RESEARCH ARTICLES

Spatiotemporal variation of single-season rice
phenology in the Three Gorges Reservoir Area,
China, during 1991-2010

Lei He' and Ji-Long Chen**

'Key Laboratory of Poyang Lake Wetland and Watershed Research (Ministry of Education), School of Geography and Environment,

Jiangxi Normal University, Nanchang 330022, China

*Chongging Institute of Green and Intelligent Technology, Chinese Academy of Sciences, Chongqing 401122, China

Studying the spatiotemporal changes in crop phenolo-
gy across the Three Gorges Reservoir Area, China, is
important to understand how crops adapt to climate
changes. Here, the single-season rice crop phenology
at 27 national agro-meteorological experimental sta-
tions during 1991-2010 was examined. The sowing,
emerging, tillering and maturity dates were delayed in
11, 13, 13 and 23 stations respectively, from the set of
27 studied stations. Additionally, the length of growth
duration (GD) and the period from tillering to maturi-
ty (TTM) were elongated in 18 and 16 stations respec-
tively. The tendency of TTM is similar with that of the
GD. In-depth comparative analyses of the impact of
climate changes were conducted between stations in
the south of the reservoir. Correlation between the
GD days and precipitation was occasionally found in
Lichuan (R*>=0.43) and Yuqing (R*=0.57). The re-
sults are of great significance to formulate national
and regional socio-economic development plans and
agricultural product import and export plans, and to
guide and regulate macro-planting structures.

Keywords: Climate change, growth duration, phenology,
spatiotemporal variation, Three Gorges Reservoir Area.

PHENOLOGY, the science that studies the inter-relationship
in plants (including crops), animals and environmental
conditions (climate, hydrology, soil)'?, has an extensive
history rooted in biological sciences. Vegetation pheno-
logy mainly includes a series of periodic phenomena such
as germination, regreening, flowering, fruiting, senes-
cence and dormancy, which is a rhythm formed by vege-
tation growth and development with seasonal changes.
Phenological events are found to be of those mechanisms
wherein organisms synchronize their development and
behaviour with the impact of local and global environ-
mental conditions, such as temperature and soil mois-
ture>>. Thus, it is of utmost importance to study
the temporal and spatial variations in order to fully
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comprehend the responses of the vegetation to climate
changes.

Accordingly, extensive efforts have been made to un-
derstand the phenological variations occurring in several
countries, such as USA®?®, Japang’10 and China'"'".
Phenology not only reflects the changes in the natural
season, but also shows the response and adaptation of
ecosystems to global changes®. It was found that the
vegetation phenological seasons showed spatial-temporal
changes subject to variations in climate trends in the mid-
high latitudes of the Northern Hemisphere'* . An earlier
onset of spring and significant extension of the growing
season, particularly, have been documented due to cli-
mate warming in the Northern Hemisphere'®'®. Apart
from changes in temperature, ecosystem processes are
influenced by other factors like elevated CO, and N in
soil in different seasons'’’.

However, there are relatively fewer studies involving
phenology changes of agricultural and horticultural plants
than changes of the natural vegetation’?2. At present,
about 11% (1.5 billion ha) of the globe’s land surface
(13.4 billion ha) is used in crop production (arable land
and land under permanent crops), and cultivated land is
the basic resource and condition for human survival®. By
defining the key periods of crop planting, seedling, fill-
ing, flowering, maturity and harvest, crop phenology pro-
vides an objective basis for the study of cultivated land
under human control. Crop phenology is closely related
to the agro-ecosystem surface dynamic process, surface
water heat balance and crop-atmosphere exchange, which
provide a regular research basis for the interaction
between agriculture and climate®*?. It is interconnected
with the farming cycle, agricultural productivity, and nat-
ural weather variation, which consequently influence our
daily lives and have national economic implications.
Therefore, there is a need to conduct scientific research
on crop phenology, as it is also related to the betterment
of people’s quality of life and national economy. Current
research studies have investigated the phenology of
maize, winter wheat and rice crops in major agriculture
regions in China®*?’ and USA®*?’. Crop phenology is
significantly affected by climate change and agricultural
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management practices. Studies have shown that rainfall
and temperature are critical factors affecting crop yields.
Both natural climatic changes, such as warming tempera-
tures and increase in annual rainfall; and agricultural
management practices (e.g. increasing applications of fer-
tilizer and mechanization) can potentially increase crop
yield.

