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ABSTRACT

The water footprint of selected crops within the Olifants/Doorn Catchment,

South Africa

S.A Manamathela

MSc Environmental and Water Sciences, Department of Earth Science, University of

the Western Cape

Rapidly increasing global population is adding more pressure to the agricultural sector
to produce more food to meet growing demands. However the sector is already faced
with a challenge to reduce freshwater utilisation as this sector is currently using
approximately 70% of global water freshwater resources. In South Africa, the
agriculture sector utilizes approximately 62% of freshwater resources and contributes
directly about5% to the Gross Domestic Product. South Africa is a water scarce
country receiving less than 500mm/year of precipitation in most parts of the country,
and consequently approximately 90% of the crops are grown under irrigation. Studies
have evaluated irrigation practices and crop water use in the country. However
information is lacking on the full impact of South African horticultural products on
freshwater resources. The water footprint concept can be used to indicate the total and
source (blue/green) of water used to produce the crops. Information about water
footprint (WF) can be used for identifying opportunities to reduce the water
consumption associated with production of vegetables and fruits at the field to farm-
gate levels, including the more effective use of rainfall (green water) as opposed to
water abstracted from rivers and groundwater (Blue water). It can also be used to
understand water related risks associated with the production of crops and facilitate

water allocation and management at catchment/water management scale. While the



potential value of water footprint information is well recognized there is still
inadequate knowledge on how best to determine the water footprints of various crops
within a local context. The aim of this study was to determine the water footprint and
the crop water productivity of navel oranges, pink lady apples and potatoes produced

with the Olifant/Doorn water management area in South Africa.

The water footprint of the navel oranges, pink lady apples and potatoes assessed
following the water footprint network method was 125 litres/ kg, 108 litres/kg and 65
litres/ kg respectively. The study concluded that water footprint studies should be
carried out on the whole catchment instead of one farm in order to assess the

sustainability of the process.
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Glossary of words

Blue water footprint is the volume of surface and ground water required for the
production of a good or service.
Carbon footprint is the amount of carbon emitted throughout the supply chain for

the production of a product.

Crop coefficients the ratio of the actual crop evapotranspiration (ET.) to reference

evapotranspiration (ET,).
Deciduous plants are plants that shed their leaves at the end of each growing season

Dekad refers to the time unit referring to 10 days.
Ecological footprint is the amount of biologically productive land and sea required to

supply the resources consumed by human population and to absorb waste.

Ecological Reserveis an allocation of water specified as a volume and quality
underpinned by flow and duration requirements to sustain ecosystems along a
specified river.

Evapotranspiration is the quantity of water that is actually removed from a surface

due to the processes of evaporation and transpiration.

Green water footprint isthe volume of rainwater used to produce a product which
does not run off or recharge groundwater, but is stored in or temporarily on top of the
soil.

Grey water footprint is thevolume of freshwater that is required to dilute or
assimilate the load of pollutants based on existing ambient water quality standards.
Reference evapotranspiration (ET,) is defined as the evapotranspiration rate from a

reference surface not short of water. The reference surface is a hypothetical grass

XV



reference crop with an assumed height of 0.12 m, an albedo of 0.23 and a fixed
surface resistance of 70 s m™.

The Monin-Obukhov similarity theory (MOST) describes non-dimensional mean
flow and mean temperature in the surface layer under non-neutral conditions as a
function of the dimensionless height parameter.

Virtual water the amount of water consumed in the production process of a product

which is also known as the water embodied in the product.

Water scarcity is the lack of adequate water resources to meet the demand
for water within a region.
Water stress refers to the ability, or lack thereof, to meet human and ecological

demand for water.
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1 INTRODUCTION

1.1Background

Globally, water resources are threatened due to increase in human population and
climate change. It is estimated that by 2020 approximately 75% of the world’s
population will live in areas experiencing physical or economic water scarcity, with
most of these areas being in Africa and Asia wherethe majority of the population
dependsprimarily on agriculture (Molden et al., 2003). The agricultural sector is
already under pressure to reduce water usage because irrigation is already the world’s
largest user of freshwater (Comprehensive Assessment of Water Management in

Agriculture (CA, 2007).

Approximately 70% of global freshwater is allocated to the agricultural sector, of
which 90% is utilized for irrigation(CA, 2007).In South Africa approximately 62% of
freshwater is allocated to the agricultural sector (CSIR, 2010). In some areas where
water is already scarce high water usage in one sector has a negative impact in other

sectors.

The population density, and limited rainfall determine water scarcity projections in
both Asiaand Africa (Rijsberman, 2006).The uneven spatial distribution and seasonal
variation of rainfall contribute to physical scarcity of water in African and Asian
countries. The seasonal variation of the rainfall causes water scarcity in China despite
the country receiving high rainfall (Rijsberman, 2006). Both the spatial and seasonal
variation of rainfall are high for South Africa which has an annual average rainfall of

500mm/year less than the world average rainfall. The eastern part of the country



receives 500mm/year of rainfall, while the western part receives less than

300mm/year (Rouault and Richard, 2003).

1.1 Agriculture and water scarcity

Although the agricultural sectoris allocated the largest portion of the total freshwater
resources and its consumptive use is higher than other economic sectors it is still the
most sensitive sector to water scarcity (CA, 2007). According to the FAO
(2012),rapidly increasing population is the driving factor behind agricultural water
use.Without major changes in land and agriculture productivity, agricultural water
demand is predicted to increase by 70-90% (De Fraiture and Wichelns, 2010).
Increasing water productivity in agriculture is the only feasible solution for coping

with the water demand.

Increasing agricultural water productivity is a key element of strategic water resources
planning (Zwart and Bastiaanssen ,2004). It is also very important in achieving the
Millennium Development Goal (MDG) of halving the proportion of people living in
absolute poverty by 2015(Prowse and Braunholtz-Speight,2007).Increasing
agriculture production contributes towards poverty alleviation in numerous ways.The
sector contributes indirectly to poverty eradication through job creation and also
directly by providing food(von Braun et al., undated). A study by the World Bank
(2004) showed that poverty decreased from almost 64% to just 16.6% between the
year 1981-2001 in China, whenagriculture productivity increased in this country.
Agricultural productivity increased with irrigation development (Jin et al., 2012).
Irrigationdevelopment hasboth positive and negative impacts on the environment. The

positive impact includes increase in agriculture productivity while the negative



impacts include modification of stream flow patterns,depletion of aquifers, non-point

pollution and soil salinization (Diaz, 2001; Agardy and Alder, 2005).

Water resource managers have identified various strategies for solving the negative
impacts associated with irrigation development, water scarcity and water quality (De
Fraiture and Wichelns, 2010). Traditionallywater resource managers focused mainly
on water scarcity and the technical aspects of irrigation and drainage,rather than
convincing the consumers to choose those agricultural products that have low adverse
impacts on freshwater resources(Deurer et al., 2011).The water footprint
(WF),defined as the total volume of water use (direct and indirect) along a production
chain, was introduced asa viable tool for a sustainable use of freshwater(Jefferies et
al., 2012). But the lack of a generally accepted methodology for quantifying the water
footprint is a problem for utilizing this concept to sustainably use water resources.
Thus far, the discussion around the definition and application of water footprints has
been led mainly by economists and life-cycle analysts (Hoekstra, 2009; Ridoultt et al.,

2009).

Historically, studies in the agricultural sector assessed water use of different crops by
considering only water withdrawn from a fresh water basin for crop production
(Aldaya et al., 2009). These studies did not incorporate water used for other activities
related to production of an agricultural product. The studies assumed that the water
used for estimating crop water requirement was sufficient for water management and
water allocation in agriculture.This approach ignored other significant uses of water
important in water management, such as water lost (indirectly) from storage dams

through evaporation, which is very high in semi-arid areas (Hoekstra et al.,2011).



Excluding the indirect water use while estimating crop water use does not provide the

full picture of the amount of water required to produce a crop.

The water footprint concept includes the total water use and the source (blue/green) of
water used to produce the crops. WF information can also be used for identifying
opportunities to reduce water consumption associated with production of vegetables
and fruits at the field to farm-gate level, including the more effective use of rainfall
(green water) as opposed to irrigation water (blue water) resources(Hoekstra et

al.,2011).

The main objective of this study is to estimate the water footprint of three major crops
(Navel oranges, Pink Lady Apples and Mondial potatoes) produced under irrigation

within a semi-arid region in the Western Cape Province of South Africa

1.2 Specific objectives
> To estimate the amount of water used in the production of selected crops in a
semi-arid region.

» To establish the crop water productivityfor the selected crops.

1.3 Thesis outline

» Chapter 1: presents the background of the study including the aims, hypothesis
and the research questions.

