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The timing of ﬂowering phenology in most temperate trees results from the interplay of winter chilling and
spring heat. As global warming progresses, reduced chilling may gain increasing importance in regulating
ﬂowering dates, and eventually oﬀset ﬂowering advances in response to warmer springs. Later onset of ﬂowering
events may arise, with negative eﬀects on plant ﬁtness. However, delayed ﬂowering in trees may also reduce the
risk from late frosts. Diﬀerent temperature conditions at both margins of the apple growing areas of Shaanxi in
China provide a natural laboratory to examine the responses of trees’ ﬂowering phenology and late frost risk to
climate warming. We identiﬁed the chilling and heat accumulation periods for apples by Partial Least Squares
regression of ﬁrst ﬂowering dates against daily chilling and heat accumulation rates during 2001–2016. We then
analyzed the impacts of temperatures during these periods on ﬂowering timing, and evaluated the frost risk for
each site. Results indicated increasing importance of chilling temperatures from north to south, with greatest
eﬀects determined for the warmest site, where delayed blossom has been observed during the past 16 years.
Since late frosts mostly occurred before tree ﬂowering, only minor frost damage was detected for our study areas,
with future delays in ﬂowering likely to reduce the frost risk even further. The redistribution of apple trees to
nearby locations with cold winters, either northward or uphill, could be a promising strategy to reduce the risk of
insuﬃcient chilling and ensure that production remains viable in a warming future.

1. Introduction
Flowering phenology is sensitive to environmental change and
therefore a good indicator of changing climate. It has been widely used
to track or reconstruct climate changes in both natural and agricultural
ecosystems (Aono, 2015; Dunnell and Travers, 2011; Fitter and Fitter,
2002; Mo et al., 2017). Flowering time is a key life-history stage for
individual plants, determining reproductive success and hence ﬁtness
(Fitter et al., 1995). Changes in ﬂowering timing can also have profound impacts on interactions between diﬀerent trophic levels of

organization within an ecosystem (Thackeray et al., 2016), potentially
inﬂuencing population dynamics, community composition, and ecosystem service provision (Franks, 2015; Walther et al., 2002). Thus,
ﬂowering phenology has emerged recently as a hotspot of ecological
and agrometeorological research, especially in the context of global
warming.
Temperature is commonly regarded as the primary driver of ﬂowering phenology (Badeck et al., 2004; Chmielewski et al., 2004),
especially for trees at middle and high latitudes of the Northern
Hemisphere (Hänninen and Kramer, 2007). Many deciduous trees

⁎

Corresponding author.
E-mail addresses: changhui_peng@163.com, peng.changhui@uqam.ca (C. Peng).
1
Both authors contributed equally to this work.
https://doi.org/10.1016/j.agrformet.2019.01.038
Received 14 July 2018; Received in revised form 26 November 2018; Accepted 26 January 2019
Available online 01 February 2019
0168-1923/ © 2019 Elsevier B.V. All rights reserved.

Agricultural and Forest Meteorology 268 (2019) 299–307

L. Guo et al.

timing will play out in the future are worthy of special attention,
especially for plants at the cold/northern margin of ecological suitability (Fig. 1b).
Most published studies have focused on phenological changes in
natural vegetation (Guo et al., 2013; Legave et al., 2015). Relatively
few reports are available on the response of fruit trees to climate
warming despite the substantial economic and agricultural signiﬁcance
of such species (Chmielewski et al., 2004). Apple (Malus pumila var.
domestica) presents itself as an appropriate study plant due to its
worldwide cultivation, sensitivity to frost, and relatively high chilling
requirements, which may result in divergent responses of ﬂowering
phenology to warming in diﬀerent climatic regions (Legave et al.,
2015). In China, by far the largest apple producer in the world, the
highest apple yields are obtained in Shaanxi province (National Bureau
of Statistics of China, 2017). In the present study, we observed ﬂowering phenology and investigated spring frost risk in four orchards –
two located at the northern and southern margins, and two in the
central part of the Shaanxi apple growing region, between 2001 and
2016. The long-term and site-speciﬁc observations provide a unique
opportunity for exploring tree responses to temperature variation.
Partial Least Squares (PLS) regression correlating ﬂowering dates with
daily chilling and heat accumulation rates was applied to identify the
chilling and forcing periods. Our objectives were (i) to test whether
chilling temperatures are gaining importance in regulating ﬂowering
dates from north to south of the growing region, and (ii) to evaluate the
risk of spring frost during the ﬂowering period across diﬀerent locations, especially for trees at the northern margin. While the sites selected for the present study do not cover the entire gradient of apple
production climates found globally, conclusions derived from our limited data can contribute to the development of eﬀective ways to manage
and adapt this fruit crop to future warming.

