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ABSTRACT
Reductions in the water footprint (WF) of crop production, that is, increasing crop water productivity (CWP), is touted as
a universal panacea to meet future food demands in the context of global water scarcity. However, efforts to reduce the WF
of crop production may be curtailed by the effects of climate change. This study reviewed the impacts of climate change on
the WF of wheat production in Zimbabwe with the aim of identifying research gaps. Results of the review revealed limited
local studies on the impacts of climate change on the WF of wheat production within Zimbabwe. Despite this, relevant global
and regional studies suggest that climate change will likely result in a higher WF in Zimbabwe as well as at the global and
regional level. These impacts will be due to reductions in wheat yields and increases in crop water requirements due to high
temperatures, despite the CO, fertilization effect. The implications of a higher WF of wheat production under future climate
change scenarios in Zimbabwe may not be sustainable given the semi-arid status of the country. The study reviewed crop-level
climate change adaptation strategies that might be implemented to lower the WF of wheat production in Zimbabwe.
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INTRODUCTION

Agro-ecosystems are the largest users of water accounting for 70%
of global withdrawals and 90% of the global water consumption
(Shiklomanov and Rodda, 2003; Haddeland et al., 2011).
Accelerated population growth, change in diets and demand for
green fuels means that global freshwater demand in agro-systems
will increase to cater for the rising need for food, fibre and
biofuels (Falkenmark et al., 2008; Gleick, 2003). However, most
countries of the world are located in already water-scarce basins
with 2-3 billion people living in highly water-stressed areas (Oki
and Kanae 2006; Kummu 2014). A possible solution to close the
gap between agricultural water demand and availability might
be to increase the crop water productivity (CWP), that is reduce
the water footprint (WF) of crop production in agro-ecosystems
(Hoestra and Mekonnen, 2012).

Efforts to decrease the WF in crop production of agro-
ecosystems may be hampered by the possible implications
of climate change and variability. In the last century global
surface temperatures have risen by an average of 0.07°C
whilst the global atmospheric CO, concentration is rising at
an annual rate of 2 ppm (NASA, 2016). Since crop yields and
evapotranspiration, and thus WF, are determined to a large
extent by climatic conditions, future changes in climate are
likely to affect the WF of crop production. The various non-
linear ways in which climatic factors can affect crop production
via geographic and crop-specific factors mean that the precise
impact of climate change on the WF of crop production for
many countries is not known. There is therefore a need for
the assessment of the impacts of climate change on crop
production WF at the national level (Sun et al., 2012).

Zimbabwe is already experiencing climate change and
variability (GoZ, 2015). Climate change is anticipated to affect
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the production of staple crops such as wheat (Chawarika,
2016; Manyeruke, 2013). An initial process in the assessment
of climate change impacts is a comprehensive review of past
studies to ascertain the current state of knowledge. To the
researchers’ knowledge, there is no comprehensive review of
studies assessing impacts of climate change and variability on
the WF of wheat production in Zimbabwe.

This paper provides a literature review on the potential
of climate change and variability to impact the WF of wheat
production in Zimbabwe with the broad aim of identifying
research gaps and needs. It firstly provides a background to wheat
production and climate change in Zimbabwe and then critically
assesses the results, methods and models of local research
on the effect of climate change and variability on crop water
consumption of wheat production. Search results from local
studies were then compared with regional and global results.
In response to the results of the literature review, adaptation
strategies to help combat the impact of climate change on the
local WF of wheat production in Zimbabwe are suggested.

DATA AND METHODS
Theoretical framework

In agro-systems the classical method used to measure a crop’s
capacity to convert water into marketable yield is the crop
water productivity (CWP). For cereals the CWP can be defined
as the ratio of the harvested grain yield to the volume or depth
of water applied in irrigation or lost in evapotranspiration
(Morisson et al., 2008; Tambussi et al., 2007). It is measured
empirically by the formula:
CWP =Y /Et, (kg/m?) o
where Y is the actual marketable crop yield (kg/ha) and Et is the
actual seasonal crop water consumption by evapotranspiration (m*/ha).
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Another relatively new and innovative way of measuring a
crop’s capacity to convert water into marketable yield is the WE.
The WF of crop production is defined as the freshwater volume
(in cubic meters per ton of crop) required for crop growth and
dilution of pollutants during the production process of crops
(Hoekstra et al., 2009). Analogous to the ecological footprint
and carbon footprint the WF is becoming increasingly popular
in research and policy because of its universal application to
non-agricultural sectors such as manufacturing as well as its
critical linkages to human activities such as pollution and trade
(Zhang et al., 2014). In some research circles the WF is also
referred to as the virtual water content (VWC).

The WF has 3 components: green, blue and grey. The blue
water footprint is the volume of freshwater that evaporated
from blue water resources (surface water and ground water) to
produce the crop. The green water footprint is the volume of
water evaporated from green water resources (rainwater stored
in the soil as soil moisture). The grey water footprint is the
volume of polluted water that is associated with the production
of the crop.

The blue WF can be calculated numerically as:

WF = Et /Y, (m?/kg) )

This can also be written as:

WFE = 1/(Y,/Et) = 1/(CWP) (m*/kg) 3)
Thus the blue WF is the reciprocal of the WP (Amarasinghe
and Smakhtin, 2014).

The two dependent components of the WF of crop
production are crop yield and crop evapotranspiration, both
of which are affected by the main climatic parameters which
are temperature, rainfall and atmospheric CO, levels. Climate
change and variability is thus a significant issue that can
potentially affect WF in crop production. The overall effect of
climate change on yields and evapotranspiration can either be
positive or negative depending on geography, the particular
crop and the degree of climate change. High temperatures
in mid- and low-altitudes are anticipated to elevate crop
evapotranspiration and reduce crop yields for C4 crops (e.g.
maize). whilst in high latitudes they may increase C3 crop (e.g.
wheat) yields resulting in lower WFs of production (Gornall et
al., 2010; Adams et al., 1999). However, for C3 crops like wheat,
increases in atmospheric CO, levels can increase crop yields,
the so called CO, fertilization effect, whilst simultaneously
reducing crop transpiration resulting in a net reduction in the
WE of crop production (Cartwright, 2013; Degener, 2017).

Database search

The literature review was conducted by carrying out a
literature search of peer-reviewed articles and grey literature
published from 1985 to 20 February 2018. Many climate
change studies on crops have focused on either crop yield or
crop evapotranspiration, separately. For this reason, this study
de-segregated its analysis of climate change impacts on WF by
focusing separately on wheat yields, crop evapotranspiration
and the actual WF. For peer-reviewed articles the databases
EBSCO, PubMed, Web of Science, BioOne and Scopus were
used. Grey literature searches were conducted using Eldis,
Google Scholar and AGRIS (the Food and Agriculture
Organization of the United Nations and the International
Food Policy Research Institute) and UNESDOC (the UNESCO
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database). Since most climate impact studies present crop water

use as either crop evapotranspiration, crop water requirements,

irrigation requirements or their variants, these terms were
included in the literature review. The search terms used in

the search were ‘Zimbabwe’, ‘Africa’ or ‘global’ and ‘climate

change’ and ‘wheat’, ‘temperate cereals ‘or ‘cereals’ followed

by ‘yields, ‘water footprints’, ‘virtual water contents’, ‘water

productivity, ‘water use efficiency’, ‘irrigation requirements’ or

‘crop evapotranspiration’.

Only studies written in English were used due to limitations
on resources. To be included, a study had to meet the following
criteria:

o Any original peer-reviewed research, review paper or white/
grey document that contained results on climate change
impacts pertaining to Zimbabwe, Southern Africa or Africa

o The results of climate change impacts had to be specific to
wheat, temperate cereals (barley and rye) or cereals in general

o Assess the effects of increasing CO, and temperature on the
water footprints, virtual water contents, water productivity,
water use efﬁciency, irrigation requirements, crop
evapotranspiration or water use of wheat, temperate cereals
(barley and rye) or cereals in general

o Provided quantitative or qualitative data on changes in yields
of wheat, temperate cereals or cereals due to the effects of
climate change

A schematic representation of the screening process is given

in Fig. 1. The initial search produced 840 papers which were

then subjected to filtering. The first filtering was based on

the source title; a second filter was then applied based on the

source abstract. Full documents (peer review articles, industry

reports) were only reviewed after satisfying all inclusion crite-
ria. Ultimately 34 articles were selected and analysed to provide

50 ‘observations’ on wheat yield, water use and water footprints

in Zimbabwe and the region.

Study area

Zimbabwe is a semi-arid country located in Southern Africa
between latitudes 15° and 23°S, and longitudes 25° and 34°E.
Zimbabwe has a tropical climate which is moderated in many
places by the effect of local topography. As a result, wheat, a
temperate crop, in Zimbabwe is mainly grown in the midveld
and highveld areas (altitude above 600 m) were the cool
winter season (0-20 °C) has proved ideal for wheat production
(Havazvidi, 2006).

Significant wheat production also occurs in the lowveld
(altitude below 600 m) in areas under government parastatals
such as the Chisumbanje and Save-Valley estates.

These combined areas coincide with agro-ecological
regions ITA, IIB and III which account for 75-80% of the
area planted to crops in Zimbabwe (FAO, 2000). Wheat is the
second-most strategic food security crop in Zimbabwe after
maize, accounting for more than 50% of daily caloric intake in
the country (Kapuya, 2010).