» Chapter 2: presents the literature review of this study focussing on
evapotranspiration, water footprint methodologies, crop water productivity
and apparent water productivity

» Chapter 3: Presents the general methodology of the study including general

description of the study area, approach to data collection and data analyses

4



» Chapter 4,5 & 6: Presents the specific crop case studies (Navel oranges, Pink
Lady Apples and Mondial Potatoes) of the thesis.
» Chapter 7: Presents general discussion ,conclusions and recommendations

» Chapter 8: References

Chapters 4-6 of the thesis are written as case studies but avoid repetition of the
methodology described in chapter 3 as the approach was standardised for all case
studies. Only specific methodological approaches that differ from those described in

the general methodology section (Chapter 3) are highlighted in Chapters 4-6.



2 LITERATURE REVIEW

2.1 Introduction

Until recently, there have been few studies examining water consumption and
pollution along whole production and supply chains. Hoekstra et al., (2002)developed
the water footprint concept as an indicator of freshwater use that considers both direct
and indirect water use of a consumer or producer (UNEP, 2012). The water footprint
of an individual, community or business is defined as the total volume of freshwater
that is used to produce the goods and services consumed by an individual or

community or produced by the business (Hoekstra et al .,2011).

Water footprint assessment can be helpful in understanding how activities and
products relate to water scarcity and pollution, and what can be done to make sure
activities and products do not contribute to unsustainable use of freshwater (Vanham
and Bidoglio, 2014). The water footprint concept is very close to the virtual water

content concept, the ecological footprint and the carbon footprint.

The water footprint concept was introduced as an analogy to the ecological footprint
and carbon footprint family (Hoekstra et al., 2007). The main difference between
water footprint and carbon footprint that that water footprint can be assessed at both
large scale and small scale (farm-gate level) levels whereasthe carbon footprint can
only be determine accurately at a large scale (Hastings and Pegram, 2012). Carbon
emissions will have similar implications regardless of where emissions occur. The
ecological footprint represents the amount of biologically productive land and sea
required to supply the resources consumed by human population and to absorb

waste(Rees, 1992).



Closely linked to the concept of water footprint is that of virtual water. Virtual water
is definedas the amount of water consumed in the production process of a product
which is also known as the water embodied in the product (Allan, 1997). The virtual
water concept encourages the trade of water intense products from water rich
countries to water scarce countries instead of physical water(Zimmer and Renault ,
2003). The water footprint is conceptually similar to virtual water in that both
represent the water required to make a product considering all inputs in the supply
chain (Aldaya et al., 2009). Trade of real water between water abundant and water
scarce regions is generally impossible due to the large distances and associated costs,
but trade in water-intensive products (virtual water trade) is realistic(Hoekstra and

Hung , 2005).

The water footprint considers the source (irrigation or rainwater) of water used
(Hoekstra et al., 2007). Understanding the source of the water used in a product’s
supply chain is necessary for better management of water resources and has a
potential to assist in water allocation within a catchment level (Hastings and Pegram,
2012).Traditionally, the focus was given to the blue water (irrigation water) only
while neglecting part of the water that is used by the crop which results from rainfall
and soil moisture (Aldaya et al., 2009). Studies (Falkenmark and Rockstrom 2004;
Allan,1997) have emphasized the importance of including green water in agriculture

as a potential for reducing irrigation water consumption.

Green water is the water retained in the upper layer of the soil profile following a
rainfall event, which is subsequently drawn on by a plant’s root system. Irrigation
scientists have traditionally called this “effective rainfall”, i.e. that proportion of

rainfall that directly contributes to plant transpiration (Perry , 2014). Blue water is



referred to as water that in the rivers and aquifersused in the production process, for

example water used for irrigation (Hoekstra et al., 2011).

The water footprint concept is relatively new and until recently there was no
internationally accepted method for estimating the water footprint. The aim of this
literature review is to review approaches used to determine the water footprint and

water productivity of crops.

2.2 Method for water footprint assessment

2.2.1 Life Cycle Assessments Approach

A Life Cycle Assessment (LCA) aims to determine the environmental impacts
caused by products from starting with impacts of producing raw materials up to
disposal of waste associated with the product (cradle to grave)(Jefferies et al., 2012).
LCA methodologies therefore include impacts of depriving human users and
ecosystems of water resources, as well as specific potential impacts from the emitted
contaminants affecting water, through different impact pathways (Canals et al., 2009).
The LCA methodology includes four phases;setting the goal and scope, inventory
accounting, impact assessment and interpretation(Boulay et al., 2013). Quantitative
impact indicators are at the core of the impact assessment phase (Ridoutt and Pfister,
2010). There are different methods proposed to quantify impact oriented water
footprints within the standard framework of LCA (Canals et al., 2009; Pfister et al.,
2009; Ridoutt et al., 2010). Water consumption is often used to describe water
removed from and not returned to a drainage basin, e.g change in evaporation caused
by land use change is often referred to as water consumption when using the LCA

approach.



The LCA approach proposes that when estimating the WF, green water should not be
included as this is used by natural ecosystems regardless of the production system
being considered (Canals et al., 2009). The LCA approach enables a comprehensive

impact assessment of freshwater consumption (Pfister et al., 2009).

2.2.2 Hydrological Based Water Footprint Approach

Dreuer et al.(2011) introduced a method for determining the water footprint based on
considering all components of the water balance and not just water consumption.
According to this method a negative water footprint is possible if the recharge of the
blue water resource through return flows and precipitation exceeds the volumes
abstracted. A negative water footprint is therefore required to sustain ecosystems that
are dependent on groundwater. A positive water footprint indicates water abstraction
exceeds recharge through return flows and precipitation (Deurer et al., 2011). A zero
water footprint occurs if return flows and precipitation are equal to abstraction. Data
used to calculate water footprints is obtained at a local scale and over an annual
hydrological year (Herath et al., 2013). The methodology is also best applied at a

watershed level where there is sufficient data of flows and abstractions.

2.2.3 Water Footprint Network (WFN) Methodology

In 2011 the WFN published the first comprehensive water footprint assessment
manual containing recommended methodology to determine the impact on water
resources by individuals, communities, businesses as well as during the production of
products (Hoekstra et al., 2011).According to the WFN a full water footprint

assessment consists of four steps(Hoekstra et al., 2012). The steps are;

1. Setting goals and scope ,

2. Water footprint accounting



3. Water footprint sustainability assessment and

4. Water footprint response formulation

2.2.3.1 Setting goals and scope

The WFN puts an emphasis on setting goals and scope because a water footprint study
can be undertaken for many different reasons, therefore setting the goals and scope
allows for transparency. For example, private sector organizations are often interested
in understanding water dependencies in their supply chain of products to understand
the risk associated with water shortage, whereas for the public sector knowledge of
the water footprint will inform policy and strategies. Different types of analyses and
information are required to achieve these different goals (Hastings and Pegram,

2012).

2.2.3.2 Water footprint accounting

The accounting phase includes the quantification and mapping of freshwater use with
three distinct types of water sources; the blue, grey and green water footprints
(Mekonnen and Hoekstra,2011). The water footprint of crops is most sensitive to the
method used for estimating the reference evapotranspiration and the crop coefficient,
followed by the crop growing season (Zhuo et al., 2014). Therefore when estimating
water footprint of crops the first step is to estimate ET. (equation 2.1). The green
water footprint is assumed to be the minimum of evapotranspiration and effective
rainfall (Hoekstra et al., 2011). This is because when effective rainfall is higher than
evapotranspiration then it is assumed that the farmer will not irrigate, while if
effective rainfall is low the farmer will have to irrigate to supplement the crop water

use.

ET; = ET, *K, (2.1)
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where ET. = crop evapotranspiration
ET, = reference evapotranspiration

K. = crop coefficients

Effective rainfall (Pes) refers to the part of the total amount of precipitation that is
retained by the soil and is potentially available for meeting the water need of the crop
(Hoekstra et al., 2011). There are various methods used to estimate effective rainfall
based on total rainfall. Effective rainfall is assumed to be any daily rainfall greater
than 5mm/day in different climatic regions (Rahman et al., 2008; Dastane,1978).
Rainfall less than 5Smm/day is considered not effective because it will evaporate,
while only approximately 75% of rainfall above 5mm/day is considered useful to the

crop because excessive runoff will become runoff (Rahman et al., 2008).

2.2.3.3 Water footprint sustainability assessment

According to Hoekstra et al.(2011), water use in a catchment is not sustainable when
the ecological reserveand or ambient water quality standards are compromised, or
when water allocation is inefficient or unfair. Two criteria for judging sustainability
are when (1) a process is located in a certain catchment at a certain time of year where
the overall water footprint is unsustainable, and (2) either the blue, green or grey
water footprint can be reduced or avoided altogether at acceptable societal cost. The
overall sustainability of the water footprint of the catchment or basin as a whole needs
to be known before a sustainability assessment for a product or process can be
assessed.

