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Abstract Wheat production in Southwest China (SWC)
plays a vital role in guaranteeing local grain security, but it is
threatened by increasingly frequent seasonal drought in recent
years. In spite of the importance, the impact of past climate
change on wheat potential productivity and drought severity
has not been properly addressed. In this study, we employed a
relatively simple resource use efficiency model to analyze the
spatiotemporal changes of the potential productivity (PP) and
rainfed productivity (RP) of wheat (Triticum aestivum L.) in
Southwest China (SWC) from 1962 to 2010. A wheat drought
severity index was defined as the relative difference between
PP and RP, i.e., (PP-RP)/PP, to evaluate the changing frequen-
cy and severity of drought under warming SWC. Across the
entire region from 1962 to 2010, the negative impact of de-
creasing sunshine hours (0.06 h day ' per decade, p < 0.05) on
PP was offset by the increase in average temperature of wheat
growing season (0.22 °C per decade, p < 0.01). PP increased
by 283 kg ha ' per decade (p < 0.01), while RP did not show
significant trend due to increased water stress. The gap be-
tween PP and RP has increased by 26 kg ha ' per decade
(p < 0.01). Moderate and severe drought mostly occurred in
central and southern SWC. The percentage of stations experi-
enced moderate or severe drought increased by 2.0 %
(p < 0.05) per decade, and reached 52 % in recent decade.
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Our results, together with the uneven distribution of rainfall,
indicate great potential for irrigation development to harvest
water and increase wheat yield under the warming climate in
SWC.

1 Introduction

Southwest China (SWC), comprising Chongqing City,
Yunnan, Guizhou, and Sichuan provinces, is one of the typical
grain, oil, and sugar production areas of China. The planting
area of wheat in SWC is about 2.2 million ha, accounting for
9.2 % of the national total, nearly 80 % of which was in
Sichuan and Yunnan provinces (National Bureau of
Statistics of China 2009). The dominant cropping system in
SWC is a wheat-rice double rotation, where wheat is sown in
autumn and harvested in spring. Wheat production plays a
vital role in guaranteeing local grain security. However, wheat
yield in SWC is threatened by increasingly frequent winter
and spring drought events (Zhang et al. 2012), raising con-
cerns about food security in the region. Statistics showed that
the drought frequency from 1961 to 2011 was nearly 50 % in
SWC, i.e., drought occurred in almost half of the years (Wang
et al. 2015a). The drought affected areas in SWC have in-
creased by a rate of 2.2 % per decade from 1951 to 2010
(Yu et al. 2014). In order to develop effective mitigation strat-
egies to advance crop yield, the spatiotemporal change of
drought severity and its impact on wheat productivity during
the past decades need to be better understood. However, there
is a lack of studies to evaluate the changes in drought severity
and yield potential of wheat under the warming SWC.
Previous work on evaluation of drought was mostly based
on the estimation of water balance and supply/demand terms,
involving the calculation of total rainfall, evapotranspiration,
runoff, etc. to determine drought severity indices (Heim 2002;

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00704-016-1895-6&domain=pdf

478

He D. et al.

Andreadis and Lettenmaier 2006; Wang et al. 2007; Huo et al.
2013). Indices related to reference evapotranspiration (ETy),
as compared to rainfall (supply), are widely used because
these integrate the impacts of climate factors on crop water
requirement (Thornthwaite 1948; Vicente-Serrano et al. 2010;
Anderson et al. 2011; Huo et al. 2013). However, most of
these assessments were often based on the difference between
annual or growing season crop water demand and rainfall
supply, which cannot reflect the impact of intra-seasonal
drought on crop growth. In humid and semi-humid regions,
e.g., Southwest China, seasonal/intra-seasonal drought is the
major cause for crop yield loss. In such region, evaluation of
crop drought severity must consider the impact of uneven
rainfall distribution during crop growing season. For the
drought index to be reliable, it should also be linked to chang-
es in crop yield (Zhao et al. 2012).

