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1.  INTRODUCTION

Inter-annual variability of crop yields is largely
determined by climate variables such as tempera-
ture, rainfall, and solar radiation (Chen et al. 2004,
Row hani et al. 2011, Trnka et al. 2012, Traore et al.
2013). These climate factors are closely related to and
affect grain yield in different ways for different crops;
moreover, climate−yield relationships are also region-

dependent (Lobell & Asner 2003, Lobell et al. 2005,
Tao et al. 2008, Ludwig et al. 2009, Zhang et al. 2010,
Potgieter et al. 2013). For example, Zhang et al.
(2010) found that solar radiation was the primary cli-
mate variable to cause inter-annual variations in rice
yield in southern China based on experimental data
for the period 1981 to 2005. In Mexico, at least 58% of
the wheat yield variability in irrigated systems can be
attributed to cool nighttime temperatures during the
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ers manage frost occurrence by sowing late and using late-flowering cultivars. However, the
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season varieties to avoid heat stress, but thereby expose their crops to possible frost conditions.
Understanding the impact of climate variations on crop yield is important for developing sustain-
able agricultural production under future climate change.
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wheat-growing season (Lobell et al. 2005). Lobell et
al. (2007) reported that growing season temperatures
accounted for at least 29% of year-to-year variation
in grain yields for 6 of the most widely grown crops
globally; however, in rain-fed conditions, the major
climate factor is the variation in seasonal rainfall (Seif
& Pederson 1978, Cooper et al. 2008, Traore et al.
2013). Therefore, it is important to identify the major
climate factors that cause yield variation for specific
crops in specific regions, and quantify their effects.
This can provide a foundation for the understanding
of regional crop production and variability, and can
help in the development of feasible strategies for
adaptation of to future climate change (Lobell et al.
2007, Yu et al. 2013).

Wheat is the most important crop in Australia in
terms of the gross value of its production. However,
Australian wheat yield is extremely variable from
year to year across major production regions (Potgi-
eter et al. 2002). In the past decade (2003−2013), New
South Wales (NSW) annual wheat production ranged
between 2477 and 10 488 kt. Harvested area varied
from 2995 to 4322 kha, with wheat yields varying
from 0.62 to 2.75 t ha−1 (www.daff.gov.au/abares).
Al though advances in technology and improved crop
varieties have been identified as contributing to yield
increase, much of the variation in Australian wheat
yields is related to growing season rainfall variability.
For example, in South Australia ~65% of wheat yield
variation has been associated with rainfall variability
during April to October, with wintertime rainfall
(June to August) being more effective in producing
high yields than that during other times (Cornish
1950). However, Seif & Pederson (1978) found that
spring rainfall, from 3 wk before flowering to 2 wk
after, contributed to 86% of the variation in yield in
the central west of NSW. Extreme weather events,
such as frost and heat stress, affect wheat yields and
represent a significant risk that needs to be managed
to maintain profitable production (Asseng et al. 2011,
Zheng et al. 2012). Several studies have investigated
the climate effects on wheat in Australia using the
yield data at a regional level (Potgieter et al. 2002,
Hansen et al. 2004), state level (Yu et al. 2013), and
national scale (Nicholls 1997). However, there have
been few comprehensive studies of the climate−yield
relationship at a district or shire level which can pro-
vide a higher spatial resolution of yield and climate,
including diverse compositions of solar radiation,
rainfall, and temperature. Moreover, the results of
recent studies on the impact of climate trends in Aus-
tralia have been contradictory. For example, Nicholls
(1997) concluded that 30 to 50% of the Australian

wheat yield increase during the period 1952−1992
was caused by a temperature increase. In a multiple
linear regression model with 3 climate variables,
Nicholls (1997) found that an increase in minimum
temperature caused a wheat yield increase with
small contributions from rainfall changes. However,
Godden et al. (1998) and Gifford et al. (1998) argued
that Nicholls’s conclusion was not justified and over-
estimated the effects of climate trends on wheat
yields. Gifford et al. (1998) suggested that the re -
sponse of wheat yield to climate variation, among
other factors, is more specific to regional conditions
and growing season climate variability.

Statistical models that rely on past observations of
climate and crop yields have been widely used to
evaluate the impacts of climate change on crop per-
formance (Lobell & Burke 2010a). They are particu-
larly useful when data are insufficient to calibrate dy-
namic process-based models. The main requirement
of statistical models is long time series of historical
 climate and crop yield data. Among statistical ap-
proaches, the multiple linear regression method is
traditionally used because it can explain the relative
contributions of different climate factors to crop yield
with relatively simple multiple linear regression
equations (Lobell et al. 2005, 2007, Sheehy et al. 2006,
Lobell & Burke 2010b, Rowhani et al. 2011). However,
a multiple linear regression method is limited if
collinearity among climate factors is excluded when
considering individual predictor effects (Sheehy et al.
2006, Lobell & Burke 2010b).

Inthisstudy,wesystematically investigated climate−
yield relationships and the effects of climate variation
on wheat yields in 4 geographical-climate regions at
shire scale across the NSW wheat belt in eastern Aus-
tralia during 1922 to 2000. Stepwise regression analy-
sis was used to identify the most relevant climate
variables for yield variation, and em pirical regression
models were then developed to quantify the effect of
climate trends on yield. The objectives of this study
were to (1) provide a quantitative understanding of
the relationship between wheat yield and climate in
the past few decades; (2) identify the major climatic
drivers for yield variation, and (3) analyze the impact
of climate trend on wheat yields.

2.  MATERIALS AND METHODS

2.1.  Study area

The NSW wheat belt is geographically located in 66
shires of the state in eastern Australia. It has an area
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of 360 000 km2, accounting for 45% of the state land
area of 809 444 km2 (Liu et al. 2014). Here wheat is
mainly grown under rain-fed conditions. The crop can
be sown in autumn or early winter (May to July) to en-
sure that flowering will take place after the last frost,
and maturity will occur before any summer humidity,
depending on local climatic conditions (rainfall) and
soil types. Wheat usually flowers in early to mid-
spring, and matures in late spring to early summer.
Although the sowing date and mature date vary, May

to November is typical growing season for wheat in
eastern Australia (Gomez-Macpherson & Richards
1995). The wheat belt is characterized by variable to-
pography and climate conditions (Fig. 1A). Topogra -
phi cally, the eastern part of the wheat belt is occupied
by hills, known as ‘slopes’, with elevation of >500 m.
The other areas are mainly occupied by plains. Cli-
matically, the wheat belt has a broad range of variable
environments (Fig. 2). It is warm and dry in the north-
ern and southwestern plains, where growing season
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Fig. 1. Spatial distribution of (A) 466 weather stations over 4 regions (I: eastern slopes, II: northern plains, III: southern plains 
and IV: southwestern plains) in the New South Wales wheat belt including (B) 66 shires used in this study
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Fig. 2. Spatial distributions of (A) growing season mean temperature (GST) and (B) rainfall (GSR) over the New South Wales 
wheat belt during 1922−2000
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rainfall (GSR) is <250 mm and growing season mean
temperature (GST) is >14.0°C. In the southern plains,
GSR is ~300 mm and GST is ~12.5°C, while the eastern
slopes are wet and cold with >400 mm GSR and <12°C
GST. Accordingly, we divided the wheat belt into 4 re-
gions based on the climatic and topographic character-
istics obtained from the topographical landscape of a
Digital Elevation Model (DEM): the eastern slopes (I),
northern plains (II), southern plains (III) and southwest-
ern plains (ΙV) (see Table 1, Fig. 1B).

