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Abstract
Crop phenology changes are important indicators of climate change. Climate change impacts
on crop phenology are generally investigated through statistical analysis of the relationship
between growth period length and growth period mean temperature. However, growth periods
may be either earlier or later in a given year; hence, changes in mean temperature indicate both
the effects of climate change and those attributable to seasonal temperature differences. Failure
to consider temperature change resulting from seasonal shifts can lead to biased estimation of
warming trends and their corresponding impact on phenology. We evaluated this potential bias
in rice phenology change in 892 phenology series from China by applying time series
regression control for phenological dates. The results indicate that the true magnitudes of
climate change for early rice, late rice, and single rice are 0.20–0.56, 0.23–0.86, and 0.28–
0.38 K/decade, after correction for the effects of seasonal shifts. The effects of seasonal shifts
of growth periods led to underestimates of the magnitude of climate change by 0.16–0.22 and
0.05–0.08 K/decade for early rice and single rice, respectively, and an overestimate of the
effect for late rice of 0.02–0.06 K/decade. Correspondingly, the net warming impacts on
growth period length after correcting for the effects of seasonal shifts were − 2.7 d/K for early
rice, − 4.8 d/K for late rice, and − 3.1 d/K for single rice, which were weaker for early and
single rice, but stronger for late rice, relative to previous reports. Changes in growth period
length were most closely associated with variation in phenological dates, while their relation-
ship with climate change was less pronounced. Our results indicate that earlier phenological
dates and prolonged-duration cultivars have been adopted to offset the impact of climate
change, providing further evidence of active adaptation of rice cultivation practice to climate
change in China.
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1 Introduction

Plant phenology and growth stage duration are critical indicators of the responses of vegetation
to climate change (Zhang et al. 2004; Estrella et al. 2007; Richardson et al. 2013). Significant
changes in vegetation phenology have been identified globally and regionally (Piao et al.
2006; Brown et al. 2012). For crops, changes in phenological dates (PDs) and growth period
lengths (GPLs) not only reflect variation in physiological processes (Zhao et al. 2016) but are
also potentially related to alteration of cropping patterns (i.e., single cropping to double
cropping; Qiu et al. 2017), crop exposure to and risk from seasonal climate extremes
(Shimono 2011), potential crop yield (Asseng et al. 2011), and carbon flux (Wu et al. 2012).
In addition, due to considerable human intervention, determination of the relative contributions
of climate change and human activity (i.e., alterations in cultivars and agro-management) is
vitally important for adaptive decision-making (Liu et al. 2018). Hence, alterations in crop
phenology are of particular interest in the context of the changing climate.

Rice is currently one of the most important cereal grains globally and serves as a staple food
source for more than half of the world’s population (Gross and Zhao 2014). In China, rice
accounts for 31.6% of the grain crop area planted, and 36.3% of the total grain harvested
(NBSC 2016), and it is vital for feeding the Chinese population. Given the warming trend in
mainland China, several studies have explored the potential impact of climate change and
cultivar shifts on rice phenology, primarily through statistical analysis of recorded rice
phenology data (Tao et al. 2013; Zhang et al. 2013, 2014; Zhao et al. 2016). Published results
are highly consistent, confirming significant changes in major rice PDs and GPLs, and the
negative impact of temperature on GPLs (higher temperature has shortened GPLs); however,
some critical issues remain controversial. First, empirical results indicate that the adoption of
short-duration cultivars may be advisable (Zhang et al. 2013); however, adoption of long-
duration cultivars has also been suggested (Liu et al. 2012; Tao et al. 2013). Second, while
many early studies contended that temperature and cultivar shifts are the two major factors
driving the change in rice PDs and GPLs, recent studies (Zhao et al. 2016; Hu et al. 2017) have
suggested that (trans)planting dates are most closely associated with PDs and GPLs, while the
effect of temperature is less marked.