Hoekstra et al., (2011) suggest that sustainability be assessed from three different

perspectives as follows:
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1)

2)

3)

Environmental — River and groundwater flows must be maintained at levels
that adequately support the dependent ecosystems and human livelihoods.
Pollutant levels must remain below water quality standards (although these
standards are not always prescribed).

Social — A minimum amount of safe and clean water is needed for basic
human needs, namely drinking, cooking and washing. The Universal
Declaration of Human Rights established food as a human right, so the water
required for producing this food can be linked and considered a right even if
not formally established. As communities can import their food from other
catchments, allocation of water to food security should be secured at a global
level.

Economic — The allocation and use of water needs to be done in an

economically efficient way, and the benefits of use should outweigh the costs.

Identifying and quantifying sustainability criteria, followed by the identification of
hotspots are the first two steps of a site-specific sustainability assessment. Deciding at
which scale to look for hotspots appears to be a challenge as hotspots may disappear
at coarse spatial resolutions, and much more data is needed to identify hotspots at fine
spatial resolutions. For the case of pollution, pollutants may accumulate downstream,

in which case problems might only emerge at larger scales.

2.2.3.4 Water footprint response formulation

The final step in a water footprint assessment as recommended by WEN is to
formulate mitigation measures if the process is unstainable (Hoekstra et al., 2011).
Mitigation is often done by the water user responsible for unsustainable water use

(Hastings and Pegram 2012).
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2.2.3.4.1 Application of the WFN

Water footprints within the agricultural sector have been studied extensively, mainly
focusing on the water footprint of crop production, at different scales from
catchment(Aldaya and Llamas, 2008), national level (Hoekstra and Chapagain, 2007;
Kampman et al., 2008) to global scale (Hoekstra and Chapagain, 2007; Mekonnen
and Hoekstra, 2011; Hoekstra and Mekonnen, 2012). Although the WFN approach
has been used successfully to estimate the water footprint of crops in the above
mentioned studies the approach have also received some harsh criticism from

different scholars (Wichelns, 2011; Perry 2014; Ridoutt and Pfister, 2010).
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2.3 Evapotranspiration

The estimation of evapotranspiration is central during the determination of the water
footprint. Methods used for evapotranspiration are therefore reviewed in this section.
Evapotranspiration (ET.) is a combination of evaporation and plant transpiration from
the earth’s surface to the atmosphere, and is an important component of the
hydrologic cycle (Shuttleworth,2008). Evapotranspiration rates are influenced by
several factors such as weather parameters, crop characteristics, crop management and

environmental aspects (Allen et al., 1998).

In semi-arid areas where water is scarce, reliable estimates of evapotranspiration
(ET.) are important for efficient irrigation scheduling and water resource planning
(Hunsaker et al.,2005). Proper estimation of ET. is also important for improved
water management, and water productivity in agriculture in general (Lee,2004). ET. is
different for each crop and is strongly affected by factors such as the location of the

crop, climatic conditions and the plant canopy.

There are several methods that have been successfully used to estimate
evapotranspiration from crops(Mo and Liu,2001; Nouri et al., 2013; Schrader et al.,
2013; Lee,2004; Kairu,1991; Sabziparvar and Tabari, 2010; Shuttleworth, 2008). The
most common types of direct evapotranspiration measuring techniques that have been
used in various studies in South Africa includethe use of surface layer
scintillometers(Savage et al., 2010), lysimeters, eddy covariance and indirect
techniques such as remote sensing(Singels and Laan,2011a; Savange et al.,2010;

Dzikiti et al., 2014; Singels and van der Laan,2011b; Franke et al., 2011).
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2.3.1 Lysimeters method

Lysimeters are tanks filled with soil in which crops are grown under natural
conditions to measure the amount of water lost by evaporation and
transpiration(Kairu, 1991). There are two types of lysimeters, the weighing and non-
weighing type. The non-weighing type estimates crop water use as the residual term
in the soil water balance equation after measuring all the other components
including water inputs (rain and irrigation), outputs (drainage and runoff), and
change in soil water storage(Hutson et al., 1980). While weighing lysimeters
measure crop water use directly by measuring the change in weight of an isolated
soil volume. Use of lysimeters assumesthat the sample of soil and overlying
vegetation on which measurements are made are representative in terms of soil
water content, and vegetation growth (Shuttleworth, 2008).Globally lysimeters have
been successfully used to measure ET.of crops such as rice, potatoes, maize (Tyagi

et al., 2000; Kang et al., 2004).

In South Africa lysimeters have been used to estimate evapotranspiration of crops
which belong to the Poaceaefamily (sugarcane, wheat and maize),Solanaceae
family (potatoes and tomatoes) and Amarylidaceae family(Hutson et al., 1980;
Olivier and Singels, 2012; Berliner and Oosterhuis, 1987; Inman-Bamber and
McGlinchey, 2003; Mottram and Clemence, 1984; Zerizghy et al., 2013). Some
authors(Trajkovic,2010)consider that lysimeters ET. measurements are the most
accurate. However it is impractical to use lysimeters for the whole farm as they are

too expensive(Malek and Bingham, 1992; Spittlehouse and Black,1978).
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2.3.2 Bowen Ratio Energy Balance Method (BR)

The Bowen Ratio Energy Balance Method (BR) uses air temperature and water
vapour pressure above the canopy, surface net irradiance and soil heat flux densityto
estimate ET.(Malek and Bingham, 1992; Tomlinson, 1996; Spittlehouse and Black,
1978; Shuttleworth, 2008). The method assumes that the turbulent diffusion
coefficient for sensible heat and latent heat are the same in the lower atmosphere in all
conditions of atmospheric stability, and that plot-scale measurements of energy
budget components(net radiation, soil heat) are representative of upwind
conditions(Shuttleworth,2008).The BR method is wusually derived from air
temperature and water vapour pressure sensors at two levels.A limitation of this
method is that the two sensors need to enable accurate estimates of small differences
of temperature and vapour pressure at two heights (Euser et al., 2014). Another
disadvantageof the BR method is that it is a point measurement and is easily affected
by winds. According to studies done by Malek and Bingham (1992), and Spittlehouse
and Black (1978)the method gives the closest evapotranspiration results to lysimeters

compared to the other methods.

2.3.3 Eddy Covariance method

The eddy covariance method is a commonly used micrometeorological technique
providing direct measurements of latent heat flux (or evapotranspiration). A sonic
anemometer is used to measure high-frequency vertical wind speed fluctuations and
an infrared gas analyser to measure high frequency water vapour concentration
fluctuations (Consoli, 2008). These fluctuations are paired to determine the mean
covariance of the wind speed and humidity fluctuations to directly estimate latent

heat flux (Kairu, 1991;Consoli, 2008). The method also estimates the sensible heat
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flux using the covariance of the fluctuation in vertical wind speed and variations in
temperature (Kairu, 1991). The eddy covariance method also avoids soil surface
heterogeneity issues by placing the sensors above the crop canopy and can be used for
various types of vegetation(Shuttleworth, 2008).The eddy covariance method has
been used widely in agriculture and forestry in South Africa(Gush et al., 2009;
Mengistu et al., 2005),because the method involves few theoretical assumptions

(Farahani et al., 2007).

2.3.4 Scintillometry

A scintillometer is used to measure path-weighted sensible heat flux. The fluctuations
in the intensity of visible or infrared radiation above the plant canopy of interest are
measured(Shuttleworth, 2008). Scintillometers optically measures the structure
parameter of refractive index of air, reflecting the atmospheric turbulence structure.
Depending on the aperture size, scintillometers are classified into small (SLS, beam
path length of 50 — 250 m) and large aperture scintillometers (LAS, beam path length
of 250m- 5km, and path length of >10 km for boundary layer scintillometers).
Sensible heat flux is estimated using what is referred to as Monin-Obukhov similarity
theory(Meijninger et al., 2002; Savage, 2009). A scintillometers cover a much larger
area compared to all the methods discussed above. Scintillometers have been
successfully used in several studies(Odhiambo and Savage,2009; Savange et al., 2004

; Savange et al.,2010).

2.3.5 Surface Energy Balance Algorithm for Land (SEBAL) model

Over the last decade remote sensing techniques have been widely used to estimate
evapotranspiration(Nouri et al., 2013; Sabziparvar and Tabari, 2010).Remote sensing
methods provide a powerful means to compute ET. from the scale of an individual

pixel right up to an entire raster image (Matinfar, 2012). There are several different
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remote sensing methods (MODIS, SEBS, and SEBAL) that can be used to estimate
evapotranspiration and most of these techniques have been reviewed intensively for
application in South Africa and globally (Gibson et al., 2013). These techniques have
been applied in agriculture(Klaasse et al., 2011; Jarmain et al., 2011)for water

resource management (Gibson et al., 2009; Hellegers et al., 2011).