2.2.  Climate and yield data

For this study, we extracted the historical daily cli-
mate data (1922−2000), known as SILO patched point
dataset (PPD, www. longpaddock. qld. gov. au/ silo/ ppd/
index.php), for maximum and minimum temperature,
rainfall, and solar radiation at 466 weather stations

evenly distributed across the NSW wheat belt (Fig.
1A). Wheat yields at shire level during 1922 to 2000
(data in some shires were not available in some
years) across the NSW wheat belt were obtained
from Fitzsimmons (2001) (Table 1).

To characterize the climate conditions of each
shire, we assembled the daily maximum and mini-
mum temperatures, rainfall, and solar radiation dur-
ing 1922 to 2000 from the weather stations located
within the shire (Table 1) and produced shire-aver-
aged daily climate data. We then averaged the calcu-
lated daily climate data for the main growing season
from May 1 to November 30 to obtain shire-scale cli-
matic variables of the wheat-growing season. Num-
ber of days with Tmax > 34°C (boundary to define heat
stress) and number of days with Tmin < 2°C (boundary
to define frost) (Asseng et al. 2011, Liu et al. 2011,
Barlow et al. 2015) during the wheat-growing season
were calculated for each shire.
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Region      ID              Shire                      Stns          Period

I                 29         Holbrook                  7         1922−1996
                 25         Gundagai                 4         1922−1996
                 27         Harden                     2         1922−2000
                 65         Yass                          7         1922−1996
                  8          Boorowa                   4         1922−2000
                  6          Blayney                    5         1922−1996
                 21         Evans                        6         1922−1996
                 52         Rylstone                   3         1922−1996
                 40         Mudgee                    8         1922−1996
                 38         Merriwa                   7         1922−2000
                 44         Muswellbrook          5         1922−1996
                 53         Scone                        7         1922−1996
                 43         Murrurundi              7         1922−2000
                 51         Quirindi                    8         1922−2000
                 48         Nundle                     1         1922−1996
                 50         Parry                         4         1922−2000
                 37         Manilla                     1         1922−1996
                 31         Inverell                    10        1922−2000
                  2          Barraba                    5         1922−1996
                 30         Hume                        6         1922−2000

II                58         Walgett                    25        1966−2000
                 39         Moree plains           13        1922−2000
                 64         Yallaroi                     7         1922−2000
                 15         Coonamble              12        1922−2000
                 45         Narrabri                   14        1922−2000
                 26         Gunnedah               11        1922−2000
                 14         Coonabarabran        9         1922−2000
                 23         Gilgandra                 5         1922−2000
                 59         Warren                     9         1958−2000
                  7          Bogan                       8         1958−2000
                 12         Coolah                      7         1922−2000
                  4          Bingara                     4         1922−1996

Region      ID              Shire                      Stns          Period

III                3          Berrigan                   4         1922−2000
                 32         Jerilderie                  5         1922−2000
                 17         Corowa                     6         1922−2000
                 55         Urana                        4         1922−2000
                 19         Culcairn                   3         1922−2000
                 36         Lockhart                   6         1922−2000
                 56         Wagga                     11        1922−2000
                 46         Narrandera              9         1922−2000
                 35         Leeton                      4         1927−2000
                  5          Bland                        9         1922−2000
                 13         Coolamon                 6         1922−2000
                 33         Junee                       10        1922−2000
                 54         Temora                     3         1922−2000
                 16         Cootamundra           5         1922−2000
                 11         Conargo                   8         1922−2000
                 47         Narromine               10        1922−2000
                 20         Dubbo                       3         1922−2000
                 61         Wellington               7         1922−2000
                 66         Young                       6         1922−2000
                 49         Parkes                       9         1922−2000
                  9          Cabonne                  11        1922−2000
                 18         Cowra                       6         1922−2000
                 60         Weddin                     6         1922−2000
                 22         Forbes                       2         1922−2000
                 63         Windouran               6         1922−1996
                 41         Murray                     5         1922−2000
                 10         Carrathool                7         1922−2000
                 42         Murrumbidgee        7         1922−2000
                 34         Lachlan                   15        1922−2000
                 24         Griffith                      7         1927−2000
                 57         Wakool                     8         1922−2000

ΙV               1          Balranald                  8         1960−2000
                 62         Wentworth               5         1968−2000
                 28         Hay                          14        1961−2000

Table 1. Time period of 66 selected shires and number of weather stations for each shire included in this study. Region I: 20 shires,
eastern New South Wales (NSW) wheat belt; Region II: 12 shires, North NSW; Region III: 31 shires, South NSW; Region ΙV: 

3 shires, southwestern NSW. ID number = shire number in Fig. 1B
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2.3.  De-trending method

The year-to-year variations of crop yield are large -
ly driven by climate (Yu et al. 2001, Chen et al. 2004,
Porter & Semenov 2005), but studies have shown
that crop management improvements including im -
proved varieties, fertilization development, and bio-
cide application have contributed to crop yield in -
crease in the past decades (Anderson et al. 2005,
Asseng & Pannell 2012, Yu et al. 2012). To evaluate
the impact of climate variation on crop yield, the
yield increase driven by technological improvement
needs to be excluded. A first-difference method has
been widely used to remove the possible confound-
ing effects of non-climatic factors (Nicholls 1997,
Lobell & Asner 2003, Tao et al. 2008, Zhang et al.
2010). This approach can minimize the influence of
management factors, enabling the explanation of
crop-yield responses to climatic variables from year
to year (Lobell & Field 2007, Trnka et al. 2012). The
first difference is defined as the difference of a
parameter between 2 successive years:

ΔXi = Xi − Xi-1,  i = 1, 2, … n (1)

where ΔXi is the first difference of the parameter Xi

for the ith year, and Xi-1 is the parameter value for the
(i − 1)th year. The first differences of maximum tem-
perature (ΔTmax), minimum temperature (ΔTmin), rain-
fall (ΔR), solar radiation (ΔS), number of frost days
(Tmin < 2°C, ΔF), number of heat stress days (Tmax >
34°C, ΔH) and wheat yield (ΔY) for the growing sea-
son during the period of 1922−2000 were calculated.
Then ΔY, ΔTmax, ΔTmin, ΔR, ΔS, ΔF and ΔH were used
to evaluate the effects of variation in climate on yield.

