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Abstract
Climate change has affects crop phenology, leading to changes in agriculture productivity. Previous
studies usually take phenology and agriculture as two parallel aspects that climate change would exert
in�uence on, rarely taking the impacts of phenology on agriculture productivity into account. In this study,
trial data on early rice phenology and in situ meteorological data at 48 national agro-meteorological
experiment stations during 1981 to 2010 were used to investigate the variability of heat accumulation
and its driving factors. Using linear function, piecewise function, and sigmoidal function three methods,
shifts in heat accumulation during vegetative growth period, reproductive growth period, and the whole
growth period were calculated. Then, the correlations between changes in Growing Degree Days (GDD)
and (i) three growth durations and (ii) climatic variables were assessed. Our �ndings indicated that the
heat accumulation for early rice was signi�cantly increased by 20% during the whole growth period
(WGP), which was mainly attributed to the increase of GDD during the reproductive growth period (RGP),
while GDD during the vegetative growth period (VGP) showed no signi�cant changes. Changes of early
rice GDD were closely related to the variations of the RGP duration, which was prolonged by 6.08
day/decade, while VGP duration did not change signi�cantly. Both simple correlation and partial
correlation analyses indicated that the positive impacts of growth duration played a dominant role in
determining GDD variability, with the average coe�cients of 0.91 during VGP, 0.97 during RGP, and 0.93
during WGP, respectively, while temperature played a secondary role. Our studies revealed the dynamics
of individual-speci�c heat accumulation over the past three decades, and emphasized the importance of
phenology to agriculture productivity. Therefore, changes in crop phenology should be su�ciently taken
into consideration for the better understanding of agriculture dynamics under climate change, and for
improving the accuracy of crop model simulation.

1. Introduction
Climate change including variations in temperature, precipitation and solar radiation have signi�cantly
affected the phenology, the growth duration, and thus the crop yield, although large uncertainties remain
in terms of impact magnitude, spatial pattern and mechanisms (Ortiz et al., 2008; Tao et al., 2013; Y. Chen
et al., 2018). The ongoing increase in carbon dioxide would result in further global warming. Since 1960,
the annual average temperature has increased by 1.2°C in China, and is estimated to continuously
increase by 1 to 5°C by 2100 (Solomon, S. et al., 2007; Piao et al., 2010). At the same time, the drier
regions in North China are receiving less precipitation, while the wetter regions in South China are
experiencing more rainfall, which directly induce a more signi�cant spatial difference of precipitation
(Guo et al., 2020; Xin et al., 2020). Moreover, the climate extremes, especially drought and �ood, appeared
frequently in the past few decades, exerting further ecological and agricultural pressure (Deryng et al.,
2014; Hat�eld and Prueger, 2015; R. Chen et al., 2018). With the increase of greenhouse emissions, the
trend of climate warming will continue in the coming decades, and will be more prominent in cultivated
areas (Lobell et al., 2011), which would bring higher risk for future regional food security (Ainsworth et al.,
2008; Leakey, 2009; Vanuytrecht et al., 2012; Pugh et al., 2016). The heat accumulation during growth
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period, which is usually characterized by Growing Degree Days (GDD), is closely controlled by climate
change, directly related to the energy needs for crop development, and further exert a signi�cant in�uence
on crop yield. Besides, the nitrogen de�ciency, water shortage, and photoperiod requirements should not
be ignored for vegetation development. Researches using either environment-controlled experiments
(Ottman et al., 2012), or historical records (Lobell et al., 2011; Tao et al., 2014), or crop model simulations
(Porter et al., 2015; Asseng et al., 2013) have documented that global warming would shorten the crop
growth duration and then reduce crop yields (Porter et al., 2015). However, for area with insu�cient heat
such as temperate areas, raising temperature could complement heat defect and thus lead to the increase
of yield (Tao et al., 2013; Tao et al., 2014; Zhang et al., 2014). Therefore, given the signi�cance of GDD to
agricultural productivity and its regional uncertainty, understanding the GDD variations and their driving
factors is crucial to agriculture monitoring and management (Yin et al., 2019).