Drought severity of wheat can be linked to the yield loss
under rainfed conditions as compared to the yield potential
under well-watered conditions. Therefore, the concept of po-
tential productivity (maximum yield under well-watered and
stress-free conditions) and rainfed productivity (maximum
yield under rainfed conditions free of other stresses) is used
here to develop wheat drought severity index. The potential
productivity integrates the impact of changing radiation and
temperature on crop yield, while the rainfed productivity in-
tegrates, in addition, the impact of crop water deficit caused by
insufficient rainfall and uneven rainfall distribution on crop
yield (Wang et al. 2011, 2012a). Spatiotemporal changes in
wheat potential productivity has been widely analyzed in
northern parts of China using empirical methods (Huang
1985; Qin et al. 2013a) and crop growth models (Anderson
et al. 2011; Liu et al. 2012; Lu and Fan 2013). In SWC,
significant warming has been detected over the last five de-
cades (Qiu 2010; He et al. 2014). But there is still a lack of
studies on the impact of past climate change on wheat yield
potential and wheat drought severity.

The objectives of this study are to (i) investigate the spa-
tiotemporal patterns of past climate changes and their impact
on wheat potential productivity, (ii) evaluate drought severity
of wheat by defining an index linking to wheat potential and
rainfed productivity, and (iii) analyze the spatiotemporal
changes of the frequency and severity of wheat drought in
the period of 1962-2010.

2 Materials and methods
2.1 Climate, study sites, and crop data
SWC is largely characterized by subtropical humid monsoon

climate, with annual average temperature of 14.2 °C and an-
nual rainfall of 1049 mm (1961 to 2010). Winter wheat is
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planted in autumn (October to November) and harvested in
spring (April to May).

In this study, 64 meteorological sites in SWC were selected
from the National Meteorological Networks managed by
China Meteorological Administration (CMA). CMA has con-
sistent observation and quality control standards for collecting
and analyzing these surface climate data (Wang et al. 2015b).
Historical daily weather data from 1961 to 2010, including
daily average, maximum, and minimum temperatures (°C);
precipitation (mm); sunshine hours (h day ); relative humid-
ity (%); and wind speed (m s 1) were available from these
stations. Wheat phenological stages dataset, i.e., time of sow-
ing, tilling, heading, grain filling, and maturity were obtained
from 66 agricultural meteorological sites and most of them
share the same locations with meteorological sites (Fig. 1).
All the data were recorded with consistent CMA data collec-
tion standards (Liu et al. 2012). Both the meteorological and
agricultural meteorological sites are evenly distributed
throughout SWC and cover the main wheat production re-
gions (Fig. 1).

The whole study area was divided into five wheat-growing
districts, i.e., I, IL, III, IV, and 'V, based on the sowing dates and
growth durations of wheat from 2012 to 2013 (Fig. 1). Sowing
dates in districts I, I, III, IV, and V are 7-16 October, 24-31
October, 1-8 November, 12-16 November, and 20-31
October, respectively. The corresponding average growth du-
rations were 190, 195, 190, 180, and 170 days, respectively.
The average sowing dates and lengths of each developmental
stages of wheat were used to calculate productivity potential
in each wheat-growing district (Table 1).

2.2 Calculation of wheat potential and rainfed
productivity

The potential and rainfed productivity of wheat was calculated
using a simple method based on radiation, temperature, and
rainfall during each of the developmental stages of wheat
(Huang 1985; He et al. 2014). The method first estimates the
photosynthetic productivity, which is then reduced by consid-
ering the impact of suboptimal temperatures and water short-
age (Huang 1985; Yuan et al. 2012). This method has been
widely used in estimating crop productivity in China (Yang
etal. 2010; Yuan et al. 2012; He et al. 2014).

The potential productivity (PP; 10° kg ha ') represents the
maximum potential yield under stress-free condition and is
determined by radiation and temperature:

4
PP=D
J=1

gd;

> (0219 x C x Ry x f(T))) (1)

i=1

where 0.219 is the Bingwei Huang coefficient in unit of
10°° kgkJ ! (He et al. 2014), and C is the crop harvest index,
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Fig. 1 Southwest China and the study region. The region was divided into five wheat-growing districts based on the sowing time and wheat growing

periods

taking the value of 0.35 for wheat (Qin et al. 2013b). j repre-
sents each wheat stage (sowing—tillering, tillering—heading,
heading—start grain filling, and start grain filling—maturity),
and gd, is the length of each stage.

