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1. Introduction

China encompasses the shift in land use between an
agricultural area to the east and a grassy area to the
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ABSTRACT

Climate change has substantially impacted crop growth and development in the northern agro-pastoral
transitional zone. Examination of the response of crop water consumption to climate change may provide
a guide for adapting local agricultural production and ecological construction to new realities. The water
consumption of three local crops (wheat, naked oats, and potatoes) is examined for Wuchuan County in
the northern agro-pastoral transitional zone of China using meteorological data from 1960 to 2007 and soil
moisture data from 1983 to 2007. The relationships between climate change and the crop water consumption
are discussed. The results show that Wuchuan experienced both a warming trend and a reduction of
precipitation between 1960 and 2007. The annual mean surface air temperature increased at a rate of
0.04°C yr~! and the annual precipitation decreased at a rate of 0.7 mm yr—!. Both trends are particularly
pronounced between 1983 and 2007, with an increase in annual mean temperature of 0.09°C yr~' and
a decrease in annual mean precipitation of 2.1 mm yr~!. Crop water consumption decreased between
1983 and 2007 for wheat (1.65 mm yr~'), naked oats (2.04 mm yr~!'), and potatoes (3.85 mm yr~').
Potatoes and naked oats consume more water than wheat. Climate change has significantly impacted crop
water consumption. Water consumption and rainfall during the growing season are positively correlated,
while water consumption and active accumulated temperature are negatively correlated. Compared to
precipitation, accumulated temperature has little impact on crop water consumption. Recent climate change
has been detrimental for crop production in Wuchuan County. Adaptation to climate change should include
efforts to breed drought-resistant crops and to develop drought-resistant cultivation techniques.
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west. This transitional zone is located in a semi-arid

climate and is very sensitive to climate change (Zhang
The northern agro-pastoral transitional zone of  Shengjun et al., 2006; Qi et al., 2012). The temper-

ature of this region has increased in recent decades,
while the precipitation has decreased (IPCC, 2007).
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These climate changes have exerted visible impacts on
the ecological system (Crane et al., 2011) as well as
crop growth and development (Lobell et al., 2011).

Water is a key factor affecting the growth and de-
velopment of crops in the northern agro-pastoral tran-
sitional zone (Pan et al., 2010; Xia et al., 2010). Crop
water consumption refers to evaporation and transpi-
ration by agricultural plants during growth and de-
velopment. The water supply in the northern agro-
pastoral transitional zone is always inadequate, so ac-
tual crop water consumption is typically lower than
water demand (Shi et al., 2007). Currently, sev-
eral methods (Ma et al., 2005; Zhang Hexi et al.,
2006) can be used to calculate crop water demand
and consumption, including water balance, lysimeter
measurements, the FAO (Food and Agriculture Or-
ganization of the United Nations) Penman-Monteith
method (Allen et al., 1998), energy balance, and re-
mote sensing. Lysimeter measurements are the most
accurate of these methods, but the instruments are ex-
pensive and data coverage is limited due to an insuf-
ficient number of available instruments (Zhang et al.,
2001). The precision achieved by the Bowen Ratio-
equilibrium Energy Method is relatively low (Prueger
et al., 1997). The Penman-Monteith formula is the
standard method for estimating evapotranspiration
and is applied worldwide, but calculation of this for-
mula is complicated due to large number of param-
eters required (Allen et al., 1998). By contrast, the
water balance method is based on clear and sensible
principles and is easy to calculate, with universal ap-
plicability (Zhang et al., 2001; Si et al., 2005; Liu and
Liu, 2006; Lie and Tang, 2007).

A large number of previous studies have analyzed
crop water consumption, but few have characterized
crop water consumption under the background of cli-
mate change. Understanding how climatic change in-
fluences crop water consumption will help to guide
local agricultural production and ecological develop-
ment. Here, the response of crop water consumption to
recent climate change is explored in Wuchuan County
of Inner Mongolia in the northern agro-pastoral tran-
sitional zone of China. The analysis is based on me-
teorological data from 1960 to 2007 and soil moisture
data from 1983 to 2007. The characteristics of cli-
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mate change are analyzed along with water consump-
tion by three local crops (wheat, naked oats, and pota-
toes) during their respective growth periods. The rela-
tionships between climate change and crop water con-
sumption are discussed.

2. Methods

2.1 Study area

Wuchuan County (41°08.344'N, 111°17.580'E) is
located in the middle of the northern agro-pastoral
transitional zone and has the continental monsoon
climate typical of the area. The average annual air
temperature is approximately 3.0°C and the average
annual precipitation is approximately 250-400 mm,
mainly occurring during summertime. The frost-free
period lasts approximately 90-120 days. The annual

mean wind speed is 4.5 m s~ L.

