sen-
sitive to last-frost events. It is also noteworthy that
during the 48 yr study period, no observations were
carried out in certain periods at each of the observa-
tional sites. These gaps were due first to the social
upheavals of the Cultural Revolution (1969− 1972)
and then to CPON funding shortages in the late
1990s (Fig. 1). Because the missing observation data
affect the temporal consistency of observational results,
we interpolated the missing data by applying the
results of a phenological model. Although the inter-
polated phenological data may introduce consider-
able bias into the results, we were able to quantify
these uncertainties in our analyses (see Section 2.2).

Meteorological data were derived from the Chi-
nese Meteorological Administration (http://cdc. cma.

gov.cn/, in Chinese) and included daily mean, maxi-
mum and minimum temperatures from 15 climate
stations (Fig. 1). These climate stations were relatively
close to the corresponding phenological sites (usually
<5 km in distance), except Site 2 (Wuda lianchi) and
Site 10 (Gaizhou) for which the corresponding meteo -
rological stations were about 30 km away.

According to Snyder & de Melo-Abreu (2005), a
‘frost’ occurs when the air temperature reaches 0°C
or lower, measured at a height of between 1.25 and
2.0 m above soil level and inside an appropriate
weather shelter. Based on this definition, if minimum
temperatures are ≤0°C on any particular day in his-
torical meteorological data, then a frost can be said
to have occurred on that day. So LFDs can be defined
as the last day in the spring on which the tempera-
ture (at 1.25 to 2 m) falls to 0°C or below.

2.2.  Methods

2.2.1.  Interpolation of missing data using a
 phenological model

Robust phenological models can be used to simu-
late past, present and future species phenology over
wide areas when long-term, ground-based pheno-
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Pheno- Species Phase Sites Mean date Tc (°C)
phase no. (mean ± SD)

1 Populus × canadensis FFD 7,8,9,11,12,13,14,15 29 Mar 3.6 ± 1.4
2 Ulmus pumila FFD 1,2,3,4,5,6,7,8,9,10,11,12,13,14,15 1 Apr 1.4 ± 1.0
3 Salix babylonica FLD 1,5,7,9,10,12,13,14,15 3 Apr 3.1 ± 0.7
4 Amygdalus davidiana FFD 6,7,8,9,11,15 4 Apr 2.9 ± 1.1
5 Salix babylonica FFD 1,5,7,10,12,13,14,15 9 Apr 4.3 ± 1.4
6 Armeniaca vulgaris FFD 3,5,8,9,10,11,12,13,15 11 Apr 4.6 ± 1.4
7 Amygdalus davidiana FLD 6,7,8,9,11,15 13 Apr 5.5 ± 1.3
8 Sophora japonica FLD 8,9,12,13,14,15 15 Apr 7.8 ± 1.0
9 Salix matsudana FLD 1,2,4,5,7,9,10,11,12,13 16 Apr 4.0 ± 1.4
10 Populus × canadensis FLD 2,7,8,9,11,12,13,14,15 16 Apr 6.4 ± 1.5
11 Salix matsudana FFD 1,2,4,5,7,9,10,11,12,13 17 Apr 4.2 ± 1.7
12 Armeniaca vulgaris FLD 3,5,10,11,12,13,15 18 Apr 7.5 ± 1.0
13 Ailanthus altissima FLD 7,10,11,12,14,15 19 Apr 9.4 ± 0.9
14 Robinia pseudoacacia FLD 4,7,8,9,10,11,12,13,14,15 19 Apr 7.8 ± 1.0
15 Syringa oblata FLD 1,2,3,4,6,7,8,9,10,11,12,14,15 20 Apr 5.5 ± 1.4
16 Ulmus pumila FLD 1,2,3,4,5,6,7,9,10,11,12,13,14,15 21 Apr 5.6 ± 1.3
17 Amygdalus triloba FFD 2,3,4,6,9,10,11,12,15 22 Apr 6.0 ± 1.4
18 Syringa oblata FFD 1,2,3,4,6,7,8,9,10,11,12,14,15 23 Apr 6.7 ± 1.4
19 Amygdalus triloba FLD 2,3,4,6,9,10,11,12,15 23 Apr 6.5 ± 1.1
20 Morus alba FLD 1,4,9,10,11,12,15 30 Apr 8.8 ± 1.1
21 Morus alba FFD 4,9,10,11,12,15 1 May 9.9 ± 1.2
22 Robinia pseudoacacia FFD 4,7,8,9,10,11,12,13,14,15 6 May 11.1 ± 1.2
23 Ailanthus altissima FFD 7,10,11,12,14,15 24 May 15.6 ± 1.2