Phenology determines the crop growth period. For the whole life cycle of early rice, growth period begins
in spring with the photosynthesis starting when temperature and solar radiation increase up to a certain
threshold (spring phenology, transplanting for rice), and terminate in autumn as photosynthesis ceases
when temperature and solar radiation decrease (autumn phenology, maturity for rice) (Kimball et al.,
2004; Euskirchen et al., 2006). As the metric of heat requirement for growth and development, GDD is
controlled by both the growth duration and temperature, and is mainly affected by both phenology and
climate change (Deng et al., 2018). Previous studies indicated that GDD is positively related to the
seedling recruitment in the context of warming near the boreal forest (Miller et al., 2017). The GDD of
agriculture system, however, is relatively complex due to the mixed effects by both climatic and
agronomic factors, which remains great uncertainty under changing climate (Hildén et al., 2005; Estrella
et al., 2007). For example, an increase in daily atmospheric temperature leads to more rapid increase in
degree days and hasten maturity, �nally resulting in lowered biomass and decreased wheat yield (Zhao et
al., 2007; Hat�eld and Prueger, 2015; Aslam et al., 2017; Prasad et al., 2017). In the U.S. Corn Belt, after
removed the effects of cultivar shift, the number of GDD needed for corn progress was declined, and the
yields would have been 12.6 bu ac− 1 lower around 2005 (Sacks and Kucharik, 2011). However, studies
focusing on GDD of early rice, one of the most widely planted crops around the world, are scarce. Besides,
GDD in agricultural researches were usually used to re�ect regional heat resources, while individual-
speci�c actual heat accumulation during growth period is always ignored, and therefore need to be
discussed. Since cultivated area accounts for about 12% of the surface area (Ramankutty and Foley,
1998), shifts in crop growth period and GDD would exert great in�uence on water and carbon �uxes, and
thus regional and even global climate (White et al., 1999; Baptist and Choler, 2008; Wu et al., 2012; Tao et
al., 2012). Furthermore, GDD directly impose in�uence on crop yield and productivity, which consequently
bear great signi�cance for food security and economic stability (Challinor et al., 2010; Asseng et al., 2011;
Tao et al., 2012; Licker et al., 2013). Therefore, in this study, we choose early rice, one of the most
important part of agriculture in China, which is directly related to national economy and people’s
livelihood, to investigate the variability of heat accumulation under climate change, and its driving
factors.
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Crop GDD is mainly regulated by both temperature and growth duration. On the one hand, climate change
and agricultural measures directly affect the heat accumulations of crop by changing the temperatures
during growth period; on the other hand, they induce shifts in phenology, which in�uences the timing and
duration of a photosynthetically active canopy and changes of heat accumulation during growth period
ensued (Keeling et al., 1996; Myneni et al., 1997). In this analysis, based on in situ agrometeorological
experimental data of early rice across 1981 to 2010 in China, we discuss the main factors affecting GDD
and its in�uencing mechanism for early rice. The primary objectives of this study were: (1) to explore the
changes of phenological dates and growing season over the past three decades, (2) to investigate the
tempo-spatial patterns of GDD changes during each of the growing periods, (3) to identify the
relationships between GDD and phenological dates using partial correlation analyses, (4) to determine
the main factors and mechanisms leading to changes in heat accumulations for each of the growing
periods.

2. Materials And Methods

2.1 Study area and datasets
In this analysis, South China was selected as the study area. Its latitudes range from 21 °N to 31 °N and
longitudes from 106 °E to 121 °E, which is mainly dominated by a subtropical monsoon climate regime.
The annual precipitation ranges from 1000 mm to 1500 mm, rained mainly in summer; the annual
average temperature is 12°C − 18°C, with annual cumulative temperature being around 4500°C − 8000°C.
Administratively, South China includes Guangdong, Fujian, Zhejiang, Jiangxi and other provinces, and is
the major rice production region in China, whose typical cropping systems is double rice cultivation (i.e.,
rotation between early rice and late rice). In this study, we chose early rice that is usually transplanted
around April and mature around June as the research subject.

Dataset of phenology for early rice were obtained from China Meteorological Data Service Centre
(http://data.cma.cn/en/?r=site/index), and stations with consecutive agriculture experimental data were
selected to ensure the analysis reliability and precision. The dates were recorded as Day of Year (DOY) for
more than 15 years during 1981 to 2010. As a result, 1106 records at 48 sites were collected in this study
(Fig. 1).

In situ meteorological dataset including daily average air temperature (°C), cumulative precipitation (mm)
and cumulative sunshine hours (h) were downloaded from the China Meteorological Data Sharing
Service System (http://data.cma.cn/). These data were measured, recorded and collected following a
strict set of data quality control practices by the China Meteorological Administration (CMA) (China
Meteorological Administration, 1993).