R, ; is the daily solar radiation in units of kJ cm 2 day ',
calculated as:

Rs; = (as + bs X n;/N;)Ry; (2)

where R,,; is the daily extraterrestrial radiation in kJ cm 2 day ',
n; is the daily actual duration of sunshine in hours, and N; is the
daily maximum possible duration of sunshine in hours. @, =0.25

and b, = 0.50 are used for the estimation of R, ;, as recommended
in Allen et al. (1998).

AT is the temperature stress coefficient, calculated as fol-
lows (He et al. 2014):

0 Ti<Tmin,jaTi>TmaX~,j
Ti=Tmin,j
i Lminj Toin <T; < T,
()= Ty Ty T
max,;” 41
Amax, A T <T:<T .
Tmax,j_To,j oI

where T; is the daily average temperature in °C, and iy,
Tmax > and T, ; are the minimum, maximum, and optimum

Table 1 Average sowing dates

and lengths of the four wheat District ~ Sowing Initial stage Development stage ~ Middle stage Late stage  Total

developmental stages used for date (sowing-tillering) (tillering—heading) (heading—start (start grain

wheat productivity potential grain filling) ﬁlling.—

simulation in each wheat-growing maturity)

district (days)
I Oct 10 30 90 40 30 190
II Oct 25 35 90 40 30 195
11 Nov 5 30 90 40 30 190
v Nov 15 30 85 40 30 180
A% Oct 25 30 70 40 30 170
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temperatures for wheat growth in each of the developmental
stages in °C, respectively. The values of Ty j, Timax,» and Ty, ;
(Table 2) were derived according to Porter and Gawith (1999)
and Wang et al. (2012a).

The rainfed productivity (RP; 10° kg ha ') represents the
maximum yield that can be achieved under local rainfall con-
ditions and is calculated by correcting the potential productiv-
ity with the water stress coefficient (He et al. 2014):

4 gd;
RP=Y" (Z (0.219 x C x Ry; x f(T)) Xif(Wj)) (4)
J=1 \ i=1

Here, fAW)) is the water stress coefficient, calculated as:
P;/ET.
iy = {

where P; is the total precipitation during each wheat stage
in millimeter. ET, is the total wheat water requirement during
each wheat stage in millimeter, which can be calculated as:

OSPJ < ETC,j (5)
PJEETCAJ

gd;
ET.; =Y (ETo; x K;) (6)

i=1

where K, ; is the daily crop coefficient interpolated from the
three threshold values 0f 0.7, 1.15, and 0.4 as recommended in
Allen et al. (1998). In the initial (sowing—tillering) and middle
stages (heading—start grain filling), K..; is stable as 0.7 and
1.15, respectively. From tillering to heading and from start
grain filling to maturity, i.e., the development and late stage,
K. ;s interpolated linearly, respectively, between 0.7 and 1.15
and between 1.15 and 0.4. ET; is the reference crop evapo-
transpiration in mm day ' and calculated using the FAO
Penman—Monteith equation (Allen et al. 1998).

pp. _ OA08A(R,~G) + 9009Us(es=e.) /(T +273) 7
0 A+(1+0340,)

where ET; is the daily reference crop evapotranspiration in
mm day '; R, is the net radiation in MJ m > day '; G is the
soil heat flux in MJ m 2 day '; T'is the daily average temper-
ature at 2-m height in °C; U, is the wind speed at 2-m height in

Table 2 Minimum (7p,;,), maximum (7,.,), and optimum (7,)
temperatures for wheat growth in each of the wheat developmental
stages (°C)

Stage Tmin Tmax Ta
Initial (sowing—tillering) 6 24 16
Development (tillering—heading) 5 27 15
Middle (heading—start grain filling) 11 33 20
Late (start grain filling—maturity) 12 35 23
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ms ; e, is the saturated water vapor pressure in kPa; e, is the
actual water vapor pressure in kPa; A is the slope of the satu-
ration vapor pressure versus temperature relationship in
kPa °C""; and ~ is the psychrometric constant in kPa °C™".
R, is the difference between the incoming net shortwave radi-
ation and the outgoing net long wave radiation. Wind speed
measured at 10-m height was adjusted to 2-m height using a
logarithmic wind speed profile (Allen et al. 1998). ET, was
calculated in daily time steps, and G was negligible and as-
sumed to be zero in this study (Allen et al. 1998). More details
about this method are given by He et al. (2014).