Table 1. Phenophases selected in the study. Site numbers correspond to sites shown in Fig. 1. FFD: first-flowering date;
FLD: first-leaf date; Tc: the minimum temperature in the mean occurrence dates of each phenophase based on climate 

averages from 1963 to 2011 at each site
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logical observations are unavailable (Cleland et al.
2007). In this study, the simple spring warming (SW)
model (also called the thermal time model) was used
to interpolate missing observation data in the study
area (Cannell & Smith 1983, Hunter & Lechowicz
1992). The equation for this model is:

(1)

where xt is the daily mean temperature and HDD
(heating degree days) is measured as the sum of
daily mean temperature above a base temperature
Tb, starting at day-of-year (DOY) t0 (Eq. 1). The HDD
achieves the critical degree day threshold (F) at time
ty, which indicates that the specific phenophase has
started (Eq. 1). The 3 unknown parameters (t0, F, Tb)
are fitted according to observation data.

We fitted the SW model by the least-squares
method using odd years of each phenophase series at
each site (Chuine et al. 1998). A simulated annealing
method was used for seeking the optimal parameters
(Chuine et al. 1998). Internal validity (goodness-of-
fit) was evaluated by calculating the percentage of
variance explained by the model (R2) and the stan-
dard error (SE) between the observed dates and the
simulated dates. External validity, measured by the
R2 and SE between remaining cases and simulated
dates, was used to assess the predictive ability of the
model for independent data. Finally, a continuous
phenophase series was formed by interpolating the
missing observed data through the simulated dates
by using the models described above. The uncertain-
ties for these interpolations were estimated using the
SE of external validity of the models.

2.2.2.  Change of phenology and frost risk

In order to assess the frost risk, Schwartz (1993)
first used a new measure, the ‘damage index’ (lilac
first-leaf date minus last-frost date) to assess the risk
of frost damage to spring plant development in east-
ern North America. Subsequently, the same method
was used to assess the frost risk in other parts of the
world (Schwartz & Chen 2002, Scheifinger et al.
2003, Schwartz et al. 2006). In the present study, the
‘damage index’ was re-termed the ‘frost index’,
because we expanded the original method by using
different phenophases rather than only the first-leaf
date of lilac for frost risk assessment. Here, the frost
index, defined as the temporal difference between
the spring phenophases of plants and last-frost dates,
can indicate the relative internal timing of spring

phenological events and the potential for plant frost
damage in a given year. As the frost index becomes
increasingly positive, the potential for frost damage
in plants decreases.

Subsequently, we performed a linear regression
between plant phenophases, last-frost dates, the frost
index and time (in years), respectively. The temporal
trends in plant phenophases, last-frost dates and the
frost index could then be represented by the slope of
a linear regression. A 2-tailed t-test was used to test
the significance of the regression slope.

3.  RESULTS

3.1.  Model validity

For internal validity, the explained variance (R2)
was from 0.15 to 0.98, with a mean of 0.61 for all
cases (Table 2). Accordingly, the average SE of all
models for internal validity was 3.71 d. Regarding
external validity, R2 and SE were 0.70 and 3.45 d,
respectively (Table 2). Therefore, the SW model can
be said to have simulated the FFD accurately, so the
missing phenological data for each plant phenophase
series could be validly interpolated through corre-
sponding SW models. Uncertainties introduced by
the interpolated data were estimated using the SE of
external validity.

3.2.  Trends in plant phenophases and last-frost dates

Except for Ailanthus altissima FFD (Phenophase
No. 23), the interquartile range of last-frost dates
overlaps, to a large extent, the interquartile range of
plant phenophases from 1963 to 2011 (Fig. 2), indica-
ting that there is a high probability that plants in the
study region have suffered frost events. When com-

HDD max( , )= − =
=
∑ 0

0

x T Ft b
t t

ty
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Statistical effect Internal validity External validity

R2 (mean ± SD) 0.61 ± 0.25 0.70 ± 0.22
R2 (min.) 0.15 0.16
R2 (max.) 0.98 0.99
SE (d, mean ± SD) 3.71 ± 1.55 3.45 ± 1.47
SE (d, min.) 1.00 1.47
SE (d, max.) 9.24 9.81

Table 2. Internal and external validity of spring warming
models for all 206 frost–phenophase cases. The average,
maximum, and minimum values of percentage variance ex-
plained (R2) and standard error (SE) on internal and external 

data are shown
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paring means, however, only the first 6 phenophases
occurred earlier than the LFD (Fig. 2); thus, these
phenophases can probably endure lower tempera-
tures. As Table 1 shows, the Tc for these 6 pheno -
phases were between 1.4 and 4.6°C, which was lower
than all other phenophases except Salix
matsudana FLD (Phenophase No. 9). With a
Tc of 1.4°C, Ulmus pumila FFD (Pheno phase
No. 2) is particularly hardy, able to endure
temperatures ≥1.5°C lower than even the
hardiest of the other species studied.