2.2 Method

2.2.1 Growth period and relevant time period
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For the 48 sites involved in this study, we �rst de�ned three growth periods as the time intervals between
multi-year average three phenological dates (transplanting, heading, maturity). Such three phenological
dates were selected to divide vegetation development into three growth stages, i.e., vegetative growth
period (from transplanting to heading, VGP), reproductive growth period (from heading to maturity, RGP)
and the whole growth period (from transplanting to maturity, WGP). The duration of growth period is the
growing season length (GSL), which is a direct factor that determines the GDD. When considering the
meteorological in�uencing factors, we calculated the variables during a period before phenology, which is
called “preseason”. Preseason before transplanting was de�ned as the period (length ranges from 15 to
120 days with 15-day steps) with highest absolute partial correlation coe�cient between the date of
transplanting and daily average air temperature, during which the mean temperature is closely related to
transplanting dates. To avoid the error caused by autocorrelation, the growth periods as well as the
preseason before transplanting were �xed at speci�c sites. Then we calculated the climatic variables
during the �xed preseason and growth periods at each site, including average air temperature, cumulative
precipitation and cumulative sunshine hours.

2.2.2 GDD calculation
GDD, serving as the metrics of heat accumulations during growth periods, was de�ned as the sum of
daily mean air temperature above a threshold by three methods (linear function, piecewise function,
sigmoidal function), following previous studies (Fu et al., 2019).

1. Linear function. GDD was calculated as the accumulated daily average air temperature above a
threshold of 5°C.

GDD xt =
0ifxt ≤ 5

∑t3
t2 xt − 5 ifxt ≥ 5(1)

2. Piecewise function. GDD was calculated as the linear function when daily mean air temperature was
between 5°C to 10°C, and the accumulated value was �xed when daily mean air temperature was above
10°C.

GDD xt =

0ifxt < 5

∑t3
t2 xt − 5 if5 ≤ xt ≤ 15

∑t3
t210if5 ≤ xt ≤ 15

(2)

3. Sigmoidal function. GDD was calculated by sigmoidal function: 

( ) { ( )

( ) { ( )
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GDD xt =

0ifxt < 0
28.4

1+e −0.185 xt−18.4
ifxt ≥ 0(3)

xtin the functions is the daily mean air temperature during growing season and t2, t3 represent the start
and end of the growing season, respectively.

2.2.3 Trend and impact factor analysis
We performed the ordinary least squares (OLS) regression (Kilmer and Rodríguez, 2017) to �gure out the
temporal trends of phenological events, climatic variables and GDD during the growth periods. The OLS
regressions were applied for each site to construct histogram of the coe�cients and the yearly average
values of all stations along the time series were also regressed to verify the accuracy of the temporal
trends. Both the average values of the histogram and slopes of multi-site variations along time series
were used as the indicators of the trend.

Simple correlation analysis and partial correlation analysis were applied to determine the main factors
that closely related to the date of phenological events and the heat accumulations during growth periods
for each site. To remove the confounding factors, detrended �uctuation method was applied in all
variables before partial correlation analyses. The coe�cients of simple correlation and partial correlation
analyses were used as the metrics to assess the effects of the climatic factors on phenological events
and heat accumulations during the growth periods. The data for each site in each year was calculated in
MATLAB.

3. Results

3.1 Climate trends during the growth periods
During 1981–2010, few signi�cant changes of temperature were detected during VGP, RGP or WGP (Fig.
2a). Although the mean air temperature across all 48 sites has increased by 0.28 ± 0.03°C/ decade (mean 
± S.E.), 0.35 ± 0.06°C/ decade (mean ± S.E.) and 0.31 ± 0.04°C/ decade (mean ± S.E.) during VGP, RGP and
WGP, respectively, none of them were signi�cant (Fig. 2b, c, d, P > 0.05). Meanwhile, the average air
temperature at most sites were increased but only 17% of them were signi�cant (P < 0.05). Similar trends
were also found in cumulative precipitation, with the increases of 12.09 ± 6.01 mm/decade (mean ± S.E.),
7.78 ± 6.34 mm/decade (mean ± S.E.) and 18.84 ± 8.18 mm/ decade (mean ± S.E.) over VGP, RGP and
WGP, respectively, but no one was signi�cant (Fig. 2f, g, h, P > 0.05). Regression analyses at each site
clearly indicated that the proportion of sites with positive and negative rates were very similar, and few of
them were signi�cant. As for cumulative sunshine hours, although the �tting trends were decreasing,
there were no signi�cant changes (P > 0.05) during VGP, RGP or WGP; similar results were found for all the
sites (Fig. 2j, k, l). Therefore, regardless of vegetative growth period, reproductive growth period, or