Recent progress (Zhao et al. 2016; Hu et al. 2017) has highlighted a critical issue;
namely that failure to consider PDs in statistical analyses could have led to over- or
underestimation of the magnitude of climate change and its impact on phenology. This
can be illustrated with a simple schematic chart (Fig. 1). The overall growth period mean
temperature change has two components: temperature change induced by climate change,
which shifts the entire annual temperature variation upward, and a change induced by
seasonal shifts of growth period (Hu et al. 2017). Using the overall growth period
average temperature change without considering the effect of seasonal shifts leads to a
bias in warming estimates. For example, in case A, as the growth period shifts to earlier
in spring, it falls into a lower temperature period. Consequently, the observed overall
temperature change would be smaller than the net warming effect, thus underestimating
the warming. Conversely, in case B, as the growth period shifts from early autumn to late
summer, it falls into a higher temperature period. Consequently, the observed overall
temperature change would be larger than the net warming effect, leading to overestima-
tion (Fig. 1). Thus, for different rice cropping systems with varying growth periods,
estimates of temperature sensitivity from phenological data are critically dependent on
timing within the year.
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Correcting the bias in estimated warming due to seasonal shifts is important for under-
standing the true impact of climate change on crop phenology, and for measuring the relative
importance of climatic and human factors, and development of adaptive strategies. Hu et al.
(2017) used a growing degree day–based simulation to distinguish the effects of climate
warming, cultivar shifts, and planting date shifts; however, whether their results can be
supported by statistical data remains to be determined.

In this study, we revisited rice phenology change in China using phenological records from
157 agricultural meteorological stations, comprising almost all station-observed rice phenol-
ogy records from China. We performed statistical analyses and paid special attention to the
removal of confounding effects induced by seasonal shifts of growth periods. We controlled
for phenological dates (PDs) when determining the climate change trend and used regression
analysis to identify factors that contribute to changes in growth period length (GPL). Our aims
were to (i) reveal the true size of the effect of climate change on rice growth periods, (ii)
investigate the true effects of climate change on GPLs, and (iii) distinguish the impacts of
changes in PD, climate, and cultivar on GPLs.

2 Materials and methods

2.1 Study area

The study area covered the major rice production region in China, including three provinces in
northeastern China, and 14 provinces along and south of the Yangtze River basin (Fig. 1). The
study area comprised a total area of approximately 3.38 million km2, with about 29.85 million
ha rice planted, representing 98% of the total rice area nationwide. There are two typical rice
cropping systems in China, single-season cropping rice (hereafter as “single rice”) and double-
season cropping rice (hereafter as “double rice”) (Nie and Peng 2017). Single rice is mainly
planted in the northeast China plain, plains north of the Yangtze River, and in Sichuan,

Fig. 1 The overall growth period temperature change is the net effect of climate warming and seasonal shift of
growth period. Without considering the effects of seasonal shifts, climate warming effects could be over- or
underestimated according to the timing of the period in the annual temperature variation and the direction of the
shift
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Yunnan, and Guizhou Provinces up to the upper streams of the Yangtze River. The typical
cropping system is a rotation between rice and winter wheat. Double-cropping rice (rotation of
early and late rice) is primarily planted in the provinces south of the mid-to-lower Yangtze
River.

2.2 Data

Historical observations of rice phenology for the years 1980–2010 were collected from 200
agrometeorological stations operated by the Chinese Meteorological Administration in the
study area (http://data.cma.cn/data/cdcindex/cid/4ee1c7fce9cd6a5f.html) (Fig. 2). From this
dataset, PDs of sowing, transplanting, heading, and maturity were selected. Data were
carefully checked to manage missing values. Phenology series with data for less than 10 years
or no observation in 2005–2010 were not considered in our analysis. This resulted in the
inclusion of 892 phenology series from 157 stations in the analysis, with 348 series from 88
stations for single rice, 269 series from 69 stations for early rice, and 275 series from 69
stations for late rice.

Historical daily weather data matching the spatial location and time period of the pheno-
logical records were required for our analysis. As the spatial locations of national reference

Fig. 2 Study area and the locations of agrometeorological stations (AMS)
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meteorological stations collecting daily weather data are mostly different from those of
agrometeorological stations, interpolation is generally required to match the two datasets
(i.e., Zhang et al. 2013). As interpolation methodology can result in substantial uncertainties,
we followed the approach of Zhao et al. (2016), using the China Meteorological Forcing
Dataset (http://westdc.westgis.ac.cn/data/7a35329c-c53f-4267-aa07- e0037d913a21) (Chen
et al. 2011; He and Yang 2011). The dataset contains three-hourly temperature, precipitation,
and solar radiation values, with a spatial resolution of 0.1°. The 3-h data was aggregated to
daily mean temperature, and further aggregated into growth period mean temperature (T). The
computed growth period means were verified using observations from the national reference
stations of the China Meteorological Administration, and good agreement was found.