2.3 Wheat drought severity

In this study, wheat drought severity (WDS) was defined as
the relative difference between potential and rainfed produc-
tivity of wheat:

WDS = (PP-RP)/PP x 100% (8)

WDS ranges between 0 and 1. It can represent the loss of
wheat potential productivity due to water stress caused by
either insufficient precipitation or uneven precipitation distri-
bution during wheat growing season. A larger WDS repre-
sents more severe drought for wheat.

A uniform classification of drought severity for SWC was
constructed based on the mean and standard deviation of
WDS for 64 stations over 1962-2010. For each station,
WDS,.can Was calculated as the mean value of WDS from
1962 to 2010. Across 64 stations, WDS,;; was calculated as
the mean value, while owpg Was the standard deviation of the
64 WDS, can- Drought severity was assumed to exhibit a nor-
mal distribution across SWC, similar to the criterion used for
drought severity assessment by Zhao et al. (2012) in Henan
province of China. We classified the wheat drought severity
for a specified station in a given year based on WDS as mild
drought (WDS,;; — owps < WDS < WDS,;), moderate
drought (WDS,; < WDS < WDS,;; + owps), and severe
drought (WDS > WDS,;; + owps)-

2.4 The statistical and spatial analysis

Linear regression method was used for trend analysis of cli-
mate factors and potential productivity. Linear regression is a
commonly used parametric method for identifying linear trend
in a time series and has been widely used to analyses the
change trend of climatic variables and yield potential (Liu
etal. 2012, 2013). The slope of the linear regression equation
indicates the mean temporal change of the studied variables.
Multiplying the slope by the number of years can obtain the
total change during the period. A Student’s ¢ test (two tailed)
was used to assess the significance of the change trends. The
coefficient of variation of productivity was defined as the
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standard deviation divided by the mean and was calculated for
each station (Wu et al. 2006).

The point-level results of detected climatic variables, wheat
potential and rainfed productivity and their differences, and
WDS were spatially interpolated by applying inverse distance
weighting (IDW) interpolation method, which is a popular
interpolation method for large areas and moderate station den-
sity (Gemmer et al. 2004). This enabled the spatial presenta-
tions of past climate change and its impact on potential pro-
ductivity and drought severity across SWC.

3 Results

3.1 Spatiotemporal trends of climate variables
during wheat growing season

Growing season average and maximum temperatures ranged
from7.0t0 19.7°C (11.7 +£2.8 °C, i.e., withamean of 11.7 °C
and a standard deviation of 2.8 °C) and from 11.2 to 27.7 °C
(17.4 + 4.0 °C), respectively. The highest values mostly oc-
curred in the south of SWC (Fig. 2a, c¢). Growing season
minimum temperature ranged from 1.6 to 14.7 °C
(7.7 £ 2.7 °C), and the highest values occurred in the south
and northeast of SWC (Fig. 2b). Growing season precipitation

m7-9 11214
= 9-10 =3 14-16
3 10-11 == 16-18
9 11-12 == 18-20

B 56-100 ®==m 250-300
= 100-150 == 300-350

0 210 420 840 1,260 — 150-200 = 350-450

e s Km 1 200-250 == 450-745
Fig. 2 Geospatial gradients of long-term mean climate factors, i.e., av-
erage temperature (a, °C), minimum temperature (b, °C), and maximum
temperature (¢, °C), precipitation (d, mm), sunshine hours (e, h dayfl),

increased from west to east SWC, ranging from 56.6 to
744.8 mm (238 + 110 mm). The areas with low growing
season precipitation were mostly in Yunnan Province and in
the south of Sichuan Province (Fig. 2d). Growing season av-
erage sunshine hours ranged from 1.8 to 8.0 h day '
(4.3 £2.2 h day "), and the highest values occurred in the
southwest SWC (Fig. 2e). Reference crop evapotranspiration
varied from 291.4 to 744.3 mm (449 + 120.7 mm). Central
part of Yunnan Province showed higher potential evaporation
capacity (Fig. 2f).