( ) { ( )
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throughout the whole growth period, the climatic conditions including the mean air temperature,
cumulative precipitation and cumulative sunshine hours of early rice in South China haven’t changed
signi�cantly during each of the growth period.

3.2 Changes of early rice phenology during 1981–2010
The average of transplanting, heading and maturity dates were calculated across 48 agrometeorological
stations in the major early rice production regions. The corresponding DOY were 113 ± 15 (mean ± 1 SD),
167 ± 15 (mean ± 1 SD) and 197 ± 16 (mean ± 1 SD), respectively (Fig. 3a). During 1981–2010, the
transplanting date was signi�cantly advanced by 3.88 day/decade (P < 0.001), which is consistent with
the trend towards earlier heading date of 3.82 day/decade (P < 0.001). In contrast, the maturity date was
signi�cantly delayed by 2.27 day/decade (Fig. 3b, P < 0.001). As a result, there was no signi�cant change
of the length of VGP with the synchronization between transplanting and heading dates, while the length
of RGP was prolonged by 6.08 day/decade, thus making the major contributions to the increased length
of WGP (6.15 day/decade).

3.3 Temporal characteristics on trends of heat
accumulations during growing seasons
Results calculated by linear function model showed that during 1981–2010, heat accumulations during
WGP increased notably by 144.64°C/ decade (P < 0.001), which makes a main contribution to the
increase of GDD during RGP with the rate of 152.63°C/ decade (P < 0.001; Fig. 4a, b). Signi�cant increase
in GDD were found at more than 80% sites during RGP. Across all sites, GDD during RGP has been raised
by approximately 430°C, which is 1.86 times of the average value during the period from 1981 to
2010;GDD during WGP has been raised by approximately 410°C, which is 1.27 times of the average value
during the from 1981 to 2010. Heat accumulations during VGP, however, reported no signi�cant changes
(P = 0.52) during the study period. Similar relationship among GDD during VGP, RGP and WGP were also
found with the piecewise function and sigmoidal function. Such analysis further indicated that GDD
during VGP showed no signi�cant changes, while GDD during RGP increased signi�cantly, which directly
lead to a signi�cant increase of GDD during WGP (Fig. 4c, d, e, f).

3.4 Relationships between GDD and factors
GSL and climatic variables (i.e., mean air temperature, cumulative precipitation, cumulative sunshine
hours) were considered as the main in�uencing factors for the accumulations of heat. Therefore, after
removing the variation explained by climatic factors, we found that GSL was strongly positively
associated with GDD during each of the growth period (Fig. 5). Furthermore, the partial correlation
coe�cients for the relationships between GDD and GSL were much higher than those of the relationships
between GDD and climatic variables, suggesting that the heat accumulations might been regulated
mainly by the GSL.

GDD were positively correlated with GSL (P < 0.05) during each of the growth periods across all sites with
the average coe�cients being 0.9, 1.0, and 0.9, respectively. As for climatic factors, the average of the
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coe�cient between GDD and mean air temperature during VGP was calculated to be 0.6 using partial
correlation analysis, of which most of the correlations are positive (52%) across all sites, and 8% of those
were signi�cant. Similar results were found during RGP and WGP. Their average coe�cients were 0.5
(77% were positive, 11% of those were signi�cant) and 0.7 (79% were positive, 26% of those were
signi�cant), respectively, with signi�cant proportions being larger than that during VGP. However, after
removing the effects of both GSL and temperature, no apparent correlations between GDD and
cumulative precipitation or cumulative sunshine hours during each of the three growth periods (VGP, RGP
and WGP) were found; the proportions of negative and positive were closely similar and few were
signi�cant. In conclusion, we found that GDD during all growth periods were mainly regulated by the
length of growing season, while temperature played a secondary role. Few signi�cant correlations were
found for the relationships between GDD and cumulative precipitation or cumulative sunshine hours
during all growth periods. Since GDD calculated by three methods showed similar performance, we only
displayed the results with linear function here. Similar results were obtained by simple correlation
analysis, and were displayed in Appendices (Fig. A.1).