2.3 Statistical analyses

Trends in rice phenology and climatic factors have frequently been calculated using linear
regression with respect to a time index (year t) (Hu et al. 2017). To evaluate changes in rice
phenology, trend analysis was applied to each time series of phenological dates (PDs) using
linear regression with time index (year t). Changes in growth period lengths (GPLs) were also
analyzed using linear regression analysis. In the literature, there are mainly two ways of
dividing growth stages. The first type considers the periods of transplanting-to-heading and
heading-to-maturity (i.e., Tao et al. 2013; Zhao et al. 2016), and the second type considers the
periods of emerging-to-heading and heading-to-maturity (i.e., Zhang et al. 2013; Hu et al.
2017). Taking the advantages of both types, we further divided the vegetation growth stage by
transplanting, which is important as the growing environment of rice differ substantially before
and after transplanting in China. Therefore, our GPLs included the length of the nursery
growth period (NGP) from sowing to transplanting, vegetative growth period (VGP) from
transplanting-to-heading, and reproductive growth period (RGP) from heading-to-maturity.
These periods were determined from PD records, and linear regression applied to evaluate the
changes. Similar methods were also applied to calculate growth period average daily precip-
itation P and average daily solar radiation S values, for each of the periods: NGP, VGP, and
RGP.

Applying the same method to detect trends in climate warming will lead to serious bias. As
shown in Fig. 1, growth period mean temperature change contains two components, change
associated with climate change (decadal signal) and change associated with seasonal shifts of
growth period. We need to decompose those two components to reveal the true magnitude of
climate change. This could be achieved by introducing a controlling variable indicating the
timing of growth period into the linear regression analysis, i.e., the starting dates of the growth
period:

T ¼ γ0 þ γ1PD
− þ γ2t þ μ; t ¼ 1980; 1981;…; 2010 ð1Þ

where T is the growth period mean temperature, PD− refers to the starting date of its
corresponding growth period, t is the time index of year, γ0 is the intercept of the regression,
and μ is the random error. For NGP, VGP, and RGP, PD− indicates sowing, transplanting, and
heading dates, respectively. The temperature change associated with the seasonal shifts of
growth period is represented by γ1, which describes by how many degrees the temperature will
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change if the starting PD changes by 1 day (K/d), assuming all other conditions remain
unchanged. The linear temperature trend associated with year index t is γ2, which represents
how many degrees the temperature will change if it is 1 year later (K/a), assuming all other
conditions remain unchanged. This is an exact measure of true climate change trend, after
correction for seasonal shift effects.

When investigating the relationship between rice phenology and climatic factors, the
existing literature generally conducts linear regression analysis of GPL on growth period
average temperature T with time index t (i.e., Zhang et al. 2012), or equivalently uses
partial correlation analysis between detrended GPL and detrended T (i.e., Tao et al.
2013). Under such analytical framework, a similar issue arises to the biased estimation of
warming magnitude as the shift in growth period is not accounted for. In order to address
such an issue, we again added the starting phenological dates (PD−) of their correspond-
ing growth period into the regression, as follows:

GPL ¼ β0 þ β1T þ β2PD
− þ β3t þ ε ð2Þ

where GPL refers to the growth period length, including NGP, VGP, and RGP for all
three rice cropping systems. The β1 parameters are regression coefficients. T is the
growth period mean temperature, PD− denotes the starting phenological dates for the
corresponding growth period, and t is the year index. In this way, any seasonal difference
in growth period average temperature due to a shift in the growth period can be
controlled for, as long as climate change has not changed the seasonal pattern of
temperature.