Fig. 3 shows the linear trends in plant
phenophases and last-frost dates from
1963 to 2011. We found that distributions of
these trend values for each plant pheno -
phase and last-frost dates were inclined
towards the negative (Fig. 3). For all plant
phenophases, the trend averages from cor-
responding distribution sites were negative
(Fig. 3). Ailanthus altissima FLD (Pheno -
phase No. 13) advanced most quickly at a
rate of −0.20 d yr−1, while Sophora japonica
FLD (Phenophase No. 8) advanced at a
minimum rate of −0.13 d yr−1 (Fig. 3). With
respect to LFD, 14 stations showed nega-
tive trends, and only 1 station showed a
positive trend. Overall, trends in plant
phenophases and last-frost dates from 1963
to 2011 averaged −0.17 ± 0.09 (mean ± SD)
and −0.23 ± 0.15 d yr−1, respectively. Of 206

cases of plant pheno phases, 156 (75.7%) showed sig-
nificantly negative trends (p < 0.05; Fig. 3). Similarly,
12 (80.0%) of 15 cases of last-frost dates showed sig-
nificantly negative trends. These advanced spring
events indicate a general warming in the study area
of  temperate China from 1963 to 2011.

3.3.  Trends in the frost index

Trends in the frost index for the 23 selected
phenophases at corresponding sites are summarized
in Fig. 4. For each plant phenophase, distributions of
trends in the frost index were inclined towards the
positive. The mean and median values of the frost
index showed increased trends for all plant pheno -
phases (Fig. 4). There were 1 to 4 significantly posi-
tive trend values for each plant phenophase. In gen-
eral, 143 (69.4%) of 206 cases were positive, with 53
(25.7%) cases being significant (p < 0.05; Fig. 4). The
trend in the regional frost index from 1963 to 2011
was 0.087 d yr−1, averaged from all 206 cases (p <
0.01; Fig. 5). From 1995 to 2005, the frost index
showed high variation, and the years 1998 and 2000
were associated, respectively, with the lowest and
highest frost index (Fig. 5). On the decadal scale, the
frost index increased gradually over time, and the
frost index in the last decade was maximal compared
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Fig. 2. Mean timings of each plant phenophase and last-frost
dates at corresponding sites. Bottoms and tops of boxes:
25th and 75th percentiles; bands within boxes: medians;
whiskers: minimum and maximum; circles: mean value
over the entire distribution of sites; LFD (plot at far right):
last-frost date. Horizontal black line: mean LFD. Phenophase 

numbers are defined in Table 1

Fig. 3. Trends in each plant phenophase and last-frost dates at corres -
ponding sites in temperate China from 1963 to 2011 (top) and the number
of cases with significant trends (bottom). LFD (plot at far right): last-frost
date. Pheno phase numbers are defined in Table 1. See Fig. 2 for boxplot 

description
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to earlier decades (Fig. 5). This increase in the frost
index indicates a declining frost risk in the study area
over the past 48 yr.

For each phenophase at its corresponding site, the
change in the frost index can be divided into 4 types
(Fig. 6). If mean plant phenophases occur later than
the mean LFD, and the trend of the LFD is more nega-
tive than the trend of the plant phenophase (TYPE I;
Fig. 6a), the frost index would increase, indicating
that plants are less likely to suffer spring frosts

(Fig. 6b). Likewise, if the mean plant pheno -
phase is earlier than the mean LFD, and the
LFD and plant phenophase converge (TYPE
II; Fig. 6c), the frost index also increases
(Fig. 6d). In contrast, if the mean plant
phenophase occurs later than the mean LFD,
and the LFD and the plant phenophase con-
verge (TYPE III; Fig. 6e), the frost index will
decrease (Fig. 6f). The last situation occurs
when the mean plant phenophase comes
earlier than the mean LFD, and the plant
phenophase and LFD diverge (TYPE IV;
Fig. 6g). TYPE IV also leads to a decreased
frost index (Fig. 6h). Of the 206 cases, 38, 47
and 16 cases belonged to TYPE II, III and IV,
respectively. A slight majority of cases be-
longed to TYPE I (105 of 206, 51.0%).