Wheat is mainly used to make flour and bran. Flour is
used to make bread, which has become a staple food in the
country, while bran is processed into a stock feed (Mutambara
et al., 2013). Since there is very little or no rainfall during
the winter months (May to August), irrigation is required to
achieve a good wheat crop. Wheat is therefore a fully-irrigated
winter crop in Zimbabwe. The irrigation requirements for
wheat and its associated energy and water development
costs mean that wheat production in Zimbabwe is mainly a
commercial enterprise. The heavy reliance of wheat production

Published under a Creative Commons Attribution 4.0 International Licence (CC BY 4.0) 514


https://www.watersa.net
https://creativecommons.org/licenses/by/4.0/

[Climate change]+ [Zimbabwe or Southern Africa or
Africa] + [wheat or temperate cereals or cereals] +
[yields] + [water footprints or virtual water contents or
water productivity or water use efficiency or irrigation
requirements or crop evapotranspiration].
[
EBSCO, PubMed, Web of Eldis, Google Scholar, IFPRI
Science, BioOne and Scopus and UNESDOC
(734) (1534)
(::i}emove duplica’ce:s:~ 7
840 peer reviewed papers/grey
literature/ white documents
e Selection based on” >
T fitle o
324 references
o é;lection based on™~
oo abstract -
142 references
{ Final selection
34 references
24 papers 7 papers 3 papers
(Climate change (Climate change (Climate change
impacts on wheat impacts on wheat impacts on water
yields) water use) footprint of wheat)
Figure 1. Schematic representation of the review process
on irrigation in the predominantly semi-arid climate of RESULTS AND DISCUSSION

Zimbabwe, which is experiencing the effects of climate change,
implies that the efficient utilization of water resources is a

key issue. Zimbabwe adopted the concept of integrated water
resources management (IWRM) at the 2" World Water
Forum, held in The Hague in March 2000 (Swatuk, 2005).

One of the key Dublin policy principles that enshrine IWRM
stipulates that water resources must be used in an efficient
manner in all human endevours.
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Climate change and variability in Zimbabwe

Compelling evidence exists which shows that climate
change is already occurring in Zimbabwe. During the 20
century the annual mean temperatures over Zimbabwe have
significantly increased. Unganai (1996) reports the mean
centurial rise in temperature at 0.8°C. Rekacewicz (2005)
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posits a conservative increase of 0.4°C but notes that there
has been an increase in both the minimum and maximum
temperatures over Zimbabwe represented by a decrease in the
number of days with a minimum temperature of 12°C and a
maximum of 30°C. Brown et al. (2012) estimate the overall
rise in the daily minimum and maximum temperatures to be
2.6°C and 2°C, respectively.

Most researchers concur that the annual mean rainfall
over Zimbabwe has declined (Makarau, 1995; Unganai, 1996;
Rekacewicz, 2005; Chamaille-Jammes et al., 2007). Unganai
(1996) used linear regression and noted a 10% decline in
annual mean rainfall over the country in the past century.
Makarau (1995) used quadratic and exponential analysis
and noted a reduction of approximately 100 mm in the
mean annual rainfall from 1901 to 1994. Rekacewicz (2005)
concluded that the mean annual rainfall received during
a rainy season has decreased by about 5% since 1900 and
rainfall patterns have shifted; more rainfall is occurring at
the beginning of the season, in October, and less rain is being
received between January and March. Mazvimavi (2010),
however, used the Mann-Kendal test and concluded that due
to the high rainfall inter-annual variability over Zimbabwe it
is meaningless at the moment to associate any rainfall change
with global warming.

With regards to climate projections, the annual mean
temperature over Zimbabwe is anticipated to increase by about
3°C for the 2050s, compared to the 1961-1990 normal, using
various global circulation models (GCMs) (Hulme et al., 2001;
Christensen et al., 2007). Similar results were obtained at a
catchment level when Mujere and Mazvimavi (2012) projected
a 3°C maximum temperature increase for Mazoe catchment for
the 2050s. Seasons will likely change with hotter dry seasons
and colder winters. Simulations using GCMs anticipate 5-18%
less mean annual rainfall by the year 2080 compared to the
1961-1990 normal (Hulme et al., 2001; Christensen et al., 2007).
The traditional onset and cessation of rainfall seasons will
shift with fears of shorter and more erratic rainfall seasons.
The reduction in precipitation means that in the long term
yields from reservoirs will be reduced and there will be less
water available for allocation across all sectors. Climate change
is anticipated to cause a streamflow decline of up to 50%
for the Gwayi, Odzi and Sebakwe catchments in Zimbabwe
(Mazvimavi, 1998).

Growing research is showing that climate change at
decadal timescales is closely linked with the increased
frequency of the El Nifio-Southern Oscillation (ENSO)
phenomenon (Fedorov and Philander, 20000; Zhang et al.,
2008; Cob et al., 2013; Cai, 2015; Wang et al., 2017). The
frequency and strength of El Nifio have been more variable
during the 20" century than the preceding 7 000 years (Cob
etal., 2013). In Zimbabwe 62% of El Nifio occurrences are
associated with below normal rains and droughts which result
in reduced water availability in surface and groundwater
sources (Gopo and Nangombe, 2016).

Zimbabwe is one of the many sub-Saharan African
nations which are extremely vulnerable to climate change
due to a combination of factors that include endemic poverty
and constrained coping mechanisms (Chagutah, 2010;
Madzwamuse, 2010). Agriculture is the mainstay of the
economy, contributing an average of 16.76% (7.41-22.89%) of
GDP and providing employment to 60-70% of the population
(Malaba, 2013). Cross-national poverty profiles show that
poverty is endemic in the country, with more than 70% of
the population classified as poor and 84% of these living in
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rural areas (Sakuhuni et al., 2012; Malaba, 2013; Manjengwa
etal., 2012). Without adaptation strategies the impacts of
climate change may be potentially severe for the country due
to its heavy dependence on agriculture and lack of financial
resources for mitigation and adaptation to climate change.
Climate change adaptation strategies, especially in the
agricultural sector, are therefore a principal development
challenge in Zimbabwe.

Climate change impacts on wheat productivity

There is a general consensus among several studies, using
different models and approaches, that projected climate change
will negatively affect wheat yields for Africa and the world at
large (Liu et al., 2008; Ringer et al., 2010; Nelson et al., 2009;
Zhao et al., 2017; Challinor et al., 2014; Wheeler et al., 2012;
Asseng et al., 2014, Matiu et al., 2017). This review found 24
regional and global studies that predicted declines in wheat
yields due to climate change and variability (Table 1). Of the

24 studies reviewed no local studies were found suggesting
that very little research has been carried out in Zimbabwe on
climate impacts on wheat yield. Most local climate change
impact studies have focused on maize due to its importance

as the prime staple of the country (Makadho, 1996; Mano and
Nhemachena, 2007; Muchena, 1994; Ciarns et al., 2016; Rurinda
et al., 2015; Lebel et al., 2015; Makuvaro, 2014).

Nonetheless it was still possible to isolate climate change
impacts on Zimbabwean wheat yields from global and
regional studies.

Parry et al. (2004) estimated the future global wheat yields
at a national level using yield transfer functions and concluded
that wheat yields in Africa may decrease up to 30% in the
2080s. For Zimbabwe the study determined wheat reductions
of from 10-30% for the 2080s under A1FI, A2, Bland B2
scenarios, but using only one GCM, the HadCM3 model.

Konar et al. (2016) used climate outputs from 14 GCMs
run under the high carbon emission SRES A2 scenario to
force a process-based crop model, Global Hydrology Model
(HO08). Their global model predicted a decline in wheat yields
in Zimbabwe of 26-63% for the 2030s. In another global
study, Deryng et al. (2014) used the global crop yield model
PEGASUS, driven by projected climate data from the MAGICC
6 GCM forced under all four RCPs emission scenarios. For
Zimbabwe the study by Deryng et al. (2014) determined a 50%
reduction in wheat yields.

With respect to climate variability studies, Zampieri et al.
(2017), lizumi and Ramankutty (2016) and Ray et al. (2015)
concluded that year-to-year variability in climate has resulted
in significant variations in wheat yields. At a global level as
much as 75% of the wheat yield variability can be explained by
climate variability whilst for Zimbabwe it was between 30 and
45%. Using statistical analysis the researchers correlate global
historical wheat yields with historical climate data to detect
patterns in yield changes. An advantage of statistical analysis is
that it is based on observational historical data from individual
farms or regions which implicitly takes into account farmer
management behaviour as opposed to field experiments.

A statistical description of the results of the reviewed
studies showed that there is wide variation in wheat yield
reduction depending on spatial extent and time period
(Fig. 2). However, there is general agreement that, regardless of
spatial extent and time period, wheat yields will be negatively
affected by climate change. The anticipated declines in wheat
yields suggest that negative climate change impacts, like heat
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Figure 2. Agro-ecological zones and the major wheat-growing areas in Zimbabwe: After Morris (1988)

stress due to temperature rise, counter the beneficial effects

of CoO, fertilization (Siebert and Ewert, 2014; Matiu et al.,
2017, Zampieri et al., 2017). For instance, in a meta-analysis
Challinor et al. (2014) found that yield decline for a unit
increase in temperature (°C) was 4.90% whilst yield increment
for a unit increase in atmospheric CO, (ppm) was 0.06%,
suggesting that at a global level heat stress overrides the CO,
fertilization effect. The review shows that anticipated impacts
of climate change might be higher at smaller spatial scales
(national level) but lower at larger spatial scales (global and
continental level). The average decline in wheat yields per time
period in 46%, 22% and 8% for Zimbabwe, Africa and the
world, respectively.

The implications of the decline in wheat yields are significant
for Zimbabwe. Traditionally, Zimbabwe has had some of the
highest national average wheat yields, of between 5-6 t/ha
compared to the current global average of 2.5-3 t/ha (Bhasera
and Soko, 2017). This has partly been due to the impact of wheat
breeding research in Zimbabwe over the period 1969 to 1991 as
well as introduction of agronomic practices which have resulted
in a potential maximum wheat yield of 10 t/ha (Mashiringwani
and Mutisi, 1994). Wheat yield reductions of 46% would shift
the national average wheat yields to 3.15-3.78 t/ha. Economic
analysis using the current gazetted wheat prices for Zimbabwe in
2017 shows that the break-even yield that results in a gross profit
of zero is 4 t/ha (Bhasera and Soko, 2017).

The literature review revealed that climate impact studies
use a diverse variety of GCMs, emission scenarios and crop
models. For this reason a time-series plot of wheat yield
shocks produced no meaningful trend since diverse emission
scenarios and GCMs can be used by various studies for the
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same time-slice, resulting in varying results (Fig. 3). Earlier
studies used a limited number of GCMs in their simulations
(e.g. Parry et al., 2004 used only the HaDCM3 GCM); however,
more recent studies are incorporating GCM ensembles in their
analysis (e.g. Deryng et al., 2014).