require cold winter temperatures (chilling) to break endodormancy,
and warm spring temperatures (forcing) to initiate ﬂower bud unfolding (Chuine, 2000; Guo et al., 2015; Luedeling et al., 2013). Temperature increases in winter might reduce eﬀective chilling accumulation and therefore delay spring ﬂowering. By contrast, warmer
conditions in early spring could advance the fulﬁllment of heat requirements, leading to earlier onset of ﬂowering (Cook et al., 2012;
Murray et al., 1989; Shi et al., 2017). In consequence, ﬂowering timing
should be expected to respond to temperature variation during both the
chilling and forcing periods (Chen et al., 2017; Guo et al., 2015;
Luedeling et al., 2013).
In addition to an abundance of reports of advancing ﬂowering
events (Ahas et al., 2002; Bock et al., 2014; Fujisawa and Kobayashi,
2010; Ge et al., 2015; Menzel et al., 2006; Miller-Rushing et al., 2007;
Templ et al., 2017), some studies have also demonstrated stationary or
delayed ﬂowering phenology in response to warming (Fitchett et al.,
2014; Jochner and Menzel, 2015; Legave et al., 2015). This indicates
that forcing temperatures have so far dominated species’ ﬂowering responses to warming, but the observed and predicted decline in chilling
(Atkinson et al., 2013; Funes et al., 2016; Luedeling et al., 2011; Vitasse
et al., 2011) may gain increasing importance in inﬂuencing spring
events and eventually buﬀer or even reverse the advancing trend in
plant ﬂowering. More phenological observations at the warm edges of a
certain species’ distribution area (usually the southern edge in the
Northern Hemisphere), where suboptimal chilling conditions frequently
prevail, may be a promising strategy to test this hypothesis (Fig. 1a).
While the bloom-delaying eﬀect of insuﬃcient chilling is of high
relevance for tree survival and production at the southern edge, it is less
likely to be a threat for plants at the northern margin, since chilling
requirements are easily fulﬁlled by current cold-winter conditions
(Fig. 1b), and this situation is unlikely to change in the short term.
However, advances in ﬂowering times may increase the risk of damage
by late frosts (Cannell and Smith, 1986; Chmielewski et al., 2004).
Widespread spring frost injuries to natural vegetation and crops have
recently been reported (Gu et al., 2008; Hufkens et al., 2012; Vitasse
et al., 2018). While it is very likely that overall frost frequency has
decreased and will continue to decline in the future (IPCC, 2013), this
does not necessarily mean that the risk of late frost damage to trees is
decreasing. Frost risk depends on both changes of ﬂowering phenology
and the timing of frost occurrences (Schwartz, 1993). If the last occurrence of spring frost advances at a faster rate than ﬂowering time,
frost risk is likely to decrease (Ge et al., 2013; Scheiﬁnger et al., 2003).
However, increased risk may arise, if ﬂowering advances more quickly
than late frosts retreat (Kaukoranta et al., 2010; Vitasse et al., 2018).
Given the severe damage that frost during ﬂowering can inﬂict on trees,
evaluations of how changes in late frost occurrence and ﬂowering

2. Materials and methods
2.1. Site description
In Shaanxi province, 30 counties (outlined in Fig. 2) accounted for
94% of the province’s total apple production in 2016 (Shaanxi
Provincial Bureau of Statistics, 2017). Among them, four orchards were
chosen for this study – two in the central part of the growing areas (i.e.,
Baishui and Tongchuan) and one each at the northern and southern
margins (i.e., Yan’an and Liquan, respectively). Temperature regimes
diﬀer between these four sites, especially between the two marginal
locations (Fig. 2). From 2001 to 2016, Liquan recorded a mean annual
temperature that was 2.5 °C higher than at Yan’an, with the greatest
diﬀerences observed in winter (3.7 °C). These diﬀerent temperature
Fig. 1. Hypotheses on how chilling and forcing temperatures aﬀect tree ﬂowering dates, and how late
frost damage to trees may change under future
warming between the southern and the northern
margins of a species’ distribution. Red arrows show
ﬂowering dates, while blue arrows indicate the timing
of late frost occurrences. At the warm margin, reduced
chilling would gain increasing importance in controlling tree ﬂowering and delay plant ﬂowering dates in a
warmer future. The relative speed of the advancing
trends between tree ﬂowering and late frost has profound impacts on plant ﬁtness at the cold margin,
where chilling requirements can easily be satisﬁed.
The black bold lines are time axes from left to right
(For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version
of this article).