Given the regression models above, a change in a specific GPL is explained by three
components: (a) the true climate change impact (β1), which measures GPL’s response to
1 K in temperature change due to climate change, as effects from phenological date shifts
and time trend have been controlled for; (b) cultivar shifts impact (β3), the effect of time
trend after temperature and phenological dates were controlled for; and (c) seasonal shift
effect, which measures GPL’s response to 1 day change (earlier/later) of the starting
phenological dates, assuming all other conditions remain unchanged. As starting pheno-
logical dates are mostly highly correlated to each other (Zhao et al. 2016), this effect can
further be translated to the impact from the earlier/later transplanting or sowing dates,
and therefore linked to planting decisions.

The fitting of Eq. (2) for each GPL series was carried out in R 3.3.4. Multi-collinearity
diagnostics was also carried out when fitting the model. The variance inflation factor (VIF)
was used to test the existence of multi-collinearity. For results with VIF > 10, regression results
shall not be considered for later interpretation. Finally, descriptive statistics of all the regression
coefficients was derived.

3 Results

3.1 Changes in rice phenology during 1980–2010

The detected changes in rice phenology during 1980–2010 are presented in Figs. 3 and 4.
For early rice, all four phenological dates (PDs) were found to advance to earlier times

within the year during the period 1980–2010. The median values of sowing, transplanting,
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heading, and maturity dates changed by − 0.66, − 2.10, − 1.06, and − 0.54 d/decade, respec-
tively. Advancing trends in sowing, transplanting, heading, and maturity dates were detected at
56%, 72%, 68%, and 57% of the 69 stations, and the advances were significant (p < 0.05) at
26%, 45%, 28%, and 18% of stations, respectively. Conversely, delayed trends in sowing,
transplanting, heading, and maturity dates were significant (p < 0.05) in only 19%, 9%, 10%,
and 10% of stations, respectively.

For late rice, median values of sowing, transplanting, heading, and maturity dates changed
by 2.67, − 0.63, − 0.27, and − 0.77 d/decade, respectively. Trends towards earlier dates in
sowing, transplanting, heading, and maturity dates were detected in 25%, 64%, 57%, and 58%
of the 69 stations, and these shifts were significant (p < 0.05) in 10%, 23%, 25%, and 32% of
the stations, respectively. Delayed trends in sowing, transplanting, heading, and maturity dates
were significant (p < 0.05) in 60%, 14%, 17%, and 14% of stations, respectively.

For single rice, trends were detected for earlier sowing and transplanting dates, and delayed
heading and maturity dates, respectively. The median value of sowing, transplanting, heading,
and maturity dates changed by − 0.44, − 1.24, 0.69, and 1.44 d/decade, respectively. Earlier
sowing, transplanting, heading, and maturity dates were detected in approximately 56%, 64%,
43%, and 33% of 88 stations, and these changes were significant (p < 0.05) in 29%, 32%, 12%,
and 11% of stations, respectively. Delayed sowing, transplanting, heading, and maturity dates
were significant (p < 0.05) in 20%, 12%, 25%, and 29% of stations, respectively.

Corresponding to the changes in phenological dates, significant changes were also detected
in growth period lengths. For early rice, the median lengths of nursery growth period (NGP),
vegetative growth period (VGP), and reproductive growth period (RGP) changed by − 1.9,
2.7, and − 0.0 d/decade. Prolonged lengths of NGP, VGP, and RGP were detected in 26%,

Fig. 3 Detected phenological date changes for single rice (SR), early rice (ER), and late rice (LR) during 1980–
2010 (SW, sowing; TP, transplanting; HD, heading; MT, maturity)
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73%, and 49% of the 69 stations, and the changes were significant (p < 0.05) in 5%, 40%, and
13% of stations, respectively. NGP, VGP, and RGP lengths were significantly reduced in 36%,
7%, and 6% of stations, respectively.

For late rice, median lengths of NGP, VGP, and RGP changed by − 3.0, 0.9, and − 1.1 d/
decade. Prolonged lengths of NGP, VGP, and RGP were detected in 22%, 64%, and 38% of
the 69 stations, and the changes were significant (p < 0.05) in 9%, 32%, and 4%, respectively.
Significantly reduced NGP, VGP, and RGP lengths were identified at 57%, 9%, and 33% of
stations, respectively.