One such model, namely SEBAL, is an image-processing model comprising of 25
computational steps that calculate the evapotranspiration and potential
evapotranspiration rates as well as other energy exchanges between land and
atmosphere (Wang et al., 2009). The key input data for SEBAL consist of satellite
radiance data (visible, near-infrared, thermal infrared portions of the spectrum), and
local meteorological data (humidity, wind speed, solar radiation, air temperature).
Klaasse et al.,(2008) used the SEBAL method to estimate the evapotranspiration,
biomass production and water use efficiency of grapes (table and wine) in the
Western Cape for three crop seasons. The study generated interest in different sectors
and led to the development of an operational project where remote sensing-based data
and other information were made available at a weekly time step via a GrapeLook
website (Klaasse et al., 2011).

Grapelook subsequently extended to include deciduous fruit producing areas of the
Western Cape and the additional product was termed Fruitlook (Jarmain and Klaasse,
2012). The resolution of Fruitlook is 30mx30m and it is fine enough to allow
identification of spatial differences within a typical orchard block (Figure 2.1).
Grapelook “operational” approach has been replicated in sugarcane and grain crops to

assess the water use efficiencies of these crops.
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Figure 2. 1 Evapotranspiration of pink lady apples at Nooitgedacht farm downloaded from the

Fruitlook website (www.fruitlook.co.za).

2.3.6 Penman-FAO 56 method

In most cases where estimates of crop ET. rates are required, the available
instrumentation or resources are not sufficient to allow use of the ET.measurement
techniques described above, empirical models are used instead(Farahani et al., 2007).
The most commonly used method for estimating evapotranspiration of plants is the
FAO-Penman Monteith Method (Allen et al., 1998).FAO-Penman Monteith Method
IS a two-step approach used to estimate crop evapotranspiration(Farahani et al., 2007).
The first step is to calculate reference evapotranspiration using the Penman-Monteith
equation (Equation 2.1) and the second step is to determine the specific crop

coefficient (Allen et al., 1998).
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ET. = 0.408 A (Rn — G)+yﬁ+ 273U2 (es — ea)
, =

(2.1)

A+vy(1+0.34U2)

where ET,= reference evapotranspiration (mm day’l);

Rn = net radiation (MJ m 2 day );

G = soil heat flux (MJ m—2 day—1);

y = psychrometric constant (kPa °C™);

es = saturation vapour pressure (kPa) ;

ea = actual vapour pressure (kPa);

A=slope of the saturation vapour pressure-temperature curve (kPa °C—1);
T = mean daily air temperature (°C)

U, = mean daily wind speed at 2-m height (m s %) (Allen et al. 1998).

The Penman-Monteith method has been used successfully around the world to
estimate the reference crop evapotranspiration and also in South Africa(Gibson et al.,
2013; Matinfar 2012; Israel, 1998; Savage, 2009; Odhiambo and Savage ,2009). The
Penman-Monteith methodwas adopted as a standard by the Food and Agriculture

(FAO).

Jensen (1968) developed the concept of crop coefficient (K;). There are two types of
the K. values (Allen et al., 1998), the first and the most commonly used type is the
single K. approach while the second one is referred to as the “dual” K
approach.Single K. approach is defined as the ratio of the actual crop
evapotranspiration (ET.) to reference evapotranspiration (ET,) andthis varies

predominately with crop characteristics(Farahani et al., 2007).
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Single crop coefficients are influenced by climate, irrigation method, mulching
practice, growth in greenhouse,indicators of the development of the crops, such as
both leaf area index (LAI) and ground cover indexes (Allen et al., 1998). To take into
account these factors local estimated K. values where available should be used to get
accurate estimates of ET.. However in cases where there are no locally derived crop
coefficients then published crop coefficients are the best alternative (Farahani et al.,
2007). K. values are estimated from reference evapotranspiration and the actual
evapotranspiration. For most agricultural crops Kcincreases from a minimum value at
planting until maximum K is reached at approximately full canopy cover. The

K.tends to decline at a point after a full cover is reached before the harvest season.

The FAO-Penman Monteith method led to the development of CROPWAT tool.
CROPWAT was developed by Allen et al.,(1998). Its main objectives are to calculate
reference evapotranspiration, crop water requirements, irrigation requirements,
scheme water supply, develop irrigation schedules under various management
conditions and evaluate the efficiency of irrigation practises. CROPWAT has been
successfully used in several studies globally (Dinpashoh ,2006; Bekele and Tilahun
2007; Cavero et al., 2000; Feng et al., 2007). In South Africa a version of CROPWAT
called SAPWAT was developed to suite South African conditions and SAPWAT is
supported by an extensive South African climate and crop database (Woyessa et al .,

2004).

2.4 Water productivity

Due to rapidly increasing population (CA, 2007) the agricultural sector is faced with a
challenge to produce more food while using less water.Food insecurity and water

stress cannot be addressed in isolation because water is a key resource in food
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production(Peck,2007). Improving access to water and productivity in its use can
contribute to greater food security, nutrition, healthstatus, income ,and resilience in

income and consumption patterns(Brauman et al., 2013).

Water productivity is the ratio of the net benefits from crop, forestry, fishery,
livestock and mixed agricultural systems to the amount of water used to produce those
benefits. In its broadest sense, water productivity reflects the objectives of producing
more food, income, livelihood and ecological benefits at less social and

environmental cost per unit of water consumed(Renault and Wallender ,2000).

2.4.1 Crop Water Productivity (CWP)

Agronomists often interchange the waterproductivity concept and the water use
efficiency (WUE) concept. They define both concepts as the ratio of yield to water
consumed (kg/m®) by the crop through evapotranspiration at the field scale(Fan et al.,
2013; Mdemu and Francis,2006; Ferrara et al., 2008). Several authors refer to this
definition as misleading because the two concepts exist in agriculture and are defined
differently (Molden,1997; Passioura, 2005; Ali and Talukder 2008; Perry et al., 2009).
The simple definition of any efficiency should be expressed as a percentage or ratio,
the input and output units should be similar (Sadras et al., 2011), while crop water
productivity (CWP) is also a ratio of output to input but with different units

(Equation 2.2).
cwp = <C8 (Kg/m?) 2.2)

Where Y is the actual marketable crop yield (Kg ha) and ET is the seasonal crop

water consumption by evapotranspiration (m™ ha).
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2.4.2 Apparent Water Productivity

The concept of AWP is used to describe the economic efficiency of crops. Salmoral et
al.,(2011)defined the AWP as the market price per water footprint of a crop. Salmoral
et al., (2011) applied the concept of apparent water productivity of oliveoil intwo
provinces in Spain and established that the AWP of olive oil differs per region and
also per time of the year. This is because market prices of products are influenced by

interaction of supply and demand.
Factors Affecting Crop Water Productivity

There is an incorrectassumption that improving crop water productivity is often only
related to irrigation water management.However Zwart and Bastiaanssen (2004)
proposed that crop water productivity is influenced by controllable factors such as
irrigation practises, crop rotation, quantity of chemical fertilizers, pests and weed
control.

Irrigation systems include the use of sprinkler system, drip system, centre pivot
irrigation (Al-ghobari et al., 2014; Zhang ,2003). Irrigation management is crucial in
determining plant ability to take up the nitrogen available in the soil since a well-
watered crop is more capable to take benefit of the applied fertilizer (Costa et al.,
1997). Several studies have assessed the impact of deficit irrigation on the crop water
productivity (Mdemu and Francis 2006; Ali et al., 2007; Ali and Talukder 2008;

Geerts and Raes ,2009) using different irrigation system.

2.5 Summary

The LCA methods and the water balance analyses are more suitable for water
footprint assessments at a larger scale (a river system) than farm gate level. The LCA

approach is by far the closest approach to the 1SO water footprint standard (1SO
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14046) approach. The ISO standard (ISO 14046) approach was developed to avoid
confusion around the definition of water footprints, and provides a consistent
approach to the quantification of water footprints. The ISO standard approach is very
similar to the LCA approach and the approaches are more concerned on the impacts
related to the water footprint rather than the volumetric water footprint recommended

by the WFN approach.

The WFN approach requires the estimation of the actual evapotranspiration and is
suitable for estimation of water footprint at the farm gate level compared to all the
other methods. According to the WFN approach over 90 % of crop water footprint is
evapotranspiration. Proper estimates of ET. are important in water resource
management as underestimation or overestimation of water use can have negative
impacts on crop production. There are several methods that can be used to directly or

indirectly measure/ model ET..

Direct measurement of ET.is the most accurate and preferred over indirect
methods;however they are also very expensive and not always practical. Indirect ET,
estimating methods have also been widely used in different regions around the world
and they have shown a small margin of error and they have been trusted as an
alternative in the absence of direct measurements.One of the methods that are trusted

in the absence of direct measurements is the FAO-Penman Monteith Method.

Increasing/improving blue water productivity in irrigated agriculture is critical in
meeting food demands of the growing population density. There are several factors
which affects the water productivity some controllable and some uncontrollable.