4. Discussion
GDD is directly affected by growth duration and ambient temperature, while the growth duration itself is
determined by phenology and regulated by climatic factors including air temperature, precipitation and
sunshine hours (Chen and Gong, 2021). Thus GDD, phenology and climatic factors are closely related
and mutually restricted (Zhu et al., 2018; Kukal and Irmak, 2018). Previous studies have found that
increase in daily air temperature leads to more rapid increase of degree days and hastens maturity, �nally
results in lowered biomass and decreased yield in both wheat and corn (Zhao et al., 2007; Hat�eld and
Prueger, 2015; Aslam et al., 2017; Prasad et al., 2017; Sacks and Kucharik, 2011), which is consistent with
what we found about the relationship between temperature and GDD. To better understand the variations
of GDD throughout the growing season, in this study, trial data on early rice phenology and meteorology
at 48 national agro-meteorological experiment stations were used to investigate GDD variability during
VGP, RGP and WGP, respectively. A signi�cant increase of GDD from transplanting to maturity were
detected, which was consistent with research �ndings by Xu et al., 2016 and Deng et al., 2018.
Furthermore, both simple correlation and partial correlation analyses showed that GDD was mainly
regulated by both growth duration and ambient temperature, of which growth duration played a key
dominant role. Whether during VGP, RGP or VGP, the temporal variability of GDD is synchronous with
growth duration. Since growth duration is directly determined by crop phenology, it can be reasonably
inferred that phenology played a key role in determining heat accumulation during growth period,
consequently exerting signi�cant impact on crop yield (Xu et al., 2018; Li et al., 2020). Previous studies on
crop GDD mainly focused on the heat accumulations during thermal growing season, which is �xed by a
base temperature and represents regional heat resources (Sikder, 1970; Ram et al., 2012; Zhou and Wang,
2018). By comparing the regional heat resources with actual heat requirement, we can infer the
appropriate planting regions and planting time for crops, also to predict the possible distribution of the
crops under future climate scenario, further to provide reasonable agricultural management measures
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(Kukal and Irmak, 2018). However, in this analysis, three methods (linear function, piecewise function,
sigmoidal function) were used to calculate the individual-speci�c GDD during each of the growth period,
which re�ects the actual heat accumulation (requirement), rather than heat resources on regional level.
Moreover, detrended �uctuation method was applied to eliminate confounding factors, and helped to
better reveal the mechanism leading to GDD variability.

After dividing the whole growth period into vegetative growth and reproductive growth period, we found
that GDD during WGP has increased by 20% since 1980, in which the increase of GDD during RGP played
a dominant role, while no signi�cant changes were found of GDD during VGP, which should be attributed
to the synchronous advance of transplanting and heading. The advancing trends of the transplanting
and heading were commonly investigated for early rice (Tao et al., 2013; Zhao et al., 2016). However, the
characteristic of maturity we investigated was not consistent with previous studies, which indicated that
the maturity date was delayed instead of being advanced by 2.27 days per decade. The disparity between
studies may be attributed to the differences of study region and study period. In summary, it indicated
that early rice might tend to allocate more time to reproduction than to growth, to invest more energy and
thus be more competitive during RGP (Liu et al., 2021). We proposed two possibilities to explain the
phenomenon: �rst, in response to population growth, the cultivar of early rice was switched to variety with
higher yield (Aggarwal and Mall, 2002), which needs longer RGP to accumulate heat and energy for
growth and development. secondly, the application of agricultural management, such as spraying
pesticide that was used to increase crop production, may extend the growing season length and
sequentially increased the GDD requirement (Yang et al., 2015).

Previous studies always take phenology and agriculture as two parallel aspects that climate change
would exert in�uence on, while seldom take the impacts of phenology on agriculture productivity into
account. In this analysis, phenology is regarded as a factor affecting agriculture productivity, and GDD is
regarded as an index closely related to the level of crop yield. Through discussing the relationship
between crop phenology and GDD, we could better understand the crop responses to climate change. It is
bene�cial to formulate more reasonable management measures for agriculture ecosystem under ongoing
climate change (Shahzad et al., 2021).