For single rice, the median lengths of NGP, VGP, and RGP changed by − 0.5, 1.5, and
1.2 d/decade. Prolonged lengths of NGP, VGP, and RGP were detected in 45%, 68%, and 68%
of 88 stations, and the changes were significant (p < 0.05) in 16%, 32%, and 29%, respectively.
Lengths of NGP, VGP, and RGP were significantly reduced at 19%, 6%, and 12% of stations,
respectively.

3.2 Changes in growth period climatic factors during 1980–2010

Temperature changes associated with climate change and seasonal shifts of growth period were
separated using Eq. (1). For the temperature change associated with seasonal shifts of the
growth period, our results (shown in Fig. 5) exactly followed the expected pattern, as described
for cases A and B in Fig. 1. For growth periods in the spring (case A; i.e., PD− before day 150
of the year) including all nursery growth periods (NGPs) and vegetative growth periods
(VGPs) for early rice and single rice, a delay in the starting date moved the growth period
into higher temperatures, and consequently resulted in a positive seasonal shift effect. For the

Fig. 4 Detected growth period length changes for single rice (SR), early rice (ER), and late rice (LR) during
1980–2010 (NGP, nursery growth period; VGP, vegetative growth period; RGP, reproductive growth period)
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nursery growth period (NGP) of early rice, which is the growth period that occurs earliest in
the year, a delay in sowing date of 1 day increased NGP mean temperature by 0.11 K (median
value). For growth periods in later summer and fall (case B; i.e., PD− after day 210 of the year),
including the vegetative growth period (VGP) of late rice, and reproductive growth periods
(RGPs) for late rice and single rice, a delay in the starting date shifted the period into lower
temperatures, resulting in a negative seasonal shift. For the RGP of late rice, which is the latest
growth period in the year, a delay by 1 day decreased RGP mean temperature by 0.15 K
(median). The seasonal effects of growth periods in the summer were balanced, with no
obvious sign of influence.

After removing the seasonal effects induced by changing phenological dates (PDs), a net
climate change effect was revealed (Fig. 6, left). Climate warming was found in NGP, VGP,
and RGP at 81%, 77%, and 79% of stations for early rice, 84%, 79%, and 90% of stations for
late rice, and 74%, 84%, and 77% of stations for single rice, respectively. The median trends of
climate warming influence on the NGP, VGP, and RGP were 0.56, 0.20, and 0.38 K/decade for
early rice, 0.41, 0.23, and 0.86 K/decade for late rice, and 0.38, 0.37, and 0.28 for single rice,
respectively.

To quantify the bias caused by lack of control for PDs, we repeated the regression analysis
to identify the trend in growth period average temperature, but removed PD− from Eq. (1).
This collapsed the model to a univariate linear regression with respect to year t (which is a

Fig. 5 Temperature change induced by seasonal shifts of growth period (NGP nursery growth period, VGP
vegetative growth period, and RGP reproductive growth period; SR single rice, ER early rice, and LR late rice)
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regression used in earlier studies, e.g., Hu et al. 2017). The results are presented in Fig. 6
(right).

Controlling for PDs made a critical difference to the distributions of warming trends. The
difference in median values provided evidence of both under- and overestimation. In addition,
the interquartile ranges were narrower and the trends were generally more positive in the left
panel than those in the right. The median trends of growth period mean temperature in NGP,
VGP, and RGP were 0.41, − 0.03, and 0.40 K/decade for early rice, 0.43, 0.29, and 0.91 K/
decade for late rice, and 0.30, 0.32, and 0.20 K/decade for single rice, respectively. Therefore,
for early rice, warming effects could have been underestimated for NGP and VGP if the
negative seasonal effects due to earlier sowing and transplanting dates (Fig. 3) were not
removed. The median sizes of underestimates were 0.15 and 0.20 K/decade for NGP and
VGP, respectively. For late rice, warming effects may have been overestimated for VGP and
RGP if the positive seasonal effects due to earlier transplanting and heading dates (Fig. 3) were
not removed. The median sizes of the overestimation were 0.02, 0.05, and 0.08 K/decade for
NGP, VGP, and RGP, respectively. For single rice, warming effects were underestimated for all
growth periods, due to earlier sowing and transplanting dates, and delayed heading dates (Fig.
3). The median sizes of underestimates were 0.07, 0.09, and 0.07 K/decade for NGP, VGP, and
RGP, respectively. The biases were substantial, ranging from 5 to 100% of the magnitude of
climate warming during corresponding growth periods.

