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SUMMARY

Data sets were accumulated of annual average maximum, minimum and mean air temperature from a range of
sites worldwide, specifically from non-urban locations such as agricultural research institutes, universities and
other rural or island locations for the period 1975–2011 or longer where data were available. The data sets were
then analysed using linear regression to determine the rate and direction of change in temperature over the
reference periods. This analysis was performed to provide vegetable scientists with likely future temperature
change scenarios up to 2025 and 2050 (on the assumption that recent trends are maintained) so that breeding,
agronomic and other related research programmes may better respond to potential challenges from abiotic and
biotic stresses to vegetable production. Substantial variation was evident between sites and between time runs at
specific sites. At some locations rapid increases in air temperature are projected, such as for sites in East Asia, but at
other locations little change is evident; in rare cases, local cooling is shown. The implications of variability and
change in air temperature in the context of constraints to vegetable production and the opportunities to exploit the
range of genetic diversity available in climatically uncertain environments are discussed. It is believed thatmodern
agricultural science can address successfully the problems raised by climate uncertainty, yet the lack of sufficient,
immediate investment in horticultural disciplines worldwide places the world at severe risk of failing to attain
effective food and nutritional security.

INTRODUCTION

The Asian Vegetable Research and Development
Center (AVRDC), renamed in 2008 as AVRDC – The
World Vegetable Center, has a global mandate for the
improvement of tropical and sub-tropical vegetable
production systems to combat malnutrition and
poverty in the developing world. The Center’s
research, development and capacity building efforts
are projected to make positive contributions to the
Millennium Development Goals in the period 2011–
25 (AVRDC 2010; Keatinge et al. 2011a; Hughes &
Keatinge 2012). These efforts involve germplasm
conservation and enhancement, plant breeding for
abiotic and biotic stress tolerance, yield and increased
nutrient content, pest and disease management
studies, nutritional and post harvest research efforts

and horticultural system improvements along the
complete vegetable value chain, from seed conserva-
tion to human consumption. Climate uncertainty
during the next 15 years and beyond, and the need
for vegetable production to adapt, will have a
substantial influence on this range of research subjects.
The present paper seeks to provide guidance for
vegetable scientists regarding the change in air
temperature expected across the globe, and the
potential implications of such change for vegetables.

Advice to plant breeders and associated disciplines
needs to be, if possible, more crop- (Zheng et al. 2009),
site- or region-specific (Peng et al. 2004; Kesava Rao &
Wani 2011) and simple enough to be incorporated
as meaningful targets across a diversity of breeding
and vegetable production programmes. The Inter-
governmental Panel on Climate Change’s (IPCC)
comprehensive dissertation offered by Folland et al.
(2001) is highly complex; in summary, it suggests a
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generic global warming of c. 0·6 °C/100 years since
the late 19th century, and looking forward to the 22nd
century. However, simpler and more practical gui-
dance is also needed for a shorter time-scale to plan
breeding or germplasm improvement programmes and
to set targets for crop production and crop manage-
ment scientists. The specific time threshold considered
in the present paper already incorporates the period up
to 2025, which is approximately the time required for a
new vegetable variety, if first planned in 2011, to be
released, commercialized and then adopted and
grown by farmers. Predictions for the time period
between 2025 and 2050 will be useful for scientists
involved with pre-breeding research and other col-
leagues concerned with food and nutritional security.
Such scenarios are reported by Lobell et al. (2008),
who suggest the likely impacts of climate change up to
2030 and note which regions around the world will be
the most vulnerable; Thornton et al. (2011) present
similar projections for sub-Saharan Africa. Breeders
and pre-breeders commonly plan with a medium- to
long-term perspective in mind. For example, AVRDC
breeders have already made a 40-year investment,
from the Center’s inception up to the present day, in
seeking increased heat tolerance in tomatoes grown in
the tropics. The research has been successful in the
medium term, and has continued to make important
progress over the last 5 years (Fletcher 1993; de la Peña
& Hughes 2007; Fufa et al. 2011).
To make sound recommendations that are appli-

cable to agriculture, the present paper adopts a simple
approach of predicting future air temperatures based
on measured, not modelled, long-term results. In
contrast to mostly urban studies, such as that of Viola
et al. (2010), the data for the present paper are obtained
largely from agricultural research institutes or other
similar rural or campus-based organizations. It is
assumed that these sites are largely free of potential
sources of development-derived warming, such as
‘heat island effects’ derived from urban or airport
development (Camilloni & Barros 1997; Alkolibi
2002). Although such sources of temperature variation
may be perceived rather than real (Parker 2006), the
conclusions of Mohsin & Gough (2010) from the
Toronto metropolitan area imply that this bias to
temperature records fromurban environments may still
continue to be a potent issue that needs to be
considered in site selection of meteorological data.
The present paper assesses the most conservative air

temperature data parameter that is easily available
from most meteorological records – the annual

average air temperature derived from the annual
average maximum and minimum air temperatures.
This parameter is often used as a simple metric for
climate change; Challinor et al. (2009) indicated that
partial adaptation to climate change among existing
germplasm, e.g. for groundnut (Arachis hypogaea), is
possible. Likewise, it is already possible to detect
falling yields in some vegetables, such as cool season
vegetable species grown in Ontario (McKeown et al.
2004, 2006), as a result of average temperature
increases and higher frequency of hot days during
the growing season. In contrast, Lobell et al. (2007)
imply that direct warming effects on horticultural crops
in California (which constitutes half of all domestic
production in the USA) have been relatively slight and
that plant diseases and pests, pollination and dor-
mancy factors, rather than extra heat, may be much
more important variables in determining vegetable
yields. Ceccarelli et al. (2010) indicate that in cereals,
photoperiod-temperature responses are highly herita-
ble and thus air temperature is assumed to be a vital
measure in establishing breeding programme targets
for many crops. Other disciplines, such as crop
physiology and agronomy, should contribute to help-
ing to adapt production systems to meet changing crop
and environmental needs.

Ignoring seasonal variation might be seen as a
weakness of the present paper. Lower minimum
temperatures may mask the effect of higher maximum
temperatures and vice versa, but describing such
considerations implies a factorial increase in complex-
ity that the paper seeks to avoid in its attempt to provide
simple, easy to adopt advice to vegetable breeders and
their colleagues. In practical terms, temperature-
induced seasonality is less of an issue for vegetable
production in the tropics and sub-tropics, which are
the ecozones most germane to AVRDC’s mandate.

Vegetables are high-value crops with global impor-
tance for the alleviation of poverty and malnutrition
and for the attainment andmaintenance of good health
in humans (Keatinge et al. 2011a). Efforts to provide
genetic adjustment to warming and other abiotic
stresses in vegetables have been summarized by de
la Peña et al. (2011) and more specifically for
solanaceous vegetables by Hanson et al. (2011):
both papers state that the adaptation of vegetable
crops to climate uncertainty is quite possible using
modern agricultural science, but that knowledge of
crop–climate interactions remains fragmentary (Vadez
et al. 2011). The present paper contributes to the pool
of knowledge and recommendations to better quantify
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the challenges facing vegetable breeders and associ-
ated scientists.

MATERIALS AND METHODS

Long runs of annual average maximum and minimum
air temperaturewere collected from a range of different
locations worldwide (Table 1). The annual average air
temperature at each location was computed as the
mean of these two values. The stations selected had
continuous high-quality data runs (1975–2011) that
could be attributable to at least one of three categories
of site: (a) international agricultural research centres;
(b) national agricultural research centres, institutes and
universities; and (c) island and essentially rural
locations. All three categories represent data collection
sites largely free of urban development influences.

Sites other than international agricultural research
centres were selected mostly because of the long runs
of high-quality data available at these locations
(usually >50 years) and for their geographic dispersion
worldwide in areas of agricultural potential. Sites such
as Rothamsted Research (formerly Rothamsted
Experimental Station), Harpenden, UK and Lincoln
University, Christchurch, New Zealand maintain
extensive records that already have been discussed
in the literature related to agricultural activities
(Chmielewski & Potts 2005; Larsen 2005). Most sites
from South Africa, Australia and Canada were selected
for their length of unbroken data and geographic
dispersion. Island sites in the Pacific were included to
extend the geographic coverage of the present study
into an area of the globe not previously covered, and
also because Oceania is a key priority area for present
and future research and development efforts due to the
severity of malnutrition in many such locations
(AVRDC 2010).

No sites were deliberately excluded from the
analysis, regardless of whether they showed the
expected increase or decrease in temperature trends.