The China Three Gorges Project (TGP), officially
launched in 1994 and fully implemented in 2008, ranked
as the biggest hydropower project in the world®’. The
ecological and environmental impacts of TGP on the
Three Gorges Reservoir Area (TGRA) and its surround-
ing regions have been attracting considerable attention
since 1950s and remain so to this day’', with the agricul-
tural impact always being one of the most important focal
and academic issues. A better understanding of the
growth of crops with seasonal change through the study
of crop phenology, will help in the effective cultivation
of crops. Although there are several works reported on
crop phenology in China till date, yet it is still not clear
about how the growing period of crops has changed in the
past few decades and how the crop phenology varied be-
fore and after the completion of TGP.

Thus, the present study addressed the issue of how
seasonal (phenological) variations in the timing (start,
tiller, ripe and length of growing season) of various
agricultural vegetation types have been affected in the
TGRA and its surrounding regions. This study aimed to:
(i) Examine the long-term trends in phenology dynamics
in southwestern China, especially in areas surrounding
the Three Gorges Reservoir (TGR), and (ii) Identify the
spatial areas and explain the land surface phenological
responses combined with the climate patterns in this
region.

Materials and methods
Study area

The study area covers about 300 km farther from the
administrative division of TGR, which largely encom-
passes the provinces of Chongging, Sichuan, Guizhou,
Hunan, Hubei (Figure 1). The TGR extends 193 km on
the Yangtze River, with complex terrain — from deep val-
leys to mountainous. The climate in this area is subtropi-
cal monsoon; cold in winter and hot in summer’>*®. The
study area is rich in precipitation and has a high annual
average relative humidity. The annual precipitation is ab-
undant, but unevenly distributed in seasons. The rainy
season begins in April and ends in October. The tempera-
ture is high in July and August, when drought often oc-
curs. The main crops are spring corn, winter wheat,
single-season rice and rapeseed. We chose the most widely
distributed crop, i.e. single-season rice, as the main
research object in this study.
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Site and data

A total of 27 stations with long-term phenology and
meteorological data were considered in this work. The
catchment area ranged from 27.23° to 32.32°N, from
103.13° to 113.45°E. Detailed information of the stations
are shown in Table 1. The records covered a period of 10
to 20 years (Table 1). The data were collected from the
China agro-meteorological experimental stations. Pheno-
logical data included the dates of sowing, emergence,
tillering and maturity (physiological maturity). We chose
two phenological events for our study, which included
growth duration (GD) and the period from tillering to
maturity (TTM).

Analytical methods

Descriptive statistical analysis and ordinal linear regres-
sion methods were used for processing the experimental
data. The ordinal linear regression equation is:
y=Ax+ b, where A4 is defined as the slope of regression
equation. Here, 104 indicates the climate tendency rate,
which is the quantitative description of the time variation
trend, and the unit is days per ten year (d/dec or d dec™).
Positive means ‘postponing’, and negative denotes ‘in
advance’.

We tabulated the station name, latitude, longitude and
seasonal timing period (time interval between sowing and
maturing) of every studied station, and the main phenolo-
gy period (sowing, emerging, tillering and maturing), as
shown in Table 1. The value of 10A, range and total av-
erage of 10A are listed in Table 2. Empirical regression
was conducted to detect the changes of the timings of
phenological events (Table 2) and for the correlation be-
tween the timing and environmental factors such as tem-
perature and precipitation.

Hierarchical clustering is used to group similar objects
into a ‘cluster’. The endpoint is a set of clusters, where
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Figure 1. Location of the meteorological stations (stations’ identifi-
cations correspond with those in Table 1).
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Table 1.