Across SWC, growing season average, minimum, and
maximum temperatures showed significant (p < 0.01) increas-
ing trend at 38, 84, and 34 % of the selected stations. As
regional average, average and minimum temperatures in-
creased (p < 0.01) by 0.22 and 0.29 °C per decade, respective-
ly, while the average maximum temperature did not show
significant trend (Fig. 3a—c). The largest increase in average
and minimum temperatures occurred in Yunnan Province
(Fig. 3a, b). Opposite local trend occurred significantly at
Gengma in Yunnan Province where average temperature de-
creased by 0.33 °C (p < 0.01) per decade (Fig. 3a—). Growing
season precipitation showed a decreasing trend at 67 % of the
stations, but only 9 % of which were statistically significant
(Fig. 3d). Northern SWC exhibited the largest decrease in
average sunshine hours, while southern and central parts

m1-307-8 = 11-14 =1 18-20
= 3-5 = 8-9 = 14-15 == 20-22
= 5-6 == 9-10 1 15-16 mm 22-24

I 6-7 == 10-15

C716-18 mm 24-28

= 1.8-2C74-5 1290-320 == 450-550

. 2-2.5 056 3 320-350 == 550-580
3 2.5-3 = 6-7 = 350-380 == 580-650
13-4 mm7-8 5 380-450 mm 650-745

and reference crop evapotranspiration (f, mm) during wheat growing
season in Southwest China from 1962 to 2010
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< ®=m-0.35~0 [30.30~0.40
C10~0.10 =2 0.40~0.50
310.10~0.20 == 0.50~0.60
[£30.20~0.30 == 0.60~1.00

¢ Significant S5} .20.0~-15.0 = 0~5.0
Non-significant = -15.0~-10.0 == 5.0~10.0
0 195390 780 1,170 =1-10.0~-5.0 = 10.0~20.0

Kmo50~0  wm20.0~30.0
Fig. 3 The rates of change in a average temperature (°C per decade), b

minimum temperature (°C per decade), ¢ maximum temperature (°C per
decade), d precipitation (mm per decade), e sunshine hours (h day ' per

showed a significant increase trend (p < 0.05; Fig. 3¢). Change
in growing season reference crop evapotranspiration did not
show significant trend (Fig. 3f).

3.2 Changes in wheat potential and rainfed productivity
and their difference

Wheat potential productivity increased from north to south,
ranging from 1902 to 16,843 kg ha . The highest values mostly
occurred in wheat-growing district V due to higher growing
season radiation and temperature (Figs. 2a—c, e, and 4a). The
rainfed productivity of wheat was noticeably lower than the
potential productivity, ranging from 723 to 8113 kg ha'
(Fig. 4a, b). Regional mean potential and rainfed productivity
of wheat were 8219 and 4271 kg ha_l, with coefficients of
variation of 11.9 and 13.4 %, respectively (Fig. 4a, b). The
lowest values of rainfed productivity were located in the central
of SWC, with a similar distribution pattern to growing season
precipitation (Figs. 2d and 4b). Its coefficient of variation (rang-
ing from 12 to 86 %) was higher than that of the potential
productivity (ranging from 6 to 66 %), demonstrating high
inter-annual variation in wheat growing season precipitation.
The gap between the potential and rainfed productivity varied
considerably inter-annually and with locations (between 208
and 13,243 kg ha "). The gap reached 4000 to 13,200 kg ha™"
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[ -0.15~-0.10 == 0.05~0.15
1-0.10~-0.05 == 0.15~0.25

decade), and f reference crop evapotranspiration (mm per decade) during
wheat growing season in Southwest China from 1962 to 2010

in central and southern SWC (Yunnan and Sichuan provinces)
(Fig. 4c), where growing season precipitation was a strong lim-
iting factor for wheat potential productivity.