Annual mean temperatures were computed based
on monthly averages per year. In the rare cases where
some months had missing data, the monthly averages
of the same months from the preceding 5 years were
used to fill in the gaps (Environment Canada 2012).
Data quality was assumed to be adequate for the
purposes of the paper either by institutional reputation
through the intermediary supplier (listed at the end of
the paper) or through the personal knowledge of the
first author, who was responsible for the original
collection of daily data at some of the selected sites

during portions of the data run involved (ICARDA
Tal Hadya (1980–5), IITA Ibadan (1999–2002),
ICRISAT Patancheru (2002–8) and AVRDC Shanhua
(2008–11)).

The period 1975–2011 was chosen as the reference
time series, since many of the meteorological data
recording stations at the international agricultural
research centres had been established by that time
(Category A sites) (Table 1). National agricultural
research centres and institutes (Category B sites) were
selected to meet this criterion with one exception. The
NARC Islamabad was established only in 1979 and
therefore data before that date (from 1950) derives
from the Pakistan Meteorological Service station in
Islamabad. From 1950 to 1979 this was a location that
for the purposes of the present paper could be deemed
to be essentially rural; much of Islamabad, a modern,
planned capital city, had not been developed exten-
sively during the period in question. Moreover, the
station in Islamabad is close to the location where
the NARC was established and the elevation is similar.
The grafting of the two data sets should not create any
major errors in the subsequent analysis. For a few other
sites that were selected because of their specific
interest to breeders at international agricultural re-
search centres, the data run was slightly shorter than
1975–2011; an example is ICARDA Tel Hadya, where
the meteorological station was set up only in 1979.
The nearest meteorological stations to Tel Hadya with
long-term records are Saraqueb (rainfall records only)
and Aleppo, which is 35 km distant. However, the
Aleppo data set has proven previously to be a reliable
estimator for another meteorological variable, rainfall
(Dennett et al. 1983); therefore the data for Aleppo
were used to fill the missing years 1975–78 for the
Tel Hadya record. Comparison of the subsequent
regression equations 1979–2011 and 1975–2011
were almost identical (data not presented) and the
infilling was therefore deemed to be legitimate.
A similar procedure was adopted for CIAT Palmira
using the years 1976–78 from ICA Palmira, a nearby
station; the regression equations were sufficiently
similar to adopt the slightly longer data run for effective
consistency with other locations. Details of other time
series are shown in Table 1.

The selection of the reference time series 1975–
2011, rather than anything much longer or shorter, is a
decision of some importance in the present study. This
is evident in the comparison of results with very long
runs (Figs 1 and 2). It seems that substantive recent
change could have occurred in the later 20th century.
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For example, Mohsin & Gough (2010) suggest that
though the warming trend in Toronto has been
detectable from the end of the 19th century, there
has been an increasing linear trend in warming since c.
1970.McKeown et al. (2006) affirm that there has been
a warming trend in Ontario since 1980, which
followed a moderate, more benign period for crop
growth from 1955 to 1975 (Lobell & Asner 2003) that
wasmore beneficial for the production of Brassicaceae
and related cool-season vegetable species (Warland
et al. 2006). A similar warming trend is reported for
Western Cape Province (mid-1960s to 2000) in South
Africa by Midgley et al. (2005). Such conclusions
regarding a change in global temperatures are
supported by the IPCC 2001 report (Folland et al.

2001) and the IPCC 2007 report (Parry et al. 2007),
which indicate that the 1990s are likely to have been
the warmest decade of the millennium and that rapid
warming occurred since 1976.

All data sets were subjected to regression analysis
using a linear model (Statistical Analysis System (SAS)
2011). Trend analyses for each location, whether
for the standard time series or for longer periods,
are shown in Tables 2–4. The significance of the
regression coefficients were tested using Student’s t test
at the P<0·05 and P<0·01 probability levels. For the
few instances of stations with many years of data and
subsequent R2 values that are low but significant, it
should be noted that the projection of future tempera-
tures for 2025 and beyondmay be somewhat doubtful.

Table 1. Location and elevation of meteorological stations

Latitude Longitude Elevation (m asl)

(a) International Agricultural Research Centres
IITA, Ibadan, Nigeria 7°43′N 3°90′E 227
ICARDA, Tel Hadya, Syria 36°1′N 36°56′E 284
ICRISAT, Patancheru, India 17°53′N 78°27′E 545
AVRDC, Shanhua, Taiwan 23°00′N 120°17′E 9
IRRI, Los Baños, Philippines 14°11′N 121°15′E 21
CIAT, Palmira, Colombia 3°29′N 76°21′W 965
CIMMYT, El Bataan, Mexico 19°31′N 98°58′W 2250
CATIE, Turrialba, Costa Rica 9°53′N 83°38′W 602

(b) National Agricultural Research Centres and Institutes
Rothamsted Research, Harpenden, UK 51°82′N 0°37′E 128
Stellenbosch University at Elsenburg SA 33°56′N 18°52′E 136
Glen Agricultural College, Free State SA 28°93′S 26°32′E 1232
NW University, Potchefstroom, SA 26°74′S 27°08′E 1349
Cedara Agricultural College, Kwa Zulu Natal SA 29°54′S 30°26′E 1066
NARC, Islamabad, Pakistan 33°42′N 73°08′E 518
Kasetsart University, Kamphaeng Saen, Thailand 14°01′N 99°58′E 7
Merredin, Department of Agriculture, W. Australia 31°30′S 118°14′E 315
NIHHS–RDA, Suwon, South Korea 37°28′N 126°96′E 24
Walpeup Research Station, Victoria 35°12′S 142°00′E 105
University of Queensland at Gatton 27°54′S 152°34′E 89
Lincoln University, Christchurch, NZ 43°66′S 172°48′E 20
Waimanalo Experimental Farm, Hawaii 21°34′N 157°71′W 20
Vineland Research Station, Ontario, Canada 43°11′N 79°24′W 79
McGill University Ste Anne De Bellevue, Quebec, 45° 26′N 73° 56′W 39

(c) Island and Rural Locations
Çorum, Turkey 40°55′N 34°95′E 776
Koror, Republic of Palau 7°33′N 134°48′E 29
US Territory of Guam 13°60′N 144°84′E 110
Pohnpei, Federated States of Micronesia 6°85′N 158°31′E 9
Kwajalein atoll, Marshall Islands 8°73′N 167°73′E 2
Healdsburg, California, USA 38°37′N 122°52′W 33
Grand Prairie, Alberta, Canada 55°18′N 118°89′W 669
Estevan, Saskatchewan, Canada 49°22′N 102°97′W 581
Brandon, Manitoba, Canada 49°91′N 99°95′W 409
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RESULTS

The data presented in Table 2 for the change in average
air temperatures over the period 1975–2011 suggest
large variability between stations at the international
agricultural research centres (category A sites) with
some slope values highly significant (P<0·01), such as
at AVRDC (Shanhua, Taiwan) and the International
Rice Research Institute (IRRI) (Los Baños, Philippines:
1·0 °C increase in 37 years), and others being either
intermediate (CATIE, Turrialba, Costa Rica; ICARDA,
Tel Hadya, Syria) or no change in temperature being
evident (1975–2011) (IITA, Ibadan, Nigeria; ICRISAT,
Patancheru, Andhra Pradesh, India). This variability is
noticeable at the category B locations with Lincoln
University (Christchurch, New Zealand) and NARC
(Islamabad, Pakistan) showing no difference in the
rates of increase or decrease in average temperature
and other locations such as Kasetsart University
(Kamphaeng Saen, Thailand) and the South Korean

Rural Development Administration (RDA, Suwon,
South Korea) being significant (P<0·01). The greatest
variability is shown within the category C stations
where locations in central Anatolia (Çorum) and
California (Healdsburg) show no significant difference
in average air temperature over the years 1975–2011,
yet the island of Guam shows a steep and significant
(P<0·01) increase in average temperature.