There are several definitions of water productivity however in this study crop water
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productivity was defined as crop yield per crop water use while apparent water

productivity was defined as water footprint per market price.
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3 METHODOLOGY

3.1 Description of study area

The Olifants/Doorn Water Management Area (WMA) was chosen for the study area
as this experiences extreme water scarcity (CSIR, 2012) and is consequently a
relevant area to apply emerging water-conservation principles and approaches. The
WMA lies along the west coast of South Afric and is shared by the Western Cape and
Northern Cape provinces. The mean annual precipitation (MAP) of much of this
WMA is generally less than 200mm/year, while potential evaporation rates exceed
1800mm/yr (Figure 3.1), which renders it largely unsuitable for dryland agriculture.
Consequently there is approximately 500km?2 under irrigated agriculture, which
accounts for 87% of the total water use of this WMA (DWA, 2012). Irrigation water
is sourced primarily from Olifants River, Doorn River and farm dams in the Citrusdal
and the KoueBokkeveld region. Within the Sandveld region, groundwater is the main

source of water irrigation for potatoes(de Lange and Mahumani, 2012).
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Figure 3.1: Annual potential evaporation rates (mm) at Olifants/Doorn WMA

(data source: WR2005).

The geology of the Olifants/Doorn WMA (Figure 3.2) is dominated by metamorphic
rocks on the western part of the WMA, while the eastern part is dominated by the
shale rocks. On the northern and north-eastern parts, the rocks of the pre-Cape Van
Rhynsdorp Group, the sedimentary rocks of the lower Karoo Supergroup as well as
intrusive Karoo dolerites are dominant. Various metamorphic rocks (i.e. quartzites,
granulite and schists), augen gneisses as well as mafic gneisses of the Garies and
Bitterfontein Subgroups (Okiep Group) are overlain by sediments of the Nama Group

in the north-western portion of the WMA (DWA, 2012).
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Figure 3.2:Geology of the Olifants/Doorn WMA (Data source WR2005)

The Olifants/Doorn WMA has four regions in terms of crop production (DWA 2012),
namely the:

1. KoueBokkeveld (deciduous fruits),

2. Citrusdal (citrus),

3. Lower Olifants (wine grapes), and

4. Sandveld area (potatoes)
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For the purpose of this study, three farms were selected comprising one farm for
citrus (Navel oranges), one for deciduous fruit (Pink lady apples), and one farm for
potatoes (Mondial). The selection criterion of the farms was dependent on the
willingness of the farmer to participate in the study and also on the availability of

historical weather and crop water use data close to the farm.

3.2 Data collection

To estimate water footprint and crop water productivity of crops, meteorological data,
crop yield and indirect water use data for one growing season was obtained for the

three farms within the Olifants/Doorn WMA.

3.2.1 Meteorological data

Hourly and daily weather data was obtained from the automatic weather stations
installed at each farm by the CSIR (Council for Scientific and Industrial Research)
and the University of Pretoria. Each AWS (Figure 3.3) had been installed according to
standard conditions specified in FAO-56 (Allen et al., 1998). The weather data
collected was used to determine ET, using the Penman-Monteith method (equation

2.1) as described by Allen et al., (1998).
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Figure 3. 3:An automatic weather station at Modderfontein Farm within the

Sandveld catchment.

This study aims to assess thevolumetric blue and green water footprints of the three
commercial crops. The scope of this study is presented Table 3.1 and it was created
following the scope guideline questions provided in the Water Footprint Network

(WFN) manual (Hoekstra et al., 2011).
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Table 3. 1: The water footprint scope applied in the study

Scope Criteria

Scope Applied in study

Consider blue, green and/or grey water

footprint?

Blue and green water footprint

Where to truncate the analysis when

going back along the supply chain

From production to packhouse

Which period of data?

One growing season

Consider direct and/or indirect water

footprint?

Both Direct and indirect

Growing season for Navel oranges was (May 2013-April 2014), for Pink lady apples

growing season (October — April) and for Mondial potatoes growing season was 120

days (February- June 2013).

3.3 Water footprint accounting

Green and blue water footprints for production were estimated for all the three crops
following the water footprint network approach for one growing season. Green water
footprint was estimated as the minimum between evapotranspiration and effective
rainfall (Pes) divided by crop yield (Mekonnen and Hoekstra,2011). Effective rainfall
isdefined as part of rainfall that is stored in the root zone and can be used by the plants

after percolation and runoff. Effective rainfall was determine following Equation (3.1)

below

Posr = Max (P —5,0) * 0.75 (mm/day)

Where P = effective rainfall (mm/day), P = daily rainfall in mm/day
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5.0 = minimum effective per day (mm/day) and 0.75 = the percentage which is

considered effective until runoff occur.

The blue water footprint was estimated as the sum of blue crop water use (CWUpje)
and the additional water used in other stages of crop production divided by crop
yieldfor the same growing season (Mekonnen and Hoekstra ,2011). The blue water
use was estimated as the difference between ET and effective rainfall, but was zero if

effective rainfall exceeded ET. (Equation 3.2).

CWUblue = ETC - Peffr CWUblue (32)

CWUppe=0if Pors>ET,

Where CWU,,,.. = blue crop water use (mm/day)

Pt = effective rainfall (mm/day)

ET.= cropevapotranspiration (mm/day)

Both blue and green water use were estimated from the first day (d=1) of the crop
growing season to the last day of harvest(Mekonnen and Hoekstra, 2011). Additional
water use included packhouse water use, damevaporation,water used for pesticides
and fungicides for crop washing from farm dams (Appendix 1). Two flow meters
were installed at Modderfontein Farm to measure packhouse water use and water used
to wash potatoes respectively, while at Patrysberg Farm a flow meter was installed to
measure packhouse water use. Dam evaporation was estimated using the Penman

equation.
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3.4 Crop water productivity

Crop water productivity for each crop was estimated as the ratio of marketable crop

yield to crop water use Equation (3.5):
. 3
CWP = BT kg/m (3.5)

where Y is the actual marketable crop yield (Kg ha®) and ET. is the seasonal crop
water consumption by evapotranspiration (m™ ha).

Apparent water productivity

The apparent water productivity (AWP)of each crop was estimated as the ratio of

market price (Pr) and the water footprint (Litres/kg).

AWP = 2L Rand/litres (3.6)
WF

where AWP= apparent water productivity, Pr = the market price in South African

Rands/litre and WF = the water footprint of each crop in Litres/kg.

The 2014 market price for each crop was collected from the relevant organizations;
Potato SA (Potatoes), South African Apple and Pear Producers' Association (Apples)

and Citrus growers Association of South Africa (Oranges)
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4 NAVEL ORANGES

4.1 Introduction

Citrus sinensiscommonly known as orangesare citrus fruitsthat belong to the Rutaceae
family. Citrus species are produced all over the world due to their ability to adapt to
different climatic conditions. Major citrus producing areas are within the southern
hemisphere, of which Brazil is the leading producer. Brazil produces over a quarter of
all oranges produced globally. Within the SADC region, South Africa is the leading
producer of oranges. In terms of gross value in South Africa, the citrus industry is the
third largest horticultural industry after vegetables and the deciduous fruit industry

(DAFF, 2011).

In South Africa the Western Cape Province (Citrusdal region) is the second largest
producer of navel oranges after the Eastern Cape Province.Citrusdal is known for
citrus production hence its name “Citrusdal”, and exports more citrus fruits than any
citrus producing area in South Africa. Irrigated agriculture is dominant in this area
and farmers abstracts freshwater from the Olifants River and Clanwilliam Dam for
irrigation during dry summer months (DWA, 2012). Some farmers rely on runoff

from the mountains to fill their dams during the rainy season.

Citrus trees are subtropical in origin and cannot tolerate severe frosts. Citrus
production in South Africa is therefore confined to areas with mild and almost frost-
free winters where temperatures (not more than once in several years) never below -3
°C. The average minimum temperature for the coldest month should not be below 2 to

3 °C if no protection is provided(DoA, 2003).
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Citrus trees require water all year round and normally the peak demand for water is
during summer. The trees are sensitive to soil moisture availability. Soil moisture
strongly influences flowering and fruit set and can affect fruit drop, fruit size, yield,
internal quality characteristics and canopy development (Hutton et al.,2007).Water
stress during late spring and summer (November-February) at the time of late cell
division and expansion will have an impact on fruit size. Water stress closer to harvest
influences internal fruit quality characteristics such as acidity, juicecontent and fruit

maturity (Hutton, 2000).

The knowledge of crop water requirement is crucial for effective management of
water during citrus production in order to get optimal yields.Researchneeds to be done
on both the direct and indirect water use of oranges along the entire production chain
(Water footprint) in semi-arid areas. The knowledge of water footprints assists in
improving management of water resources andto improve their crop yield.This
chapter presents the results of the assessment of water footprint and the water
productivity of Navel oranges in Patrysberg Farm, Citrusdal in the Olifants/Doorn

Water Management Area.