Fig. 6 Detected temperature change associated with climate warming vs. overall temperature change during
1980–2010 (SR single rice, ER early rice, and LR late rice; NGP nursery growth period, VGP vegetative growth
period, and RGP reproductive growth period)
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3.3 Impacts of phenological dates and temperature on growth period length

The results of the regression of the growth period lengths (GPLs) to temperature while
controlling for time trend and corresponding starting phenological dates (PD−) are
reported in Table 1. The multi-collinearity diagnostics helped excluding results with
VIF values > 10, and coefficients of all remaining GPL series were included in the
summary statistics. A summary table containing goodness-of-fit and multi-collinearity
statistics is provided in the supplementary material (Table S2). The percentage of stations
with positive coefficients (%+), positive coefficients that are statistically significant at
the 5% level (%+sig.05), negative coefficients that are statistically significant at the 5%
level (%−sig.05), and the median coefficients (median) are also presented (Table 1).

Among the factors considered, GPLs were negatively influenced by PD− for more
than 90% of stations for late rice and single rice, and for approximately 80% of stations
for early rice. Significantly, negative influences were detected for 30–46% of stations for
early rice, 46%–62% stations for late rice, and 44%–56% of stations for single rice.
Median coefficients indicated that an earlier sowing date by 1 day could prolong NGP by
0.27–0.49 d, and an earlier transplanting by 1 day could prolong VGP by 0.36–0.49 d,
while an earlier heading by 1 day could prolong RGP by 0.16–0.42 d.

GPL was mainly negatively influenced by temperature (higher temperature led to
shorter GPL), after controlling for PD−. The percentage of positive coefficients was
generally below 39%. Regarding the percentage of statistically significant coefficients,
substantial higher partition of negative effects than that of positive effects were detected
for the NGP of early rice and late rice, VGPs, and RGPs of all rice cropping systems. For
the NGP of single rice, there were more balanced percentages of significantly positive
and negative effects; however, their values were both 8%. Median coefficients indicated
that an increase by 1 K in growth period mean temperature could shorten NGP by
approximately 0.42–0.91 d, VGP by 0.82–2.18 d, and RGP by 0.95–1.90 d, depending
on cropping types.

Failing to consider shifts in the PDs in the statistical analysis would be predicted to
lead to biased estimates of the impacts of climate change on GPLs. To reveal the size of
this bias, we performed the regression in Eq. (2) without controlling for PD−. The results
are presented in Table S1. We found that for NGP, VGP, and RGP of early rice, and NGP
and VGP of single rice, whose PD− were mostly before day 180 of the year, and whose
climate trends in temperature have been underestimated, the shortening effects of climate
change on GPL were likely to have been overestimated if PD− was not controlled for.
The shortening effects were weaker, and the percentages of (significantly) negative
coefficients were all smaller. In contrast, for VGP and RGP of late rice, and RGP of
single rice, the shortening effects of climate change on GPL may have been
underestimated. The impact of climate change was − 2.7 d/K for early rice, − 4.8 d/K
for late rice, and − 3.1 d/K for single rice (calculated from Table 1), but − 4.0 d/K for
early rice, − 3.0 d/K for late rice, and − 4.2 d/K for single rice without controlling for
PD− (calculated from Table S1). Therefore, the overall effect of not controlling for PD is
an overestimation of the impact of climate change on GPLs for early rice and single rice,
but an underestimation for late rice.

The effects of cultivar shifts can be revealed by observing the time trend in GPLs after
removing the influence of PDs and climatic factors, or equivalently, the coefficients of
the time index (t) in Eq. (2). Our results provide strong evidence for the use of shortened
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nursery growth period (NGP), 0.5–1.8 d/decade, but prolonged vegetative growth period
(VGP) cultivars for all rice cropping systems, and prolonged reproductive growth period
(RGP) cultivars for single rice. Our results also weakly supported that cultivar change
had prolonged RGPs of early and late rice in terms of the median values.