If sites with longer data runs are considered, then a
similar mixed result is seen. For example, at
Rothamsted Research (Fig. 1) the rate of increase in
temperature is high (0·04 °C per year) for the standard
data period; if the data run is extended to 1950–2011,
it is reduced (0·02 °C per year). If the full series of years
from 1878–2011 is considered the increase in
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Fig. 2. Average annual air temperature values (°C) at
Lincoln University for the periods (a) 1881–2011, (b)
1950–2011 and (c) 1975–2011. NS=not significant.
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Fig. 1. Average annual air temperature values (°C) at
Rothamsted Research for the periods (a) 1878–2011, (b)
1950–2011 and (c) 1975–2011.
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Table 2. Location and trend analysis of average annual air temperature (°C) over the reference period
(1975–2011) and longer periods where data were available

Years Slope S.E. Slope Intercept S.E. Intercept R2 P

(a) International Agricultural Research Centres
IITA, Ibadan 1975–2011 0·008 0·0050 10 10·0 0·05 NS
IITA, Ibadan 1960–2011 0·009 0·0030 10 5·9 0·12 <0·01
ICARDA, Tel Hadya 1975–2011 0·034 0·0090 –50 18·0 0·27 <0·01
ICRISAT, Patancheru 1975–2011 –0·009 0·0057 43 11·4 0·03 NS
AVRDC, Shanhua 1975–2011 0·045 0·0074 –66 14·8 0·50 <0·01
IRRI, Los Baños 1975–2011 0·024 0·0051 –20 10·2 0·36 <0·01
CIAT, Palmira 1976–2011 0·024 0·0057 –23 11·3 0·32 <0·01
CIMMYT, El Bataan 1975–2011 0·027 0·0055 –38 11·0 0·39 <0·01
CATIE, Turrialba 1975–2011 0·028 0·0072 –33 14·4 0·29 <0·01
CATIE, Turrialba 1958–2011 0·024 0·0038 –25 7·5 0·43 <0·01

(b) National Agricultural Research Centres and Institutes
Rothamsted, Harpenden 1975–2011 0·041 0·0085 –72 16·9 0·38 <0·01
Rothamsted, Harpenden 1950–2011 0·024 0·0039 –38 7·7 0·38 <0·01
Rothamsted, Harpenden 1878–2011 0·0090 0·00126 –8 2·5 0·27 <0·01
SU at Elsenburg SA 1975–2011 0·006 0·0039 5 7·8 0·04 NS
Glen College, SA 1975–2011 –0·004 0·0089 24 17·7 0·00 NS
Glen College, SA 1922–2011 0·004 0·0022 9 4·4 0·02 NS
NW University, SA 1975–2011 0·007 0·0083 4 16·6 0·00 NS
NW University, SA 1914–2011 0·0046 0·00189 8 3·7 0·05 <0·05
Cedara College, SA 1975–2011 0·022 0·0056 –28 11·2 0·29 <0·01
Cedara College, SA 1953–2011 0·017 0·0029 –17 5·8 0·36 <0·01
NARC, Islamabad 1975–2011 –0·004 0·0075 29 14·9 0·00 NS
NARC, Islamabad 1950–2011 –0·009 0·0035 40 7·0 0·09 <0·01
Kasetsart University, KS 1975–2011 0·029 0·0053 –30 10·5 0·45 <0·01
Merredin, WA 1975–2011 0·013 0·0067 –7 13·3 0·07 NS
Merredin, WA 1966–2011 0·019 0·0057 –20 11·4 0·19 <0·01
NIHHS–RDA, Suwon 1975–2011 0·051 0·0093 –90 18·6 0·45 <0·01
Walpeup, Victoria 1975–2011 0·014 0·0059 –12 11·7 0·13 <0·05
Walpeup, Victoria 1939–2011 0·015 0·0022 –13 4·3 0·42 <0·01
UQ at Gatton 1975–2011 0·016 0·0066 –12 13·1 0·12 <0·05
UQ at Gatton 1913–2011 0·0055 0·00184 9 3·6 0·08 <0·01
Lincoln University, NZ 1975–2011 0·013 0·0067 –15 13·4 0·08 NS
Lincoln University, NZ 1950–2011 0·012 0·0030 –13 5·9 0·21 <0·01
Lincoln University, NZ 1881–2011 0·0008 0·00113 10 2·2 0·00 NS
Waimanalo, Hawaii 1975–2011 0·015 0·0044 –5 8·7 0·22 <0·01
Waimanalo, Hawaii 1919–2011* 0·0012 0·00149 22 2·9 0·00 NS
Vineland, Ontario 1975–2011 0·0315 0·01150 –54 22·9 0·15 <0·01
Vineland, Ontario 1926–2011 0·006 0·0031 –2 6·1 0·03 NS
Ste Anne De Bellevue, Quebec 1975–2011† 0·0282 0·01184 –50 23·6 0·12 <0·05

(c) Island and Rural Locations
Çorum, Turkey 1975–2011 –0·012 0·0131 33 26·1 0·00 NS
Çorum, Turkey 1950–2011 –0·027 0·0060 64 11·8 0·24 <0·01
Koror, Palau 1975–2011 0·014 0·0036 0 7·2 0·27 <0·01
Koror, Palau 1952–2011 0·0112 0·00157 6 3·1 0·46 <0·01
Guam 1975–2011 0·067 0·0045 –106 9·1 0·86 <0·01
Guam 1958–2011 0·040 0·0036 –52 7·2 0·69 <0·01
Pohnpei, FSM 1975–2011 0·0002 0·00602 27 12·0 0·00 NS
Kwajalein atoll, Marshall Islands 1975–2011 0·011 0·0037 6 7·3 0·18 <0·01
Kwajalein atoll, Marshall Islands 1952–2011 0·007 0·0022 14 4·3 0·14 <0·01
Healdsburg, California 1975–2011 –0·012 0·0085 39 16·9 0·00 NS
Healdsburg, California 1940–2011 0·015 0·0033 –14 6·5 0·02 NS
Grand Prairie, Alberta, Canada 1975–2011 0·007 0·0158 –11 31·5 0·00 NS
Grand Prairie, Alberta, Canada 1943–2011 0·020 0·0066 –38 13·0 0·11 <0·01
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temperature becomes very small, though still signifi-
cant (P<0·01). At Lincoln University (Fig. 2) from 1881
to 2011, no change in average air temperature is
indicated but in the medium run 1950–2011 a slight
warming is shown (P<0·01) and in the shorter run
(1975–2011) again no change is seen. At most sites
across Canada and South Africa only small, if any,
changes seem to have occurred between 1975 and
2011. For Merredin (Western Australia) recent warm-
ing has been either very slight or not significant but the
longer data run shows significant warming (P<0·01).
At the University of Queensland, Gatton, the longer
data run (from 1913) and the shorter period (from
1975) shows largely the same change in projecting a
slight warming trend. In contrast, at Çorum (Turkey),
the slope is negative and significant (P<0·01) for the
longer run of data from 1950, and at Islamabad a
similar result is apparent. The changes in maximum
and minimum annual air temperatures over the period
1975–2011 are presented in Tables 3 and 4, respect-
ively. The current projected average air temperature at
each location and those projected temperatures and
changes in temperature for the years 2025 and 2050
are presented in Table 5. These projections are based
on the simple assumption that the current trends using
the standard data period (1975–2011) or for compari-
son with longer periods where data were available will
be maintained over the next 15–40 years. Such an
assumption may be questionable in the face of
alternative scenarios offered by longer runs of data.
However, if a substantive flex point in the air
temperature v. the date curve was reached in the late
20th century (Folland et al. 2001; Lobell & Asner 2003;
Midgley et al. 2005; McKeown et al. 2006; Parry et al.
2007; Mohsin & Gough 2010) then it would perhaps
be prudent to use the projections of the shorter run to
be better prepared for the more extreme changes in
temperature that could occur in the future.

At most of the Category A international agricultural
research centre sites, with the exception of IITA Ibadan

and ICRISAT Patancheru (Fig. 3), where no increase
is projected, the findings are otherwise reasonably
consistent with centres showing increases of c.
0·4–0·6 °C by 2025 and increases of between 1·1
and 1·8 °C by 2050, with AVRDC, Shanhua having the
highest projected increase in this category but still
somewhat less than for RDA, Suwon and for Guam in
categories B and C, which increase at the rate of
severity postulated for sub-Saharan Africa by Thornton
et al. (2011) of c. 4 °C/100 years. This is a finding with
major implications for vegetable research at the
international agricultural research centres.

A further source of variation in air temperature
that is of great importance to plants is the difference
between annual average maximum and minimum
temperatures – the diurnal temperature range (DTR).
The trends of both average maximum and minimum
temperatures in the selected standard data run period
and for longer periods where data are available for
comparative purposes vary between sites (Tables 3
and 4). Sites such as AVRDC show consistent sig-
nificant (P<0·01) increases in both maximum and
minimum temperatures (Fig. 4), and similar results are
shown at IRRI, Los Baños (shown earlier by Peng et al.
2004) and at RDA, Suwon. Rothamsted Research
shows such trends across all three data runs from
1878 (Tables 3 and 4). However, at IITA Ibadan
and Kasetsart University, Kamphaeng Saen there is
a significant increase in minimum temperatures
(P<0·01) but not in maximum temperatures. In
contrast, the site at ICRISAT, Patancheru shows a slight
positive increase in maximum temperatures (P<0·05)
while also having a significantly (P<0·01) negative
trend in minimum temperatures; the resulting average
temperature (Table 2) shows no significant change
except an increasing DTR (Tables 3 and 4). Several
of the Canadian and South African stations (Table 4)
show no significant change in minimum temp-
eratures in their shorter or longer runs including
Estevan, Saskatchewan, Brandon, Manitoba, Elsenburg,

Table 2. (Cont.)