300

Agricultural and Forest Meteorology 268 (2019) 299–307

L. Guo et al.

Fig. 2. Location of the study sites within the apple growing region of Shaanxi province in China. Mean monthly temperatures at the four locations are shown in the
inset. “T” stands for mean annual temperature between 2001 and 2016.

conditions, combined with the two intermediate sites, provided a unique opportunity for exploring tree responses along a wide temperature
gradient.

equations are based on the premise that the daytime temperature cycle
follows a sine curve from sunrise to sunset, while nighttime cooling
follows a logarithmic decline:

2.2. Phenology and climate data

π∙t ⎞
Daytime : T (t ) = (Tmax − Tmin) ∙ sin ⎛
+ Tmin
⎝ DL + 4 ⎠

(1)

T − Tmin ⎞
Nighttime : T (t ) = Ts − ⎛ s
∙ ln (t )
ln
⎝ (24 − DL) ⎠

(2)

For all the locations, ﬁrst ﬂowering events of apple (Malus pumila
var. domestica) variety “Fuji” were recorded between 2001 and 2016.
The day of ﬁrst ﬂowering was registered when 10% of ﬂowers were
open, corresponding to stage 61 on the international BBCH
(“Biologische Bundesanstalt, Bundessortenamt und Chemische
Industrie”) scale for pome fruits (Meier et al., 1994). At all four sites,
phenology of the same ﬁve trees was observed throughout the study
period. The trees were more than 12 years old and of good health, and
they had been subjected to similar cultivation measures, when we
began the observations in 2001. Thus, the ﬂowering records in this
study should be free from anomalies that may aﬀect observations
during the juvenile stages of apple trees (Fujisawa and Kobayashi,
2010).
For each site, daily minimum and maximum temperatures during
2001–2016 were obtained from weather stations located closest to the
phenological observation site (Table A.1), so that temperatures recorded there should closely mirror conditions within the apple orchards. All daily weather data were provided by the Shaanxi Province
Meteorological Bureau. Since most chilling and forcing models require
hourly rather than daily temperature inputs, hourly temperatures were
generated with the sine-log equations proposed by Linvill (1990). These

⎜

⎟

where T(t) is the temperature at time t; Tmax and Tmin represent the
maximum and minimum temperature, respectively; DL is day length in
hours, and Ts indicates the sunset temperature. Sunrise and sunset time,
as well as day length (DL) were calculated using an algorithm described
in Almorox et al. (2005) and Spencer (1971).
2.3. Identiﬁcation of the chilling and forcing periods for apple ﬂowering
Based on the hourly temperature data generated through the above
procedure, we calculated daily chilling and heat accumulation at each
site for the period 2001–2016. Daily chilling accumulation was quantiﬁed using the Dynamic Model (Fishman et al., 1987a, 1987b), which
has shown a better performance than other chilling models across a
wide range of conditions (Campoy et al., 2011; Guo et al., 2015;
Luedeling and Gassner, 2012; Ruiz et al., 2007). The Dynamic Model
assumes that chilling accumulation involves two steps. First, an intermediate chilling substance is formed by cool temperatures. Then,
moderate temperatures convert this intermediate product into a
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2.5. Spring frost risk evaluation across diﬀerent sites

permanent Chill Portion (CP). CPs are then summed up until the end of
the dormancy period. The detailed mathematical functions of the Dynamic Model can be found in Luedeling and Brown (2011). The widely
used Growing Degree Hour (GDH) Model (Anderson et al., 1986) was
applied to calculate daily heat accumulation. The function to caculate
GDH is described below:

(

)