4 Discussion

4.1 Changes in rice phenology

Our analyses of data from 892 rice phenology series from 157 agrometeorological
stations showed that there were changes to earlier dates within the year for almost all
phenological dates (PDs), except for the sowing dates of late rice, and heading/maturity
dates of single rice, in terms of median values. The direction of changes in transplanting,
heading, and maturity dates detected in our study was consistent with published findings
(Tao et al. 2013; Zhao et al. 2016; Hu et al. 2017), although our study differs in the
number of stations and the years considered. Moreover, the pattern of change indicated
by our results agrees with the findings of Zhao et al. (2016). For both early and late rice,
the transplanting date exhibited the largest magnitude of change to earlier dates, while
the heading date had the smallest. This differs from the findings of Tao et al. (2013), in
which heading dates showed the largest magnitude of change to earlier dates for both
early and late rice. The difference in the magnitude of change in PDs led to completely
different results regarding changes in GPL (see below). Earlier studies have rarely
analyzed changes in sowing date in their analyses, primarily because of the strong
human influence on sowing decisions (Estrella et al. 2007).

Nursery growth period (NGP) was reduced and vegetative growth periods (VGP)
prolonged for all rice cropping systems in this study, while reproductive growth period
(RGP) was almost unchanged for early rice, shortened for late rice, and prolonged for
single rice. The majority of our findings are in agreement with the existing literature. For
example, a shortened seedbed duration (equivalent to our NGP) was reported by Zhang
et al. (2013), and the prolonged VGPs for early rice and late rice are consistent with the
findings of Zhao et al. (2016). However, our results disagree with those of Tao et al.
(2013), because of the difference in the magnitudes of shifts in transplanting and heading
dates, as mentioned above. Our results are consistent with the findings of Hu et al.
(2017), in that the growth periods from emerging to heading (comparable to our results
for NGP and VGP), and RGPs were prolonged for early rice and single rice, but
shortened for late rice.

4.2 Impact of climate change, cultivar shifts, and phenological date shifts on GPL

Our results regarding the shortening effect of temperature rise on growth period length (GPL)
support those of previous reports (Sadras and Monzon 2006; Liu et al. 2012; Tao et al. 2012;
Zhang et al. 2013); however, our data indicate less overall impact on GPL than previous
statistical analyses have suggested. After controlling for phenological dates (PDs) in the
regression to remove the effects of seasonal shift, only 80% of investigated GPL series
exhibited negative relationships between GPL and temperature, of which 28% were statisti-
cally significant. Correspondingly, in Zhang et al. (2013), negative and significantly negative

Climatic Change (2019) 155:127–143 139



effects of temperature were reported in over 95% and 61.9% of the data series, respectively,
and negative effects were found in over 80% of the data series in Tao et al. (2013). Regarding
the magnitude of impacts, the estimated temperature effects were − 3.6 d/K for early rice, −
3.8 d/K for late rice, and − 5.5 d/K for single rice (Zhang et al. 2013), consistent with our
results without controlling for PD−s.

Regarding the effects of cultivar shifts, our results are consistent with those of
previous studies. For instance, statistical analyses (Tao et al. 2013; Zhang et al. 2014)
indicated that cultivars of longer growth duration VGP were adopted for single rice, and
cultivars with longer growth durations of RGP were adopted for single and early rice.
Analysis based on rice growth models also indicated that longer VGP and RGP cultivars
were used for early and single rice, but not for late rice (Hu et al. 2017). Our result for
single rice was also supported by the crop simulation analysis (Liu et al. 2012; Liu et al.
2013) that cultivar change led to a significant increase in actual thermal time requirement
to complete the whole rice growing period for single rice. Regarding the shortened RGP
of late rice, our model tended to attribute the change to heading date variation and
climate change, but not to cultivar shifts. Tao et al. (2013) discussed that the avoidance
of cold damage in the fall may explain the popularity of short-duration RGP cultivars.