Basic data of all the studied stations

Station name  Latitude (°N) Longitude (°E) Data period

Sowing stage Emerging stage Tillering stage Mature stage

Jiangjin 29.97 106.28 1992.3-2010.12 3.5-3.18 3.13-3.25 5.14-5.29 8.5-8.23
Wanzhou 30.76 108.40 1991.10-2010.12 3.10-3.21 3.10-3.30 5.20-6.20 8.4-8.18
Fengdu 29.88 107.70 1992.3-2010.12 3.22-4.6 3.27-4.12 5.22-6.24 8.10-9.3
Youyang 28.83 108.77 1991.9-2010.12 4.4-4.15 4.14-5.7 6.4-6.30 9.8-10.4
Zunyi 27.53 106.81 1991.10-2010.12 3.29-4.9 4.4-4.16 4.28-6.18 9.14-10.2
Jiangkou 27.70 108.85 1991.10-2010.12 4.12-4.29 4.18-5.18 6.5-7.10 9.6-9.23
Yugqing 27.23 107.88 1991.10-2010.12 4.13-4.21 4.18-4.26 6.7-6.24 9.2-9.20
Sangzhi 29.40 110.17 1992.4-2010.12 4.5-4.20 4.5-4.28 6.3-6.23 8.19-9.1
Guzhang 28.56 109.76 1991.9-2010.12 4.9-4.22 4.20-4.28 5.26-6.15 8.25-9.17
Huaihua 27.55 109.96 1991.9-2002.12 4.15-4.27 4.23-5.2 5.30-6.14 8.17-9.9
Zhuxi 32.32 109.68 2002.9-2010.12 4.5-4.13 4.10-4.17 6.8-6.28 9.9-9.24
Jiangling 30.33 112.18 1991.9-2010.12 4.17-5.2 4.21-5.7 6.4-6.22 8.30-9.20
Fangxian 32.03 110.77 1992.4-2010.12 4.13-4.19 4.11-4.23 5.24-6.18 9.5-9.21
Lichuan 30.28 108.93 1991.9-2010.12 4.1-4.17 4.12-4.22 6.4-6.24 9.7-10.3
Zhongxiang 31.17 112.57 1991.9-2010.12 4.22-5.2 4.26-5.10 6.14-6.30 9.5-9.19
Honghu 29.82 113.45 1991.9-2010.12 4.28-5.11 5.4-5.13 6.14-7.8 9.8-10.10
Suizhou 31.72 113.38 1991.9-2010.12 4.13-4.24 4.18-4.28 5.10-6.22 9.4-9.22
Dazhu 30.80 107.25 1992.3-2010.12 3.11-3.30 3.14-4.8 4.19-5.7 8.16-8.30
Xuanhan 31.37 107.72 1992.3-2010.12 3.13-3.30 3.18-4.7 5.25-6.20 8.10-9.6
Daxian 31.20 107.50 1992.3-2010.12 3.13-4.2 3.24-4.14 5.14-6.20 8.20-9.8
Nanchong 30.80 106.08 1992.3-2010.12 3.12-3.21 3.22-3.30 5.18-6.6 8.16-8.24
Anyue 30.11 105.33 1992.3-2010.12 3.21-3.30 3.25-4.5 5.28-6.19 8.14-8.30
Yibin 28.80 104.60 1991.10-2010.12 3.2-3.15 3.10-3.25 5.6-5.26 8.9-8.26
Leshan 29.56 103.75 1991.10-2010.12 3.23-4.9 3.29-4.19 5.12-6.2 8.14-8.26
Mingshan 30.10 103.13 1991.10-2010.12 3.28-4.2 3.30-4.5 5.20-6.9 8.25-9.10
Wenjiang 30.70 103.86 1991.9-2010.12 4.1-4.8 4.64.18 6.2-6.14 8.29-9.17
Guanxian 30.98 103.66 1991.9-2010.12 3.264.11 3.29-4.20 5.30-6.18 8.29-9.19
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Figure 2. Result of cluster analysis about the growth duration. Figure 3. Result of cluster analysis about the period from tillering to
maturity.
each cluster is distinct from each other, and the objects Results

within each cluster are broadly similar to each other. This
allows for exploratory analysis to see how the microar-
rays cluster together based on similarity of features. In
this study, it is used for spatial analysis. The 10A values
of GD and TTM (Table 2) are ranked in descending
order. The data were then clustered into three categories
using SPSS software (IBM Corp., Armonk, NY, USA) as
shown in Figures 2 and 3.