From 1962 to 2010, the potential productivity showed an
increasing trend at 78 % of the study stations, with 48 % of
them statistically significant (p < 0.05) (Fig. 4d). Across SWC,
it increased by 283 kg ha ' per decade (p < 0.05), with the
largest increase mostly in the central and southern areas of
SWC (Fig. 4d). The negative impact of decreasing solar radia-
tion on potential productivity was offset by the increase in
temperature, especially in Yunnan Province and southern part
of Sichuan Province. However, for the rainfed productivity, at
only 16 % of stations, it did show a statistically significant
increase (p < 0.05). Averaged across SWC, the rainfed produc-
tivity did not change significantly, while in the southern part, it
showed a significant (p < 0.05) decreasing trend due to increas-
ing water stress during wheat growing season (Fig. 4e). The
gap between potential and rainfed productivity showed an in-
creasing trend at 77 % of the stations, with 43 % of them being
statistically significant (p < 0.05; Fig. 4f). For the entire SWC,
the productivity gap increased by 26 kg ha™' per decade
(p < 0.01). The central and southern areas, where the potential
productivity showed a significant increasing trend, witnessed a
significant increasing trend in the productivity gap from 1962
to 2010 (Fig. 4d, 1).
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Fig. 4 a The potential productivity, b the rainfed productivity, and ¢ the gap between the two (kg ha ') of wheat averaged from 1962 to 2010. d—f The
rates of change (kg ha ' per decade) of a—c in Southwest China from 1962 to 2010, respectively

3.3 Changes in wheat drought severity and drought
frequency in SWC

Wheat drought severity (WDS) varied considerably with loca-
tion and from year to year (between 7 and 90 %). Mild drought
mostly occurred in eastern part of SWC (Fig. 5a), where WDS
were less than 30 % and precipitation could meet water require-
ment of wheat in most seasons. Stations with moderate and
severe drought were located at central and southern part of
SWC (Fig. 5a) , where WDS was more than 70 %. Generally,
distribution pattern of drought severities was similar to that of
growing season precipitation, but there were some differences
in several stations. For instance, at Simao in Yunnan and
Suining in Sichuan, the growing season precipitation are similar
(202 and 200 mm), but the WDS was significantly different
(60 %, moderate drought in Simao; 34 %, mild drought in
Suining) due to the contrasting seasonal rainfall distribution.

From 1962 to 2010, WDS showed increasing trends at
78 % of the stations, but the trends were only statistically
significant (p < 0.05) at 14 % of stations (Fig. 5b).
Wanyuan, located in Sichuan Province, witnessed the largest
rate of increase trend (4.7 % per decade) from 1962 to 2010,
due to its location in mild drought area with a relative low
WDS value (23 %).

Percentage of stations with moderate and severe drought
showed an increase trend at the rate of 2.0 % per decade
(p < 0.05) from 1962 to 2010. There has been a significant

temporal change in the numbers of stations with moderate and
severe drought during the past 50 years (Fig. 6). In the 2000s,
there were 334 times of moderate and severe drought occur-
ring, while only 283 times in the 1990s in 64 selected stations.
Percentage of stations with moderate and severe drought
reached 64 % in 2010, which was the second highest value
following 66 % in 1987 in the 50 years. At Lijiang in Sichuan
province and Muli in Yunnan Province, severe drought oc-
curred at highest incidence in 96 % of wheat growing seasons
during the past 50 years.

4 Discussion

In this study, we adopted a relatively simple method and used
fixed length of wheat growing season for the past 50 years to
assess the impact of past climate change on wheat potential and
rainfed productivity. Our method contrasts with the more
process-based crop modeling approach in that it does not re-
quire detailed crop and soil data for model calibration. Process-
based models include a large number of biophysical parameters
that require calibration within realistic bounds (Holzkdmper
et al. 2015). In addition, crop growth model applications are
typically confronted with large uncertainty in the spatial distri-
bution of soil properties, initial conditions, and crop parameters
(De Wit and Van Diepen 2007). In that sense, the method used
here is better suited for regional evaluation of wheat potential
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Fig. 5 Spatial distribution of N
wheat drought severity (a), and its A a b

rate of change (b, % per decade)
in Southwest China from 1962 to
2010
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productivity and drought severity, particularly in areas with
limited data like SWC (Yuan et al. 2012).

While relatively simple, our approach still captures the in-
teractions of the key drivers, i.e., radiation, temperature, and
water supply/demand ratio, as they impact on wheat growth in
different stages of wheat development. This captures not only
the impact of variations in radiation and temperature but also
the impact of rainfall distribution on wheat growth. Thus, the
defined WDS index better reflects the impact of seasonal
drought and uneven rainfall distribution than the indices of
previous studies (Li et al. 2009; Huo et al. 2013; Yu et al.