In GDD-driven crop models, GDD is generally regarded as a constant, ignoring the changes of heat
demand in reality (Lobell et al., 2011; Xu et al., 2018; Hussain et al., 2018). According to our research, the
actual heat accumulation is mainly affected by growth duration, which is dominated by phenology. As a
result, we supposed that traditional crop models that only consider climatic and environmental factors as
input variables, while ignoring the effects that phenology imposed on GDD may make the simulation
result less reliable and precise (Tao et al., 2009).

Our analysis emphasized the importance of phenology to GDD during growth period, and took the
impacts of cultivar shift and agricultural management into consideration. However, there are still
limitations in our analysis that need to be pointed out. For example, only early rice was involved, while
changes of other rice varieties are still unknow. Besides, the internal mechanism between phenology and
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heat requirement has not been fully explained, thus further experiments are needed to test related
hypotheses. Hence, future studies are supposed to further explore the internal relations between
phenology and heat accumulations, and input phenology as empirical parameters to improve the
accuracy of crop model simulation.

5. Conclusions
In this study, we investigated the temporal trends of phenological events (transplanting, heading and
maturity dates) and growth periods as well as the changes of thermal GDD of early rice at 48 sites across
South China during the period 1981–2010. The advanced transplanting date and delayed maturity date
have both signi�cantly lengthened the growing season, which could mainly attribute to the increase in the
length of RGP. Considering that climatic factors during each of the growth period did not signi�cantly
change during the past few decades, changes in the advent of phenological dates were owed much to
two factors: agricultural management and legacy effects from preceding phenology. The temporal
variability of GDD was quite different in VGP and RGP, respectively. In general, changes in GDD were
basically consistent with the changes in the length of growing season, and GDD during VGP showed no
signi�cant changing signal but GDD during RGP has increased signi�cantly across almost all sites, which
suggested that the increase in GDD mainly attributed to the increase of the growing season length. Thus,
both climatic factors and growing season length should be taken into consideration in assessing the
changes of heat accumulations, and the length of growing season is mainly determined by the dates of
phenological events. Therefore, the effects of phenology on heat accumulations and even on the crop
yield should also be well explored.
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Figures

Figure 1

Distribution of early rice sites in China. 48 sites mainly distributed in the south China including 13
provinces were selected in this analysis. The density of color represented the average annual growing
degree days (GDD) during whole growth period. The inner histogram re�ected the frequency distribution
of GDD across all sites during 1981 - 2010. Mean ± S.D. means the average ± standard deviation of GDD.
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Figure 2

Temporal trends of climatic variables. (a) to (d) Changes of mean temperature across all sites during
vegetative growth period (VGP), reproductive growth period (RGP) and whole growth period (WGP). (e) to
(h) Changes of accumulative precipitation across all sites during VGP, RGP and WGP. (i) to (l) Changes of
accumulative sunshine hours across all sites during VGP, RGP and WGP. Blue blocks in the histogram
indicate negative trends, while red blocks report positive trends. The mean value, standard error and the
percentages of signi�cant trends (P < 0.05) are shown in each histogram panel.
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Figure 3

Characteristics of phenological events. (a) Histogram of phenological documents (i.e., date of
transplanting, heading and maturity) during 1981 - 2010. (b) Temporal distribution of transplanting,
heading and maturity, respectively. Frequency histogram (a) showed the average value of the dates of
transplanting, heading and maturity during the study period. Color circles in (b) represent yearly mean
phenological dates across all sites. 
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Figure 4

Trends of growing degree days (GDD) during the three growth periods, i.e. vegetative growth period (VGP),
reproductive growth period (RGP) and whole growth period (WGP) using three methods in GDD
estimation (a, c and e). Different shapes represent the mean GDD values across all sites during VGP, RGP
and WGP, respectively. (b, d and f) The average trends of GDD across all sites during the study periods.
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Figure 5

The average of partial correlation coe�cients between growing degree days (GDD) and growing season
length (GSL) or climatic factors (mean temperature, cumulative precipitation, cumulative sunshine hours)
across early rice sites during each of the growth periods, i.e. vegetative growth period (VGP), reproductive
growth period (RGP) and whole growth period (WGP). Colors and the size of blocks represent the values
of partial correlation coe�cients as indicated in the color bar on the right side. Values in the brackets
represent the percentage of the coe�cients with the same direction as the average value across all sites
and the proportion of signi�cant correlations.
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