The majority of the studies used process-based crop growth
simulation models for assessing the impacts of climate change on
wheat productivity. Common models used in the studies include
the Decision Support System for Agro-technology Transfer
(DSSAT), APSIM (Agricultural Production System Simulator),
the GIS coupled Erosion Productivity Impact Calculator
(GEPIC), the Agro-Ecological Zone (AEZ) model, WOFOST
(WOrld FOod STudies) and the FAO’s Cropwat model. Process-
based crop models are based on crop physiological responses
to environmental factors which is a key strength if external
validation of the model to the environment is done (Roberts et
al., 2017). A down-side of the models is that validation is based
on experimental field plots but not on real farmer-managed
fields where pest, weed and disease control strategies, fertilizer
applications and other management practices significantly vary,
depending on farmer behavior. Perhaps more importantly,
process-based models were developed for finer spatial scales with
homogeneous environmental conditions and their use over large
spatial scales with multiple heterogeneities in environmental
conditions might lead to errors (Abraha and Savage, 2006;
Schulze and Walker, 2006).

In an effort to increase precision in modeling approaches
a significant number of researchers are adopting a
multimethod approach (Asseng et al., 2014; Zhao et al.,

2017). A multimethod approach incorporates process-
based crop models, statistical modeling as well as Free-Air
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Figure 3. Wheat yield reductions per period from reviewed studies

Carbon-dioxide Enrichment (FACE) experiments where
crops are grown in CO,-rich environments to mimic the
effect of climate change. However multimethod approaches
may simply result in great precision in climate studies but not
accuracy if the delimitations for each separate method are
not resolved. For instance, Jones et al. (2014) have shown that
though FACE experiments provide precise information about
crop physiological and phenological responses to enriched
CO,, most of the experiments are spatially biased since they
have been carried out in the temperate regions of Europe and
America. Extrapolation of experimental results from these
regions to the tropical Asian and African regions might result
in inaccuracy since tropical areas have different biomes and
environmental conditions.

Climate change impact on wheat water use

A literature search on the impact of climate change on water
requirements of wheat in Zimbabwe yielded little or no local
results. The search did, however, result in 7 global and regional
studies that have attempted to quantify climate impacts on
wheat water use. Of the 7 studies, 2 studies had results for
Zimbabwe., and 2 of the 7 studies specifically focused on
wheat whilst the remaining 5 collectively focused on cereals,
temperate cereals or all crops (wheat included). Compared to
the 24 papers reviewed under wheat productivity the relatively
small number of papers on wheat water use may signal that
food security issues have a higher research priority than water
security issues. However, water security and food issues are
intricately connected (Brazilian et al., 2011).

Global studies suggest that high temperatures lead to an
increased irrigation water demand by increasing the overall
crop transpiration rate. Using two GCMs (Hadley and
CSIRO) under A2r scenarios Fischer et al. (2007) projected a
20% increase in net irrigation requirements for the world by
2080. They noted that about 65% of the global net irrigation
requirement increases would emanate from higher crop water
demands under the changed climate, and the remaining
35% from extended crop calendars. For Africa net irrigation
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requirements for crops were expected to increase by 14%. The
significantly lowered CO, concentrations may contribute to
lower crop water demand.

Doll and Siebert (2002) used the GIM (Global Irrigation
Model) to determine how irrigation requirements might
change under the climatic conditions of the 2020s and the
2070s using two climate models, ECHAM4 and HADCM3.
Their simulation gave contradictory results for southern Africa
based on the climate models. The ECHAM4 model showed
a consistent decline in irrigation requirements across the
region for the 2020s and the 2070s whilst HADCM3 showed
increments for both scenarios. The study shows that climate
change impact predictions vary significantly, depending on the
crop models used, climate change scenario and the number and
types of global circulation model (GCM) used.

Pan et al. (2015) determined that global crop lands
would experience an increase of about 38.9% and 14.5%,
respectively, under both the A2 and B1 scenarios between the
2090s and the 2000s. Their analysis suggested that climate
variability accounted for 91.3% of the inter-annual variation
in evapotranspiration. Whilst the study pointed to increased
evapotranspiration rates, it also showed that strength of the
CO, fertilization effect would determine the magnitude of
global terrestrial evapotranspiration during the 21* century.
The CO, fertilization can result in reduced evapotranspiration
through reduction in stomata conductance in plants.

Two global studies noted a decline in global irrigation
requirements. Liu et al. (2013) noted that globally the net
irrigation requirements for cereal crops (wheat, maize and
rice) would decrease in the 2030s and 2090s. However net
irrigation requirements would increase in southern Africa. For
Zimbabwe, the study determined that crop water use would
both increase (12.5% to 11.4%) and decrease (—45.7%-25.8%) for
the 2030s and 2090s, respectively.

Zhang and Cai (2013) used 5 GCMs and noted that global
irrigation requirements for major crops might decline slightly
despite the anticipated rise in temperature. In their analysis
wheat irrigation requirements for Zimbabwe and Africa asa
whole decreased. This counter-intuitive effect noted by Zhang
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Table 2. Percentage change in crop water use from reviewed papers and publications

Sources Region Crop Methods Em|55|c.>n CO, effect Time period Water use Changes
scenario 2 percentage depth
Fischer et al,, Global All crops Process-based o, A2r Included 1990-2080 20%
2007 Africa 14%
Doll and Global All excluding Process-based 1S92a Included 2020s, 2070s 5.4%
Siebert, 2002 Africa rice -1.4%
Pan et al., Global General Process-based A2 and B1 Included 2090s 38.9-14.5%
2013
Liu etal., Zimbabwe  Wheat, rice, Process-based A1Fl and B2 Included 2030s, 2090s -9.95-11.95%
2013 maize
Zhang and Zimbabwe Wheat Process-based A1B-SAM Included 2099 0-99mm
Cai, 2013 Global
Elliott et al., Global All Process-based - Included 2090s -15%
2014
Fant et al., Zimbabwe Wheat Process-based - Included 2050 5.8%
2013
Zimbabwe [ Africa ® Global

2020s

2030s . 10,9

2040s

2050s 58

2060s

2070s 1,4 5,4

2080s 14 1 20

10,9
2090s ’ 20,85
Percentage changes in wheat water as a function of time for Zimbabwe, Africa and
the World

Figure 4. Irrigation demand changes per region from reviewed studies

and Cai (2013) and Liu et al. (2013) of reduction in irrigation
requirements despite increments in temperature can be
explained by the diurnal temperature range (DTR; difference
between daily maximum temperature and daily minimum
temperature). Zhang and Cai (2013) note that increments in
temperature may not cause higher evapotranspiration in cases
where there is a decline in the DRT.

Fant et al. (2013) explored the impacts of climate change on
irrigation requirements in the Zambezi basin which overlaps
with the south-eastern part of Zimbabwe. Their robust
analysis used a large pool of climate projection (6,800) based
on the full set of the CMIP-3 GCM:s for the 2050s time slice.
Their analysis predicts a 6% increment in irrigation demand
for cereals (excluding maize) for 4 countries in the basin,
including Zimbabwe.

A statistical description of the results using a bar graph
is shown in Fig. 3. It shows that across all time periods and
emission scenarios crop water use at the global, regional and
local scale will increase. There is, howeverk a lot of uncertainty
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in these estimations since most of the studies focused on a
range of crops and not just wheat.

The implications of the increase in water requirements
for wheat in Zimbabwe are significant. Recommended
water requirement for wheat per season in the country
ranges from 350 to 600 mm/ha depending on method of
irrigation and geography (Bhasera et al., 2017). Rahman et
al. (2015) determined that for the highveld areas of Harare
and Domboshava the crop water requirements ranged from
about 550 to 990 mm per season and varied significantly with
irrigation methods used. In a survey of 41 commercial farms,
Longmire et al. (1987) determined that the average total water
actually applied in wheat farms was 570 mm (range 360 to
800 mm). These irrigation requirements in Zimbabwe where
water availability has always been erratic and highly variable
have made water resources the most limiting factor in the
production of winter wheat. An increment in the irrigation
requirements due to climate change and variability can
compound the situation.
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Climate change impacts on the water footprint of wheat
production

The literature search on the impact of climate change on the
actual WF of wheat in production in Zimbabwe yielded limited
or no local studies. At a global or regional level only 3 papers by
Fader et al., 2011, Deryng et al., 2016 and Konar et al., 2016 have
explored the possible climate change impacts on crop WFs.

Fader et al. (2011) modelled global VWC under climate
change scenarios. Values of VWC are equal and comparable to
values for WF. The global study showed that by the 2070s, under
A2 emission scenarios of future climate change and increasing
atmospheric CO, concentrations, the WF for temperate cereals
like wheat and barley will decrease globally. However, for many
arid regions, such as Australia, South Africa, Argentina and the
Mediterranean, the WF would increase. Although Zimbabwe is
classified as semi-arid it was not included in the study. In the arid
regions it is expected that the negative effects of climate change
exceed the positive effects of CO, fertilization. An interesting
analysis by Fader et al.(2010) showed that yields are the main
driver of WF, rather than evapotranspiration; decreases in WF
by more than 1 m?/kg were highly correlated to yield increases,
and increases in WF by more than 1 m*/kg"' were highly
correlated to yield decreases.

The critical role of yields in determining the WF was also
noted by Konar et al. (2016) who analysed VWC under future
climate change scenarios. Konar et al. (2016) based their
assessment on projected yield shock scenarios (low, medium
and high yield) predicted by Hertel et al. (2010). In their analysis
global WF decreased under the medium- and high-yield
scenarios for all crops but increased under low yield scenarios.

Perhaps the most intensive study on climate impacts on
global WF of wheat production was carried out by Deryng et
al. (2016). The researchers analysed climate change impacts
on the CWP of wheat production at a global level. Since the
CWP is the inverse of the WF their results are comparable to
this study by taking the inverse of the CWP. Using a network
of field experiments and an ensemble of process-based crop
models and GCMs, Deryng et al. (2016) determined that CO,
fertilization decreased global WF of cereals by 10-27% by the
2080s. In sharp contrast to the study by Fader et al. (2010), the
study determined that the WF of crops grown in arid climates
benefits the most from the effects of elevated CO, leading to
additional significant reductions in consumptive crop water
use by 2080. The contrast in results by Fader et al. (2010) and
Deryng et al. (2016) highlights the fact that the impact of higher
atmospheric CO, concentration is a major source of uncertainty
in crop yield projections.