Furthermore, we examined the relation-
ship between the mean trends in the frost
index and frost resistance (represented by
Tc) of each phenophase (Fig. 7). We found
that Tc correlates significantly and positively
with the trends in the frost index (R2 = 0.45,
p < 0.001), which means that the pheno -
phases with lower frost resistances (higher
Tc) tend to have stronger trends in the frost

index time series (i.e. frost risk decreased more) than
phenophases with higher frost resistance.

4.  DISCUSSION

Our results confirm that the spring phenophase
events of plants in the temperate monsoon area of
China have occurred increasingly earlier over the
past several decades, which is in accord with previ-
ous studies focused on other phenophases (Ge et al.
2011, Dai et al. 2012, 2013, Wang et al. 2012). The
advanced trends of spring events in China are also
consistent with phenological trends in other parts of
the Northern Hemisphere (Matsumoto et al. 2003,
Menzel et al. 2006, Schwartz et al. 2006). The pheno-
logical trends were, however, found to have varied
between different species and phases. According
to previous studies (Menzel et al. 2006, Bai et al.
2011, Doi 2012), earlier phenophases advanced a
greater number of days than later ones under
the same warming scenarios. This divergence
explains why the frost risk decreased more (i.e.
the frost index increased more) for the phenophases
with lower frost resistance, since later phenophases
are usually associated with lower frost resistance
(as Table 1 indicates).
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Fig. 4. Trends in the frost index according to the 23 selected pheno -
phases at corresponding sites (top) and the number of cases with signifi-
cant trends (bottom). Phenophase numbers are defined in Table 1. See 

Fig. 2 for boxplot description

Fig. 5. Annual frost index averaged from all cases in the
study region from 1963 to 2011 (thin black line). Gray area:
uncertainty due to the interpolated data by models; dashed
line: regression line (y = 0.087x − 164.17, R2 = 0.16, p < 0.01);
thick black lines: mean frost index for each of the periods
1963−1970,1971−1980,1981−1990,1991−2000,and 2001−2011
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It is well known that spring plant phenophases in
temperate areas are mainly determined by the mean
temperature in spring, though other factors (e.g. win-
ter chill, photoperiod, or precipitation) may also play a
role in altering the timing of plant development, de-
pending on species and location (Cleland et al. 2007).
Considering that LFD is impacted by minimum tem-
perature, the trends in plant phenophases relative to
LFD are mainly determined by trends in mean tem-
perature relative to minimum temperature. In most
parts of the world, minimum temperatures have in-
creased and diurnal temperature ranges (DTR) have
decreased (Jones et al. 1999). In other words, in-

creased trends in minimum temperatures have tended
globally to be stronger than those in mean tempera-
tures. Therefore, the results of this study that show
that the last-frost dates have advanced more quickly
than plant phenophases are consistent with the global
trends in mean and minimum temperatures.

Our results are also consistent with the results of
Schwartz & Chen (2002), who found that the frost risk
of Syringa oblata (lilac) FLD in China de creased be -
tween 1959 and 1993. In Central Europe, the timing
of last-frost dates in spring has also been shown to be
accelerating faster than the changes of phenological
phases (Menzel et al. 2003, Scheifinger et al. 2003).
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Fig. 6. Examples of 4 types of frost index change. (a) TYPE I (e.g. Populus × canadensis first-flowering date [FFD] at Beijing):
mean plant phenophase > mean last-frost date [LFD], and plant phenophase and LFD diverge. (c) TYPE II (e.g. Ulmus pumila
FFD at Beijing): mean plant phenophase < mean LFD, and plant phenophase and LFD converge. (e) TYPE III (e.g. Salix baby-
lonica FFD at Shenyang): mean plant phenophase > mean LFD, and plant phenophase and LFD converge. (g) TYPE IV (e.g.
Ulmus pumila FFD at Shenyang): mean plant phenophase < mean LFD, and plant phenophase and LFD diverge. (b,d) TYPES
I and II both represent increased frost indexes. (f,h) TYPES III and IV both represent decreased frost indexes. The annual 

change (dashed lines) and regression lines (solid lines) are both shown
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These findings are in contrast with North America,
where the frost risk has not changed significantly
(Schwartz & Reiter 2000), a divergence that may be
caused by differences in regional climate change. A
notable exception in contrast to results from other
parts of the world comes from Canada, where studies
have shown decreased minimum temperatures in the
east and increased DTR in the mid-regions (Easter-
ling et al. 1997).