4.2 Site description

The study was conducted between April 2013- May 2014 at Patrysberg Citrus farm
(32°27'09.15"S and 18°58'16.60"E) in the Citrusdal Area.The farm is located within a
Mediterranean climate region and receives winterrainfall. Temperatures in the area
range from 5°C in winter to 35°C in summer.The farm size is approximately 750 ha,
howeverthis study was conducted for an orchard which was 3.9 ha.The oranges are
grown under drip irrigation (2 drip lines per tree). Average tree height was

approximately 3m high at the time of the study.The citrus trees were planted in 2001.
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Row orientation is North —South and the trees are spaced at 2.4 m by 5 m, giving a

planting density of approximately 800 trees per ha, with bare sand between rows.

4.3 Data required and specific method

The following data was required:

> Weather data (temperature , solar radiation, net radiation ,relative humidity,
wind speed and rainfall)
> Crop yield

> Indirect water use

Weather data was collected from the automatic weather station at Patrysberg for the
whole growing period (May 2013 to April 2014) and wasused for estimation of
reference evapotranspiration usingthe Penman-Monteith method. Reference
evapotranspiration and locally derived crop coefficients (K.) values (Figure 4.1) were
used to estimate evapotranspiration (ET.). The K. values were derived from previous
study Taylor et al. (2014). Taylor et al., (2014) derived K. values from ET. (measured

using Eddy Covariance technique) and ET, following equation 4.1 below.

ET.

K. =
¢ ET,

(4.1)
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Figure 4.1: Locally derived crop coefficients at Patrysberg Citrus Farm (Taylor

et al., 2014).

Indirect water use data required for estimating the blue water footprint was collected
through interviews with farmers,monitoring of packhouse water use which was
measured using a flow meter (Figure 4.2). Indirect water use in orange production
included evaporation of water from storage dams, water use for spraying of pesticides
and fungicides, packhouse water use (see appendix 1). Evaporation from farm dams

was estimated following Penman equation.
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Figure 4.2: Flow meter installed at Patrysberg Farm to measure water that was

used in the packhouse for 2013/2014 Navel orange.

The yield of 69 ton/ha of Navel oranges per hectare for the same growing season
required to estimate both water footprint and crop water productivity was collected

through interviews with the farmer.
4.4 Results

4.4.1 Rainfall and effective rainfall

Figure 4.4 presents rainfall measured at the Patrysberg Farm for the whole growing
season (1% May 2013- 30 April 2014). A total rainfall of 344 mm/year was received
during the 2013/2014 growing season and 45% of the rainfall was estimated to be
effectiverainfall. Fifty percent of the rainfall occurred during the beginning of the
growing season (between May-August 2013), which is typical of the Mediterranean
climate. Mediterranean climate are known for wet winter and dry summer however

rainfall of approximately 28mm of rainfall was measured at the in January.
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Figure 4.3: Effective rainfall (mm/month) and rainfall (mm/month) at

Patrysberg Citrus Farm for the period of 1% May 2013- 30 April 2014.

The rainfall distribution during the growing season was poor. More than half the
rainfall received for the whole growing season was received in winter (Figure 4.3).
Some dekads (one dekad equals 10 days) during the growing season received very
little or no rainfall while others received substantial amounts during winter months.
The wet dekad was the first dekad of June with rainfall of approximately 57.4 mm.
Approximately34 % of the dekads received no rainfall during the 2013/2014 growing
season (Figure 4.4). The poor distribution of rainfall means that the main source of

water use by the crop was blue water.
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Figure 4. 4: Dekadal rainfall observed at Patrysberg experimental Farm during

2013/2014 growing season.

4.4.2 ET,0bserved during the growing season

Reference evapotranspiration is the ability of the atmosphere to remove the water
from the surface through the process of evaporation and transpiration assuming there
is no limited supply of water supply.Reference evapotranspiration was calculated
using the Penman Monteith equation (equation 2.1).Meteorological parameters of
temperature, relative humidity, wind speed and solar radiation required to calculate
ET, were recorded daily on site using an automatic weather station.Daily ET,
valueswere low in winter when rainfall was high as compared to summer when

rainfall was low ( Figure 4.5).
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Figure 4. 5: Daily ET, observed at the site during the growing season from to

May 2013-April 2014.

The highest mean daily evaporation rate was observed in February when temperature
was 24'C and the lowest was observed in June when mean daily average temperature

was 15°C ( Figure 4.7) .
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Figure 4.6: Average daily ET, observed at the site during the growing season

from to May 2013-April 2014
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Figure 4.7: Mean air temperatures during the whole growing season at

Patrysberg Farm.

Average daily evaporativedemand at the site during the whole growing season
showed a decrease with an increase in relative humidity which means that in winter
when relative humidity was high, evaporative demand at the site was low (Figure

4.8).
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Figure 4.8: Daily relative humidity (%) observed at the site during 2013-2014

Navel orange growing season at Patrysberg Farm.

4.4.3 Evapotranspiration

The total evapotranspiration estimated using the FAO-Penman Monteith method
(Equation 2.1)of navel oranges for the whole growing season (12months)was 716 mm
(7160 m® ha™) .Blue water evapotranspirationobserved at the study site was higher
than green water use for the whole growing period ( Figure 4.9).The highest green
water use was observed in June when rainfall measured at the site was the highest

(Figure 4.4).
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estimated at Patrysberg Farm during 2013/2014 growing season.

4.4.4 Water footprint

The total water footprint of Navel oranges estimated as the total water consumed
during the entire production stage was 108 litres/kg. Indirect water used for the whole
growing period was 204 m* ha for the whole growing period, of which dam
evaporation estimated following Penman equation (Equation 3.3) and packhouse
water use was approximately 79%. Packhouse water use was measured using a flow
meter (Figure 4.2). Water used to mix chemicals used to kill pests was significantly
lower for the whole growing season (Table 4.1). The water footprint comprised
mostly of the blue water footprint which was 96 % of the total water footprint and the

green water footprint was only 4 % (Figure 4.10).
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Table 4. 1: Water use (mm) for Navel Orange Production at Patrysberg Farm

Water-use Component Water use (mm/yr)
Evapotranspiration 716

Evaporation from storage dam 10.1

Spraying Micronutrients 1.2

Spraying Fungicides 2.0

Spraying Pesticides 0.4

Spraying Herbicides 0.3

Chemical Fruit Thinning 0.4

Packhouse Water-use 7

Total 736

Water footprint of Navel Oranges
Bluewater footprint Greenwater footprint
4%
96%

Figure 4.10: Percentages of Blue and green water footprint component in Navel

orange production.
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445 Water productivity
Crop water productivity of Navel oranges defined as the ratio of yield to water
consumed was 9kg/m?® and the apparent water productivity defined as the market price

per water footprint of a cropwas 0.09 Rand/ L.itre.

4.5 Discussion

The total water footprint of Navel oranges estimated for a crop yield of 68 tons/ha at
the site was 108litres/kg which was lower than the water footprint of Oranges
estimated byMekonnen and Hoekstra (2011). The water footprint of oranges
according Mekonnen and Hoekstra 2011 is 560litre/kg without including the grey

water footprint component.

The crop water productivity of navel oranges was 9kg/m® while the apparent water
productivity (AWP) was 0.09 R/Litres. The apparent water productivity estimated
using the South African estimated market price was low. However most oranges
produced in Citrusdal are forexport market and international market price are higher

than local market price(DAFF, 2012)

The crop water productivity waswithin range with CWP of oranges in other studies
when compared to the global average water productivity established in other studies
(Renault and Wallender,2000., Quinones et al., 2010; Perez-Perez et al., 2012;

Aguado et al., 2012).
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5 PINKLADY APPLES

5.1 Introduction

Malus domesticacommonly known asapple is one of the most important deciduous
fruits grown in the world(Tetens and Alinia , 2009). Besides the old public saying
“An apple a day keeps the doctor away” research have shown that one apple a day can
provide the body with important vitamins, minerals and antioxidants. Although other
fruits also have these benefits, apples are the only fruits which have all of benefits

combined in one(Boyer and Liu,2004).

Globally, China is the world’s leading apple producer, accounting for 50% of the
production during the 2012/2013 apple growing season.According to FAOSTAT
report (2014), South Africa is the leading apple producing country in Africa. The
South African apple industry is export oriented with half of the apples produced being
exported (DAFF, 2011).Over fifty percent of apple orchards are within the Western
Cape Province. In 2010 21553 hectares were planted with apples in the Western Cape

Province of which 1 925 ha were planted with pink lady apples (DAFF, 2011).