The strongest winds
occur in May, when the monthly mean wind speed in-
creases to 6 m s~!. The soil is chestnut, with a bulk
soil density of 1.2-1.7 g cm™2 at 0-50 cm. The crop-

ping system is focused on one harvest per year.
2.2 Data source

The Weather Service of Wuchuan County has pro-
This dataset
includes meteorological data from 1960 to 2007, soil

vided the data used for the analysis.

moisture data from 1983 to 2007 (reported separately
for wheat, naked oat, and potato fields), and crop
yields of wheat, naked oats, and potatoes from 1983
to 2007.

2.3 Research methods

The mass water content is calculated in the 0-50-
cm soil layer for each type of crop field between 1983
and 2007. The water consumption by each crop during
the growth period is then calculated using the water
balance method.

Natural rainfall represents the main source of
agricultural water in the study area. Crops mainly
consume water from soil moisture prior to planting
and precipitation during the growth period. Crop wa-
ter consumption includes both crop transpiration and
soil evaporation (i.e., evapotranspiration or ET). The

water balance equation is

AW =P+I+G-ET—-R,—D, (1)
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AW is

over a period of time, P is the precipitation during

where the wvariation of the soil moisture
the same period, I is irrigation, ET is farmland evap-
otranspiration, R, is runoff, D is leakage, and G is
capillary-lifted water. All terms in Eq. (1) are ex-
pressed in units of mm. The underground water level
in Wuchuan County is below 7 m and the plough sole
is typically between 15 and 23 cm. The leakage D and
capillary water G are therefore largely negligible. The
study area is a rain-fed area where the irrigation I is
zero. Typically, the small magnitude of rainfall en-
sures that the runoff R, is also negligible. The water
balance equation for the study area can therefore be

approximated as
ET =P+ AW. (2)

AW can be calculated using the change in soil water
storage in the 0-50-cm layer between the beginning
and the end of the period.

The soil water mass content can be transformed
into soil water storage using the formula

V=RxHxW, (3)
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where V is the soil moisture storage capacity (mm),
R is the soil bulk density (g cm™3), H is the depth of
the soil layer (cm), and W is the soil water mass con-
tent (%). Representative values of soil bulk density
are listed in Table 1.

3. Results and discussion

3.1 Characteristics of climate change

We use the meteorological data from 1960 to 2007
in Wuchuan to analyze the characteristics of climate
and climate change in this region. The climatologi-
cal mean annual precipitation in Wuchuan County is
342.4 mm, with 306.6 mm between April and Septem-
ber. The annual mean air temperature is 3.0°C. The
rainfall has decreased since 1960 at a rate of 0.7 mm
yr~!, while the annual mean temperature has signifi-
cantly increased at a rate of 0.04°C yr~!. These trends
are even more pronounced over the period 1983-2007
(which matches the availability of the soil data), with
a drying trend of 2.1 mm yr—*
of 0.09°C yr=t (Fig. 1).

and a warming trend

Table 1. Soil bulk density for different layers of soil in Wuchuan County

Soil layer (cm) 0-10

10-20

20-30 30-40 40-50

Soil bulk density (g cm™3) 1.643

1.483

1.332 1.470 1.434

3.2 Characteristics and trends of crop water
consumption
The water consumption by wheat, naked oats,

and potatoes in Wuchuan County declined from 1983
to 2007 (Fig. 2a). The water consumption by wheat,

7
. v =0.044x +1.932 (a)
25
g
= 4
‘é
o 3
o
1k y =0.0896x +0.2711
r=0.4697
0 L L L L L
1960 1970 1980 1990 2000
Year

naked oats, and potatoes declined at rates of 1.65,
2.04, and 3.85 mm yr—!, respectively. The decrease
in crop water consumption was even more pronounced
between 1991 and 2007 (Fig.
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Fig. 1. Changes in the (a) temperature and (b) precipitation of Wuchuan County from 1960 to 2007.
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Fig. 2. Changes in water consumption for different crops over the period (a) 1983-2007 and (b) 1991-2007.

decrease of 3.95 mm yr~! between 1990 and 2007. This
difference is primarily dependent on the degree of tem-

consump

poral coincidence between local rainfall and the critical

period of water requirements for each crop type.
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3.3 Effects of climate change on crop water

Crop water consumption is affected by meteoro-
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Fig. 3. Relationships between water consumption for (a—c) wheat, (d—f) naked oats, and (g—i) potatoes; (a, d, g) annual

rainfall, (b, e, h) accumulated temperature, and (c, f, i) crop yield.
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logical factors such as rainfall and temperature. We
therefore analyze the correlations between water con-
sumption and annual rainfall, accumulated tempera-
ture (above 0°C for wheat; above 10°C for naked oats
and potatoes) (Zheng and Sun, 2010), and crop yields.
The results are shown in Fig. 3.