Though most phenological observations for the
present study were conducted in rural areas, recent
urban growth and changes in local land use may also
affect the DTR (Karl et al. 1993), further influencing
the relationship between plant phenophases and
LFD. The earlier study (Easterling et al. 1997) showed
that urban effects on globally and hemispherically
averaged temperature time series tend to be negli -
gible, but recent regional studies have found that the
contribution of urban warming to total annual mean
temperature change is 20 to 37.9% in China (Ren et
al. 2008, Wang & Ge 2012). This urban effect results
in increases in both minimum and mean tempera-
tures, and thus causes the LFD and plant pheno -
phases to advance simultaneously. When assessing
trends in plant phenophases relative to LFD, the
overall heat-island effect is <20%.

Over the past half century, not only has the last-
frost date advanced significantly in China, as shown
in the present study, but the first fall frost dates in
China have also been delayed at a rate of 0.2 d yr−1,

from 1955 to 2000 (Liu et al. 2008). This trend
suggests a lengthening of the frost-free period, which
enhances the potential for multiple cropping and in-
creased total yields of some crops (Schwartz & Chen
2002). Considering the annual variability in frost risk
as deduced in this study (Fig. 5), however, careful
frost protection schemes need to be devised if greater
stability in agriculture yields and higher survival
rates of transplanted trees are to be realized. Frost
protection schemes can be divided into 2 types, pas-
sive and active (Snyder & de Melo-Abreu 2005). Se-
lecting species or varieties with strong frost resistance
(e.g. Ulmus pumila), creating physical barriers to con-
trol cold air drainage (e.g. walls and bushes) and cov-
ering row crops with plastic tunnels are all useful pas-
sive methods (Snyder & de Melo-Abreu 2005). Active
methods are, however, also suitable for frost protec-
tion in the study area. For example, using the model
developed in this study, the FFD of frost-sensitive
fruit trees (e.g. apricot) can be more accurately pre-
dicted, thus enabling farmers and growers to more
actively and effectively apply wind machines, heaters
and sprinklers to protect flowers from frost damage.

5.  CONCLUSIONS

Between 1963 and 2011, plant phenophases in
spring advanced by a mean trend of −0.17 d yr−1 in
temperate China. Among the 23 plant phenophases
investigated, Ailanthus altissima FLD advanced most
quickly at a rate of −0.20 d yr−1, while Sophora japon-
ica FLD advanced at the lowest rate of −0.13 d yr−1.
Trends in last-frost date were between −0.51 and
0.10 d yr−1, with a mean of −0.23 d yr−1 over the same
time period. Frost damage to woody plants in spring
is not decided by either the spring last-frost date
or the timing of plant phenophases alone, but by
the relationship between them. Based on previous
 studies, the frost index was used in this study to
express the probability of frost risks in spring. The
results showed that the frost index in creased on
 average by 0.087 d yr−1 from 1963 to 2011 (p < 0.01),
indicating a declining frost risk in the study area over
the past 48 yr. Earlier phenophases, which have been
seen to have stronger frost resistance, more closely
followed the trends in last-frost dates. In contrast,
later phenophases may be threatened more by early
spring frosts, and have not advanced more than
 earlier phenophases. Therefore, the frost risk of
frost-sensitive plant phenophases decreased more
than that of plant phenophases with stronger frost
resistance.
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Fig. 7. Relationship between mean trends in the frost index
for 23 phenophases and their critical temperatures (Tc).
Phenophase numbers are defined in Table 1. The regression 

line is shown (R2 = 0.45, p < 0.001)



Ge et al.: Frost risk in temperate China

Acknowledgements. This research was supported by the
Key Project of the National Natural Science Foundation of
China (NSFC, No. 41030101); the ‘Strategic Priority
Research Program—Climate Change: Carbon Budget and
Relevant Issues’ of the Chinese Academy of Sciences (No.
XDA05090301), NSFC project (No. 41171043); and the
National Basic Research Program of China (2012CB955304).
We thank Gregory Pierce very much for his efforts in help-
ing to smooth out the English language presentation of
this paper. We also thank 3 anonymous reviewers for their
constructive comments.