2.4.  Stepwise regression analysis

Stepwise regression analysis is particularly useful to
identify major climatic variables affecting crop yield
variations (Yu et al. 2001, Liu et al. 2010b). It evaluates
all climate variables for their potential contributions to
crop yield variation and excludes variables not statis-
tically significant in the multiple re gression model (p
≤ 0.01). Procedures using stepwise regression are rel-
atively cheap to compute, and have the advantage
that they allow the use of a small subset of least corre-
lated variables without losing a significant portion of
the explanatory power of the data, thus minimizing
the effects of multicollinearity on the regression
model (Huang & Townshend 2003). The stepwise re-
gression analysis combines both forward selection
and backward elimination methods to establish a re-

gression model. Firstly, the procedure starts a forward
selection by trying out one explanatory variable at a
time and includes it in the regression model if it is sta-
tistically significant (p < 0.01). The second step uses a
backward elimination method to retest the coefficients
of the added variables and delete these variables if
the test judges them to be insignificant. Because the
addition of one variable can lead to a change in the p-
value associated with another variable, the third step
in the stepwise process will reselect the variables by
allowing a variable to enter the equation at one step,
deleting the variable at a later step and allowing the
variable to reenter at an even later step (Dielman
2001). Finally, the stepwise regression procedure ter-
minates when no more variables can be justifiably en-
tered or removed from the model.

In this study we use the stepwise method to select
significant climate variables employing SAS statisti-
cal software (v. 9.2). The multiple linear regression
model without intercept (intercept forced to zero, to
avoid trend effect) (Nicholls 1997) was:

Y = a0ΔTmax + a1ΔTmin + a2ΔR + a3ΔS + a4ΔF + a5ΔH
(2)

where a0, a1, a2, a3, a4, and a5 represent the regres-
sion coefficients to be fit.

3.  RESULTS

3.1.  Variability of climate and wheat yield

Fig. 3 shows the variation in climate variables dur-
ing the wheat-growing season from 1922 to 2000 in
the 4 regions. Growing season maximum tempera-
ture (GSTmax) had the biggest variability in the east-
ern slopes (region I) due to a large range of latitudes
in this region, ranging from 13.2 to 23.5°C (mean:
18.3 ± 2.1°C; Fig. 3A). For the northern and southern
plains (regions II and III, respectively), there were
similar variations in GSTmax, but region II had the
highest mean GSTmax of 21.5°C. In the southwestern
plains (region ΙV) GSTmax had the least variability
(±0.6°C) ranging from 18.4 to 21.3°C (mean: 20.0°C).
For growing season minimum temperature (GSTmin)
(Fig. 3B), the patterns of their variations were similar
to GSTmax. GSTmin varied between 1.6 and 8.2°C
(mean: 5.1 ± 1.2°C) in region I, and was highest in
region IV, with the value of 7.4 ± 0.6°C.

The largest variability of growing season solar
radiation (GSS) (Fig. 3C) occurred in region I, rang-
ing from 2738 to 3961 MJ m−2 yr−1 (mean: 3294 ±
232 MJ m−2 yr−1), while region IV had the smallest
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variability of 3040 to 3567 MJ m−2 yr−1 (3243 ± 103 MJ
m−2 yr−1). The largest mean GSS value was 3600 MJ
m−2 yr−1 in region II.

Growing season rainfall (GSR) ranged between
97.6 and 935.1 mm (mean: 407.1 ± 141.4 mm) among
all the years and shires in region I (Fig. 3D). The
median GSR was 400 mm, 75% of years and shires
had more than ~300 mm in this region. Regions II and
III had a similar rainfall range with a mean of 302.5 ±
117.8 and 307.2 ± 115.2 mm, respectively. Notably,
region IV received less than half of region I’s GSR
values, ranging between 46.2 and 376.9 mm (199.8 ±
65.9 mm). Rainfall was <290 mm in 90% of years and
shires in this region.

The occurrence probability of growing season frost
(GSF) and heat stress (GSH) varied greatly across the
NSW wheat belt during the period 1922− 2000

(Fig. 3E,F). The number of GSF days
was highest (63 d) in region I, occur-
ring in >50% of the years and shires
due to lower mean temperatures
(Fig. 2A). Region II (44 d) had slightly
more GSF days than region III (41 d).
However, frost days occurred least in
region IV (23 d). By contrast, GSH
days in regions II and IV oc cur red dur-
ing ~5 d in >50% of years and shires
due to higher temperatures (Fig. 3F).
Regions I and III had fewer heat
events due to the relatively low mean
temperatures during the wheat-
growing season. Spatially, the number
of heat days occurred gradually more
from south to north and from east to
west, which was opposite to the occur-
rence of frost days (Fig. 4).

Observed wheat yields in all 4 re-
gions varied greatly from year to year
(Fig. 5). The largest variability was in
region III, ranging from 0.20 to 3.12 t
ha−1 (mean ± SD: 1.39 ± 0.66 t ha−1. Re-
gion I yields varied from 0.44 to 3.32 t
ha−1 (1.39 ± 0.63 t ha−1). Regions II and
IV had lower amplitudes of variations
in yield, but yields in region IV had a
higher (than region II) mean value of
1.37 ± 0.48 t ha−1. Compared with cli-
mate variables, the yield variation
among the 4 regions was relatively
small, indicating that crop yields were
not only affected by climate but also
influenced by crop management.

3.2.  Wheat yield−climate relationships

Inter-annual wheat yield (ΔY) response to climate
variation is consistent across the 4 regions (Fig. 6). ΔY
is positively correlated to ΔR and ΔTmin while nega-
tively correlated to ΔS, ΔTmax, ΔF and ΔH. The corre-
lation coefficients of ΔY with ΔR was 0.55, ΔTmin was
0.24, ΔS was −0.51, ΔTmax was −0.54, ΔF was −0.36,
and ΔH was −0.37 on average in the 4 regions. All of
these coefficients were statistically significant at the
level of p < 0.05. The results suggest that higher rain-
fall and minimum temperature resulted in higher
yield, while higher maximum temperature and solar
radiation could lead to lower yield in rain-fed condi-
tions; frost and heat stress had negative effects on
wheat yield across the whole wheat belt.
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Fig. 3. Mean growing season (A) maximum temperature (GSTmax), (B) mini-
mum temperature (GSTmin), (C) solar radiation (GSS), (D) rainfall (GSR), (E)
number of frost (GSF) and (F) heat stress days (GSH) for 1922−2000 in 4 re-
gions of New South Wales. Horizontal line: median; box-boundaries: 25th
and 75th percentiles; whiskers: 10th and 90th percentiles; triangles: outliers.
Regions: eastern slopes (I), northern plains (II), southern plains (III) and 

southwestern plains (ΙV)
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Table 2 shows the correlation coefficients of the 6
climate variables ΔR, ΔS, ΔTmax, ΔTmin, ΔF, and ΔH at
each region. Rainfall was positively correlated to min-
imum temperature but negatively correlated to maxi-
mum temperature and solar radiation, number of frost
days, and number of heat stress days. For the 4
regions together, the correlation coefficient of ΔR with
ΔS, ΔTmax, ΔTmin, ΔF and ΔH was −0.76, −0.65, 0.51,

−0.58 and −0.51, respectively. All of these relation-
ships were statistically significant at the level of p <
0.01. Drought years in the wheat belt tended to be less
cloudy with higher solar radiation and maximum tem-
perature, but had lower minimum temperature. Higher
solar radiation days were always accompanied by low -
er rainfall over the NSW wheat belt which explains
why higher solar radiation could result in lower yield.
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Fig. 4. Spatial distributions of the number of (A) frost (<2°C) and (B) heat stress days (>34°C) during the wheat growing season 
of 1922−2000 over the New South Wales wheat belt