1320

Single-season rice in the TGRA and surrounding regions
is generally sown in mid-March to late April (Table 2).
Overall, the sowing dates were advanced, on an average,
by 1.33 d/dec during 1991 to 2010. The temporal varia-
tion of the sowing dates varied greatly from site to site.
Specifically, advancement trend was observed in a
total of 16 stations, accounting for 59% of the all the
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Table 2. Rate of change of phenology period for each station
Average rate of change (d dec™)

Station name Sowing Emerging Tillering Maturity GD TT™
Jiangjin -3.34 0.55 0.49 3.01 7.31 2.49
Wanzhou 4.61 9.75 -6.84 2.69 7.4 10.25
Fengdu -2.26 -2.71 —6.15 7.50 8.87 12.49
Youyang -8.75 —8.48 -5.76 4.32 17.91 7.92
Zunyi —-1.64 0.26 14.93 5.27 3.19 -9.29
Jiangkou 2.66 4.48 7.01 -0.14 —4.49 -7.62
Yuqing —-1.41 -0.12 0.19 0.45 -3.43 0.88
Sangzhi -0.20 —-1.34 4.58 1.12 -1.25 —4.44
Guzhang 1.87 2.39 2.19 -5.98 -7.96 —6.96
Huaihua —8.49 -7.55 -3.27 -13.09 -3.76 -9.82
Zhuxi -6.07 -0.38 —22.62 0.50 8.93 25.48
Jiangling 2.88 2.99 3.04 1.76 -0.28 0.30
Fangxian 10.00 12.43 -16.54 13.73 8.00 23.20
Lichuan 0.91 -1.01 6.49 3.77 -10.18 —-11.48
Zhongxiang —-0.65 —2.84 -5.29 0.01 -0.99 3.70
Honghu -1.28 -0.32 -9.50 11.50 9.63 21.26
Suizhou 1.19 1.86 20.14 6.50 6.02 -13.36
Dazhu -7.63 0.95 -2.46 0.20 7.07 6.28
Xuanhan -9.75 —5.64 -5.62 3.87 17.29 5.58
Daxian -4.67 -3.16 —-14.80 3.37 8.98 18.61
Nanchong 1.92 1.65 8.63 2.86 2.62 -5.77
Anyue -3.22 -2.20 -3.08 -5.50 1.45 —0.04
Yibin -3.70 -0.24 -5.18 2.05 3.36 7.70
Leshan 2.66 0.92 0.52 2.21 —-0.64 -11.48
Mingshan 1.41 0.25 2.03 2.05 0.50 -0.21
Wenjiang 0.19 -3.33 -3.10 3.04 3.08 5.00
Guanxian -3.12 10.74 0.77 6.81 4.95 6.04
Adv number 16 14 14 4 18 16
Advave -4.14 -2.81 -7.87 —6.18 7.03 9.70
Dly number 11 13 13 23 9 11
Dlyave 2.75 3.79 5.46 3.85 -3.66 -7.32
Range -9.75 ~10 —8.48 ~12.43 —22.62~20.14 -13.09 ~13.73 -10.18~17.91 —-13.36~25.48
Ave -1.33 0.37 -1.45 2.37 3.47 2.84

studied stations, and showed a negative relation, averag-
ing —4.14 d/dec. On the contrary, sowing dates were
delayed, on an average by 2.75 d/dec, at the remaining
11 sites.

Emergence and tillering of single-season rice in the
study area generally occur in April and June respectively.
The 10A values of the emergence dates (Table 2)
varied from —8.48 to 12.43 d/dec with an average of 0.37
d/dec. The emergence dates were advanced on an average
by —2.81 d/dec in 14 stations. The tillering dates (Table
2) in all stations were advanced on an average by
1.45 d/dec, with the 10A values varying between
—22.62 d/dec and 20.14 d/dec. There were 14 stations that
were significantly advanced, with an average of
—7.87 d/dec, while the emergence and tillering dates were
delayed in the remaining stations, with average 10A val-
ues of 3.79 and 5.46 d/dec respectively. The maturity
dates (Table 2) were delayed on an average of 2.37 d/dec,
ranging from —13.09 to 13.73 d/dec. A total of 23 stations
were delayed (on an average by 3.85 d/dec) and 4 stations
were advanced on average by —6.18 d/dec.
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The advancement of sowing and delay of maturity
elongated the GD in 18 sites, with the 10A varying
between —10.18 d/dec and 17.91 d/dec (on an average by
3.47 d/dec). Overall, the period of TTM increased by an
average of 2.84 d/dec from 1991 to 2010, with an ad-
vancement in 16 stations (on an average by 9.70 d/dec)
(Table 2).