(
(

(
(

In order to assess the frost risk in the Shaanxi apple growing area,
we recently conducted ﬁeld observations (including surveys of frozen
inﬂorescences and the following yields) and controlled experiments
(Fig. A.2). Diﬀerent levels of freezing treatments (-5 °C˜0 °C) with different durations were applied to blooming apple ﬂowers (Fig. A.2b),
followed by anatomical and morphological analysis of reproductive
organs (e.g., petal, stigma, anther and ovary). Results indicated that for
Fuji apple in Shaanxi, “frost” conditions are associated with a minimum
temperature of -2 °C or lower. More detailed information can be found
in Table A.2.
Daily minimum temperatures during 15 March-15 May at each site
were used to calculate the frequency of frost events for the period
2001–2016, using -2 °C as a threshold for frost in our analyses. The
reasons for the choice of such a time period were that (i) it allowed
encompassing all ﬂower durations, and (ii) it includes weeks before and
after ﬂowering events, which represent an important time window
during which dehardened buds, emerging leaves or developing ovaries
are still vulnerable to spring frost (Rodrigo, 2000; Vitasse et al., 2018).
Daily minimum temperatures and the duration of low-temperature
phases were combined to evaluate frost severity (Table A.2). The hourly
temperature values reconstructed above were used to quantify the
duration of low temperatures for each location.
All data analyses were performed using R 3.5.0 programming language (R Core Team, 2018). PLS analysis was mainly based on the “pls”
and “chillR” packages (Luedeling, 2017; Mevik et al., 2016). Codes used
in the present study are provided as supplementary materials to this
manuscript.

))
))

⎧ F∙ Tu − Tb ∙ 1 + cos π + π∙ Ti − Tb , Tu ≥ Ti ≥ Tb
2
Tu − Tb
⎪
⎪
GDH =
π
π Ti − Tu
⎨ F∙ (Tu − Tb ) ∙ 1 + cos 2 + 2 ∙ Tc − Tu , Tc ≥ Ti ≥ Tu
⎪
⎪ 0, Ti > Tc or Ti < Tb
⎩

(3)

where F is a plant stress factor that is commonly set to 1, if no particular
stress exists. Ti is the hourly temperature for hour i; Tb, Tu and Tc are
the base, optimum, and critical temperatures for tree development,
respectively, and set to 4, 25 and 36 °C, as suggested by Anderson et al.
(1986); Darbyshire et al. (2013) and Guo et al. (2014).
Partial Least Squares (PLS) regression was used to identify the
chilling and forcing periods for apple ﬂowering. Application of this
method permitted us to correlate daily chilling and heat accumulation
for the 12 months preceding the latest ﬂowering date at each site with
annual ﬁrst ﬂowering timing (the response variable in the PLS regression). In our earlier analyses, the eﬀects of using original vs. smoothed
daily chilling/heat accumulation data on PLS outputs have been compared (e.g., Guo et al., 2015; Luedeling and Gassner, 2012). Based on
these experiences, a 15-day moving average of daily chilling/heat accumulation was constructed, in which daily accumulation data were
replaced by the mean chilling/heat values of the period starting 7 days
before and ending 7 days after the respective date. Results indicated
that the running average treatment facilitated the delineation of recognizable chilling and forcing stages compared to the use of raw data
(Fig. A.1). Thus, in the present study, we ﬁrst subjected all daily chilling
and heat values to a 15-day running average procedure, before feeding
them into the PLS model.
The two major outputs of PLS analysis are the variable importance
in the projection (VIP) and standardized model coeﬃcients. The VIP
indicates how important variation in the value of a particular variable
(daily chilling/heat accumulation) is for explaining variation in the
dependent variable (i.e., ﬁrst ﬂowering date in the present study), with
the threshold for considering a variable important often set to 0.8
(Wold, 1995). The standardized model coeﬃcients reﬂect the strength
and direction of impacts of daily chilling and heat accumulation on tree
ﬂowering dates.
Theoretically, high rates of chilling and heat accumulation during
the chilling and forcing periods could advance tree ﬂowering, and these
negative correlations should be detected by the PLS analysis. Thus, in
the outputs of the PLS procedure, periods with high VIP scores and
negative model coeﬃcients, for chilling and heat accumulation respectively, can be regarded as the chilling and forcing periods
(Luedeling et al., 2013; Martinez-Lüscher et al., 2017).