Water consumption for each crop is positively cor-
related with rainfall (Figs. 3a, 3d, and 3g). The cor-
relation coefficients between water consumption and
rainfall are very high and statistically significant at
the p < 0.01 level. As rainfall decreases, water con-
sumption by these crops also decreases. This relation-
ship is the weakest for potatoes (0.74 mm yr—!). Wa-

ter consumption and active accumulated temperature

ZHAO Lingyu, LIU Yaling, PAN Zhihua, et al. 589

are negatively correlated (Figs. 3b, 3e, and 3h). The
recent warming trend therefore led to significant de-
creases in crop water consumption in this region (p <
0.01 for naked oats and potatoes; p < 0.05 for wheat).
Water consumption and crop yields are positively cor-
related (Figs. 3c, 3f, and 3i). These correlations are
statistically significant for wheat (p < 0.01) and naked
oats (p < 0.05), but not for potatoes.

We next perform a multiple regression analysis
of water consumption during the growth periods of
wheat, naked oats, and potatoes with accumulated
temperature and precipitation. The results are pre-
sented in Table 2.

The results of the multiple regression analysis sug-

Table 2. Effects of climate change on crop water consumption

Crop The regression equation Regression effect
Wheat Y = —0.047X; + 0.782X2 — 139.832 Remarkable*
Naked oats Y = —0.007X1 + 0.672X2 + 58.668 Remarkable*
Potatoes Y = —0.075X1 + 0.606 X2 + 226.423 Remarkable*

Note: Y refers to water consumption during the growth period, X; denotes accumulated temperature, and X9 denotes precipi-

tation. The asterisk (*) indicates statistical significance at the p < 0.05 level.

gest that changes in precipitation affect crop water
consumption much more than changes in accumulated
temperature. Accumulated temperature and water
consumption are negatively correlated for all three
types of crops, while precipitation and water consump-
tion are positively correlated. Recent climate change
has been detrimental to agricultural productivity in
the northern agro-pastoral transitional zone. Adap-
tation to climate change in this region should focus
on the development of drought-resistant crop varietals

and cultivation measures.
4. Conclusions and discussion

We have examined the characteristics of climate
change in the northern agro-pastoral transitional zone
(Wuchuan County) and related these characteristics to
changes in water consumption by wheat, naked oats,
and potatoes during their respective growth periods.
Our conclusions are as follows.

(1) Temperatures have warmed and precipitation
has decreased in Wuchuan County since 1960. An-
nual mean rainfall has decreased at a rate of 0.7 mm

yr~1, while annual mean temperature has increased at
a rate of 0.04°C yr—!. These trends were particularly
pronounced between 1983 and 2007, with a warming
trend of 0.09°C yr—! and a drying trend of 2.1 mm
yrfl.

(2) Crop water consumption has decreased under
the backdrop of this climate change. Water consump-
tion by wheat, naked oats, and potatoes decreased at
rates of 1.65, 2.04, and 3.85 mm yr—!, respectively.

(3) Water consumption and rainfall during the
growth season are positively correlated, while water
consumption and active accumulated temperature are
negatively correlated. Compared to precipitation, ac-
cumulated temperature has only a small impact on
crop water consumption. The relationships between
water consumption, rainfall, and accumulated temper-
ature are different for different types of crops.

Climate change has a significant impact on wa-
ter consumption by crops. Recent climate change has
been detrimental to crop productions in the north-
ern agro-pastoral transitional zone, with decreases in
precipitation playing the largest role. These results
suggest that local agriculture could most effectively
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adapt to climate change by transitioning to drought-
resistant crop varietals and cultivation techniques.

Few previous studies have examined the relation-
ships between climate change and crop water con-
sumption in dry-land regions. This paper has ad-
dressed this gap. The results represent a guide for
adapting local agricultural production and ecological
construction to climate change. However, this study
has only obtained these relationships for one site,
i.e., Wuchuan County, typical of the northern agro-
pastoral transitional zone of China. The results may
be dependent on soil properties or other local factors.
Further studies of this type should be conducted in
other areas to extend the results and evaluate their
robustness.
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