Years Slope S.E. Slope Intercept S.E. Intercept R2 P

Estevan, Saskatchewan, Canada 1975–2011 –0·019 0·0182 42 36·3 0·00 NS
Estevan, Saskatchewan, Canada 1945–2011 0·006 0·0073 –9 14·4 0·00 NS
Brandon, Manitoba, Canada 1975–2011 0·026 0·0162 –50 32·2 0·04 NS
Brandon, Manitoba, Canada 1950–2011 0·015 0·0079 –27 15·6 0·04 <0·05

* Years 1951–68 missing.
† Years 1992–93 missing.
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Table 3. Location and trend analysis of maximum annual air temperature (°C) over the reference period
(1975–2011) and longer periods where data were available

Years Slope S.E. Slope Intercept S.E. Intercept R2 P

(a) International Agricultural Research Centres
IITA, Ibadan 1975–2011 –0·008 0·0073 38 14·6 0·00 NS
IITA, Ibadan 1960–2011 0·013 0·0046 –3 9·2 0·11 <0·01
ICARDA, Tel Hadya 1975–2011 0·0580 0·01069 –91 21·3 0·44 <0·01
ICRISAT, Patancheru 1975–2011 0·012 0·0051 8 10·1 0·11 <0·05
AVRDC, Shanhua 1975–2011 0·03245 0·010160 –36 20·3 0·20 <0·01
IRRI, Los Baños 1975–2011 0·020 0·0055 –10 10·9 0·26 <0·01
CIAT, Palmira 1976–2011 0·033 0·0078 –37 15·5 0·33 <0·01
CIMMYT, El Bataan 1975–2011 0·028 0·0086 –32 17·2 0·21 <0·01
CATIE, Turrialba 1975–2011 0·045 0·0126 –62 25·2 0·25 <0·01
CATIE, Turrialba 1958–2011 0·027 0·0072 –27 14·3 0·20 <0·01

(b) National Agricultural Research Centres and Institutes
Rothamsted, Harpenden 1975–2011 0·03553 0·010190 –57 20·3 0·24 <0·01
Rothamsted, Harpenden 1950–2011 0·021 0·0046 –29 9·1 0·25 <0·01
Rothamsted, Harpenden 1878–2011 0·0069 0·00158 0 3·1 0·12 <0·01
SU at Elsenburg SA 1975–2011 0·012 0·0048 –1 9·5 0·14 <0·05
Glen College, SA 1975–2011 –0·0198 0·01024 64 20·4 0·07 NS
Glen College, SA 1922–2011 0·002 0·0027 20 5·3 0·00 NS
NW University, SA 1975–2011 0·0252 0·01023 –25 20·4 0·12 <0·05
NW University, SA 1914–2011 –0·001 0·0027 27 5·3 0·00 NS
Cedara College, SA 1975–2011 0·0479 0·01053 –72 21·0 0·35 <0·01
Cedara College, SA 1953–2011 0·021 0·0051 –20 10·1 0·22 <0·01
NARC, Islamabad 1975–2011 0·009 0·0129 9 25·6 0·00 NS
NARC, Islamabad 1950–2011 –0·002 0·0057 32 11·3 0·00 NS
Kasetsart University, KS 1975–2011 0·005 0·0068 23 13·5 0·01 NS
Merredin, WA 1975–2011 0·030 0·0094 –35 18·7 0·21 <0·01
Merredin, WA 1966–2011 0·029 0·0074 –33 14·7 0·25 <0·01
NIHHS–RDA, Suwon 1975–2011 0·029 0·0099 –41 19·7 0·17 <0·05
Walpeup, Victoria 1975–2011 0·019 0·0086 –15 17·2 0·11 <0·05
Walpeup, Victoria 1939–2011 0·021 0·0031 –18 6·1 0·42 <0·01
UQ at Gatton 1975–2011 0·0343 0·01138 –41 22·7 0·55 <0·01
UQ at Gatton 1913–2011 0·004 0·0027 20 5·4 0·01 NS
Lincoln University, NZ 1975–2011 0·007 0·0084 3 16·7 0·00 NS
Lincoln University, NZ 1950–2011 0·001 0·0038 15 7·6 0·00 NS
Lincoln University, NZ 1881–2011 0·0002 0·00128 17 2·5 0·00 NS
Waimanalo, Hawaii 1975–2011 0·014 0·0055 –1 10·9 0·14 <0·05
Waimanalo, Hawaii 1919–2011* –0·004 0·0022 36 4·3 0·04 <0·05
Vineland, Ontario 1975–2011 0·035 0·0124 –56 24·7 0·16 <0·01
Vineland, Ontario 1926–2011 0·003 0·0035 8 6·8 0·00 NS
Ste Anne De Bellevue, Quebec† 1975–2011 0·03238 0·011150 –53 22·2 0·18 <0·01

(c) Island and Rural Locations
Çorum, Turkey 1975–2011 Data not available
Çorum, Turkey 1950–2011 Data not available
Koror, Palau 1975–2011 0·015 0·0049 2 9·7 0·18 <0·01
Koror, Palau 1952–2011 0·015 0·0022 2 4·4 0·43 <0·01
Guam 1975–2011 0·033 0·0037 –36 7·3 0·69 <0·01
Guam 1958–2011 0·025 0·0023 –19 4·6 0·68 <0·01
Pohnpei, FSM 1975–2011 0·040 0·0080 –49 15·9 0·40 <0·01
Kwajalein atoll, Marshall Islands 1975–2011 –0·006 0·0052 42 10·4 0·01 NS
Kwajalein atoll, Marshall Islands 1952–2011 0·004 0·0034 23 6·8 0·00 NS
Healdsburg, California 1975–2011 –0·0010 0·01168 43 23·3 0·00 NS
Healdsburg, California 1940–2011 0·007 0·0043 10 8·4 0·02 NS
Grand Prairie, Alberta, Canada 1975–2011 0·019 0·0167 –29 33·2 0·01 NS
Grand Prairie, Alberta, Canada 1943–2011 0·023 0·0069 –37 13·6 0·13 <0·01
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Western Cape Province and Potchefstroom, North
West Province. Such a trend is also seen at Merredin,
Western Australia. Tables 5–7 show the current
projected annual average, maximum and minimum
air temperatures at each location and the predicted
temperatures for the years 2025 and 2050. Where the
trends are not significant, temperatures remain as in
2011. Maximum temperatures change very much in
line with the results presented for average tempera-
tures, with an increase of 0·3–0·4 °C by 2025 being
reasonably common when assessed over the reference
time period (Table 6). Over the longer time periods
reported at Rothamsted Research this falls from 0·5 °C
(1975–2011) to 0·1 °C (1878–2011). The projected
increase for ICARDA, Tel Hadya for 2050 is particu-
larly high at 2·3 °C and likewise at CATIE, Turrialba at
1·8 °C (Table 6).

Minimum temperature projected changes are pre-
sented in Table 7. Increases in eastern Asia are
generally large for 2025 (0·4–1·0 °C for RDA, Suwon;
AVRDC, Shanhua; Kasetsart University, Kamphaeng
Saen; and IRRI, Los Baños) and likewise for 2050
(1·1–2·7 °C) with AVRDC, Shanhua and RDA, Suwon
close to the maximum increase recorded (Table 7).
In contrast, ICRISAT Patancheru’s data projects a fall
in minimum temperature in 2050 of 1·2 °C.

DISCUSSION

The IPCC reports of 2001 and 2007 concerning air
temperature (Folland et al. 2001; Parry et al. 2007)
clearly indicate that climate change is characterized
by uncertainty at a local level and this is further
reflected in the results presented in the present paper.
Nevertheless, at the majority of sites (not in the USA)
there is a predominant trend of increasing tempera-
tures, with night temperature increasing more rapidly
than day temperature. This finding agrees with Vincent
et al. (2005) reporting for 68 locations in South
America for 1960–2000, Quintana-Gomez (1999) for

multiple stations in Venezuela and Colombia, Chen
et al. (2010) for several sites in the North China plain
(1961–2003) and for IRRI Los Baños as reported
by Peng et al. (2004). At IRRI this increase is as-
sociated with potentially lower rice yields. For a
minority of sites, including ICRISAT Patancheru,
Lincoln University Christchurch and several locations
in both eastern and western Canada, no average
temperature change is projected between 2011 and
2050. There are some sites, such as Çorum in Central
Anatolia, reporting global cooling (1950–2011) or no
change for the 1975–2011 period. Yet in order to face
such variable trends, de la Peña et al. (2011) argue that
stress-tolerant germplasm still offers a sustainable and
cost-effective approach to combating environmental
variability. Investment in plant breeding to overcome
abiotic stresses results in lines that can be deployed
globally which can be released as lines adapted to
specific stresses and utilized in developing varieties
targeted to specific geographical regions. While small
incremental temperature changes may have little effect
on crop productivity, once thresholds are reached
such as for pollen viability, the benefits of stress-
tolerant germplasm will become apparent.