3. Results
3.1. Chilling and forcing periods for apple ﬂowering across the study sites
In Tongchuan, the latest ﬂowering date during the past 16 years was
19 April. Daily chilling and heat accumulation rates between previous 1
May and 19 April were used as predictor variables in the PLS regression,
while response variables were the ﬁrst ﬂowering dates of apples, expressed in day of the year. Based on the VIP values and standardized
model coeﬃcients of the PLS regression, chilling and forcing periods for
apple in Tongchuan were clearly delineated (Fig. 3). We interpreted the
period between 24 September and 19 February as the chilling accumulation phase, since during this period, most model coeﬃcients were
negative and VIP values mostly exceeded 0.8 (Fig. 3a), indicating that
high chilling accumulation rates during this period advanced ﬂowering
dates. It should be noted that some periods with positive model coefﬁcients or low VIP scores occurred during this phase. Such discontinuities within the chilling accumulation period, which have been
reported in several earlier studies (e.g., Guo et al., 2015; MartinezLüscher et al., 2017), may be related to occurrence of diﬀerent physiological processes during the dormancy period, which may be triggered by varying levels of dormancy-associated gene expression during
the dormant season (Benmoussa et al., 2017a; Leida et al., 2012). Thus,
we considered the entire period (24 September to 19 February) as the
chilling stage. In comparison, the delineation of the forcing period was
clearer. An almost uninterrupted period of negative model coeﬃcients
and high VIP values occurred between 9 February and 10 April
(Fig. 3b).
The chilling and forcing periods for apple ﬂowering at the other
locations were identiﬁed in the same manner, and similar chilling and
forcing periods were found among all four sites. For instance, in Liquan,
the chilling period extended from 25 September to 10 February, and the
forcing period was between 29 January and 9 April (Fig. A.3). For apple
trees in the Baishui orchard, chilling occurred during 23 September-19
February, while forcing happened between 9 February and 9 April (Fig.
A.4). In Yan’an, the chilling and forcing phases were 28 September until

2.4. Response patterns of apple ﬂowering to chilling and forcing
temperatures between the northern and southern margin
To illustrate the dependency of apple ﬂowering on temperature
variation during the chilling and forcing periods at each site, we delineated response surfaces of ﬂowering dates using the Kriging interpolation method in the R package “ﬁelds” (Furrer et al., 2013). Kriging,
which is a Gaussian regression technique frequently used in spatial
analysis, can estimate values at sites where no data are available (Oliver
and Webster, 1990). These response surfaces were plotted as contour
lines to illustrate the relative importance of chilling and forcing temperatures for tree ﬂowering timing at diﬀerent sites within the Shaanxi
apple growing region.
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Fig. 3. Results of Partial Least Squares regression between daily (a) chilling and (b) heat accumulation rates and ﬁrst ﬂowering dates in Tongchuan during
2001–2016. Blue bars in the top row indicate VIP above 0.8, the threshold for considering variables important. In the second row, red and green bars represent,
besides importance, negative and positive model coeﬃcients, respectively. In the third row, bars show the standard deviation of daily chilling and heat accumulation,
with colors following the same pattern as for the model coeﬃcients. Shaded areas and dashed lines in the last row indicate the range and the median of ﬁrst ﬂowering
dates, respectively, during the past 16 years. The identiﬁed chilling and forcing periods are marked in this ﬁgure. “GDH” means Growing Degree Hours (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article).

Since frost occurring after ﬂowering can severely damage apple
reproductive organs and reduce yields, we compared the dates of the
above mentioned 5 freezing events with the ﬂowering dates in the
corresponding year. Results indicated that between 2001 and 2016,
ﬂowers were only exposed to frost once, in 2013 for apples in the
Yan’an orchard (Fig. 5). During the other four frost events, ﬂowers
opened after the events, so that no frost damage on the inﬂorescence
could arise. These ﬁndings indicate that the risk of late frost during the
apple ﬂowering period in Shaanxi is relatively small. However, freezing
temperatures might cause severe injuries to the emerging or expanding
leaves, which appear before the trees bloom.