Apple production in the Western Cape Province and producing regions in South
Africa are faced with severe threats such as climate change, and water scarcity(DAFF,
2011). In irrigated agriculture management of water through efficient irrigation is the
only sustainable solution. Irrigation management is also vital in apple orchards
because over irrigation and under irrigation have severe impacts on fruit yield(Fallahi
et al., 2010). Over irrigation slows root growth, increases waterlogging effects such as

iron-induced chlorosis, stunted growth and root rots (Black et al., 2008; Al-Yahyai,
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2012), while under irrigation can affect physiological processes such as leaf
expansion (Sepulcrecanto et al., 2007). While a number of studies have emphasized
the importance of proper irrigation system, most studies acknowledge that irrigation
systems and water use of crops are influenced by the environmental conditions where
the crop is being produced. Growers therefore need to know the water use of each

crop in order to avoid over/under irrigation, improve yield and to save on water cost.

This study assessed the water use, water footprint, water productivity of pink lady

apples.

5.2 Site description

Nooitgedacht farm is located within the KoueBokkeveld area in the Western Cape
Province, South Africa. The name “KoueBokkeveld” is an Afrikaans word which
translates to “Cold Buck Shrub land”. KoueBokkeveld is located on the south eastern
part of the Olifants/Doorn WMA. Due to its high altitude the KoueBokkeveld
receives relatively high annual average rainfall(1100mm/year) compared to other
areas in the Olifants/Doorn WMA such as Sandveld and Citrusdal. Groundwater
recharge is high in the KoueBokkeveld Area and the quality of groundwater is
excellent (DWA, 2012). The source of water used for irrigation is mostly groundwater
however some farmers depend on surface water abstracted from either Leeu River or

Doorn River.

Nooitgedacht Farm (33°12'03.57"S, 19°20'15.06"E) orchard is 2.3 ha in size. The
average tree height was 5 m. The study orchard was planted with ‘Cripps Pink’
(‘Pink Lady’) apples on M793 rootstock, with every 8th tree in each row being a
‘Hillary” Crab-apple pollinator. Row orientation was north - south and the trees were

spaced at 1.25 m by 4 m. Irrigation and fertilisation was supplied using short-range
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micro-sprinklers and irrigation scheduling was based on daily soil moisture and

weather data. The annual yield of Pink Lady apples was 69 tons /ha.

5.3 Data collection

Temperature, relative humidity, wind speed and solar radiation data required to
calculate ET,using the Penman-Monteith equation were recorded daily on site using
an automatic weather station. The parameters were recorded for one growing season
starting fromOctober 2012 to April 2013. Potential evapotranspiration and locally
derived K. values (Figure5.1) were used to estimate ET.. K. values were derived
following Equation (4.1) where ET. was measured using the Eddy covariance

technique (Gush and Taylor, 2014).
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Figure 5.1: Locally derived Kc values at Nooitgedacht Apple Orchard farm

(Gush and Taylor, 2014).

Data on indirect water use was collected through interviews with farmers except the

evaporation of water from storage farms dam, which was estimated following Penman
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method (Equation 3.3). The indirect water use also included water use for spraying of
pesticides, micronutrients, herbicides, fungicides, chemical fruit thinning, packhouse

water use and farm worker water use.

5.4 Results

5.4.1 Effective rainfall and rainfall

The total rainfall that was received during the crop growing period at the site was
110mm.There was a large increase in rainfall (30mm/month) between October and
November followed by a steep decrease between November and December, from
54mm/month in November to approximately Imm/month in December (Figure 5.2).In
January there was no rainfall measured at the study site however the rainfall started

showing an increase after January (Figure 5.2)
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Figure 5.2: Effective rainfall and rainfall at Nooitgedacht Orchard Farm during

the 2012-2013 growing season
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5.4.2 ET,observed during the growing season

The ET, values estimated at the site using Penman Monteith method show the
evaporative demand of the atmosphere during the 2012/2013 growing season. The
highest mean daily evaporative demand (7mm/day) was observed during the month of
January (2013) while the lowest (4mm/day) was towards the end of the growing
season in April (Figure 5.3). The evaporative demand on the site was high when
relave humidity was low (Figure 5.4) , however it was high with high temperatures
(Figure 5.5). Between January- March when mean average temperatures were

approximately20’ C mean relative humidity (%) recorded at the site was the lowest.
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Figure 5.3: Average daily ET, observed at the site during the growing season

from to Oct 2012-April 2013.
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Figure 5. 4: Relative humidity (%) observed at the site during 2012-2013

growing season at the study site
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Figure 5.5: The mean air temperatures during the whole growing season at

Nooitgedacht Orchard Farm.
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5.4.3

Evapotranspiration

The total ET. of pink lady apples at Nooitgedacht farm estimated following the FAO-

Penman Monteith Method (Allen et al., 1998) was 848mm/growing season of which

approximately 98% of it was blue water use and evaporation from green water was

only 2% (Figure 5.6). In December and January, green water use was zero while in

other months it was below 20m®ha.Green water was low in December and January

because of low rainfall events during summer in Mediterranean regions. Nooitgedacht

Orchard Farm is located within a and it experiences hot dry summer and wet winter

and the growing period for Pink Lady apples is in summer.
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Figure 5.6: Monthly water use of pink lady apples at Nooitgedacht Orchard

Farm during the 2012-2013 growing period
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5.4.4 Water footprint

The total water footprint of pink lady apples was 125litres/kg estimated following the

water footprint network (WFN) method (Hoekstra et al., 2011). Ninety nine percent of

the total water footprint was blue water footprint (Figure 5.7). Indirect water use

during the whole growing period was significantly low compared to direct water use

(ET.) at the study site. Evaporation from storage farm dam estimated following the

Penman equation (Equation 3.3) was the largest component of indirect water used

during pink lady apple production at farm- gate level (Table 5.1).

Table 5.1: Water use of Pink lady apples at Nooitgedacht Orchard Farm during

the 2012-2013 growing season

Water-use Component

Water use (mm/growing season)

Evapotranspiration 848
Evaporation from storage dam 12.6
Fungicides Spraying 0.6
Pesticides Spraying 0.4
Herbicides Spraying 0.3
Chemical Fruit Thinning 0.4
Fruit Washing 0.1
Packhouse Water-use 0.5
Total 864
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Figure 5.7: Percentage of the blue and the green water footprint of Pink Lady

Apples at Nooitgedacht Orchard Farm.

5.4.5 Water productivity

Crop water productivity defined as the ratio of yield to water consumed (kg/m®) by
the crop through evapotranspiration at the field scale was 8kg/m>. The apparent water
productivity defined as the market price per water footprint of a crop was 0.14

Rand/litre 2014 price market.

5.5 Discussion

Mediterranean regions experiences wet winter and dry summer and the
Olifants/Doorn WMA is no exception and consequently rainfall recorded during the
growing period for pink lady apples was low. The total rainfall received during the
entire growing season (Oct 2012- April 2013) was 110mm of which approximately

50% was received in November. Even though highest percentage of rainfall was
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received in November it was still lower than crop evapotranspiration in that month it

was supplemented with blue water.

The total water use (ET.) of apples was 848 mm for the whole growing season at the
study farm which was low compared to the ET. of apples in other studies of 950-
1500mm/year(Renault and Wallender,2000; Fallahi et al., 2010). The water footprint
of pink lady apples was also lower than the estimated water footprint values in the
literature. The global average water footprint of apples was published by Mekonnen
and Hoekstra (2011) as they estimated it to be 822 litre/kg, which was 697litres/kg

more than the WF of Pink Lady apples at Nooitgedacht orchard farm.

Apparent water productivity and the crop water productivity of Pink lady apple were
0.14 Rand/litre and 8kg/m® respectively. The CWP was high compared to 2.5kg/ m®
estimated by Renault and Wallender (2000) however low compared to 11.9 kg/ m®

the water footprint of apples estimated in the study done by Liu et al., (2011).
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6 MONDIAL POTATOES

6.1 Introduction

Potatoes (Solanum tuberosum)are one of the top ten most produced crops in the
world. Potatoes are considered to be the fourth most important food crop after wheat,
maize and rice. They are cultivated in temperate and subtropical regions across the
world. A recent study conducted by the Food and Agriculture Organization (2012)
showed that the demand and production of potatoes has grown over the past decade
especially in Africa and Asia. China produces over a third of all potatoes produced
globally and is the biggest producer of potatoes. Although production in Africa has
increased,Africa still has a long way to go before it can catch up with Asian countries

such as China and India.

Potatoes are grown under a wide range of conditions in Africa, from irrigation on
commercial farms in Egypt and South Africa to intensively cultivated tropical
highland zones of eastern and central Africa, by smallholder farmers.In South Africa
approximately 50000 hectares of land is planted with potatoes every year and over
85% of this planted landis under irrigation (Potato SA, 2013). The Limpopo Province,
Free State Province and the Western Cape Province produce over 50% of all potatoes

in SA (Figure 6.1).
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Figure 6.1: Map showing potato production in South Africa. Oval size represents

the size of each potato producing region (Map from Potato SA, 2013).