Fig. 5. Averaged wheat yields in 4 regions of New South Wales during 1922 to 2000: eastern slopes (I), northern plains (II), 
southern plains (III) and southwestern plains (ΙV). Prior to 1960 statistical data for region ΙV (3 shires) are not included



Clim Res 64: 173–186, 2015180

F
ig

. 6
. C

or
re

la
ti

on
 o

f 
fi

rs
t 

d
if

fe
re

n
ce

 o
f 

w
h

ea
t 

yi
el

d
 (

ΔY
)

an
d

 f
ir

st
 d

if
fe

re
n

ce
 o

f 
g

ro
w

in
g

 s
ea

so
n

 m
ax

im
u

m
 (

ΔT
m

ax
) 

an
d

 m
in

im
u

m
 t

em
p

er
at

u
re

s 
(Δ

T
m

in
),

 r
ai

n
fa

ll
 (

ΔR
),

 s
ol

ar
ra

d
ia

ti
on

 (Δ
S

) a
n

d
 n

u
m

b
er

 o
f f

ro
st

 (<
2°

C
, Δ

F
)

an
d

 h
ea

t s
tr

es
s 

d
ay

s 
(>

34
°C

, Δ
H

)
in

 4
 r

eg
io

n
s 

of
 N

ew
 S

ou
th

 W
al

es
 (I

: e
as

te
rn

 s
lo

p
es

, I
I:

 n
or

th
er

n
 p

la
in

s,
 II

I:
 s

ou
th

er
n

 p
la

in
s 

an
d

 I
V

: s
ou

th
w

es
te

rn
 p

la
in

s)
. I

n
cl

u
d

ed
: b

es
t-

fi
t 

re
g

re
ss

io
n

 li
n

e 
an

d
 r

. *
*p

 <
 0

.0
1,

 *
p

 <
 0

.0
5



Wang et al.: Effects of climate trends on wheat yields

Table 3 shows the regression analysis for wheat
yields and climate factors. Region I wheat yield vari-
ation was primarily dominated by GSTmax and
 GSTmin, and GSH, which amounted to 36% of the
variation. In region II, wheat yield variation signifi-
cantly correlated with GSTmax, GSF, and pre-grow-
ing season rainfall (December to April), explaining
41% of the yield variation. In region III, the major cli-
mate factors determining yield were GSR, GSTmax

and GSTmin, GSF and GSH. These factors contributed
to 47% of the variation in wheat yield. However, as
the main factor, rainfall caused 31% of wheat yield
variability in region IV. When the effects of variations
in climate factors on wheat yield were considered in
the whole NSW wheat belt, the year-to-year variabil-
ity in yield was dominated by GSR, GSTmax, GSTmin,
and GSF, which accounted for 41% of yield variation
over the past few decades.

3.3.  Effects of climate trends on wheat yield

Table 4 shows the trends in major climatic drivers
and their effects on yield increase. The estimated
yield change was calculated as the percentage of
 climate-trend yield change accounting for observed
yield increase from 1922 to 2000 according to the
regression model in Table 3. In region I, GSTmax

showed a small decreasing trend by 0.0080°C yr−1

(p < 0.05). GSTmin significantly increased by 0.011°C
yr−1 (p < 0.01) and GSH decreased but not signifi-
cantly. These 3 major climatic drivers resulted in
14.8% yield increase. In region II, GSTmax decreased
by 0.0064°C yr−1 (p > 0.05), pre-growing season rain-
fall increased by 0.88 mm yr−1 (p > 0.05) and GSF de -
creased significantly by 0.16 d yr−1 (p < 0.01), which
could explain the yield increase of 21.2%. In region
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                      ΔR         ΔS      ΔTmax    ΔTmin       ΔF         ΔH
                    (mm)  (MJ m−2)   (°C)       (°C)        (d)         (d)

Region I
ΔR (mm)          1      −0.75** −0.63** 0.57** −0.67** −0.50**
ΔS (MJ m−2)    –            1       0.68** −0.54** 0.59** 0.58**
ΔTmax (°C)       –            –            1       −0.020  0.27** 0.63**
ΔTmin (°C)        –            –            –            1      −0.86** −0.17**
ΔF (d)              –            –            –            –            1        0.27**
ΔH (d)             –            –            –            –            –            1

Region II
ΔR (mm)          1      −0.80** −0.63** 0.52** −0.62** −0.55**
ΔS (MJ m−2)    –            1       0.71** −0.46** 0.53** 0.60**
ΔTmax (°C)       –            –            1       0.11** 0.20** 0.71**
ΔTmin (°C)        –            –            –            1      −0.80** −0.0300
ΔF (d)              –            –            –            –            1       0.17**
ΔH (d)             –            –            –            –            –            1

Region III
ΔR (mm)          1      −0.74** −0.72** 0.49** −0.62** −0.56**
ΔS (MJ m−2)    –            1       0.75** −0.41** 0.47** 0.57**
ΔTmax (°C)       –            –            1        0.000   0.31** 0.63**
ΔTmin (°C)        –            –            –            1      −0.80** −0.14**
ΔF (d)              –            –            –            –            1       0.31**
ΔH (d)             –            –            –            –            –            1

Region IV
ΔR (mm)          1      −0.75** −0.62** 0.44** −0.40** −0.43**
ΔS (MJ m−2)    –            1       0.82** −0.1600   0.19*   0.49**
ΔTmax (°C)       –            –            1        0.19*     0.050   0.52**
ΔTmin (°C)        –            –            –            1      −0.76** −0.0800
ΔF (d)              –            –            –            –            1        0.170
ΔH (d)             –            –            –            –            –            1

Table 2. Pearson correlation matrix of different climate vari-
ables in 4 regions of New South Wales. ΔTmax/min: growing sea-
son max./min. temperature; ΔR: rainfall; ΔS: solar radiation; ΔF:
frost days (<2°C); ΔH: heat stress days (>34°C). Regions: east-
ern slopes (I), northern plains (II), southern plains (III) and 

southwestern plains (ΙV). *p < 0.05, **p < 0.01

                         ΔR                 ΔS                ΔTmax                        ΔTmin                    ΔRpre                         ΔF                           ΔH               R2

                   (10−3 mm)       (MJ m−2)             (°C)                           (°C)                 (10−3 mm)                 (10−2 d)                    (10−2 d)

I                         –                     –       −0.29 (−0.34/−0.25)     0.18 (0.14/0.22)               –                              –                  −1.9 (–3.4/–0.35)  0.36

II                        –                     –       −0.29 (−0.34/−0.25)                 –               0.40 (0.02/0.77)    −1.3 (−1.6/−0.96)                 –                0.41

III           0.70 (0.35/1.1)          –       −0.23 (−0.27/−0.19)    0.099 (0.03/0.17)              –              −0.35 (−0.62/−0.07)  −1.5 (–2.3/–0.68)   0.47

IV             3.9 (2.4/5.3)            –                      –                                –                           –                              –                               –                0.31

NSW      0.45 (0.22/0.70)         –       −0.28 (−0.31/−0.25)   0.099 (0.049/0.15)             –              −0.37 (−0.58/−0.15)               –                0.41