Site specificity clearly remains a key challenge to
vegetable scientists and this is compounded by the
difficulties of elucidating strong regional trends. For
example, AVRDC Shanhua, where tomatoes (Solanum
spp.) and peppers (Capsicum spp.) are being bred for
global use, is likely to experience rather faster warming
than most other locations in the present study, with
average temperatures in 2011 set to increase by
0·6–25·2 °C in 2025 and by 1·8–26·4 °C in 2050.
Similar warming trends are evident at Kasetsart
University, Kamphaeng Saen, Thailand where
AVRDC conducts research for East and Southeast
Asia, including its Curcubitaceae breeding pro-
gramme. AVRDC also has a substantial regional
presence in South Asia, including the Center’s legume
breeding programme based at ICRISAT, Patancheru;

Table 3. (Cont.)

Years Slope S.E. Slope Intercept S.E. Intercept R2 P

Estevan, Saskatchewan, Canada 1975–2011 –0·008 0·0206 27 41·0 0·00 NS
Estevan, Saskatchewan, Canada 1945–2011 0·013 0·0083 –17 16·4 0·02 NS
Brandon, Manitoba, Canada 1975–2011 0·016 0·0168 –24 33·5 0·00 NS
Brandon, Manitoba, Canada 1950–2011 0·018 0·0078 –27 15·5 0·06 <0·05

* Years 1951–68 missing.
† Years 1992–93 missing.
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Table 4. Location and trend analysis of minimum annual air temperature (°C) over the reference period
(1975–2011) and longer periods where data were available

Years Slope S.E. Slope Intercept S.E. Intercept R2 P

(a) International Agricultural Research Centres
IITA, Ibadan 1975–2011 0·024 0·0067 –17 13·3 0·25 <0·01
IITA, Ibadan 1960–2011 0·005 0·0043 22 8·5 0·00 NS
ICARDA, Tel Hadya 1975–2011 0·0101 0·01057 –9 21·1 0·00 NS
ICRISAT, Patancheru 1975–2011 –0·03011 0·01001 80 19·9 0·18 <0·01
AVRDC, Shanhua 1975–2011 0·059 0·0063 –99 12·6 0·71 <0·01
IRRI, Los Baños 1975–2011 0·028 0·0070 –33 14·0 0·30 <0·01
CIAT, Palmira 1976–2011 0·008 0·0046 4 9·2 0·05 NS
CIMMYT, El Bataan 1975–2011 0·026 0·0072 –45 14·3 0·25 <0·01
CATIE, Turrialba 1975–2011 0·011 0·0057 –4 11·4 0·08 NS
CATIE, Turrialba 1958–2011 0·021 0·0037 –24 7·4 0·37 <0·01

(b) National Agricultural Research Centres and Institutes
Rothamsted, Harpenden 1975–2011 0·046 0·0077 –86 15·3 0·50 <0·01
Rothamsted, Harpenden 1950–2011 0·027 0·0036 –47 7·2 0·46 <0·01
Rothamsted, Harpenden 1878–2011 0·0111 0·00116 –16 2·3 0·41 <0·01
SU at Elsenburg SA 1975–2011 –0·0003 0·00386 11 7·7 0·00 NS
Glen College, SA 1975–2011 0·0060 0·01031 –4 20·6 0·00 NS
Glen College, SA 1922–2011 0·004 0·0028 0 5·5 0·01 NS
NW University, SA 1975–2011 0·014 0·0077 –17 15·2 0·06 NS
NW University, SA 1914–2011 0·0139 0·00177 –18 3·5 0·38 <0·01
Cedara College, SA 1975–2011 –0·003 0·0066 16 13·2 0·00 NS
Cedara College, SA 1953–2011 0·014 0·0035 –19 6·9 0·22 <0·01
NARC, Islamabad 1975–2011 –0·0175 0·01028 49 20·5 0·05 NS
NARC, Islamabad 1950–2011 –0·017 0·0048 48 9·5 0·16 <0·01
Kasetsart University, KS 1975–2011 0·053 0·0065 –83 12·9 0·65 <0·01
Merredin, WA 1975–2011 –0·005 0·0060 22 11·9 0·00 NS
Merredin, WA 1966–2011 0·009 0·0055 –6 10·9 0·03 NS
NIHHS–RDA, Suwon 1975–2011 0·069 0·0099 –131 19·7 0·57 <0·01
Walpeup, Victoria 1975–2011 0·001 0·0051 –9 10·2 0·07 NS
Walpeup, Victoria 1939–2011 0·009 0·0021 –8 4·1 0·21 <0·01
UQ at Gatton 1975–2011 –0·002 0·0073 18 14·6 0·00 NS
UQ at Gatton 1913–2011 0·007 0·0022 –1 4·3 0·10 <0·01
Lincoln University, NZ 1975–2011 0·019 0·0069 –31 13·7 0·15 <0·01
Lincoln University, NZ 1950–2011 0·023 0·0032 –40 6·2 0·47 <0·01
Lincoln University, NZ 1881–2011 0·0016 0·00139 3 2·7 0·00 NS
Waimanalo, Hawaii 1975–2011 0·015 0·0060 –9 12·0 0·13 <0·05
Waimanalo, Hawaii 1919–2011* 0·0067 0·00144 8 2·8 0·22 <0·01
Vineland, Ontario 1975–2011 0·02831 0·011130 –52 22·2 0·13 <0·05
Vineland, Ontario 1926–2011 0·009 0·0029 –13 5·8 0·09 <0·01
Ste Anne De Bellevue, Quebec† 1975–2011 0·025 0·0134 –48 26·7 0·07 NS

(c) Island and Rural Locations
Çorum, Turkey 1975–2011 Data not available
Çorum, Turkey 1950–2011 Data not available
Koror, Palau 1975–2011 0·013 0·0043 –1 8·5 0·19 <0·01
Koror, Palau 1952–2011 0·0076 0·00183 9 3·6 0·21 <0·01
Guam 1975–2011 0·101 0·0082 –177 16·3 0·81 <0·01
Guam 1958–2011 0·055 0·0061 –85 12·2 0·60 <0·01
Pohnpei, FSM 1975–2011 –0·0399 0·01199 103 23·9 0·22 <0·01
Kwajalein atoll, Marshall Islands 1975–2011 0·028 0·0035 –30 6·9 0·64 <0·01
Kwajalein atoll, Marshall Islands 1952–2011 0·011 0·0032 4 6·3 0·15 <0·01
Healdsburg, California 1975–2011 –0·013 0·0096 35 19·1 0·02 NS
Healdsburg, California 1940–2011 0·023 0·0037 –37 7·3 0·34 <0·01
Grand Prairie, Alberta, Canada 1975–2011 –0·006 0·0160 8 31·9 0·00 NS
Grand Prairie, Alberta, Canada 1943–2011 0·017 0·0067 –39 13·2 0·08 <0·05
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but the data indicate that little change will occur there.
The present and potential activities of AVRDC in
providing simple advice to scientists now present a
formidable challenge: the Center has scientists based
in more than 15 locations worldwide and a global
network of partners for which it exercises a global
mandate for tropical and sub-tropical vegetable
improvement.

Further conclusions of a strategic nature may be
drawn using AVRDC as an example. It was established
in central Taiwan (adjacent to the Tropic of Cancer) in
part due to the availability of a range of contrasting
environmental conditions, both seasonal and geo-
graphical, that would allow both tropical and temper-
ate vegetables to be grown conveniently at, or near, a
single site (Fletcher 1993). If rapid warming is to occur
in the next 40 years the advantage of this multipurpose
site could be compromised by making it more
distinctly tropical. This would prompt an acceleration
of AVRDC’s policy of decentralization to better match
environmental conditions to precise breeding needs.
This policy is presently being implemented; the
Center’s mungbean (Vigna radiata) breeding pro-
gramme was recently transferred from its headquarters
in Taiwan to its regional office in South Asia
(Hyderabad, India) to take advantage of the more
semi-arid tropical and sub-tropical environment
associated with the globally important mungbean
growing areas of the Indo-Gangetic Plain and central
India. Likewise the AVRDC onion (Allium spp.)
breeding programme has been transferred to West
Africa (Bamako, Mali) because increasing onion seed
is easier in the dry conditions of the Sahel compared
with thewetter andmore unpredictable environmental
conditions experienced in Taiwan.