LITERATURE CITED

Bai J, Ge Q, Dai J (2011) The response of first flowering
dates to abrupt climate change in Beijing. Adv Atmos Sci
28: 564−572

Beggs PJ (2004) Impacts of climate change on aeroallergens: 
past and future. Clin Exp Allergy 34: 1507−1513

Bennie J, Kubin E, Wiltshire A, Huntley B, Baxter R (2010)
Predicting spatial and temporal patterns of bud-burst
and spring frost risk in north-west Europe:  the implica-
tions of local adaptation to climate. Glob Change Biol 16: 
1503−1514

Cannell MGR, Smith RI (1983) Thermal time, chill days and
prediction of budburst in Picea sitchensis. J Appl Ecol 20: 
951−963

Cannell M, Smith RI (1986) Climatic warming, spring bud-
burst and forest damage on trees. J Appl Ecol 23: 177−191

Chuine I (2000) A unified model for budburst of trees.
J Theor Biol 207: 337−347

Chuine I (2010) Why does phenology drive species distribu-
tion? Philos Trans R Soc Lond B 365: 3149−3160

Chuine I, Cour P, Rousseau DD (1998) Fitting models pre-
dicting dates of flowering of temperate-zone trees using
simulated annealing. Plant Cell Environ 21: 455−466

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

Dai J, Wang H, Ge Q (2012) Multiple phenological re -
sponses to climate change among 42 plant species in
Xi’an, China. Int J Biometeorol 57: 749−758

Dai J, Wang H, Ge Q (2013) The decreasing spring frost
risks during the flowering period for woody plants in
temperate area of eastern China over past 50 years.
J Geogr Sci 23: 641−652

Dai J, Wang H, Ge Q (2013) The spatial pattern of leaf phe-
nology and its response to climate change in China. Int J
Biometeorol, doi: 10.1007/s00484-013-0679-2

DeLucia EH, Nabity PD, Zavala JA, Berenbaum MR (2012)
Climate change:  resetting plant−insect interactions. Plant
Physiol 160: 1677−1685

Devaux C, Lande R (2010) Selection on variance in flower-
ing time within and among individuals. Evolution 64: 
1311−1320

Ding Y, Ren G, Zhao Z, Xu Y, Luo Y, Li Q, Zhang J (2007)
Detection, causes and projection of climate change over
China:  an overview of recent progress. Adv Atmos Sci
24: 954−971

Doi H (2012) Response of the Morus bombycis growing sea-
son to temperature and its latitudinal pattern in Japan.
Int J Biometeorol 56: 895−902

Donnelly A, Caffarra A, Kelleher CT, O’Neill BF and others
(2012) Surviving in a warmer world:  environmental and

genetic responses. Clim Res 53: 245−262
Dorsett PH (1916) The plant introduction gardens of the

Department of Agriculture. U.S. Government Printing
Office, Washington, DC

Easterling DR, Horton B, Jones PD, Peterson TC and others
(1997) Maximum and minimum temperature trends for
the globe. Science 277: 364−367

Fen YX, He WX, Sun ZF, Zhong XL (1995) Climatological
study on frost damage of winter wheat in China. Acta
Agron Sin 25: 335−340

Ge Q, Dai J, Zheng J, Bai J, Zhong S, Wang H, Wang WC
(2011) Advances in first bloom dates and increased
occurrences of yearly second blooms in eastern China
since the 1960s:  further phenological evidence of climate
warming. Ecol Res 26: 713−723

Hänninen H (2006) Climate warming and the risk of frost
damage to boreal forest trees:  identification of critical
ecophysiological traits. Tree Physiol 26: 889−898

Huang D, Qian Y, Zhu J (2010) Trends of temperature
extremes in China and their relationship with global
temperature anomalies. Adv Atmos Sci 27: 937−946

Hunter AF, Lechowicz MJ (1992) Predicting the timing of
budburst in temperate trees. J Appl Ecol 29: 597−604

Jeong SJ, Ho CH, Gim HJ, Brown ME (2011) Phenology
shifts at start vs. end of growing season in temperate
vegetation over the Northern Hemisphere for the period
1982−2008. Glob Change Biol 17: 2385−2399

Jones PD, New M, Parker DE, Martin S, Rigor IG (1999)
 Surface air temperature and its changes over the past
150 years. Rev Geophys 37: 173−199

Karl TR, Jones PD, Knight RW, Kukla G and others (1993)
Asymmetric trends of daily maximum and minimum
 temperature. Bull Am Meteorol Soc 74: 1007−1023

Kramer K (1994) A modelling analysis of the effects of cli-
matic warming on the probability of spring frost damage
to tree species in The Netherlands and Germany. Plant
Cell Environ 17: 367−377