Table 3. Results of stepwise regression analysis (p < 0.01) between first difference of wheat yield (ΔY) and climatic variables including
growing season max./min. temperatures (ΔTmax, ΔTmin), rainfall (ΔR), solar radiation (ΔS), number of frost (<2°C, ΔF) and heat stress
(>34°C, ΔH) days and pre-growing season (December to April) rainfall (ΔRpre) in each region (I: eastern slopes, II: northern plains, III:
southern plains and IV: southwestern plains) and the whole New South Wales (NSW) wheat belt during 1922−2000. The 99% CI (lower/

upper limit) are shown in brackets 
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III, a significant decrease in GSTmax (−0.0078°C yr−1,
p < 0.05), and other albeit insignificant climatic driv-
ers, led to a 8.5% yield increase. In region IV, GSR
increased by 0.59 mm yr−1 (p > 0.05) accounting for a
yield increase of 9.3%. For the 4 regions together,
recent climatic trends have had a positive effect on
wheat yield, increasing it by 8.5–21.2% over the last
few decades.

4.  DISCUSSION

In this study, the year-to-year first-difference
method was used for de-trending wheat yield to
remove technology effects. This method is easier to
calculate compared with other de-trending methods
such as robust regression technique (Finger 2010,
Newlands et al. 2014), which is, however, superior in
handling data with outliers. A stepwise regression
model was applied to identify significant or major
 climate variables (p < 0.01) affecting wheat yield
variation in 4 contrasting climatic regions across the
NSW wheat belt. However, this method does not ex -
plicitly ad dress predictor collinearity in the regres-
sion model. When multicollinearity exists it affects
the re gression coefficient estimates, but it does not
affect the ability to obtain a good fit of regression
(higher R2), nor the quality of forecasts or predictions
from the regression (Dielman 2001). Namely, multi-
collinearity does not reduce the predictive power or
reliability of the model as a whole. Hence, if the
regression model is used strictly for forecasting or for
an overall estimation of climate effects as in our
study, the multicollinearity may not be problematic,
but if the contribution of individual variables is esti-
mated, caution should be exerted when interpreting
the results.

Inter-annual variability of crop yields is well known
to depend on climate factors (Chen et al. 2004). Our
results show that wheat yields in the NSW wheat belt
positively correlated with growing season rainfall

and minimum temperature but negatively correlated
with maximum temperature, which is consistent with
a previous study conducted for wheat in Australia
(Yu et al. 2013). However, Lobell et al. (2005) showed
that growing season minimum temperature was the
major factor to contribute to yield increase, and had a
negative effect on wheat yield variation for irrigated
systems in Mexico, which was different from our
results in rain-fed environments. In southern Mali
cotton production was particularly affected by rain-
fall distribution (Traore et al. 2013). Zhang et al.
(2010) found that irrigation water availability in dif-
ferent regions played a key role in determining a
switch of dominant climatic drivers (solar radiation or
rainfall) to affect rice yield variations in China. In the
eastern Australian wheat belt, which is located in a
semiarid region with the climate becoming warmer
from south to north and drier from east to west, sea-
sonal rainfall was the major direct factor that affects
crop sowing date, water supply and consequently
yields. If only considering a single climatic factor,
about 31% of yield variability can be attributed to
rainfall variation during the wheat-growing season
(May to November) across the wheat belt (Fig. 6),
which is consistent with previous studies (Cornish
1950, Seif & Pederson 1978, Stephens et al. 1994).

It should be noted that there are interactive im -
pacts of rainfall, temperature and solar radiation on
yield variation (Gifford et al. 1998, Yu et al. 2013). For
example, growing season solar radiation had a nega-
tive effect on wheat yield variation due to a strong
negative correlation between rainfall and radiation
in our study (Table 2). Here we assumed that solar
radiation effects on yield can be attributed to rainfall
variation, suggesting an indirect rainfall impact on
variability in wheat yields, which was different to
temperature as a proxy of radiation and rainfall
effects on rice yields in China (Zhang et al. 2010).

Water stress caused by low rainfall and high eva -
po rative demands is the major limitation on wheat
yield in many parts of the wheat belt (except
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                        ΔTmax                 ΔTmin                   ΔR                   ΔRpre                   ΔF                     ΔH               Estimated 
                        (°C yr−1)             (°C yr−1)           (mm yr−1)           (mm yr−1)             (d yr−1)               (d yr−1)      yield change (%)

I                     −0.0080*          0.011**                  –                         –                         –                   −0.0002                14.8
II                     −0.0064                   –                         –                      0.88                 −0.16**                   –                      21.2
III                   −0.0078*            0.0015                 0.72                      –                     0.086                −0.012                 8.5
IV                          –                         –                      0.59                      –                         –                         –                      9.3

Table 4. Trends in observed wheat-growing season climatic variables and their estimated impacts on yield change (%) accord-
ing to the regression model in Table 3 at 4 regions (I: eastern slopes, II: northern plains, III: southern plains and IV: southwestern
plains) across the New South Wales wheat belt during 1922−2000. Variables: max/min temperatures (ΔTmax/ΔTmin), rainfall (ΔR),
pre-growing season (Dec−Apr) rainfall (ΔRpre), number of frost (<2°C, ΔF) and heat stress (>34°C, ΔH) days. **p < 0.01, *p < 0.05
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region I) (French & Schultz 1984, Turner & Asseng
2005, Ludwig & Asseng 2006). It should be noted
that in regions I and II, ΔR was not selected into the
multi-linear equations (Table 3). However, this does
not mean that rainfall had no significant impacts on
the year-to-year wheat yield variations (see the high
correlation in Fig. 6). Rainfall was not identified as a
significant factor affecting wheat yield variation
probably because its impacts were largely ac -
counted for by those of maximum temperature due
to the coherence between the two variables, i.e.
maximum temperature was negatively related to
rainfall at a highly significant level (p < 0.01,
Table 2). Moreover, in region I, the wheat-growing
season received >400 mm of rainfall, which roughly
meets the wheat water de mand from May to
November for most of the years. Therefore, yields
were less correlated to rainfall, and GSR was not
selected as a major climate factor to limit wheat
yield in this region. Compared with region I, there
were more drought impacts in the other 3 regions
because of lower rainfall during most growing sea-
sons (Fig. 7). Non-growing season rainfall can con-
tribute to stored soil moisture at the end of summer
in region II, which can be used for water uptake of
the crop (Angus et al. 1980). In such cases, pre-
growing season rainfall can be an important factor
on wheat yield variability, while GSR has less of an
effect. This is similar to southern Queensland where
wheat is predominantly grown on stored water in
fine-textured soils with high water-holding capacity
(Angus et al. 1980). Most of the water transpired is
from the store accumulated during the preceding
summer, when rainfall ranges between 300 and

400 mm (December to April). Therefore, the contri-
bution of rainfall to yield variation shifts from winter
dominated in region III to summer dominated in
region II across the NSW wheat belt.