20 February, and 7 February to 21 April, respectively (Fig. A.5).
Generally, in our four study areas, chilling accumulation started at the
end of September, and lasted until mid-to-late February. The forcing
period was mostly between early-February and mid-April, showing
some overlap with the chilling period.
3.2. Response of ﬂowering phenology to chilling and forcing temperatures
along the temperature gradient
Plotting ﬂowering dates of apple trees as a function of mean temperatures during the chilling and forcing periods for each site revealed
important diﬀerences in the response patterns of ﬂowering dates to
both factors (Fig. 4).
In Yan’an, the northern/cold margin of apple growing areas in
Shaanxi, with mean chilling temperatures of 2.6 °C, ﬂowering date was
almost completely determined by forcing conditions, as indicated by
nearly horizontal contour lines in the left part of Fig. 4. Increasing
forcing temperatures had a signiﬁcant bloom-advancing eﬀect. However, temperature increases during the chilling period had negligible
impacts on ﬂowering in the Yan’an orchard. Towards the southern/
warm edge of the growing region, the eﬀect of chilling temperatures on
tree ﬂowering increased in importance, reaching its greatest inﬂuences
in Liquan, as was clearly shown by the steeper contour lines in the right
part of Fig. 4.

4. Discussion
4.1. Usefulness of the distribution margin analysis
Temperate fruit trees and ornamental plants are widely grown in
environments that are warmer than their traditional ranges (Guy,
2014), motivated by economic beneﬁts and market demands. Only on a
few occasions (e.g., Benmoussa et al., 2017a, 2017b; Luedeling and
Gassner, 2012) has the performance of trees in such environments been
systematically evaluated through long-term site-speciﬁc observations.
Following the principles of latitude and altitude gradient analyses (e.g.,
Cornelius et al., 2013; De Frenne et al., 2013), evaluating diﬀerences in
temperature responses between individuals or populations at the
northern and the southern margins of a species’ distribution area can
generate insights into their climatic sensitivity (e.g., Fig. 4). For instance, the future response pattern of ﬂowering phenology at the
northern/cold edge may be similar to what is presently happening at
the warm margin of the distribution region. While the detailed physiological processes and genetic mechanisms of plant ﬂowering responses to global warming remain uncertain, systematic evaluation of
such “climate analogue locations” (Luedeling, 2012), especially based
on long-term site-speciﬁc observations may provide valuable insights
into future temperature responses and allow collecting data that can be

3.3. Spring frost risk assessment across diﬀerent locations
Daily minimum temperatures during 15 March-15 May at each location were investigated for the period 2001–2016, using −2 °C as the
threshold for potential freezing risk. The frequency of freezing events
and the extent of frost injury decreased signiﬁcantly from north to south
(Fig. 5). It is worth noting that low temperatures (less than −2 °C)
mainly happened before tree ﬂowering. Taking the Yan’an orchard as
an instance, only 5 freezing events occurred during all recorded ﬂowering periods (10 April-3 May) of the past 16 years.
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Fig. 4. Response of ﬂowering dates to mean chilling and forcing temperatures from the northern to the southern margin of
the Shaanxi apple growing region. For each location (distinguished by colors), dots indicate the observed combinations
of mean chilling and forcing temperatures, while the contour
lines illustrate the distribution of ﬂowering dates. The gradient of these lines shows the relative importance of chilling
and forcing temperature on ﬂowering dates. Horizontal lines
imply an exclusive eﬀect of forcing temperatures, while vertical lines indicate a dominant impact of chilling temperatures
on tree ﬂowering dates. “CTmean” stands for mean temperature during the chilling period. “FTmean” denotes the mean
forcing temperature.

breed cultivars with lower chilling requirements, and to develop appropriate measures (e.g., rest breaking chemicals, shading, irrigation
and fertilizer application) to cope with insuﬃcient winter chilling.
Some alternatives to manage this situation could involve the redistribution of cultivars to locations with colder winters, both northward
and uphill. Species’ distribution shifts to higher elevations and latitudes
in response to climate warming have also been observed in natural
ecosystems, both in the distant past and more recently (Davis and Shaw,
2001; Halbritter et al., 2013). This could have large impacts on community composition and ecosystem stability, especially on the survival
and growth of trees which depend on winter chilling to initiate ﬂowering, but are located at the southern edge. While the upward and
northward expansion of apple orchards may be a necessary strategy to
ensure that apple production remains viable in a warming future, some
agricultural and ecological consequences induced by this expansion
(e.g., the re-distribution of land use patterns, decreases in biodiversity,
and loss of valuable habitats) also need careful considerations.