From the conflicting and few results of the three global
studies on WF of wheat production there is a lot of uncertainty
on how climate change will impact WF of wheat production
for Zimbabwe. However, it is possible to extrapolate the results
from the literature review on local yield and wheat water use.
The literature review showed both a median decrease in wheat
yields and increase in water consumption for Zimbabwe.
Pooled together these results might indicate that climate
change may result in increased WF for wheat production in
the country. The possible increase in the local WF of wheat
production may not be sustainable for the country which is
classified as semi-arid with limited water resources.

The severity of the impact of climate change on the WF of
wheat production depends on the actual increase in the WF
and the current WF determined for the country at the present
moment; a high WF would be further exacerbated by climate
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change whilst a low WF can absorb and significantly neutralize
climate change impacts. Since no local research has been
conducted, the actual increase in WF cannot be ascertained
without a significant amount of error. Furthermore,
information on the current WF of wheat production in
Zimbabwe is not known. Notwithstanding, Fader et al. (2011)
reported that WF differs significantly among regions with
highest values > 2 m*/kg common in large parts of Africa.
There is thus a need for local research to determine the effect of
climate change and variability on the WF of wheat production.

Possible climate change adaptation strategies

The foregoing discussion suggests that there may be a need for
climate change adaptation strategies in Zimbabwe that decrease
the WF of wheat production. Options for increasing wheat yields
that have been documented in literature and may be categorized
as crop-level adaptations (e.g. increasing yields and decreasing
crop water use by breeding for higher yields, drought resistance
or heat resistance (Deressa et al., 2009) and planned adaptations
(e.g. expanding irrigation infrastructure or improvement in
agricultural markets [Mendelsohn, 2001]). This study will
primarily focus on crop-level adaptations partly because they fall
under the study scope of the researchers and have been shown
to be effective. Research shows that crop-level adaptations have
the potential to boost yields by 7-15% more compared to similar
scenarios that do not utilize adaptation (PCIC, 2014). A list of
possible crop-level adaptations are listed in Table 3.

Crop breeding to develop new wheat varieties with higher
yields, drought or heat resistance is touted as a possible
solution to combat the negative effects of climate change
on WE. High-yielding wheat varieties would result in more
production with less or equal amounts of water applied
compared to lower yielding varieties. This would reduce the
WE of crop production.

There is, however, general disagreement over whether crop
breeding for wheat would have any significant effect on yield.
Compelling evidence suggests that in certain regions of the
world wheat yields are plateauing and the rate of yield progress
is falling to as low as 1.16% (Graybosch and Peterson, 2010;
Cassman et al., 2010; Mackay et al., 2011). Hawkesford et al.
(2013) notes that the main route in crop breeding for higher
yielding cereals was increasing the harvest index (HI), which
is currently at 60%, hinting that further increases above that
value may not be physiologically possible. The highest wheat
yield ever recorded is 16.791 t/ha (New Zealand) setting the
current wheat yield barrier at 17 t/ha (Agrifac, 2017).

Zimbabwe has a lot of local high-yielding varieties that
include SC Nduna (White) (11t/ha) and SC Sky (Red) (12 t/ha)
(Seed Co, 2018). Considering that the highest national average
wheat yields have been between 5 and 6 t/ha a significant yield
gap still exists suggesting that higher yields can currently be
attained by adopting good farm management practices rather
than crop breeding. Some of these practices are highlighted
in Table 3 and include good fertilizer management as well as
timely sowing. The prospects of adapting to a higher WF of
wheat production under climate change by decreasing crop
water use can be done through a number of interventions.

One possible strategy with a lot of potential is the adoption of
irrigation scheduling techniques by local farmers. Historically
studies have shown that there has been inefficient water use
among wheat farmers in Zimbabwe with a tendency to over-
apply irrigation water (Morris, 1988). Irrigation scheduling is
the technique of determining the time, frequency and quantity
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Table 3. Possible climate change adaptation strategies to decrease WF of wheat production in Zimbabwe

Options Strategies

Description

Increasing wheat yields Crop breeding
Fertilizer management

Timely sowing:

Breeding for drought resistance and heat tolerance to higher
temperatures

More soil testing, variable rate application better matching rates to
crop demand to improve efficiency of fertilizer use

Timely sowing so that flowering and grain-filling occurs after the
period of heightened frost risk, but before the effects of late
season water limitation and high temperature can reduce yield

Reducing crop
evapotranspiration

Irrigation scheduling
Deficit irrigation
Irrigation technology
Partial root-zone drying

Shift planting dates

Farmers training on methods of scientific irrigation scheduling;
more research carried out to demonstrate the benefits of
improved water management

Higher yields per unit of irrigation water applied

Phasing out the use of sprinklers in preference to centre pivot
systems with high application efficiency and flexibility

Irrigating approximately half of the root system of a crop; more
research to be carried out

Matching farm activities with changes in temperature

Tillage and residue
management:

Crop mulching and stubble
retention

Zero tillage

Use of crop residues or synthetic material to curb soil evaporation

Soil surface management to minimize soil evaporation and
maximize infiltration

of irrigation water applications to reduce overall crop water use
by reducing crop evapotranspiration. Irrigation scheduling is
particularly suitable for Zimbabwe because inefficient water
use has been traced to farmers’ ignorance on how to implement
scientific scheduling and inadequate research carried out to
demonstrate the benefits of improved water management.
Tambo and Senzanje (1988) noted that most wheat farmers
rarely practice irrigation scheduling.

Deficit (or regulated deficit) irrigation is another potential
strategy that can be used to adapt to climate change in
Zimbabwe and reduce the WF for higher yields per unit
of irrigation water applied. Deficit irrigation is defined as
the application of water below the crop water requirements
exposing the wheat crop to a particular level of water stress for
a specified period (Fereres, 2006). The assumption of deficit
irrigation is that possible yield reductions due to water stress
will be insignificant compared to the benefits derived by
diverting water to other crops.

Research by Nyakatawa and Mugabe (1996) (see Table
4) showed that wheat yields of more than 4 t/ha can be
expected when wheat is grown on deficit irrigation of at least
170 mm/season.

Good tillage and residue management on wheat farms
can also help curb the effects of climate change on WF of
wheat production by increasing yields and lowering crop
evapotranspiration. Conventional tillage on wheat farms
in Zimbabwe involves deep ploughing (ripping or chisel
plough), followed by basal fertilizer application (option for
liming), disking and then rolling (Basera and Soko, 2017).
Conventional tillage practices have been linked to decreased
water infiltration, increased soil evaporation and reductions in
crop yield (Esser, 2017). Adopting conservation tillage practices
together with the use of crop residues as mulching material

Table 4. Experimental wheat yields in Zimbabwe under deficit irrigation

can reduce soil evaporation, increase infiltration, and boost
yields, resulting in a lower WF. Gwenzi et al. (2008) in the Save
Valley demonstrated that minimum tillage and no-tillage in
airrigated wheat-cotton rotation was more sustainable than
conventional tillage; they improve soil structural stability

and carbon sequestration. No studies on mulching on wheat
farms have been conducted locally. However, the potential
exists. In a meta-analysis Nyamangara et al. (2013) showed that
conservation tillage and residue management may increase
maize yields.

The adoption of efficient irrigation systems at the farm level
can assist in decreasing the WF of wheat production under
climate change. The majority of wheat farmers in Zimbabwe
use overhead sprinkler systems (Tembo, 1988; Gambara, 2016).
Overhead sprinkler systems are composed of laterals that have
many joints and have to be moved from one position to the
other. They are thus associated with water losses and leakages
which can increase the WE. Overhead sprinkler systems have
an average application uniformity efficiency of 75%.

Centre pivot and drip irrigation systems have been
replacing traditional flood irrigation and subsurface drip
irrigation. Centre pivots and drip irrigation systems are highly
efficient with up to 95% efliciency in terms of application
uniformity. A study by Maisiri et al. (2005) in the semi-arid
Insinza district of Matabeleland South province showed that
drip irrigation systems on wheat farms use only 35% of the
water used by the surface irrigation systems resulting in low
WEF of crop production.

CONCLUSIONS

This paper fills an important gap in climate impact studies by
providing a review of the anticipated climate change impacts

Irrigation level Days to maturity Number of ears/m? Grain yield

Full 114.3 112.0 375 350 5537 5290
Three quarter 1121 110.5 367 345 4862 4894
Half 109.7 108.5 358 318 4431 4223
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on wheat yields, crop water and WF of wheat production in
Zimbabwe. From the study, and in relation to the objectives
set, it can be concluded that there is a dearth of information
on the possible impact of climate change on the WF of wheat
production in Zimbabwe. No local studies have been carried
out in the country to determine climate change impacts on
wheat yields, crop water use and the WF of wheat production.

Despite the scarcity of information global and regional
studies hint towards an increase in the WF of wheat production
in Zimbabwe under future climate change scenarios. The
increase in the WF stems from a decrease in local wheat yields
and increase in crop water use.

A lot of uncertainty exists at on the global and regional
level on the precise effect of climate change on the WF of wheat
production. The uncertainty is partly due to the predominant
use of process-based models which might not be suitable for
large spatial scale with high heterogeneity with respect to
environmental conditions.

There is therefore need for more local studies to be carried
out within Zimbabwe to ascertain accurate impacts of climate
change on the WF of wheat production.

ACKNOWLEDGMENTS

The researchers would like to appreciate Chinhoyi University of
Technology Staff Development Fund for funding this research.

REFERENCES

ADAMS RM, MCCARL BA, SEGERSON K, ROSENZWEIG C,
BRYANT KJ, DIXON BL, CONNER R, EVENSON RE and OJIMA
D (1999) The economic effects of climate change on US agriculture.
In: Mendelsohn R and Neumann JE (eds) The Impact of Climate
Change on the United States Economy. Cambridge University Press,
Cambridge.