In addition to rainfall, other climate factors such
as GSTmax and GSTmin also had significant impacts
on wheat yield variation in eastern Australia. In par-
ticular, extreme weather events such as frost and
heat stress can have a large impact on yield varia-
tion (As seng et al. 2011, Zheng et al. 2012). For dry
land wheat in Australia, the damage from early
spring frost is a major constraint to yields (Marcellos
& Single 1975, McDonald et al. 1983). High temper-
atures can increase the rate of grain filling and
>30°C can result in an acceleration of leaf senes-
cence, which leads to a reduction in yield (Lobell et
al. 2012). An earlier study showed that the optimum
sowing and flowering dates were determined by the
incidence of early spring frosts and high spring tem-
peratures in the NSW wheat belt (McDonald et al.
1983). Al though farmers select cultivars for a tar-
geted flowering window, such selection is often
based on an average with limited success (Liu et al.
2010a). Our re sults show that frost was less impor-
tant in region I but more important in the northern
parts of the NSW wheat belt. This can be at least
partially attributed to the fact that most farmers in
region I manage frost occurrence well by sowing
late and using late flowering cultivars to minimize
frost risk. However, this also can increase heat
stress risk due to delaying the flowering date. Fortu-
nately, the occurrence of heat stress in the eastern
region is less frequent than in other regions; hence,
farmers can extend the wheat flowering dates far

later than in other regions. In regi -
ons with a frequent occurrence of
heat stress, such as region II, farm-
ers have to sow earlier and plant
short-season varieties to avoid heat
stress. In turn, this in creases the
frost risk at anthesis. In Aus tralia,
wheat yields can be severely dam-
aged by frost and heat stress when
occurring during flowering (God-
den et al. 1998, Asseng et al. 2011,
Zheng et al. 2012). Farmers in Aus-
tralia have traditionally been con-
cerned about frost and heat risks
but it is often hard to manage them
well in extreme cases. One of these
ex treme cases is late frost. For ex -
ample, NSW wheat was badly dam-
aged in 2002 when frost occurred in
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Fig. 7. Seasonal and annual rainfall for the 4 regions in the New South Wales
wheat belt: eastern slopes (I), northern plains (II), southern plains (III) and
southwestern plains (ΙV). May−Nov (5−11), Jun−Nov (6−11) and Jul−Nov
(7−11) rainfall were calculated as possible growing season rainfall, as wheat
sowing date varies depending on time of initial rainfall at start of the season.
Values above bars: percentages of annual rainfall accounted for by each season
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late October (28 October). In 2013, the winter temper-
ature was ~2°C higher than the long-term average,
but frost still occurred (www.  bom. gov.au/ climate/).
Wheat yields were badly damaged in many areas as
the higher temperature accelerated crop growth
development with early flowering and widespread
frost damage.

Several reports have shown that the recent climate
trends have had significant impacts on crop yields
(Tao et al. 2008, Lobell et al. 2011, Traore et al. 2013).
Nicholls (1997) concluded that 30 to 50% of the
observed yield increase was due to an increase in
minimum temperature and a decrease in the diurnal
temperature range resulting in less frost damage in
Australia. This contribution of climatic trends to Aus-
tralian wheat yield increase was considered to be
overestimated and attracted serious criticism (Gifford
et al. 1998, Godden et al. 1998, Anderson et al. 2005).
The correlation of yield var iation with minimum tem-
perature was not significant at 5%, and the equation
showed, in contrast, that rainfall had a negative
effect on wheat yield variation. Mean annual mini-
mum temperature had a larger contribution to yield
increase only because it increased mostly between
1952 and 1992 (by 1.02°C) in Nicholls’s study. Our re -
sults from stepwise regression equations demon-
strate that the 8.5 to 21.2% yield increase during the
last 78 yr over the NSW wheat belt was due to cli-
matic trends. Unlike the relative short period of data
used by Nicholls (1997), we used nearly twice the
length of shire data and calculated climate variables
during the wheat-growing season. In addition we
applied stepwise regression analysis to select signifi-
cant climate variables in the regression model. Each
leading variable in the multiple regression equation
had a significant level (p ≤ 0.01). The climate trend
contribution estimated by our method was less than
that of Nicholls (1997). It is certain that management
changes over time — meaning new cultivars, the
development of new land with different soil charac-
teristics, and changes in land use — all affected yield
increases across the NSW wheat belt during the past
decades.

Our results show that yield variation in the NSW
wheat belt is mainly affected by variability of grow-
ing season rainfall and temperature, while solar radi-
ation is not a major climate driver (Table 3). Climate
change scenarios suggest that eastern Australia is
likely to become warmer and drier in the future
(Pearce et al. 2007). Although the positive effect of
higher CO2 concentration is likely to benefit rain-fed
crop production by improving water-use efficiency
(Kim et al. 2003, Asseng et al. 2004, Ludwig & Asseng

2006), this effect may not be sufficient to outweigh
the negative effect of increasing temperature and
decreasing rainfall (Piao et al. 2010). Farmers in NSW
can adapt to rainfall variability. For example, they
often avoid sowing wheat crop in drought years with
late starts to the growing season or only sow in some
areas with sufficient stored soil water. Wheat pheno -
logy is expected to accelerate with global warming in
the future, resulting in a shorter growing periods.
Later maturing cultivars could be used to mitigate
the shortening of the phenology and enable the cap-
ture of enough solar radiation for biomass accumula-
tion (Zheng et al. 2012). To some extent, earlier matur-
ing cultivars can avoid severe terminal drought, but
the risk of heat stress around flowering will still in -
crease due to higher temperatures, potentially result-
ing in substantial yield losses for heat sensitive cul -
tivars in the future (Semenov & Shewry 2011);
therefore, new wheat varieties with improved water-
use efficiency and heat resistance will be needed to
better adapt to these conditions. Breeding for such
traits is particularly important if the projections of
rainfall reductions are realized and the frequency of
high-temperature days further increases in the future
(Asseng & Pannell 2012).

5.  CONCLUSIONS

In the eastern Australia wheat belt, wheat yields
were positively correlated to growing season rainfall
and minimum temperature, while negatively corre-
lated to maximum temperature at a significant level
(p < 0.05). Recent climatic trends contributed to
wheat yield increase by 8.5 to 21.2% in 4 different
climatic regions. Rainfall is usually the main climatic
driver affecting wheat yield variation in the NSW
wheat belt, but it is also affected by temperature and
solar radiation.

In the eastern slopes, growing season temperature
and number of heat stress days were major factors
affecting yield variation. In the northern parts of the
wheat belt, important factors were growing season
maximum temperature and pre-growing season
(December to April) rainfall and number of frost
days. In the southern region, growing season rainfall,
temperature, and number of frost and heat stress
days were the major contributors to yield variation. In
the southwestern plains, the main direct climate fac-
tor was growing season rainfall. Understanding these
effects of climate variations on crop yield is important
for developing sustainable agricultural production to
adapt to future climate change.



Wang et al.: Effects of climate trends on wheat yields

Acknowledgements. B.W. acknowledges a scholarship from
the Chinese Scholarship Council, and the NSW Department
of Primary Industries provided office facilities for conducting
this work. The authors also thank the anonymous reviewers
for their constructive comments.