Leinonen I (1996) A simulation model for the annual frost
hardiness and freeze damage of Scots pine. Ann Bot
(Lond) 78: 687−693

Linderholm HW (2006) Growing season changes in the last
century. Agric For Meteorol 137: 1−14

Liu B, Henderson M, Xu M (2008) Spatiotemporal change
in China’s frost days and frost-free season, 1955−2000.
J Geophys Res 113: D12104, doi: 10.1029/2007JD009259

Matsumoto K, Ohta T, Irasawa M, Nakamura T (2003) Cli-
mate change and extension of the Ginkgo biloba L.
growing season in Japan. Glob Change Biol 9: 1634−1642

Menzel A, Jakobi G, Ahas R, Scheifinger H, Estrella N
(2003) Variations of the climatological growing season
(1951−2000) in Germany compared with other countries.
Int J Climatol 23: 793−812

Menzel A, Sparks TH, Estrella N, Koch E and others (2006)
European phenological response to climate change
matches the warming pattern. Glob Change Biol 12: 
1969−1976

Parmesan C, Yohe G (2003) A globally coherent fingerprint
of climate change impacts across natural systems. Nature
421: 37−42

Partanen J, Koski V, Hänninen H (1998) Effects of photo -
period and temperature on the timing of bud burst in
Norway spruce (Picea abies). Tree Physiol 18: 811−816

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

257

http://dx.doi.org/10.1016/j.agrformet.2011.06.016
http://dx.doi.org/10.1093/treephys/18.12.811
http://dx.doi.org/10.1038/nature01286
http://dx.doi.org/10.1111/j.1365-2486.2006.01193.x
http://dx.doi.org/10.1002/joc.915
http://dx.doi.org/10.1046/j.1365-2486.2003.00688.x
http://dx.doi.org/10.1029/2007JD009259
http://dx.doi.org/10.1016/j.agrformet.2006.03.006
http://dx.doi.org/10.1006/anbo.1996.0178
http://dx.doi.org/10.1111/j.1365-3040.1994.tb00305.x
http://dx.doi.org/10.1175/1520-0477(1993)074%3C1007%3AANPORG%3E2.0.CO%3B2
http://dx.doi.org/10.1029/1999RG900002
http://dx.doi.org/10.1111/j.1365-2486.2011.02397.x
http://dx.doi.org/10.2307/2404467
http://dx.doi.org/10.1007/s00376-009-9085-4
http://dx.doi.org/10.1093/treephys/26.7.889
http://dx.doi.org/10.1007/s11284-011-0830-7
http://dx.doi.org/10.1126/science.277.5324.364
http://dx.doi.org/10.3354/cr01102
http://dx.doi.org/10.1007/s00484-011-0495-5
http://dx.doi.org/10.1007/s00376-007-0954-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19922446&dopt=Abstract
http://dx.doi.org/10.1104/pp.112.204750
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23732443&dopt=Abstract
http://dx.doi.org/10.1007/s11442-013-1034-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23114575&dopt=Abstract
http://dx.doi.org/10.1016/j.tree.2007.04.003
http://dx.doi.org/10.1046/j.1365-3040.1998.00299.x
http://dx.doi.org/10.1098/rstb.2010.0142
http://dx.doi.org/10.1006/jtbi.2000.2178
http://dx.doi.org/10.2307/2403090
http://dx.doi.org/10.2307/2403139
http://dx.doi.org/10.1111/j.1365-2486.2009.02095.x
http://dx.doi.org/10.1111/j.1365-2222.2004.02061.x
http://dx.doi.org/10.1007/s00376-010-9219-8


Clim Res 57: 249–258, 2013

the Qinghai-Xizang Plateau. Agric For Meteorol 151: 
1599−1608

Picard G, Quegan S, Delbart N, Lomas MR, Toan T, Wood-
ward F (2005) Bud-burst modelling in Siberia and its
impact on quantifying the carbon budget. Glob Change
Biol 11: 2164−2176

Reid CE, Gamble JL (2009) Aeroallergens, allergic disease,
and climate change:  impacts and adaptation. EcoHealth
6: 458−470

Ren G, Zhou Y, Chu Z, Zhou J, Zhang A, Guo J, Liu X (2008)
Urbanization effects on observed surface air temperature
trends in North China. J Clim 21: 1333−1348

Richardson AD, Black TA, Ciais P, Delbart N and others
(2010) Influence of spring and autumn phenological tran-
sitions on forest ecosystem productivity. Philos Trans R
Soc Lond B 365: 3227−3246