In our results, GPL changes exhibited the strongest association with PDs, consistent with
the findings of Zhao et al. (2016). Overall, 91% of investigated GPL series (for all GPLs and
rice cropping systems) exhibited negative associations between GPLs and their corresponding
starting PDs, and 48% were significantly negatively associated. Therefore, assuming all other
conditions are the same, later starting PDs led to shorter GPLs. As PDs are highly mutually
correlated (Zhao et al. 2016), the effect of PDs on GPLs can further be interpreted as the effect
of planting dates (sowing dates)1 or transplanting dates, and lead to similar conclusions as
those based on a simulation of growing degree days (Hu et al. 2017; Liu et al. 2018).

In summary, our results indicate that climate warming has shortened rice GPLs, which
may have harmed yield production (Yao et al. 2007; Zhang et al. 2013). Nevertheless, the
warming climate enables growth earlier in the spring and later in the fall (Jeong et al.
2011; Cong et al. 2013; Ai et al. 2014). As rice sowing dates are restricted by minimum
temperature requirements,2 earlier spring and delayed fall can expand the time window
suitable for rice planting within a specific year, providing farmers with more flexibility
for their planting decisions, since the temperature constraint is relaxed. A prolonged time
window suitable for rice cultivation further allows the use of longer vegetative growth
period cultivars, which could make the full period suitable for rice cultivation and may
alleviate the potential damage attributable to a shortened growth period resulting from
higher temperatures. This provides further evidence of active adaptation in rice produc-
tion practices in response to climate change in China (Liu et al. 2012; Hu et al. 2017).

1 Our observation implies that GPLs are strongly linked to transplanting and sowing dates. This is supported by
our data generated by replacing all PD−s in Eq. (2) with sowing or transplanting dates. After such replacement,
the overall percentage with negative relationships with GPL was 71.6%, and the overall percentage with
significantly negative effects was 23.3%, respectively; stronger than the effects of climate warming.
2 A 5-day moving average temperature, with a threshold of 10 °C, is believed to be the critical temperature for
thermophiles to start growth, and is therefore used as an indicator for paddy rice research and field management
(Jiang et al. 2011)
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4.3 Limitations

The study has several limitations. First, the model used is still based on statistical analysis,
which has hampered us for more insightful discussion. For instance, the impact of cultivar
change cannot be modeled explicitly with the available data due to the lack of yearly cultivar
change data, particularly at the farm level. Because of this, our results on late rice disagree with
earlier reports. To further investigate the contributions of the climatic and technological factors,
agronomic analysis, and/or process-based crop, simulation models may provide more insights.

Second, we conclude that sowing and transplanting dates are critically influential on
growth period lengths, with even stronger effects than climate change; however, it does
not lead to a complete attribution of phenology changes to human and climate factors.
Sowing and transplanting dates are subject to both climate constraints and human
planting decisions; the degree of influence of these factors on sowing and transplanting
dates remains controversial in the literature. For example, an association between tem-
perature before planting and planting date was reported by Tao et al. (2006), while others
have suggested that the relationship is weak (Zhao et al. 2016). Zhang et al. (2013)
suggested that the association is stronger if the sowing dates are earlier in the year;
therefore, further analyses will be required to distinguish the relative contribution of
human decisions and climatic factors in planting dates, to finally reveal a full picture of
climate, cultivar shifts, and planting decision impacts on growth period lengths.

5 Conclusion

In conclusion, changes in rice phenology include not only changes in the length of
growth periods, but also the phenological dates and corresponding seasonal shifts of
growth periods in a year. Consequently, changes in climatic factors, particularly temper-
ature, comprise both climate change effects and seasonal effects due to growth period
shifts. We distinguished the effects of seasonal shifts by controlling for the start dates of
each growth period in the regression model. We found that the true magnitude of climate
warming for early rice and single rice has been underestimated, and that for late rice it
has been overestimated in previous studies. Correspondingly, the net climate change
impact on growth period length after removing seasonal shift effects was weaker for
early rice and single rice, but stronger for late rice. Phenological date changes were
found to be most closely associated with alterations in growth period length changes,
while the linkage to climate change was weaker. As phenological date changes are
subject to strong human influence, in terms of planting decisions, together with inferred
changes in cultivars, our results suggest active adaptation to climate change in rice
cultivation practices in China. Although climate change results in more heat stress on
rice growth, earlier spring and delayed autumn growth of rice allow farmers to have
greater flexibility and to determine the appropriate timing for rice cultivation.
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