Increasing maximum and minimum temperatures at
several East Asian and Oceania locations such as RDA
Suwon, Kasetsart University Kamphaeng Saen, IRRI
Los Baños, Guam and AVRDC since the mid-1970s
suggests that much more effort now needs to be placed

on abiotic stress tolerance research. This exemplifies
AVRDC’s long-held position of making a substantial
investment in research to address abiotic constraints to
vegetable production, including the introgression of
heat, drought and salt tolerance genes from wild
tomato species (Solanum pimpinellifolium, Solanum
chilense, Solanum peruvianum and Solanum habro-
chites) into cultivated types (Solanum lycopersicum)
for the industrial and fresh markets. The research
clearly will need to be accelerated in this decade with
the International Center for Biosaline Agriculture
(ICBA) and ICRISAT (Vadez et al. 2011) as partners
if it is to keep pace with the changing climate.
In addition, crop management technologies must
advance and be adapted to meet the growing
challenges of abiotic stress. Better targeted water use
technologies such as drip irrigation will be required,
along with the use of protected agriculture and grafting
to overcome the effects of short-term flooding. Variety
testing in numerous locations will help to ensure the
robustness of current genetic improvement activities
and assure adaptation or tolerance to a wider range
of environments, pests and diseases. Successful
adaptation to higher temperatures has been shown
previously with Chinese cabbage (Brassica rapa spp.),
which was introduced to the lowland tropics (de la
Peña&Hughes 2007). Breeding efforts at AVRDCmust
continue to stress the need for high nutrient content in
vegetables, as modern varieties often showa decline in
such characteristics (Davis et al. 2004). Increased air
temperature may also threaten to reduce vitamin and
mineral contents in vegetables (McKeown et al. 2006).

It should not be assumed that shorter and shorter
duration genetic material will be required to avoid the
hot and dry periods typical of semi-arid areas. Cooper
et al. (2009), including authors representative of a
range of different ICRISAT locations globally (includ-
ing Patancheru), and Vadez et al. (2011) have argued
that increasing temperatures will reduce the number of
days required to bring crops to maturity. Therefore, it

Table 4. (Cont.)

Years Slope S.E. Slope Intercept S.E. Intercept R2 P

Estevan, Saskatchewan, Canada 1975–2011 –0·029 0·0178 56 35·4 0·05 NS
Estevan, Saskatchewan, Canada 1945–2011 –0·001 0·0069 –1 13·7 0·00 NS
Brandon, Manitoba, Canada 1975–2011 0·036 0·0168 –76 33·6 0·09 <0·05
Brandon, Manitoba, Canada 1950–2011 0·016 0·0083 –36 16·4 0·04 NS

* Years 1951–68 missing.
† Years 1992–93 missing.
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Table 5. Location and trend analysis of average annual air temperature (°C) projected for 2011, 2025 and
2050 from the equations presented in Table 2

Years 2011* 2025 2050 2025–2011* 2050–2011*

(a) International Agricultural Research Centres
IITA, Ibadan 1975–2011 26·2
IITA, Ibadan 1960–2011 27·7 27·8 28·0 0·1 0·4
ICARDA, Tel Hadya 1979–2011 18·4 18·9 19·8 0·5 1·3
ICRISAT, Patancheru 1975–2011 24·6
AVRDC, Shanhua 1975–2011 24·6 25·2 26·4 0·6 1·8
IRRI, Los Baños 1975–2011 28·1 28·5 29·1 0·3 0·9
CIAT, Palmira 1976–2011 25·1 25·4 26·0 0·3 0·9
CIMMYT, El Bataan 1975–2011 15·9 16·3 17·0 0·4 1·1
CATIE, Turrialba 1975–2011 22·9 23·3 24·0 0·4 1·1
CATIE, Turrialba 1958–2011 23·0 23·3 23·9 0·3 0·9

(b) National Agricultural Research Centres and Institutes
Rothamsted, Harpenden 1975–2011 10·7 11·3 12·3 0·6 1·6
Rothamsted, Harpenden 1950–2011 10·5 10·9 11·5 0·3 0·9
Rothamsted, Harpenden 1878–2011 9·9 10·0 10·2 0·1 0·4
SU at Elsenburg SA 1975–2011 16·9
Glen College, SA 1975–2011 16·2
Glen College, SA 1922–2011 16·8
NW University, SA 1975–2011 18·1
NW University, SA 1914–2011 18·2 18·3 18·4 0·1 0·2
Cedara College, SA 1975–2011 16·1 16·4 16·9 0·3 0·9
Cedara College, SA 1953–2011 16·7 17·0 17·4 0·2 0·7
NARC, Islamabad 1975–2011 21·0
NARC, Islamabad 1950–2011 21·8 21·7 21·5 –0·1 –0·4
Kasetsart University, KS 1975–2011 28·1 28·5 29·2 0·4 1·1
Merredin, WA 1975–2011 19·4
Merredin, WA 1966–2010 17·6 17·9 18·3 0·3 0·7
NIHHS–RDA, Suwon 1975–2011 12·1 12·8 14·1 0·7 2·0
Walpeup, Victoria 1975–2011 16·0 16·2 16·5 0·2 0·5
Walpeup, Victoria 1939–2011 17·3 17·5 17·9 0·2 0·6
UQ at Gatton 1975–2011 20·6 20·8 21·2 0·2 0·8
UQ at Gatton 1913–2011 19·2 19·3 19·4 0·1 0·2
Lincoln University, NZ 1975–2011 11·2
Lincoln University, NZ 1950–2011 11·5 11·6 11·9 0·2 0·5
Lincoln University, NZ 1881–2011 11·6
Waimanalo, Hawaii 1975–2011 25·0 25·2 25·6 0·2 0·6
Waimanalo, Hawaii 1919–2011 23·8
Vineland, Ontario 1975–2011 10·7 11·1 11·9 0·5 1·3
Vineland, Ontario 1926–2011 9·6
Ste Anne De Bellevue, Quebec 1975–2011 6·6 7·0 7·7 0·4 1·1

(c) Island and Rural Locations
Çorum, Turkey 1975–2011 8·7
Çorum, Turkey 1950–2011 9·6 9·3 8·6 –0·3 –1·0
Koror, Palau 1975–2011 28·5 28·7 29·1 0·2 0·6
Koror, Palau 1952–2011 27·6 27·8 28·1 0·2 0·4
Guam 1975–2011 28·5 29·1 30·1 0·6 1·6
Guam 1958–2011 27·8 28·4 29·4 0·6 1·6
Pohnpei, FSM 1975–2011 27·4
Kwajalein atoll, Marshall Islands 1975–2011 28·3 28·4 28·7 0·2 0·4
Kwajalein atoll, Marshall Islands 1952–2011 27·9 28·0 28·2 0·1 0·3
Healdsburg, California 1975–2011 14·9
Healdsburg, California 1940–2011 16·6 16·9 17·2 0·2 0·6
Grand Prairie, Alberta, Canada 1975–2011 3·0
Grand Prairie, Alberta, Canada 1943–2011 2·2 2·5 3·0 0·3 0·8
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will be necessary to plant germplasm that under
existing climatic conditions is thought to mature too
late, because it is expected that medium-duration
types, due to environmental circumstances, will
become short-duration types. The results shown in
Table 2 (with full detail presented in Fig. 3) suggest that
for ICRISAT Patancheru no change in average

temperature is predicted as a result of an increase in
maximum temperature being cancelled out by a
decrease in minimum temperature. This location is
themain global focus for breeding of pulses and coarse
grain cereals of the semi-arid tropics. The former class
includes chickpea (Cicer arietinum) and pigeon pea
(Cajanus cajan), both of which serve important
‘secondary’ green pea vegetable markets in Asia, the
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Fig. 3. Annual air temperatures at ICRISAT, Patancheru,
1975–2011. (a) Maximum, (b) minimum and (c) average.
NS=not significant.

Table 5. (Cont.)