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

Rutishauser T, Luterbacher J, Jeanneret F, Pfister C, Wanner
H (2007) A phenology-based reconstruction of inter -
annual changes in past spring seasons. J Geophys Res
112: G4016, doi: 10.1029/2006JG000382

Scheifinger H, Menzel A, Koch E, Peter C (2003) Trends
of spring time frost events and phenological dates in
Central Europe. Theor Appl Climatol 74: 41−51

Schwartz MD (1993) Assessing the onset of spring:  a clima-
tological perspective. Phys Geogr 14: 536−550

Schwartz MD, Chen X (2002) Examining the onset of spring
in China. Clim Res 21: 157−164

Schwartz MD, Reiter BE (2000) Changes in north American
spring. Int J Climatol 20: 929−932

Schwartz MD, Ahas R, Aasa A (2006) Onset of spring start-
ing earlier across the Northern Hemisphere. Glob Change
Biol 12: 343−351

Schwartz MD, Hanes JM, Liang L (2013) Comparing carbon
flux and high-resolution spring phenological measure-
ments in a northern mixed forest. Agric For Meteorol
169: 136−147

Snyder RL, de Melo-Abreu JP (2005) Frost protection:  fun-
damentals, practice and economics, Vol 1. Environment
and Natural Resources Service (SDRN) publications, Rome

Visser ME, van Noordwijk AJ, Tinbergen JM, Lessells CM
(1998) Warmer springs lead to mistimed reproduction in
great tits (Parus major). Philos Trans R Soc Lond B 265: 
1867−1870

Wan MW, Liu XZ (1979) China’s national phenological
observational criterion. Science Press, Beijing

Wang F, Ge QS (2012) Estimation of urbanization bias in
observed surface temperature change in China from
1980 to 2009 using satellite land-use data. Chin Sci Bull
57: 1708−1715

Wang H, Dai J, Ge Q (2012) The spatiotemporal characteris-
tics of spring phenophase changes of Fraxinus chinensis
in China from 1952 to 2007. Sci China Earth Sci 55: 
991−1000

White MA, De Beurs KM, Didan K, Inouye DW and others
(2009) Intercomparison, interpretation, and assessment
of spring phenology in North America estimated from
remote sensing for 1982−2006. Glob Change Biol 15: 
2335−2359

Wu X, Liu H (2013) Consistent shifts in spring vegetation
green-up date across temperate biomes in China, 1982−
2006. Glob Change Biol 19: 870−880

258

Editorial responsibility: Tim Sparks, 
Cambridge, UK

Submitted: March 4, 2013; Accepted: July 29, 2013
Proofs received from author(s): October 23, 2013

http://dx.doi.org/10.1111/gcb.12086
http://dx.doi.org/10.1111/j.1365-2486.2009.01910.x
http://dx.doi.org/10.1007/s11430-011-4349-0
http://dx.doi.org/10.1007/s11434-012-4999-0
http://dx.doi.org/10.1016/j.agrformet.2012.10.014
http://dx.doi.org/10.1111/j.1365-2486.2005.01097.x
http://dx.doi.org/10.1002/1097-0088(20000630)20%3A8%3C929%3A%3AAID-JOC557%3E3.0.CO%3B2-5
http://dx.doi.org/10.3354/cr021157
http://dx.doi.org/10.1007/s00704-002-0704-6
http://dx.doi.org/10.1029/2006JG000382
http://dx.doi.org/10.1038/nature01333
http://dx.doi.org/10.1098/rstb.2010.0102
http://dx.doi.org/10.1175/2007JCLI1348.1
http://dx.doi.org/10.1007/s10393-009-0261-x
http://dx.doi.org/10.1111/j.1365-2486.2005.01055.x

	cite43: 
	cite5: 
	cite56: 
	cite3: 
	cite27: 
	cite55: 
	cite13: 
	cite41: 
	cite26: 
	cite54: 
	cite39: 
	cite12: 
	cite40: 
	cite25: 
	cite38: 
	cite24: 
	cite52: 
	cite37: 
	cite65: 
	cite10: 
	cite8: 
	cite36: 
	cite6: 
	cite49: 
	cite22: 
	cite50: 
	cite35: 
	cite63: 
	cite21: 
	cite34: 
	cite62: 
	cite47: 
	cite20: 
	cite33: 
	cite61: 
	cite46: 
	cite59: 
	cite32: 
	cite17: 
	cite45: 
	cite60: 
	cite58: 
	cite31: 
	cite16: 
	cite29: 
	cite57: 
	cite7: 
	cite30: 
	cite15: 