AGRIFAC (2017) 50% higher yield, 50% less chemicals. URL: https://
wwwagrifaccom/50-percent/19603 (Accessed May 2018).

AMARASINGHE U and SMAKHTIN V (2014) Water productivity
and water footprint: misguided concepts or useful tools in water
management and policy? Water Int. 39 (7) 1000-1017.

https://doi.org/10.1080/02508060.2015.986631

ASSENG S, EWERT F, MARTRE P, ROTTER RP, LOBELL DB,
CAMMARANO D, KIMBALL BA, OTTMAN MJ, WALL GW,
WHITE JW and co-authors (2014) Rising temperatures reduce
global wheat production. Nat. Clim. Change 5 143-147. http://doi.
org/10.1038/NCLIMATE2470

BAZILIAN M, ROGNER H, HOWELLS M, HERMANNS R, ARENT
D, GIELEND T, STEDUTO P, MUELLERA A, KOMOR P, TOL
RS, YUMKELLA KK and co-authors (2011) Considering the
energy, water and food nexus: Towards an integrated modelling
approach. Energ. Polic. 39 (12) 7896-7906. https://doi.org/10.1016/j.
enpol.2011.09.039

BHASERA J and SHOKO T (2017) Basic principles of wheat
irrigation. Commercial Farmers Union of Zimbabwe. URL: http://
wwwecfuzimorg/indexphp/agriculture/8392-basic-principles-of-
wheat-irrigation. (Accessed May 2018).

BROWN DW, CHANAKIRA RR, CHATIZA K, DHLIWAYO M,
DODMAN D, MUGABE PH, ZVIGADZA S, MASITWA M,
MUCHADENYIKA D and RANCE R (2012) Climate change
impacts, vulnerability and adaptation in Zimbabwe. Working
Paper. URL: https://pubs.iied.org/10034IIED/ (Accessed May 2018).

CAI' W, WANG G, SANTOSO A, MCPHADEN M]J, WU L, JIN FF,
TIMMERMANN A, COLLINS M, VECCHI G, LENGAIGNE M
and co-authors (2015) Increased frequency of extreme La Nifia
events under greenhouse warming. Nat. Clim. Change 5 132-137.
https://doi.org/10.1038/nclimate2492

CAIRNS JE, MAGOROKOSHO D, COLSEN C, SONDER M,

https://doi.org/10.17159/wsa/2019.v45.13.6748
Available at https://www.watersa.net
ISSN 1816-7950 (Online) = Water SA Vol. 45 No. 3 July 2019

STIRLING M, KINDIE TESFAYE C, MAINASSARA ZAMAN-
ALLAH T and PRASANNA BM (2013) Adapting maize production
to climate change in sub-Saharan Africa. Food Security 5 (3)
345-360. https://doi.org/10.1007/s12571-013-0256-x

CARTWRIGHT A, BLIGNAUT ], DE WIT J, GOLDBERG M,
MANDER K, ODONOGHUE M and ROBERTS (2013) Economics
of climate change adaptation at the local scale under conditions
of uncertainty and resource constraints: the case of Durban,

South Africa. Environ. Urbanization 25 (1) 139-156. https://doi.
org/10.1177/0956247813477814

CASSMAN KG, GRASSINI P and VAN WART ] (2010) Crop yield
potential, yield trends and global food security in a changing
climate. In: Illel D and Rosenzweig C (eds) Handbook of Climate
Change and Agroecosystems: Impacts, Adaptation, and Mitigation.
World Scientific, London.

CHAGUTAH T (2010) Climate Change Vulnerability and
Preparedness in Southern Africa: Zimbabwe Country Report.
URL: https://za.boell.org/sites/default/files/downloads/HBF_web_
Zim_21_2.pdf. (Accessed May 2018).

CHALLINOR A, WATSON J, LOBELL D, HOWDEN BM, SMITH DR
and CHETRI N (2014) A meta-analysis of crop yield under climate
change and adaptation. Nat. Clim. Change 4 (4) 287-291. https://
doi.org/10.1038/nclimate2153

CHAWARIKA A, MUTAMBARA ] and CHAMBOKO
T (2017) Competitiveness of wheat production in Zimbabwe. Af. J.
Sci. Technol. Innovation Dev. 9 (3) 263-268. https://doi.org/10.1080/
20421338.2017.1322349

CHRISTENSEN JH, HEWITSON B, BUSUIOC A, CHEN A, GAO
X, HELD I, JONES R, KOLLI RK, KWON WT, LAPRISE R and
co-authors (2007) Regional Climate Projections. In: Solomon S,
Qin D, Manning M, Chen Z, Marquis M, Averyt KB, Tignor M and
Miller HL (eds) Climate Change 2007: The Physical Science Basis
Contribution of Working Group I to the Fourth Assessment Report
of the Intergovernmental Panel on Climate Change. Cambridge
University Press, Cambridge UK.

COBB KM, WESTPHAL N, SAYANI H, WATSON JT, LORENZO
ED, CHENG H, EDWARDS RL and CHARLES CA (2013) Highly
variable El Nifio-Southern Oscillation throughout the Holocene.
Science 339 (6115) 67-70. https://doi.org/10.1126/science.1228246

DEGENER JF (2015) Atmospheric CO, fertilization effects on biomass
yields of 10 crops in northern Germany Front. Environ Sci. 3 (1) 48.
https://doi.org/10.3389/fenvs.2015.00048

DERESSAA A, HASSANB TT, RINGLER L, YESUF C and TAM Y
(2009) Determinants of farmers’ choice of adaptation methods to
climate change in the Nile Basin of Ethiopia. Glob. Environ. Change
19 (2) 248-255. https://doi.org/10.1016/j.gloenvcha.2009.01.002

DERYNG D, CONWAY D, RAMANKUTTY N, PRICE J and
WARREN R (2014) Global crop yield response to extreme heat
stress under multiple climate change futures. Environ. Res. Lett. 9
(3) 13. http://dx.doi.org/10.1088/1748-9326/9/3/034011

DERYNG D, ELLIOTT J, FOLBERTH C, MULLER C, PUGH TAM,
BOOTE KJ, CONWAY D, RUANE AC, GERTEN D, JONES
JW, KHABAROV N and co-authors (2016) Regional disparities
in the beneficial effects of rising CO, concentrations on crop
water productivity. Nat. Clim. Change 6 (3) 786-790. https://doi.
org/10.1038/nclimate2995

DOLL P and SIEBERT S (2002) Global modeling of irrigation
water requirements. Water Resour. Res. 38 (4) 8810. https://doi.
org/10.1029/2001WR000355

ELLIOTT J, DERYNG D, MULLER C, FRIELER K, KONZMANN M,
GERTEN D, GLOTTER M, FLORKE M, WADA Y, BEST N and
co-authors (2014) Constraints and potentials of future irrigation
water availability on agricultural production under climate change.
Proc. Natl. Acad. Sci. 111 (9) 3239-3244. https://doi.org/10.1073/
pnas.1222474110

ESSER KB (2017) Water Infiltration and Moisture in Soils under
Conservation and Conventional Agriculture in Agro-Ecological
Zone I1a, Zambia. Agronomy 7 (2) 40. https://doi.org/10.3390/
agronomy7020040

FADER M, ROST S, MULLER C, BONDEAU A and GERTEN D (2011)
Virtual water content of temperate cereals and maize: Present and
potential future patterns. J. Hydrol. 384 (34) 218-231. https://doi.

Published under a Creative Commons Attribution 4.0 International Licence (CC BY 4.0) 523


https://www.watersa.net
https://creativecommons.org/licenses/by/4.0/
https://wwwagrifaccom/50-percent/19603
https://wwwagrifaccom/50-percent/19603
https://doi.org/10.1080/02508060.2015.986631
http://doi.org/10.1038/NCLIMATE2470
http://doi.org/10.1038/NCLIMATE2470
https://doi.org/10.1016/j.enpol.2011.09.039
https://doi.org/10.1016/j.enpol.2011.09.039
http://www.cfuzim.org/index.php/agriculture/8392-basic-principles-of-wheat-irrigation
http://www.cfuzim.org/index.php/agriculture/8392-basic-principles-of-wheat-irrigation
http://www.cfuzim.org/index.php/agriculture/8392-basic-principles-of-wheat-irrigation
https://pubs.iied.org/10034IIED/
https://doi.org/10.1038/nclimate2492
https://doi.org/10.1007/s12571-013-0256-x
https://doi.org/10.1177/0956247813477814
https://doi.org/10.1177/0956247813477814
https://za.boell.org/sites/default/files/downloads/HBF_web_Zim_21_2.pdf
https://za.boell.org/sites/default/files/downloads/HBF_web_Zim_21_2.pdf
https://doi.org/10.1038/nclimate2153
https://doi.org/10.1038/nclimate2153
https://doi.org/10.1080/20421338.2017.1322349
https://doi.org/10.1080/20421338.2017.1322349
https://doi.org/10.1126/science.1228246
https://doi.org/10.3389/fenvs.2015.00048
https://doi.org/10.1016/j.gloenvcha.2009.01.002
http://dx.doi.org/10.1088/1748-9326/9/3/034011
https://doi.org/10.1038/nclimate2995
https://doi.org/10.1038/nclimate2995
https://doi.org/10.1029/2001WR000355
https://doi.org/10.1029/2001WR000355
https://doi.org/10.1073/pnas.1222474110
https://doi.org/10.1073/pnas.1222474110
https://doi.org/10.3390/agronomy7020040
https://doi.org/10.3390/agronomy7020040
https://doi.org/10.1016/j.jhydrol.2009.12.011

org/10.1016/}.jhydrol.2009.12.011

FALKENMARK M, ROCKSTROM ] and KARLBERG L (2008) Present
and future water requirements for feeding humanity. Food Secur. 1
(1) 59-69. https://doi.org/10.1007/s12571-008-0003-x

FANT C, GEBRETSADIK Y and STRZEPEK K (2013) Impact of
Climate Change on Crops, irrigation and hydropower in the
Zambezi River Basin 2013. WIDER Working Paper No 2013/03.
URL: www.wider.unu.edu (Accessed May 2018).