LITERATURE CITED

Anderson W, Hamza M, Sharma D, D’Antuono M and others
(2005) The role of management in yield improvement of
the wheat crop:  a review with special emphasis on West-
ern Australia. Crop Pasture Sci 56: 1137−1149

Angus J, Nix H, Russell J, Kruizinga J (1980) Water use,
growth and yield of wheat in a subtropical environment.
Crop Pasture Sci 31: 873−886

Asseng S, Pannell DJ (2012) Adapting dryland agriculture to
climate change:  farming implications and research and
development needs in Western Australia. Clim Change
118: 167−181

Asseng S, Jamieson P, Kimball B, Pinter P, Sayre K, Bowden
J, Howden S (2004) Simulated wheat growth affected by
rising temperature, increased water deficit and elevated
atmospheric CO2. Field Crops Res 85: 85−102

Asseng S, Foster I, Turner NC (2011) The impact of temper-
ature variability on wheat yields. Glob Change Biol 17: 
997−1012

Barlow K, Christy B, O’Leary G, Riffkin P, Nuttall J (2015)
Simulating the impact of extreme heat and frost events
on wheat crop production:  a review. Field Crops Res 171: 
109−119

Chen CC, McCarl BA, Schimmelpfennig DE (2004) Yield
variability as influenced by climate:  a statistical investi-
gation. Clim Change 66: 239−261

Cooper P, Dimes J, Rao K, Shapiro B, Shiferaw B, Twomlow
S (2008) Coping better with current climatic variability in
the rain-fed farming systems of sub-Saharan Africa:  an
essential first step in adapting to future climate change?
Agric Ecosyst Environ 126: 24−35

Cornish EA (1950) The influence of rainfall on the yield of
wheat in South Australia. Aust J Biol Sci 3: 178−218

Dielman TE (2001) Applied regression analysis for business
and economics. Duxbury/Thomson Learning, Pacific
Grove, CA 

Finger R (2010) Revisiting the evaluation of robust regres-
sion techniques for crop yield data detrending. Am J
Agric Econ 92: 205-2011

Fitzsimmons RW, Australian Institute of Agricultural Science
and Technology (2001) Winter cereal production statis-
tics, NSW 1922−1999:  wheat, oats, barley:  area produc-
tion and yield:  NSW by local government areas, individ-
ual years plus 5 and 10 year averages, 6th edn.
Australian Institute of Agricultural Science and Technol-
ogy, Wahroonga

French R, Schultz J (1984) Water use efficiency of wheat in a
Mediterranean-type environment. II. Some limitations to
efficiency. Crop Pasture Sci 35: 765−775

Gifford R, Angus J, Barrett D, Passioura J and others (1998)
Climate change and Australian wheat yield. Nature 391: 
448−449

Godden D, Batterham R, Drynan R (1998) Climate change
and Australian wheat yield. Nature 391: 447−448

Gomez-Macpherson H, Richards R (1995) Effect of sowing
time on yield and agronomic characteristics of wheat in
south-eastern Australia. Crop Pasture Sci 46: 1381−1399

Hansen JW, Potgieter A, Tippett MK (2004) Using a general
circulation model to forecast regional wheat yields in
northeast Australia. Agric For Meteorol 127: 77−92

Huang C, Townshend J (2003) A stepwise regression tree for
nonlinear approximation:  applications to estimating sub-
pixel land cover. Int J Remote Sens 24: 75−90

Kim HY, Lieffering M, Kobayashi K, Okada M, Miura S (2003)
Seasonal changes in the effects of elevated CO2 on rice at
three levels of nitrogen supply:  a free air CO2 enrichment
(FACE) experiment. Glob Change Biol 9: 826−837

Liu DL, Martin P, Cole C, Wu H, Wang E, Bowman A (2010a)
Modelling agronomically-suitable sowing date in rela-
tion to the risk of frost damage and heat stress of wheat
in southern New South Wales, Australia. J Agric Sci
Technol 4: 26−36

Liu Y, Wang E, Yang X, Wang J (2010b) Contributions of cli-
matic and crop varietal changes to crop production in the
North China Plain, since 1980s. Glob Change Biol 16: 
2287−2299

Liu DL, Timbal B, Mo J, Fairweather H (2011) A GIS-based
climate change adaptation strategy tool. Int J Clim
Change Strategies Manag 3: 140−155

Liu DL, Anwar MR, O’Leary G, Conyers MK (2014) Manag-
ing wheat stubble as an effective approach to sequester
soil carbon in a semi-arid environment:  spatial model-
ling. Geoderma 214−215: 50−61

Lobell DB, Asner GP (2003) Climate and management
 contributions to recent trends in US agricultural yields.
Science 299(5609): 1032

Lobell DB, Burke M (2010a) Climate change and food
 security:  adapting agriculture to a warmer world, Vol 37.
Springer, Dordrecht

Lobell DB, Burke MB (2010b) On the use of statistical mod-
els to predict crop yield responses to climate change.
Agric For Meteorol 150: 1443−1452

Lobell DB, Field CB (2007) Global scale climate−crop yield
relationships and the impacts of recent warming. Envi-
ron Res Lett 2: 014002

Lobell DB, Ortiz-Monasterio JI, Asner GP, Matson PA, Nay-
lor RL, Falcon WP (2005) Analysis of wheat yield and cli-
matic trends in Mexico. Field Crops Res 94: 250−256

Lobell DB, Cahill KN, Field CB (2007) Historical effects of
temperature and precipitation on California crop yields.
Clim Change 81: 187−203

Lobell DB, Schlenker W, Costa-Roberts J (2011) Climate
trends and global crop production since 1980. Science
333: 616−620

Lobell DB, Sibley A, Ortiz-Monasterio JI (2012) Extreme
heat effects on wheat senescence in India. Nat Clim
Change 2: 186−189

Ludwig F, Asseng S (2006) Climate change impacts on
wheat production in a Mediterranean environment in
Western Australia. Agric Syst 90: 159−179

Ludwig F, Milroy SP, Asseng S (2009) Impacts of recent cli-
mate change on wheat production systems in Western
Australia. Clim Change 92: 495−517

Marcellos H, Single W (1975) Temperatures in wheat during
radiation frost. Anim Prod Sci 15: 818−822

McDonald G, Sutton B, Ellison F (1983) The effect of time of
sowing on the grain yield of irrigated wheat in the Namoi
Valley, New South Wales. Crop Pasture Sci 34: 229−240

Newlands NK, Zamar DS, Kouadio LA, Zhang Y and others
(2014) An integrated, probabilistic model for improved
seasonal forecasting of agricultural crop yield under
environmental uncertainty. Front Environ Sci 2: 17