Years 2011* 2025 2050 2025–2011* 2050–2011*

Estevan, Saskatchewan, Canada 1975–2011 3·7
Estevan, Saskatchewan, Canada 1945–2011 3·1
Brandon, Manitoba, Canada 1975–2011 2·3
Brandon, Manitoba, Canada 1950–2011 3·1

* Value projected from the equation in Table 2.
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Fig. 4. Annual air temperatures at AVRDC, 1975–2011. (a)
Maximum, (b) minimum and (c) average.

50 J. D. H. Keatinge et al.

https://doi.org/10.1017/S0021859612000913 Published online by Cambridge University Press

https://doi.org/10.1017/S0021859612000913


Table 6. Location and trend analysis of average annual maximum air temperature (°C) projected for 2012,
2025 and 2050 from the equations presented in Table 3

Years 2011* 2025 2050 2025–2011* 2050–2011*

(a) International Agricultural Research Centres
IITA, Ibadan 1975–2011 21·6
IITA, Ibadan 1960–2011 23·1 23·3 23·6 0·2 0·5
ICARDA, Tel Hadya 1975–2011 30·1 31·0 32·5 0·9 2·3
ICRISAT, Patancheru 1975–2011 32·1 32·3 32·6 0·2 0·5
AVRDC, Shanhua 1975–2011 28·1 28·6 29·4 0·5 1·3
IRRI, Los Baños 1975–2011 30·1 30·4 30·9 0·3 0·8
CIAT, Palmira 1976–2011 29·7 30·2 31·0 0·5 1·3
CIMMYT, El Bataan 1975–2011 24·0 24·4 25·1 0·4 1·1
CATIE, Turrialba 1975–2011 28·2 28·8 29·9 0·6 1·8
CATIE, Turrialba 1958–2011 27·6 28·0 28·7 0·4 1·1

(b) National Agricultural Research Centres and Institutes
Rothamsted, Harpenden 1975–2011 15·2 15·7 16·6 0·5 1·4
Rothamsted, Harpenden 1950–2011 13·7 13·9 14·5 0·3 0·8
Rothamsted, Harpenden 1878–2011 13·9 14·0 14·2 0·1 0·3
SU at Elsenburg SA 1975–2011 22·8 23·0 23·3 0·2 0·5
Glen College, SA 1975–2011 26·1
Glen College, SA 1922–2011 24·4
NW University, SA 1975–2011 25·4 25·7 26·4 0·4 1·0
NW University, SA 1914–2011 24·5
Cedara College, SA 1975–2011 24·0 24·7 25·9 0·7 1·9
Cedara College, SA 1953–2011 22·5 22·7 23·3 0·3 0·8
NARC, Islamabad 1975–2011 27·6
NARC, Islamabad 1950–2011 27·7
Kasetsart University, KS 1975–2011 32·8
Merredin, WA 1975–2011 19·4
Merredin, WA 1966–2010 24·8 25·9 25·9 0·4 1·1
NIHHS–RDA, Suwon 1975–2011 17·7 18·1 18·8 0·4 1·1
Walpeup, Victoria 1975–2011 23·1 23·4 23·9 0·3 0·7
Walpeup, Victoria 1939–2011 24·0 24·2 24·8 0·3 0·8
UQ at Gatton 1975–2011 27·0 27·5 28·3 0·5 1·3
UQ at Gatton 1913–2011 27·7
Lincoln University, NZ 1975–2011 22·8
Lincoln University, NZ 1950–2011 17·0
Lincoln University, NZ 1881–2011 17·1
Waimanalo, Hawaii 1975–2011 27·2 27·3 27·7 0·2 0·6
Waimanalo, Hawaii 1919–2011 28·1 28·0 27·9 –0·1 –0·2
Vineland, Ontario 1975–2011 14·7 14·9 15·8 0·5 1·4
Vineland, Ontario 1926–2011 14·1
Ste Anne De Bellevue, Quebec 1975–2011 11·1 11·6 12·4 0·4 1·2

(c) Island and Rural Locations
Çorum, Turkey 1975–2011 Data not available
Çorum, Turkey 1950–2011 Data not available
Koror, Palau 1975–2011 32·5 32·7 33·1 0·2 0·7
Koror, Palau 1952–2011 31·8 32·0 32·4 0·2 0·6
Guam 1975–2011 30·9 31·6 32·2 0·5 1·3
Guam 1958–2011 29·4 29·8 30·3 0·3 0·9
Pohnpei, FSM 1975–2011 31·4 32·0 33·0 0·6 1·6
Kwajalein atoll, Marshall Islands 1975–2011 30·2
Kwajalein atoll, Marshall Islands 1952–2011 31·2
Healdsburg, California 1975–2011 23·1
Healdsburg, California 1940–2011 24·2
Grand Prairie, Alberta, Canada 1975–2011 8·8
Grand Prairie, Alberta, Canada 1943–2011 9·2 9·5 10·1 0·3 0·9

Temperature changes: implications for vegetables 51

https://doi.org/10.1017/S0021859612000913 Published online by Cambridge University Press

https://doi.org/10.1017/S0021859612000913


Middle East and the Caribbean (Vaughan & Geissler
2009). It would therefore seem to be a tactical error at
this time to substantially change the maturity period of
currently successful parental material at this specific
location.

Another option, always available to the vegetable
production community in response to increasing
temperatures, is to switch from a crop with less heat
tolerance to one that is already adapted to higher
temperatures. This is very obvious in the case of dual
purpose pulses used as green peas and grain where
crops such as mung bean and vegetable soybean
(Glycine max), which are naturally adapted to higher
temperature growing conditions, could easily act as
substitutes for other legumes such as Pisum, Lens and
Cicer spp. where photo-thermal conditions permit
(Keatinge et al. 2011b). The role of associated
disciplines in ensuring the crop is adapted effectively
into the new environment and that all the con-
cerns along the value chain are addressed becomes
critical.

Biotic stressors must be considered seriously as they
also respond to changing temperatures (Boland et al.
2004). In the case of solanaceous crops, the rate of
change in viral races and their insect vectors will
require much research investment. Evidence from Tsai
et al. (2011) indicate that over the last 10 years in
Taiwan, the dominant tomato leaf curl Taiwan virus,
which is spread by whiteflies (Bemisia tabaci), has
been rapidly superseded by tomato yellow leaf curl
Thailand virus as the dominant begomovirus infecting
tomatoes in the country. This is critical for plant
breeding efforts today, as the Ty-2 resistance gene
(Ji et al. 2007) appears to have been rendered
ineffective in Taiwan. This is a significant finding, as
tomato yellow leaf curl virus is one of the major
constraints to tomato production worldwide. Tomato
yellow leaf curl Thailand virus has been observed to
infect other solanaceous species such as peppers (de la
Peña et al. 2011). Whether the change in begomovirus
strain dominance is specifically related to climate

change in Taiwan is a matter of speculation at present.
Yet such a rapid rate of change in viral strain
dominance is of great concern, as it is understood
that warm and dry conditions favour rapid multipli-
cation in whiteflies, which are then increasingly
adapted to their changing environment (Hanson
et al. 2011).

Many other insect pests are associated with virus
transmission, such as aphids (Aphis spp.), leafhoppers
(Cicadellidae spp.) and thrips (Frankliniella, Scirtothrips
and Thrips spp.) (McKeown et al. 2006).

Satar et al. (2005) have reported increased repro-
duction rate in these types of species with higher
temperatures. Changing seasonal weather patterns
would also affect insect incidence and consequently
virus disease epidemiology; in many cases the vectors
migrate with changing weather conditions. Very high
temperatures may harm the insect pests that attack
vegetables, but also be detrimental to crop pollinators
and natural enemies. Increased temperatures may
increase reproduction rates; above a certain threshold
the pollinators may not thrive and diseases affecting
pollinators may be exacerbated. For example,
Mironidis & Savopoulou-Soultani (2010) describe
damage to pod borers (Helicoverpa armigera) due to
high temperature heat-shock treatments. However,
these benefits may not be realized often, as such high
temperatures may also be very damaging to many
vegetables, and would precipitate flower drop, pollen
infertility and fruit abortion (Hanson et al. 2011).

In the case of Capsicum spp., current global efforts
to improve the heat tolerance of sweet peppers by
breeding through crossing with related chilli species
will need to be increased.

Many sweet peppers barely survive the environ-
mental conditions experienced in summer in the
tropics and traits in germplasm linked to heat tolerance
such as better pollen viability, greater root mass and
vegetative biomass will need to be further exploited. It
is a priority objective for adapting to climate change in
the tropics (Hanson et al. 2011).

Table 6. (Cont.)