FEDOROV AV and PHILANDER SG (2000) Is El Nino changing.
Science 288 (5473) 1997-2002. https://doi.org/10.1126/
science.288.5473.1997

FERERES E and SORIANOAM T (2007) Deficit irrigation for reducing
agricultural water use. J. Exp. Bot. 58 (2) 147-159. https://doi.
org/10.1093/jxb/erl165

FISCHER G, TUBIELLO FN, VELTHUIZEN VH and WIBERG A
(2007) Climate change impacts on irrigation water requirements:
Effects of mitigation, 1990-2080. Technol. Forecast. Soc. Change 74
(7) 1083-1107. https://doi.org/10.1016/j.techfore.2006.05.021

GLEICK PH (2003) Global freshwater resources: soft-path solutions
for the 21st century. Science 302 (5650) 1524-1528. https://doi.
org/10.1126/science.1089967

GOPO ML and NANGOMBE § (2016) El Nino not climate change. The
Herald. 20 January, 2016 URL: https://www.herald.co.zw/el-nino-
not-climate-change/ (Accessed December 2017).

GORNALLJ, BETTS RA, BURKE EJ, CLARK R, CAMP J, WILLETT
KW and WILTSHIRE AJ (2010) Implications of climate change
for agricultural productivity in the early twenty-first century.

Phil. Trans. R. Soc. Lond. Ser. B, Biol. Sci. 365 (1554). https://doi.
0rg/10.1098/rstb.2010.0158

GoZ (2014) Zimbabwe National Climate Change Response Strategy.
URL: www.aczw/downloads/draftstrategypdf (Accessed May 2018).

GRAYBOSCH RA and PETERSON CJ (2010) Genetic improvement
in winter wheat yields in the Great Plains of North America,
1959-2008. Crop Sci. 50 (5) 1882-1890. https://doi.org/10.2135/
cropsci2009.11.0685

GWENZI W, GOTOSA J, CHAKANETSA S and MUTEMA ] (2008)
Effects of tillage systems on soil organic carbon dynamics,
structural stability and crop yields in irrigated wheat (Triticum
aestivum L)-cotton (Gossypium hirsutum L) rotation in semi-
arid Zimbabwe. Nutr. Cycl. Agroecosyst. 83 (8) 211. https://doi.
org/10.1007/s10705-008-9211-1

HADDELAND I, HEINKE J, BIEMANS HA, EISNER S, FLORKE
M, HANASAKI N, KONZMANN M, LUDWIG, F, MASAKI Y,
SCHEWE ] and co-authors (2014) Global water resources affected
by human interventions and climate change. PNAS 111 (9) 3251-
3256. https://doi.org/10.1073/pnas.1222475110

HAVAZVIDI EK (2012) Selection for high grain yield and
determination of heritable variation in biomass yield, grain yield
and harvest index in different plant height classes of breeding
populations of spring wheat (Triticum aestivum L). PhD thesis,
Department of Crop Science, University of Zimbabwe, Harare.

HAWKESFORD MJ, ARAUS JL, PARK R, CALDERINI D, MIRALLES
T, JIANPING S and PARRY M (2013) Prospects of doubling
global wheat yields. Food Energ. Secur. 2 (1) 34-48. https://doi.
0rg/10.1002/fes3.15

HERTEL TW and LOBELL DB (2017) Agricultural adaptation to
climate change in rich and poor countries: Current modelling
practice and potential for empirical contributions. Energ. Econ. 46
(C) 562-575. https://doi.org/10.1016/j.eneco.2014.04.014

HOEKSTRA AY, CHAPAGAIN A, MARTINEZ-ALDAYA M and
MEKONNEN M (2009) Water Footprint Manual: State of the Art
2009. Water Footprint Network, Netherlands.

HOEKSTRA AY and MEKONNEN MM (2012) The water footprint
of humanity. PNAS 109 (9) 3232-3237. https://doi.org/10.1073/
pnas.1109936109

HULME M, DOHERTY RM, NGARA T, NEW MG and LISTER D
(2001) African climate change: 1900-2100. Clim. Res. 17 (2) 145-
168. https://doi.org/10.3354/cr017145

JONES AG, SCULLION J, OSTLE J, LEVY N and GWYNN-JONES PN
(2014) Completing the FACE of elevated CO, research. Environ. Int.
7 (16) 252-258. https://doi.org/10.1016/j.envint.2014.07.021

KAPUYA T, SARUCHERA D, JONGWE A, MUCHERI T,

https://doi.org/10.17159/wsa/2019.v45.13.6748
Available at https://www.watersa.net
ISSN 1816-7950 (Online) = Water SA Vol. 45 No. 3 July 2019

MUJEYI K, LULAMA N and FERDINAND M (2010) The grain
industry value chain in Zimbabwe. URL: http://wwwfaoorg/
fileadmin/templates/est/A A ACP/eastafrica/UnvPretoria_
GrainChainZimbabwe_2010_1_pdf. (Accessed May 2018).

KNOX J, WHEELER JK, HESS T and DACCACHE A (2012)

Climate change impacts on crop productivity in Africa
and South Asia. Environ. Res. Lett. 7 (3) 34032. https://doi.
org/10.1088/1748-9326/7/3/034032

KONAR M, HANASAKI M, REIMER JJ, HUSSEIN Z and NAOTA
H (2016) The water footprint of staple crop trade under climate
and policy scenarios. Environ. Res. Lett. 11 (3) 35006. https://doi.
org/10.1088/1748-9326/11/3/035006

KUMMU M, GERTEN D, HEINKE J, KONZMAN M and VARIS O
(2014) Climate-driven interannual variability of water scarcity in
food production potential: a global analysis. Hydrol. Earth Syst. Sci.
18 (2) 447-461. https://doi.org/10.5194/hess-18-447-2014

LEBEL S, FLESKENS L, FORSTER PM, JACKSON LS and LORENZ S
(2015) Evaluation of in situ rainwater harvesting as an adaptation
strategy to climate change for maize production in rainfed Africa.
Water Resour. Manage. 29 (13) 4803-4816. https://doi.org/10.1007/
511269-015-1091-y

LIU J, FOLBERTH C, YANG H, ROCKSTROM J, ABBASPOUR K and
ZEHNDER AJB (2013) A global and spatially explicit assessment
of climate change impacts on crop production and consumptive
water use. PLoS ONE 8 (2) €57750. https://doi.org/10.1371/journal.
pone.0057750

LOBELL DB, BURKE MB, TEBALDI C, MASTRANDREA MD,
FALCON WP and NAYLOR RL (2008) Prioritizing climate change
adaptation needs for food security in 2030. Science 319 (5863)
607-610. https://doi.org/10.1126/science.1152339

LOBELL DB, SCHLENKER W and COSTA-ROBERTS J (2011) Climate
trends and global crop production since 1980. Science 333 (6042)
616-620. https://doi.org/10.1126/science.1204531

LONGMIRE ], NGOBESE P and TEMBO S (1987) Wheat policy
options in Zimbabwe and SADCC countries: preliminary findings.
In: Proceedings of the Third Annual Conference on Food Security
Research in Southern Africa, 1-5 November 1987. University of
Zimbabwe, Harare.

MACKAY I, HORWELL A, GARNER J, WHITE J, MCKEE J and
PHILPOTT H (2011) Reanalyses of the historic series of UK variety
trials to quantify the contributions of genetic and environmental
factors to trends and variability in yield over time. Theor. Appl.
Genet. 122 (1) 225-238. https://doi.org/10.1007/s00122-010-1438-y

MACROBERT JF and SAVAGE M] (1998) The use of a crop simulation
model for planning wheat irrigation in Zimbabwe. In: Tsuji GY,
Hoogenboom G and Thornton PK (eds) Understanding Options for
Agricultural Production. Springer, Dordrecht. 205-220.

MADZWAMUSE M (2010) Climate governance in Africa: Adaptation
strategies and institutions. A synthesis report. URL: https://www.
boell.de/en/ecology/africa-climate-governance-in-africa-adaptation-
strategies-and-institutions-10914.html. (Accessed May 2018).

MAISIRIN, SENZANJE A, ROCKSTROM ] and TWOMLOW S]
(2005) On farm evaluation of the effect of low cost drip irrigation
on water and crop productivity compared to conventional surface
irrigation system. Phys. Chem. Earth 30 (11-16) 783-791. https://
doi.org/10.1016/j.pce.2005.08.021

MAKADHO ] (1996) Irrigation timeliness indicators and application
in smallholder irrigation systems in Zimbabwe. Irrig. Drain. Syst.
10 (4) 367-376. https://doi.org/10.1007/BF01104900

MAKARAU A (1999) Zimbabwe climate: Past Present and Future
In: Manzungu E, Senzanje A and Van Der Zaag P (eds) Water for
Agriculture: Policy and Management Options for the Smallholder
Sector. University of Zimbabwe Publications, Harare.

MAKUVARO V (2014) Impact of climate change on smallholder
farming in Zimbabwe, using a modelling approach. Master’s thesis,
University of Zimbabwe.

MALABA ] (2013) Poverty and Poverty Datum Line Analysis in
Zimbabwe 2011/12. Zimbabwe Statistical Agency, Harare.

MANJENGWA J, KASIRYE I and MATEMA C (2012) Understanding
Poverty in Zimbabwe: A Sample Survey in 16 Districts. In:
Proceedings of the Centre for the Study of African Economies
Conference, 2012, Oxford, United Kingdom.