185

http://dx.doi.org/10.3389/fenvs.2014.00017
http://dx.doi.org/10.1071/AR9830229
http://dx.doi.org/10.1071/EA9750818
http://dx.doi.org/10.1007/s10584-008-9479-9
http://dx.doi.org/10.1016/j.agsy.2005.12.002
http://dx.doi.org/10.1038/nclimate1356
http://dx.doi.org/10.1126/science.1204531
http://dx.doi.org/10.1007/s10584-006-9141-3
http://dx.doi.org/10.1016/j.fcr.2005.01.007
http://dx.doi.org/10.1088/1748-9326/2/1/014002
http://dx.doi.org/10.1016/j.agrformet.2010.07.008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12586935&dopt=Abstract
http://dx.doi.org/10.1016/j.geoderma.2013.10.003
http://dx.doi.org/10.1108/17568691111128986
http://dx.doi.org/10.1111/j.1365-2486.2009.02077.x
http://dx.doi.org/10.1046/j.1365-2486.2003.00641.x
http://dx.doi.org/10.1080/01431160305001
http://dx.doi.org/10.1016/j.agrformet.2004.07.005
http://dx.doi.org/10.1071/AR9951381
http://dx.doi.org/10.1038/35054
http://dx.doi.org/10.1038/35056
http://dx.doi.org/10.1071/AR9840765
http://dx.doi.org/10.1093/ajae/aap021
http://dx.doi.org/10.1016/j.agee.2008.01.007
http://dx.doi.org/10.1023/B%3ACLIM.0000043159.33816.e5
http://dx.doi.org/10.1016/j.fcr.2014.11.010
http://dx.doi.org/10.1111/j.1365-2486.2010.02262.x
http://dx.doi.org/10.1016/S0378-4290(03)00154-0
http://dx.doi.org/10.1071/AR9800873


Clim Res 64: 173–186, 2015186

Nicholls N (1997) Increased Australian wheat yield due to
recent climate trends. Nature 387: 484−485

Pearce K, Holper PN, Hopkins M, Bouma WJ, Whetton P,
Hennessy KJ, Power SB (2007) Climate change in Aus-
tralia:  technical report 2007. CSIRO Marine and Atmos-
pheric Research, Aspendale

Piao S, Ciais P, Huang Y, Shen Z and others (2010) The
impacts of climate change on water resources and agri-
culture in China. Nature 467: 43−51

Porter JR, Semenov MA (2005) Crop responses to climatic
variation. Philos Trans R Soc Lond B Biol Sci 360: 
2021−2035

Potgieter A, Hammer G, Butler D (2002) Spatial and tempo-
ral patterns in Australian wheat yield and their relation-
ship with ENSO. Crop Pasture Sci 53: 77−89

Potgieter A, Meinke H, Doherty A, Sadras VO, Hammer G,
Crimp S, Rodriguez D (2013) Spatial impact of projected
changes in rainfall and temperature on wheat yields in
Australia. Clim Change 117: 163−179

Rowhani P, Lobell DB, Linderman M, Ramankutty N (2011)
Climate variability and crop production in Tanzania.
Agric For Meteorol 151: 449−460

Seif E, Pederson D (1978) Effect of rainfall on the grain yield
of spring wheat, with an application to the analysis of
adaptation. Crop Pasture Sci 29: 1107−1115

Semenov MA, Shewry PR (2011) Modelling predicts that
heat stress, not drought, will increase vulnerability of
wheat in Europe. Sci Rep 1: 66, doi: 10.1038/srep00066

Sheehy JE, Mitchell P, Ferrer AB (2006) Decline in rice grain
yields with temperature:  models and correlations can
give different estimates. Field Crops Res 98: 151−156

Stephens D, Walker G, Lyons T (1994) Forecasting Austra -
lian wheat yields with a weighted rainfall index. Agric
For Meteorol 71: 247−263

Tao F, Yokozawa M, Liu J, Zhang Z (2008) Climate−crop
yield relationships at provincial scales in China and the
impacts of recent climate trends. Clim Res 38: 83−94

Traore B, Corbeels M, van Wijk MT, Rufino MC, Giller KE
(2013) Effects of climate variability and climate change
on crop production in southern Mali. Eur J Agron 49: 
115−125

Trnka M, Brázdil R, Olesen JE, Eitzinger J and others (2012)
Could the changes in regional crop yields be a pointer of
climatic change? Agric For Meteorol 166−167: 62−71

Turner NC, Asseng S (2005) Productivity, sustainability, and
rainfall-use efficiency in Australian rainfed Mediterran-
ean agricultural systems. Crop Pasture Sci 56: 1123−1136

Yu Q, Hengsdijk H, Liu J (2001) Application of a progres-
sive-difference method to identify climatic factors caus-
ing variation in the rice yield in the Yangtze Delta,
China. Int J Biometeorol 45: 53−58

Yu Y, Huang Y, Zhang W (2012) Changes in rice yields in
China since 1980 associated with cultivar improvement,
climate and crop management. Field Crops Res 136: 65−75

Yu Q, Li L, Luo Q, Eamus D and others (2013) Year patterns
of climate impact on wheat yields. Int J Climatol 34: 
518−528 

Zhang T, Zhu J, Wassmann R (2010) Responses of rice yields
to recent climate change in China:  an empirical assess-
ment based on long-term observations at different spa-
tial scales (1981−2005). Agric For Meteorol 150: 
1128−1137

Zheng B, Chenu K, Fernanda Dreccer M, Chapman SC
(2012) Breeding for the future:  What are the potential
impacts of future frost and heat events on sowing and
flowering time requirements for Australian bread wheat
(Triticum aestivium) varieties? Glob Chang Biol 18: 
2899−2914

Editorial responsibility: Toshichika Iizumi, 
Tsukuba, Japan

Submitted: January 21, 2015; Accepted: April 27, 2015
Proofs received from author(s): July 24, 2015

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

http://dx.doi.org/10.1111/j.1365-2486.2012.02724.x
http://dx.doi.org/10.1016/j.agrformet.2010.04.013
http://dx.doi.org/10.1016/j.fcr.2012.07.021
http://dx.doi.org/10.1007/s004840000084
http://dx.doi.org/10.1071/AR05076
http://dx.doi.org/10.1016/j.agrformet.2012.05.020
http://dx.doi.org/10.1016/j.eja.2013.04.004
http://dx.doi.org/10.3354/cr00771
http://dx.doi.org/10.1016/0168-1923(94)90014-0
http://dx.doi.org/10.1016/j.fcr.2006.01.001
http://dx.doi.org/10.1071/AR9781107
http://dx.doi.org/10.1016/j.agrformet.2010.12.002
http://dx.doi.org/10.1007/s10584-012-0543-0
http://dx.doi.org/10.1071/AR01002
http://dx.doi.org/10.1098/rstb.2005.1752
http://dx.doi.org/10.1038/nature09364
http://dx.doi.org/10.1038/387484a0
http://dx.doi.org/10.1071/AR05077

	cite43: 
	cite28: 
	cite5: 
	cite14: 
	cite42: 
	cite3: 
	cite27: 
	cite13: 
	cite41: 
	cite26: 
	cite39: 
	cite12: 
	cite40: 
	cite53: 
	cite38: 
	cite11: 
	cite24: 
	cite37: 
	cite10: 
	cite8: 
	cite23: 
	cite51: 
	cite6: 
	cite49: 
	cite22: 
	cite50: 
	cite35: 
	cite4: 
	cite21: 
	cite19: 
	cite47: 
	cite20: 
	cite33: 
	cite18: 
	cite46: 
	cite32: 
	cite17: 
	cite45: 
	cite31: 
	cite16: 
	cite9: 
	cite29: 
	cite44: 
	cite7: 
	cite30: 
	cite15: 