The temporal distributions of all stations are shown in
Figures 2 and 3. The spatial trends of GD (Figure 2)
showed that 12 stations within the TGRA and northern
areas were significantly elongated, with GD greater than
3 d/dec on an average. Eight stations in the west and east
of the TGR were essentially unchanged. Changes in the
Zunyi and Sangzhi stations were also not significant. Five
stations in the south of the reservoir decreased by more
than 2 d/dec. In general, the tendency of TTM was simi-
lar with GD. The stations in Yibin, Shuangliu, Zhong-
xiang and Yuqing exhibited a more significant trend
towards elongating the number of days during TTM
stage, whereas stations in Jiangjin, Zunyi and Sangzhi
had a relatively lower change rate. In comparison, the
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Suizhou station changed considerably, with a highly in-
creased GD, but a heavily decreased TTM. The TTM
variation was important for assessing agricultural produc-
tion and the variation was significant.

Discussion

Crop phenology is established as one of the major com-
ponents of ecological construction in TGRA. The changes
in phenology for single-season rice were obviously
affected by multiple meteorological factors, such as
increasing temperature over the recent decades and sun-
shine hours®**°.

The sowing date can be influenced by agricultural
management and climate changes’®’’. Soil moisture
might also affect the date. The change of the sowing
dates in southwestern China is generally a strategy to
cope with the climate change, which also influences the
emerging date.

The period from sowing to tillering is determined by
many factors, including natural and human factors. It is
difficult to detect the impacts of climate change due to
the diversified sowing dates and introduction of new cul-
tivars®’ . The influence of technology and strategy could
disrupt the trend analysis to some extent. The TGRA and
its northern areas (Chongqing and Shanxi) had signifi-
cantly elongated the GD. However, the trends of rice GD
showed various patterns among different areas***'. There
was a slight change in the stations of eastern and western
areas of the reservoir within Sichuan and Hubei. In con-
trast to other regions, the southern areas of the reservoir
in Hunan exhibited a completely opposite trend.

Given the importance of climate change in controlling
plant development, our primary hypothesis was that the
spatial variation in phenology would be correlated with
temperature and precipitation****. However, we found
mixed results. Additionally, no significant relationships
existed between GD and air temperature, while signifi-
cant relationships between GD and precipitation were
occasionally found in two stations (Lichuan and Yuqing).

A comparison of the data shown in Figures 2 and 3 re-
veals that the general trend of the TTM and GD periods
are similar except for some stations. Uncertainties too,
may occur due to the limited number of stations and the
cultivars changing during the period of the study**°. The
time period of two decades would be relatively short for
such a study. There may be other factors that could influ-
ence the analysis, like terrain variation. However, since
many factors keep changing simultaneously, it is difficult
to separate their effects. These imperfections need to be
kept in mind while planning for future studies.

Conclusion

It is of high importance to investigate the changes of crop
phenology in TGRA for understanding the agricultural
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impacts of the TGP. This work studied the spatiotemporal
variation of the single-season rice crop phenology at 27
national agro-meteorological experimental stations in
TGRA. Four typical phenology including the sowing,
emerging, tillering and maturity dates were studied and
compared. The results showed that sowing, emerging,
tillering and maturity dates were delayed in 11, 13, 13
and 23 stations respectively. The length of growth dura-
tion and the period from tillering to maturity were elon-
gated in 18 and 16 stations respectively. The length of
growth duration did not show significant relationship
with air temperature, while it was correlated significantly
with precipitation in Lichuan and Yuqing stations.
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