used to extend the validity of data-driven phenology models into a
warmer future. Therefore, we recommend extended observations of
phenology responses at the warm margins of species’ distributions.
4.2. Rising importance of chilling temperatures for tree ﬂowering
Systematic analyses of climate change impacts on plants have long
neglected the consequences of declining chilling accumulation, since
most plants have shown advanced spring phenology (Ahas et al., 2002;
Bock et al., 2014; Fujisawa and Kobayashi, 2010; Ge et al., 2015;
Menzel et al., 2006; Miller-Rushing et al., 2007; Templ et al., 2017). To
some extent, it also seems possible to compensate insuﬃcient winter
chilling by greater heat accumulation (Harrington et al., 2010).
Nevertheless, in the past two decades, ﬁeld observation records (Cook
et al., 2012; Fu et al., 2015; Pope et al., 2013), satellite remote sensing
(Jeong et al., 2011; Wang et al., 2011), controlled experiments (Laube
et al., 2014) and modelling approaches (Funes et al., 2016; Morin et al.,
2009) have suggested that these phenology-advancing trends have
slowed, or even been reversed in some warmer regions due to decreasing winter chilling. We also observed increasing importance of
chilling temperatures for tree ﬂowering from the northern to southern
locations (Fig. 4), while delayed ﬂowering has already occurred in the
two southernmost sites during the past 16 years (Fig. A.6).
The most eﬀective temperatures for chilling accumulation are expected to range between 2 °C and 4 °C (Basler and Körner, 2014; Battey,
2000), which is lower than the current mean temperature during chilling accumulation in Liquan (about 6 °C, Fig. 4). In the near future, such
as during 2040–2060, mean chilling temperature in most of Shaanxi’s
apple growing areas may exceed 6 °C, and could be even higher than
8 °C for the southern region (Fig. A.7). Future temperatures during the
chilling period may thus be too high to fulﬁll the chilling requirement
of apple trees, which may lead to later bloom or even failure to ﬂower
in the future. Thus, chilling may be of primary ecological and production relevance as warming continues. Eﬀorts should thus be made to

4.3. Risk of late frost in Shaanxi’s apple growing region
Spring frost damage is generally associated with a threshold temperature that is common across diﬀerent species, ranging from -4 °C to
0 °C (Lenz et al., 2016). For instance, -2.2 °C was adopted to evaluate
frost risk across the Northern Hemisphere (Schwartz et al., 2006), while
-1.7 °C was used to assess the risk of freezing damage in 20 woody
species in Illinois, USA (Augspurger, 2013). Our ﬁeld observations and
controlled experiments (Fig. A.2) suggested -2 °C as a reasonable
threshold value. This is in line with other apple frost studies, in which
daily minimum temperature below -2 °C was set as the condition for
frost during the ﬂowering period (Eccel et al., 2009; Kaukoranta et al.,
2010). While most studies, especially modeling analyses, have mainly
focused on the eﬀects of temperature extremes, other factors inﬂuencing the extent of cold injury may be of equal importance. Analyses of
the combined eﬀects of the duration of low temperature and diﬀerent
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Fig. 5. Frequency of freezing events and frost
severity during 15 March-15 May in 4 locations
for the period 2001–2016, with -2 °C regarded
as the threshold for frost damage. Red shaded
areas mark the ﬂowering period from the earliest ﬁrst ﬂowering date to the latest last
ﬂowering date recorded during the past 16
years. Black and blue dashed lines represent
the medians of all the ﬁrst and last ﬂowering
dates, respectively. Dots with diﬀerent colors
indicate diﬀerent levels of frost severity, as
indicated by the minimum temperature and the
duration of low-temperature phases (see Table
A.2 for more information). Red, yellow and
black dots stand for heavy, moderate and slight
frost injury, respectively. Frost happening after
bloom can cause ﬂower damage, thus the frost
events which actually damaged inﬂorescences
are marked by red circles. “Y” means year. “F”
and “B” stand for the date of late frost occurrence and the ﬁrst ﬂowering, respectively (For
interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web
version of this article).

years; Fig. A.6) or warmer conditions before and after tree ﬂowering. If
this trend continues, future warming may further reduce the frost risk
for apple production in Shaanxi, and allow northward and uphill expansion of the current growing region.