Published under a Creative Commons Attribution 4.0 International Licence (CC BY 4.0) 524


https://www.watersa.net
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jhydrol.2009.12.011
https://doi.org/10.1007/s12571-008-0003-x
http://www.wider.unu.edu
https://doi.org/10.1126/science.288.5473.1997
https://doi.org/10.1126/science.288.5473.1997
https://doi.org/10.1093/jxb/erl165
https://doi.org/10.1093/jxb/erl165
https://doi.org/10.1016/j.techfore.2006.05.021
https://doi.org/10.1126/science.1089967
https://doi.org/10.1126/science.1089967
https://www.herald.co.zw/el-nino-not-climate-change/
https://www.herald.co.zw/el-nino-not-climate-change/
https://doi.org/10.1098/rstb.2010.0158
https://doi.org/10.1098/rstb.2010.0158
http://www.aczw/downloads/draftstrategypdf
https://doi.org/10.2135/cropsci2009.11.0685
https://doi.org/10.2135/cropsci2009.11.0685
https://doi.org/10.1007/s10705-008-9211-1
https://doi.org/10.1007/s10705-008-9211-1
https://doi.org/10.1073/pnas.1222475110
https://doi.org/10.1002/fes3.15
https://doi.org/10.1002/fes3.15
https://doi.org/10.1016/j.eneco.2014.04.014
https://doi.org/10.1073/pnas.1109936109
https://doi.org/10.1073/pnas.1109936109
https://doi.org/10.3354/cr017145
https://doi.org/10.1016/j.envint.2014.07.021
http://wwwfaoorg/fileadmin/templates/est/AAACP/eastafrica/UnvPretoria_GrainChainZimbabwe_2010_1_pdf
http://wwwfaoorg/fileadmin/templates/est/AAACP/eastafrica/UnvPretoria_GrainChainZimbabwe_2010_1_pdf
http://wwwfaoorg/fileadmin/templates/est/AAACP/eastafrica/UnvPretoria_GrainChainZimbabwe_2010_1_pdf
https://doi.org/10.1088/1748-9326/7/3/034032
https://doi.org/10.1088/1748-9326/7/3/034032
https://doi.org/10.1088/1748-9326/11/3/035006
https://doi.org/10.1088/1748-9326/11/3/035006
https://doi.org/10.5194/hess-18-447-2014
https://doi.org/10.1007/s11269-015-1091-y
https://doi.org/10.1007/s11269-015-1091-y
https://doi.org/10.1371/journal.pone.0057750
https://doi.org/10.1371/journal.pone.0057750
https://doi.org/10.1126/science.1152339
https://doi.org/10.1126/science.1204531
https://doi.org/10.1007/s00122-010-1438-y
https://www.boell.de/en/ecology/africa-climate-governance-in-africa-adaptation-strategies-and-institutions-10914.html
https://www.boell.de/en/ecology/africa-climate-governance-in-africa-adaptation-strategies-and-institutions-10914.html
https://www.boell.de/en/ecology/africa-climate-governance-in-africa-adaptation-strategies-and-institutions-10914.html
https://doi.org/10.1016/j.pce.2005.08.021
https://doi.org/10.1016/j.pce.2005.08.021
https://doi.org/10.1007/BF01104900

MANO R and NHEMACHENA C (2007) Assessment of the economic
impacts of climate change on agriculture in Zimbabwe: a Ricardian
approach. Policy research working paper. URL: https://doi.
0rg/10.1596/1813-9450-4292. (Accessed May 2018).

MANYERUKE C, HAMAUSWA S and MHANDARA L (2013)

The effects of climate change and variability on food security in
Zimbabwe: a socio-economic and political analysis. Int. . Human.
Soc. Sci. 3 (6) 270. http://www.ijhssnet.com/journals/Vol_3_No_6_
Special_Issue_March_2013/26.pdf.

MASHIRINGWANI NA and MTISI E (1994) Wheat production and
research in Zimbabwe: Constraints and sustainability. URL: http://
agrisfaoorg/agris-search/searchdo?recordID=QY9400010.

MATIU M, ANKERST DP and MENZEL A (2017) Interactions
between temperature and drought in global and regional crop yield
variability during 1961-2014. PloS ONE 12 (5) e0178339. https://doi.
org/10.1371/journal.pone.0178339

MAZVIMAVI D (2010) Investigating changes over time of annual
rainfall in Zimbabwe. Hydrol. Earth Syst. Sci. 14 (12) 2671-2679.
https://doi.org/10.5194/hess-14-2671-2010

MENDELSOHN R, DINAR A and SANGHI P (2001) The effect of
development on the climate sensitivity of agriculture. Environ. Dev.
Econ. 6 (1) 85-101. https://doi.org/10.1017/s1355770x01000055

MOORE FC, BALDOS UL and CHERTEL T (2017) Economic impacts
of climate change on agriculture: a comparison of process-based
and statistical yield models. Environ. Res. Lett. 12 (6) 065008.
https://doi.org/10.1088/1748-9326/aa6eb2

MORISON JI, BAKER N, MULLINEAUX P and DAVIES W (2008)
Improving water use in crop production. Phil. Trans. R. Soc. B: Biol.
Sci. 363 (1491) 639-658. https://doi.org/10.1098/rstb.2007.2175

MORRIS LM (1988) Comparative advantage and policy incentives for
wheat production in Zimbabwe. CIMMYT Economics Working
Paper 88/02. URL: https://repository.cimmyt.org/xmlui/bitstream/
handle/10883/1125/19910.pdf. (Accessed May 2018).

MUCHENA P and IGLESIAS A (1995) Vulnerability of maize yields
to climate change in different farming sectors in Zimbabwe. In:
Rosenzweig C (ed) Climate Change and Agriculture: Analysis of
Potential International Impacts. ASA Spec Publ 59 ASA, Madison.

MUGABE F and NYAKATAWA E (2000) Effect of deficit irrigation
on wheat and opportunities of growing wheat on residual soil
moisture in southeast Zimbabwe. Agric. Water Manage. 46 (2)
111-200. https://doi.org/10.1016/S0378-3774(00)00084-6

MUJERE N and MAZVIMAVI D (2012) Impact of climate change
on reservoir reliability. Afr. Crop Sci. J. 20 (2) 545-551. http://doi.
org/10.4314/acsj.v20i2

MULLER C (2011) Climate change risks for African agriculture. PNAS
108 (11) 4313-4315. https://doi.org/10.1073/pnas.1015078108

MURDOCK TQ and ZWIERS FW (2015) Regional Climate Impacts -
Research Plan: 2015-2019. URL: https://www.pacificclimate.org/sites/
default/files/publications/Murdock.RCI_Plan_Apr2012_0.pdf.

MUTAMBARA ], ZVINAVASHE AP and MWAKIWA E (2013) A
critical review of the wheat industry in Zimbabwe. G] BAHS 2 (2)
23-33. https://www.longdom.org/articles/a-critical-review-of-the-
wheat-industry-in-zimbabwe.pdf

NASA (2016) NOAA data show 2016 warmest year on record globally.
URL: https://wwwnasagov/press-release/nasa-noaa-data-show-
2016-warmest-year-on-record-globally (Accessed May 2018).

NELSON F, ROSEGRANT GC, KOO M, ] ROBERTSON
J, SULSER RD, ZHU T, RINGLER T, MSANGI
C,PALAZZO S, BATKA T and co-authors (2009)

Climate change: Impact on agriculture and costs of adaptation.
Food Policy Report International Food Policy Research Institute
(IFPRI). URL: http://ebraryifpriorg/cdm/ref/collection/
p15738coll2/id/130648 (Accessed May 2018).

NELSON GC, VALIN RD, SANDS P, HAVLIK H, AHAMMAD D,
DERYNG D, ELLIOTT J, FUJIMORI S, HASEGAWA T, HEYHOE
E and co-authors (2014) Climate change effects on agriculture:
Economic responses to biophysical shocks. Proc. Natl. Acad. Sci.
111 (9) 3274-3279. https://doi.org/10.1073/pnas.1222465110

NYAMANGARA J, NYENGERAI K, MASVAYA EN, TIRIVAVI
R, MASHINGAIDZE N, MUPANGWA W, DIMES ], HOVE L
and TWOMLOW S (2013) Effect of conservation agriculture on
maize yield in the semi-arid areas of Zimbabwe. Exp. Agric. 50 (2)

https://doi.org/10.17159/wsa/2019.v45.13.6748
Available at https://www.watersa.net
ISSN 1816-7950 (Online) = Water SA Vol. 45 No. 3 July 2019

Published under a Creative Commons Attribution 4.0 International Licence (CC BY 4.0)

159-177. https://doi.org/10.1017/s0014479713000562

OKI T and KANAE S (2006) Global hydrological cycles and world
water resources. Science 313 (5790) 1068-1072. https://doi.
org/10.1126/science.1128845

PAN S, TIAN H, DANGAL SR, YANG Q, YANG ], LU C, TAO B,
REN W and OUYANG Z (2015) Responses of global terrestrial
evapotranspiration to climate change and increasing atmospheric
CO, in the 21st century. Earth’s Future 3 (1) 15-35. https://doi.
org/10.1371/journal.pone.0112810

PARRY ML, ROSENZWEIG C, IGLESIAS A, LIVERMORE A and
FISCHER G (2004) Effects of climate change on global food
production under SRES emissions and socio-economic scenarios.
Glob. Environ. Change 14 (1) 53-67. https://doi.org/10.1016/j.
gloenvcha.2003.10.008

RAHMAN AG, TALAAT AM and ZAWE C (2016) Water
requirements for main crops grown under three different agro
ecological zones, Zimbabwe. Middle East ]. Agric. Res. 5 (1) 14-28.
http://wwwcurreswebcom/mejar/mejar/2016/14-28pdf.

RAMANKUTTY TIand LUZIMU T (2016) Changes in yield
variability of major crops for 1981-2010 explained by climate
change. Environ. Res. Lett. 11 (3) 34003. http://dx.doi.
org/10.1088/1748-9326/11/3/034003

RAY DK, GERBER JS, MACDONALD GK and WEST PC (2015)
Climate variation explains a third of global crop yield variability.
Nat. Commun. 6 (12) (5989). https://doi.org/10.1038/ncomms6989

REKACEWICZ P (2005) Climate change in Zimbabwe: Trends
in temperature and rainfall. URL: www.gridano/ graphicslib/
detail/climate-change-in-zimbabwe-trends-intemperature-and-
rainfall_85e5 (Accessed May 2018).

RINGLER C, TINGJU Z, XIMING C, JAWOO K and DINGBAO W
(2010) Climate change impacts on food security in Sub-Saharan
Africa: Insights from comprehensive climate change scenarios
IFPRI Discussion. URL: http://ebraryifpriorg/cdm/ref/collection/
p15738co0l12/id/6983 (Accessed May 2018).