Years 2011* 2025 2050 2025–2011* 2050–2011*

Estevan, Saskatchewan, Canada 1975–2011 10·5
Estevan, Saskatchewan, Canada 1945–2011 9·6
Brandon, Manitoba, Canada 1975–2011 7·9
Brandon, Manitoba, Canada 1950–2011 9·6 9·8 10·3 0·3 0·7

* Value projected from the equation in Table 3.
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Table 7. Location and trend analysis of average annual minimum air temperature (°C) projected for 2012,
2025 and 2050 from the equations presented in Table 4

Years 2011* 2025 2050 2025–2011* 2050–2011*

(a) International Agricultural Research Centres
IITA, Ibadan 1975–2011 31·2 31·6 32·2 0·3 0·9
IITA, Ibadan 1960–2011 32·2
ICARDA, Tel Hadya 1975–2011 10·7
ICRISAT, Patancheru 1975–2011 19·2 18·8 18·1 –0·4 –1·2
AVRDC, Shanhua 1975–2011 20·0 20·9 22·3 0·8 2·3
IRRI, Los Baños 1975–2011 23·1 23·5 24·1 0·4 1·1
CIAT, Palmira 1976–2011 19·7
CIMMYT, El Bataan 1975–2011 6·8 7·2 7·8 0·4 1·0
CATIE, Turrialba 1975–2011 17·7
CATIE, Turrialba 1958–2011 18·3 18·7 19·2 0·3 0·8

(b) National Agricultural Research Centres and Institutes
Rothamsted, Harpenden 1975–2011 6·2 6·8 8·0 0·6 1·8
Rothamsted, Harpenden 1950–2011 7·3 7·7 8·4 0·4 1·1
Rothamsted, Harpenden 1878–2011 5·8 6·0 6·3 0·2 0·4
SU at Elsenburg SA 1975–2011 10·7
Glen College, SA 1975–2011 7·8
Glen College, SA 1922–2011 7·8
NW University, SA 1975–2011 10·7
NW University, SA 1914–2011 9·9 10·1 10·4 0·2 0·3
Cedara College, SA 1953–2007 9·4 9·6 10·0 0·2 0·6
NARC, Islamabad 1975–2011 14·7
NARC, Islamabad 1950–2011 14·0 13·8 13·3 –0·2 –0·7
Kasetsart University, KS 1975–2011 23·8 24·6 25·9 0·7 2·1
Merredin, WA 1975–2011 12·3
Merredin, WA 1966–2010 12·3
NIHHS–RDA, Suwon 1975–2011 8·0 8·9 10·7 1·0 2·7
Walpeup, Victoria 1975–2011 –7·2
Walpeup, Victoria 1939–2011 10·6 10·7 10·9 0·1 0·3
UQ at Gatton 1975–2011 14·3
UQ at Gatton 1913–2011 13·1 13·2 13·4 0·1 0·3
Lincoln University, NZ 1975–2011 9·1 9·3 9·8 0·3 0·8
Lincoln University, NZ 1950–2011 6·4 6·8 7·3 0·3 0·9
Lincoln University, NZ 1881–2011 7·3
Waimanalo, Hawaii 1975–2011 21·2 21·4 21·8 0·2 0·6
Waimanalo, Hawaii 1919–2011 21·7 21·8 21·9 0·1 0·3
Vineland, Ontario 1975–2011 4·7 5·1 5·8 0·4 1·1
Vineland, Ontario 1926–2011 5·0 5·2 5·4 0·1 0·4
Ste Anne De Bellevue, Quebec 1975–2011 2·4

(c) Island and Rural Locations
Çorum, Turkey 1975–2011 Data not available
Çorum, Turkey 1950–2011 Data not available
Koror, Palau 1975–2011 24·7 24·9 25·2 0·2 0·5
Koror, Palau 1952–2010 24·3 24·4 24·6 0·1 0·3
Pohnpei, FSM 1975–2011 22·9 22·3 21·3 –0·6 –1·6
Guam 1975–2011 26·1 27·5 30·1 1·4 4·0
Guam 1958–2011 25·5 26·3 27·6 0·8 2·2
Kwajalein atoll, Marshall Islands 1975–2011 26·2 26·6 27·3 0·4 1·1
Kwajalein atoll, Marshall Islands 1952–2011 26·5 26·6 26·9 0·2 0·4
Healdsburg, California 1975–2011 8·6
Healdsburg, California 1940–2011 9·1 9·4 10·0 0·3 0·9
Grand Prairie, Alberta, Canada 1975–2011 –3·7
Grand Prairie, Alberta, Canada 1943–2011 –4·5 –4·2 –3·8 0·2 0·7
Estevan, Saskatchewan, Canada 1975–2011 –2·04
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These are globally important vegetables with a
ready market worldwide and suitable for production
by smallholder farmers, the principal target group of
many of the international agricultural research centres
(AVRDC 2010).

Warmer temperatures may cause changes in the
epidemiology, population composition and virulence
of bacterial and fungal diseases. One of the key
pathogens of peppers has already adapted, as Sheu
et al. (2009) have reported, resulting in the recent
emergence of a new, more virulent A2 mating type of
late blight (Phytophthora capsici), which has a higher
optimum growth temperature than the A1 type. In
addition, new highly aggressive strains of anthracnose
(Colletotrichum spp.) are emerging in locations such as
Thailand and Korea (Than et al. 2008; Park et al. 2009),
which are also countries in which the sites in Table 5
are showing the highest increases in average tempera-
tures.

Such rapid projected temperature increases in
Thailand are therefore of significance for AVRDC and
its partners’ breeding programmes in pumpkin
(Cucurbita spp.) and bitter gourd (Momordica char-
antia). Most of theCucurbitaceae appear to be adapted
to abiotic stresses including heat tolerance. Both
pumpkin and bitter gourd have good vitamin and
mineral contents and can be better used in the current
struggle against malnutrition worldwide (Keatinge
et al. 2011a; Hughes & Keatinge 2012). The extensive
germplasm available in the AVRDC genebank is only
just beginning to be exploited. Opportunities for
further genetic enhancement and the option of
selecting scientifically specific species adapted to
these environments is a possibility for these crops in
a warming world. However, issues negatively associ-
ated with increasing temperature such as a relatively
greater proportion of maleness in flowers, fungal
infections and greater insect pressure exposing crops
to viruses are likely challenges that will have to be
addressed.

Keatinge et al. (2010) have presented the case that
the world seriously under-invests in crops other than

the main staples and this threatens global nutritional
security. This under-investment may imply serious
risks worldwide in the face of continuing climate
uncertainty. The conventional vegetable crops that
have been discussed at length in the present paper are
good alternatives that can reduce this risk substantially
(Hughes 2009).

Vegetables are obvious candidates for further
investment to avoid the risks associated with a lack
of systems biodiversity (Lin et al. 2009). Chadha et al.
(2007) and the contributors to the First International
Conference on Indigenous Vegetables and Legumes
aptly demonstrate that there are literally hundreds, if
not thousands, of indigenous vegetable species of
proven palatability to humans that could be exploited
for use in changing environments. African indigenous
vegetables, for instance, are capable of responding
quickly to first efforts at crop improvement through
plant breeding and already have ready markets in
African cities (Afari-Sefa et al. 2012). The ability to
choose useful vegetable species from this great
cornucopia of biodiversity is a major advantage for
any farmer confronted with a changed or uncertain
environment, as long as suitable quality seed can be
made available. The AVRDC genebank alone now
possesses more than 430 species of vegetables (de la
Peña et al. 2011) with at least some of these capable of
growing in every niche agricultural environment
currently known to man.

The present paper has shown different temperature
conditions can be expected in the near future that will
probably vary between locations. Seemingly greater
rates of increase in temperature in East Asia are of
concern. Nevertheless, vegetable scientists should still
remain optimistic that good production options will
continue to be made available to farmers in 2025 and
in 2050. This outlook assumes that governments,
major donors and the private sector arewilling to make
the necessary investment in research and development
to explore the biodiversity of vegetable crops. Much of
the current research effort in vegetable horticulture is
being conducted in the seriously underfunded public

Table 7. (Cont.)

Years 2011* 2025 2050 2025–2011* 2050–2011*

Estevan, Saskatchewan, Canada 1945–2011 –3·4
Brandon, Manitoba, Canada 1975–2011 –3·1 –2·6 –1·7 0·5 1·4
Brandon, Manitoba, Canada 1950–2011 –4·1

* Value projected from the equation in Table 4.

54 J. D. H. Keatinge et al.

https://doi.org/10.1017/S0021859612000913 Published online by Cambridge University Press

https://doi.org/10.1017/S0021859612000913


sector. There must be a concerted effort to invest
appropriately in this aspect of agriculture to circum-
vent severe consequences to the world’s growing
population.
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