levels of freezing temperature (Table A.2) could provide additional
insights into the impacts of spring frost on tree ﬂowering and ﬁtness.
Additionally, factors including temperature decrease rates (Rodrigo,
2000), the temperature of previous periods (Hufkens et al., 2012),
spring temperature variation (Rigby and Porporato, 2008), and other
climatic conditions such as wind speed, relative humidity, and cloud
cover during the ﬂowering stage, as well as the tree’s nutritional status
(Rodrigo, 2000), may also aﬀect the extent of frost injuries. The processes and mechanisms involved in frost injury appear to be complex,
and more eﬀorts should be undertaken to narrow these knowledge
gaps.
Advanced dates of the last spring frost have been widely reported,
with a rate of 1.5 days per decade for Northern Hemisphere temperate
areas between 1955 and 2002 (Schwartz et al., 2006), and about 0.2
days year−1 in Central Europe during 1951–1997 (Scheiﬁnger et al.,
2003). To assess trends in frost risk to plants, the direction and magnitude of phenology shifts should be evaluated in conjunction with such
advances (or delays) in the onset of the frost-free period. The combination of these eﬀects can play out in diﬀerent ways, with diﬀerent
studies reporting increases (Augspurger, 2013; Gu et al., 2008; Vitasse
et al., 2018) or decreases in frost risk (Dai et al., 2013; Eccel et al.,
2009; Scheiﬁnger et al., 2003), while others have found no changes
(Eccel et al., 2009; Schwartz et al., 2006). In our study, frost events
mostly occurred before ﬂowering, indicating that the risk of frost damage to apple trees is currently small. Regarding the future suitability
of this crop, we showed that the increased importance of declining
chilling might partially counteract advances in response to warmer
springs, resulting in later onset of ﬂowering phenology (which has already been observed in the two southernmost sites during the past 16

4.4. The role of photoperiod in determining apple trees’ ﬂowering phenology
Temperate trees employ sophisticated mechanism to attune ﬂowering to appropriate seasonal conditions. Temperature (including
winter chilling and spring forcing) and photoperiod are believed to be
the most important cues to drive spring phenology (Duputie et al.,
2015; Flynn and Wolkovich, 2018; Körner and Basler, 2010; Laube
et al., 2014; Tooke and Battey, 2010). Across studies, temperature is
often believed to be the dominant factor that controls spring events
(Badeck et al., 2004; Laube et al., 2014); however, some authors have
argued that temperature and photoperiod both drive spring phenology
(Flynn and Wolkovich, 2018). An extreme case is beech (Fagus), which
is controlled by photoperiod, with temperature only exerting a limited
eﬀect (Körner and Basler, 2010). In the present study, daily day length
among all four sites almost completely overlapped (Fig. A.8a). Comparatively, daily temperature, especially winter chilling temperatures,
varied signiﬁcantly, with a mean diﬀerence of 3.5 °C for daily temperature between the southern and the northern site during the chilling
period (Fig. A.8b). This indicates that photoperiod cannot explain
variation in ﬂowering patterns among these four sites, while variation
in temperature regimes is likely to play the primary role.
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Diﬀerent temperature regimes between the northern and the
southern margin of the apple growing region in Shaanxi provide a
natural laboratory to better understand apple ﬂowering response patterns to temperature. Results demonstrated that at the cold and
northern margin, the timing of ﬂowering phenology was almost entirely
determined by forcing temperatures, with a negligible eﬀect of chilling
conditions on tree ﬂowering. However, for apples at the warm/southern
edge, ﬂowering dates were controlled by both factors. Chilling temperatures gained increasing importance from north to south. This
ﬁnding indicates that as warming continues, especially warming in
winter, declining chilling accumulation might counteract or even reverse ﬂowering advances that have dominated plant responses to
warming so far. To ensure the sustainability of apple production in this
region, adaptation strategies to delayed ﬂowering should be developed,
including breeding cultivars with low chilling requirements, improving
dormancy management measures, and expanding the current growing
region northward and uphill. Additionally, analysis of spring frost risk
also deserves more attention, despite only minor damage during the
past 16 years. Given the severe implications of frost injury for plant
ﬁtness and economic viability of orchards, development and dissemination of eﬀective frost protection techniques would likely produce
beneﬁts, especially for new orchards established at higher altitudes or
latitudes.
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