ROBERTSON MJ, HE D, WANG E and WANG J (2017) Data
requirement for effective calibration of process-based crop models.
Agric. For. Meteorol. 234-235 136-148. https://doi.org/10.1016/j.
agrformet.2016.12.015

ROSENZWEIG C and PARRY ML (1994) Potential impact of climate
change on world food supply. Nature 367 (234) 133-138. https://doi.
org/10.1038/367133a0

RURINDA J, VAN WIJK MT, MAPFUMO P, DESCHEEMAEKER
K, SUPIT I and GILLER KE (2015) Climate change and maize yield
in southern Africa: what can farm management do? Glob. Change
Biol. 21 (12) 4588-4601. https://doi.org/10.1111/gcb.13061

SAKUHUNI RC, CHIDOKO NL, DHORO A and GWAENDEPI C
(2011) Economic Determinants of Poverty in Zimbabwe. Int. J.
Econ. Res. 2 (6) 1-12.

SHIKLOMANOV IA and RODDA JC (2003) World Water Resources at
the Beginning of the Twenty-First Century. Cambridge University
Press, Cambridge.

SIEBERT S, WEBBER H, ZHAO G and EWERT F (2017) Heat stress is
overestimated in climate impact studies for irrigated agriculture.
Environ. Res. Lett. 12 054023. http://dx.doi.org/10.1088/1748-9326/
aa702f

SUN SK, WU PT, WANG YB and ZHAO XN (2012) Impacts of climate
change on water footprint of spring wheat production: The case
of an irrigation district in China. Span. J. Agric. Res. 10 (4). http://
dx.doi.org/10.5424/sjar/2012104-3004

SWATUK LA (2005) Political challenges to implementing IWRM
in Southern Africa. Phys. Chem. Earth 30 (34) 872-880. https://
doi:10.1016/j.pce.2005.08.033

TAMBUSSI EA, BORT J and ARAUS JL (2007) Water use efficiency
in C3 cereals under Mediterranean conditions: a review of
physiological aspects. Ann. Appl. Biol. 150 (3) 307-321. https://doi.
org/10.1111/j.1744-7348.2007.00143.x

TATSUMI K, YAMASHIKI Y, VALMIR DA SILVA R, TAKARA
K, MATSUOKA Y, TAKAHASHI K, MARUYAMA K and
KAWAHARA N (2011) Estimation of potential changes in cereals
production under climate change. Hydrol. Process. 25 (17) 715-
2725. https://doi.org/10.1002/hyp.8012

TEMBO S and SENZANJE A (1987) Water-use efficiency on

525


https://www.watersa.net
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1596/1813-9450-4292
https://doi.org/10.1596/1813-9450-4292
http://agrisfaoorg/agris-search/searchdo?recordID=QY9400010
http://agrisfaoorg/agris-search/searchdo?recordID=QY9400010
https://doi.org/10.1371/journal.pone.0178339
https://doi.org/10.1371/journal.pone.0178339
https://doi.org/10.1017/s1355770x01000055
https://doi.org/10.1088/1748-9326/aa6eb2
https://doi.org/10.1098/rstb.2007.2175
https://repository.cimmyt.org/xmlui/bitstream/handle/10883/1125/19910.pdf
https://repository.cimmyt.org/xmlui/bitstream/handle/10883/1125/19910.pdf
https://doi.org/10.1016/S0378-3774(00)00084-6
http://doi.org/10.4314/acsj.v20i2
http://doi.org/10.4314/acsj.v20i2
https://doi.org/10.1073/pnas.1015078108
https://www.pacificclimate.org/sites/default/files/publications/Murdock.RCI_Plan_Apr2012_0.pdf
https://www.pacificclimate.org/sites/default/files/publications/Murdock.RCI_Plan_Apr2012_0.pdf
https://www.longdom.org/articles/a-critical-review-of-the-wheat-industry-in-zimbabwe.pdf
https://www.longdom.org/articles/a-critical-review-of-the-wheat-industry-in-zimbabwe.pdf
https://wwwnasagov/press-release/nasa-noaa-data-show-2016-warmest-year-on-record-globally
https://wwwnasagov/press-release/nasa-noaa-data-show-2016-warmest-year-on-record-globally
http://ebraryifpriorg/cdm/ref/collection/p15738coll2/id/130648
http://ebraryifpriorg/cdm/ref/collection/p15738coll2/id/130648
https://doi.org/10.1073/pnas.1222465110
https://doi.org/10.1017/s0014479713000562
https://doi.org/10.1126/science.1128845
https://doi.org/10.1126/science.1128845
https://doi.org/10.1371/journal.pone.0112810
https://doi.org/10.1371/journal.pone.0112810
https://doi.org/10.1016/j.gloenvcha.2003.10.008
https://doi.org/10.1016/j.gloenvcha.2003.10.008
http://wwwcurreswebcom/mejar/mejar/2016/14-28pdf
http://dx.doi.org/10.1088/1748-9326/11/3/034003
http://dx.doi.org/10.1088/1748-9326/11/3/034003
https://doi.org/10.1038/ncomms6989
file:///C:\Users\tamsyns\Documents\JUL%202019\3646%20revised\www.gridano\%20graphicslib\detail\climate-change-in-zimbabwe-trends-intemperature-and-rainfall_85e5
file:///C:\Users\tamsyns\Documents\JUL%202019\3646%20revised\www.gridano\%20graphicslib\detail\climate-change-in-zimbabwe-trends-intemperature-and-rainfall_85e5
file:///C:\Users\tamsyns\Documents\JUL%202019\3646%20revised\www.gridano\%20graphicslib\detail\climate-change-in-zimbabwe-trends-intemperature-and-rainfall_85e5
http://ebraryifpriorg/cdm/ref/collection/p15738coll2/id/6983
http://ebraryifpriorg/cdm/ref/collection/p15738coll2/id/6983
https://doi.org/10.1016/j.agrformet.2016.12.015
https://doi.org/10.1016/j.agrformet.2016.12.015
https://doi.org/10.1038/367133a0
https://doi.org/10.1038/367133a0
https://doi.org/10.1111/gcb.13061
http://dx.doi.org/10.1088/1748-9326/aa702f
http://dx.doi.org/10.1088/1748-9326/aa702f
http://dx.doi.org/10.5424/sjar/2012104-3004
http://dx.doi.org/10.5424/sjar/2012104-3004
https://doi:10.1016/j.pce.2005.08.033
https://doi:10.1016/j.pce.2005.08.033
https://doi.org/10.1111/j.1744-7348.2007.00143.x
https://doi.org/10.1111/j.1744-7348.2007.00143.x
https://doi.org/10.1002/hyp.8012

commercial wheat farms in Zimbabwe. In: Proceedings of the Third
Annual Conference on Food Security Research in Southern Africa,
1-5 November 1987, University of Zimbabwe, Harare.

UNGANAI L (1996) Historic and future climatic change in Zimbabwe.

Clim. Change 6 137-145. http://dx.doi.org/10.3354/cr006137

WALKER NJ and SCHULZE RE (2008) Climate change impacts on
agro-ecosystem sustainability across three climate regions in the
maize belt of South Africa. Agric. Ecosyst. Environ. 124 (1-2)
114-124. https://doi.org/10.1016/j.agee.2007.09.001

WANG G and HENDON HH (2007) Sensitivity of Australian rainfall
to inter—El Nifio variations. J Clim. 20 (5) 4211-4226. https://doi.
org/10.1175/JCLI4228.1

WIEBER KW, LOTZE-CAMPEN H, SANDS R, TABEAU AA and
MEIJL JCM (2015) Climate change impacts on agriculture in
2050 under a range of plausible socioeconomic and emissions
scenarios. Environ. Res. Lett. 10 (8) 34-38. https://doi.
org/10.1088/1748-9326/10/8/085010

ZAMPIERI M (2018) Understanding and reproducing regional
diversity of climate impacts on wheat yields: current approaches,

challenges and data driven limitations Environ. Res. Lett. 13 (2)
112-119. https://doi.org/10.1088/1748-9326/aaa00d

ZHANG C and ANADON LD (2014) A multi-regional input-output
analysis of domestic virtual water trade and provincial water
footprint in China. Ecol. Econ. 100 (2) 159-172. https://doi.
org/10.1016/j.ecolecon.2014.02.006

ZHANG X and CAI X (2013) Climate change impacts on global
agricultural water deficit. Geophys. Res. Lett. 40 (4) 1111-1117.
https://doi.org/10.1002/grl.50279

ZHAO C,ZHAO C, LIU C, PIAO S, WANG X, LOBELL DB,
HUANG D, HUANG M, YAO Y, BASSU S and co-authors (2017)
Temperature increase reduces global yields of major crops in four
independent estimates. PNAS 114 (35) 9326-9331. https://doi.
org/10.1073/pnas.1701762114

ZWART SJ and BASTIAANSSEN WGM (2004) Review of Measured
Crop Water Productivity Values for Irrigated Wheat, Rice, Cotton
and Maize. Agric. Water Manage. 69 (2) 115-133. https://doi.
org/10.1016/j.agwat.2004.04.007

https://doi.org/10.17159/wsa/2019.v45.13.6748
Available at https://www.watersa.net
ISSN 1816-7950 (Online) = Water SA Vol. 45 No. 3 July 2019

Published under a Creative Commons Attribution 4.0 International Licence (CC BY 4.0) 526


https://www.watersa.net
https://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.3354/cr006137
https://doi.org/10.1016/j.agee.2007.09.001
https://doi.org/10.1175/JCLI4228.1
https://doi.org/10.1175/JCLI4228.1
https://doi.org/10.1088/1748-9326/10/8/085010
https://doi.org/10.1088/1748-9326/10/8/085010
https://doi.org/10.1088/1748-9326/aaa00d
https://doi.org/10.1016/j.ecolecon.2014.02.006
https://doi.org/10.1016/j.ecolecon.2014.02.006
https://doi.org/10.1002/grl.50279
https://doi.org/10.1073/pnas.1701762114
https://doi.org/10.1073/pnas.1701762114
https://doi.org/10.1016/j.agwat.2004.04.007
https://doi.org/10.1016/j.agwat.2004.04.007