1,200

2014). For instance, at Pingbian and Wangmo, the growing
season precipitation (382 and 384 mm) and wheat water re-
quirements (268 and 267 mm) are similar, while WDS in
Pingbian and Wangmo were 35 % (mild drought) and 42 %
(moderate drought), which resulted from uneven distribution
of rainfall within wheat growing season.

While some previous studies indicated that warming trend
(i.e., increase in temperature) has reduced crop growth dura-
tion (Tao et al. 2006; You et al. 2009), more recent studies
showed that autonomous adoption of new wheat varieties was
able to compensate the negative impact of climate warming on
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crop growing duration (Liu et al. 2010; Wang et al. 2012b,
2013). In addition, field-scale experiments suggested that win-
ter wheat might adjust its growth to partly compensate for the
negative effects from warming (Hou et al. 2012). Thus, use of
fixing crop duration can be justified, which defines the max-
imum growing season for improved crop cultivars.

Our estimated wheat potential and rainfed productivity
seems to be higher than expected as compared to actual wheat
yield in some regions. This can be caused by the use of a
constant radiation conversion ratio (0.219) for the whole crop
season and ignoring the dynamics of LAI development.
However, the potential productivity represents the maximum
potential of wheat yield assuming full utilization of the re-
sources in the growing season, and the possible overestima-
tion does not invalidate our results on the trends of productiv-
ity and drought severity. The very high potential yield and
yield gap in the southwest corner of the study region were
largely influenced by the extremely high values calculated
for a few sites, which may further reflect deficiencies of this
empirical approach for estimating yield under very dry condi-
tions. Improvement of the estimations of potential productiv-
ity can be achieved with more available crop data in the future.

Our results revealed that across the entire SWC, averaged
rainfed productivity of wheat was only 52 % of the potential
productivity (1962 to 2010). The gap between the two varied
spatially from 208 to 13,243 kg ha '. This gap was much
larger than the gap for maize crop in the same region, which
was found to be in a range from 12 to 2729 kg ha ' in one of
our previous studies (He et al. 2014). Due to the relatively
high rainfall in the maize growing season (412 to 608 mm),
the gap between potential and rainfed productivity of maize
was mainly caused by uneven distribution of rainfall (He et al.
2014). For wheat, however, the large gap between potential
and rainfed productivity was caused by both the insufficient
amount and the uneven distribution of rainfall within growing
season. In eastern SWC, rainfall in wheat growing season is
generally more than 300 mm, and the uneven distribution of
rainfall leads to low water use efficiency and thus limits wheat
yield. In central SWC, insufficient growing season precipita-
tion (less than 150 mm) is the main limiting factor for wheat
productivity (less than 2000 kg ha ") (Figs. 2d and 4b).

The significant water stress and yield reduction under
rainfed conditions indicate that irrigation development is an
efficient means to increase wheat productivity. However, irri-
gation has been practiced in only 24 % of the total crop pro-
duction areas in SWC (National Bureau of Statistics of China
2009). For wheat, only few areas in central SWC were irrigat-
ed, where growing season rainfall limits wheat production
seriously (such as Muli and Lijiang cities; Figs. 2d and 4c)
(He and Wang 2015). In addition, this study reveals a notice-
able increase in the gap between potential and rainfed produc-
tivity of wheat under the warming climate in both central and
southern SWC (Fig. 4f). This implies a great potential to

further increase wheat yield through irrigation development
under warming climate as an effective adaptation method.
The high and uneven distribution of rainfall in these regions
would support the development of technologies to collect and
store rainfall and runoff water for irrigation use during dry
seasons, which has been widely practiced in arid and semi-
arid region (Pandey et al. 2003; Abdulla and Al-Shareef
2009).

5 Conclusion

Our analysis of the geospatial and temporal trends of wheat
potential and rainfed productivity of wheat revealed a distinct
gap between the two in large parts of the SWC, and the gap
has become larger under warming climate from 1961 to 2010.
In addition, wheat drought severity (WDS), defined as the
relative difference between the potential and rainfed produc-
tivity of wheat, became larger and frequency of moderate and
severe drought increased. The high and uneven rainfall in this
area implies that there is great potential for irrigation develop-
ment by collecting and storing rainfall and runoff water to
increase wheat yield. The results can assist in long-term policy
development for agriculture and water resource management
in SWC.
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