Potatoes are irrigated and fertilized to meet quality standards demanded by the fresh
vegetable market. Irrigation however needs to be monitored to ensure that potatoes
are not over or under irrigated because potato yield is very sensitive to irrigation
management in all the developmental stages for good production.There have been
many reports on the effects of water stress and irrigation regimes on potato crop in
many parts of the world(Van Loon, 1981; King et al., 2003).In comparison with other
species, potatoes are the most sensitive species to water stress because of their
shallow root system (Cantore et al., 2014). Water stress is usually reflected in slow
growth, a small leaf canopy, early senescence and eventually in reduced yields

(Singels,2012).

Potatoes typically take approximately 95-120 days to mature and during the whole
growing period soil moisture needs to be monitored closely in order to obtain good
yield( Erdem et al., 2006; Kang et al., 2004). The normal growing period of potatoes
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can be divided into five stages of which irrigation requirements during those stages
differs and water availability have different impacts(Dwelle and Love, 1993). For
example, if there is water stress during tuber initiation stage which is within 2 to 3
weeks after emergence (second stage) this will limit the number of tubers initiated,

while excess water supply induces tuber disorder(Heuer and Nadler,1995).

Several authors studied the water consumption and water productivity of potato crop
in different regions (King et al., 2003; Van Loon 1981; Badr et al., 2012; Cantore et
al., 2014; Kashyap and Panda , 2001; Steyn et al., 2007; Kang et al., 2004; Kang et
al., 2004; Brauman et al., 2013; Singels and van der Laan, 2011). However there is
still insufficient knowledge on the water use of potatoes along the whole production
chain globally and in South Africa. This case study aimed to assess the water footprint

of commercial potatoes produced within a semi-arid area.

6.2 Site description

The Sandveld region is the largest potato producing area in the Western Cape (Figure
6.1). The area is characterized by semi-arid Mediterranean climate and receives
between 150mm-250mm/year of rainfall, increasing from the coast towards the
eastern part of the WMA. Rainfall is high between April and July when the
temperatures are generally low and relative humidity is high. According to Potato SA
1986 hectares were planted with potatoes during the summer of 2013 under irrigation.
Groundwater is the primary source of water for irrigation in the Sandveld region. The
study was conducted for summer grown potatoes on one commercial farm

(Modderfontein Farm) within the Sandveld region.

Modderfontein farm (32°33'34.05"S and 18°20'41.50"E) is located near a small town

called Aurora in the Sandveld region. The total farm area is 1300 ha and the crops
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planted in the farms are wheat and potatoes of which wheat only occupies 100 ha of

the total farm size. Potato yieldin the farm during the study period was 45 tons/ha.

6.3 Data Collection

Weather data was collected from an automatic weather station installed by the
University of Pretoria at Modderfontein Farm for the February-June (2013) growing
season. Reference evapotranspiration and locally derived K. values (CSIR, 2012)
were used to estimate water use (ET.) of potatoes following the FAO Penman
method. To complement the blue water use volumes, the additional indirect water
used throughout the various stages of production was determined through a
questionnaire (Appendix 1) and interviews with the farmer. The combined data were

then used to estimate the blue water footprint.

Additional/indirect water use included the water used for spraying of pesticides,
fungicides, and water used in the packhouse to wash potatoes after harvesting . Two
flow meters were installed to measure water used in the packhouse and washing
potatoes after harvesting (Figure 6.3). Modderfontein farm uses groundwater for

irrigation and there was no storage dams used during the study period.
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Figure 6.2: Crop coefficients estimated for potatoes at Modderfontein Farm

(CSIR, 2012)
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Figure 6.3: (A) Flow meter at installed at Modderfontein Farm used to measure water used to wash potatoes (B) Potato washing

machine (C) Potatoes washing after harvest
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6.4 Results

6.4.1 Rainfall and effective rainfall

Total rainfall measured at the study farm was approximately 111 mm for the whole
growing period (February—June 2013) and only 28% of the rainfall was effective. The
highest rainfall of the entire growing season was recorded in June (50mm/month) just
before the harvesting (Figure 6.4 and Figure 6.5)even though only 15 days in June
were considered. Rainfall observed at the study site was unevenly distributed with
some months being drier than the others.For example there was a sharp decrease
(49%) in measured rainfall between April and May (from 33mm/month in April to
16mm/month in May) followed by an increase in June (Figure 6.4). Approximately
82% of the total rainfall measured on farm in June was received in the first dekad

(Figure 6.5).
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Figure 6. 4: Monthly effective rainfall and rain at Modderfontein Farm



June daily rainfall (mm) and effective
rainfall (mm) at Modderfontein Farm

20.0 -
== Rainfall (mm)
AN =

123 456 7 8 9101112131415
Day of the Month

Rainfall (mm)
= [
[ 93]
o o

bl
o
1

o
o

Figure 6.5: June daily effective rainfall (mm) and rainfall (mm) at

Modderfontein farm.

6.4.2 ET,observed during the growing season

Daily potential evapotranspiration (mm)estimated following the Penman-Monteith-
method at Modderfontein study site during the summer potato growing season
(February to June 2013) was high at the beginning of the growing season between
(Figure 6.6),when average daily air temperature was approximately 22°'Cand low in
April (Figure 6.7). ET, at Modderfontein study site was low in April when daily
average air temperature was 17'C ( Figure 6.7) and relative humidity was 61% (

Figure 6.8).
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Figure 6.6: Daily ET, observed at the site during potato growing season
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Figure 6.8: Relative humidity (%) observed at Modderfontein Farm during

summer Mondial potato production.

6.4.3 Evapotranspiration (ET¢)

The total evapotranspiration of Mondial Potatoes at Modderfontein farm for the whole
growing season was 295mm (2950 m3/ha™) of which blue water use was 286mm and
the green water use was 9mm. Green water use in April and May was as low as 0.7
mm (April) and 0.8mm (May) consequently the estimated blue water use was high in
those two months (Figure 6.9). Figure 6.9 shows that the green water use for April
was due to rainfall of approximately 21mm that was received on the second dekad of
the month. The onset of the rainy season in June was reflected in an increasing

proportion of the water footprint being attributed to green water in that month.
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Figure 6.9: Monthly blue and green evapotranspiration of Mondial potatoes (m?)

at Modderfontein Farm.

6.4.4 Water footprint

The total water footprint of Mondial potatoes was 68 litres/lkg and the water
productivity 15kg/m®. Ninety seven percent of the total water footprint was blue water
footprint and only 3% was green water footprint (Figure 6.10). Potato
evapotranspiration contributed approximately 96% to the total blue water footprint
component of the crop (Table 6.1). Water used in the pack house and water used to

wash potatoes combined contributed 3 % to the total blue water footprint.
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Water footprint of Potatoes

# Blue water footprint Green water footprint

Figure 6.10: Blue and green water footprint percentage of Mondial Potatoes at

Modderfontein Farm.

Table 6.1: Total water use (mm/growing season) of Mondial potatoes at

Modderfontein study site

Indirect water use Depth (mm)
Evapotranspiration 295
Spraying Fungicides 0.7
Spraying Pesticides 0.8
Potato Washing 4.6
Packhouse Water-use 3.8
Total water use 305

Packhouse water use and water used to wash potatoes was measured using a flow

meter installed at the farm.
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6.4.5 Water productivity

Apparent water productivity and the crop water productivity of potatoes at the study
site were 0.15 Rand /litre and 15kg/m® respectively. The apparent water productivity
was estimated using market price from Potato South Africa organization, which is 10

Rand per one kilogram of potatoes.

6.5 Discussion

The crop water use of potatoes at Modderfontein Farm was 295 mm/growing season
which was relatively low compared to water use estimates in other studies. Costa et
al.,(1997) and Erdem et al.,(2006 )reported that potato ET. meaured using lysimeters
ranged between 334 mm and 385 mmper growing season.Wright and Stark (1990)
reported that seasonal water use in irrigated areas of Oregon and Washington ranged

from 640 to 700 mm.

Approximately 96% of the total ET. in the Sandveld region was blue water and only
four percent was green water. The high percentage of blue water (irrigation) is typical
in semi-arid regions where mean monthly evapotranspiration rate is higher than
effective rainfall. The uneven distriburion of rainfall also contributes to the high

percentage of blue water use and consequently the blue water footprint.

The total water footprint of potatoes was 64 litres/ kg was low compared to water
footprint of potatoes in other studies. Mekonnen and Hoekstra (2011) estimatedthe
global averages of potatoes to be 287 litre/ kg while Herath et al., 2013 reported that
the water footprint of potatoes in New Zealand was 74 litre/kg. The water footprint of
potatoes in the Sandveld region indicated that potato production in the region does not

contribute to groundwater depletion in the region.
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The crop water productivity was high (15kg/m®) compared to crop water productivity
estimated in other studies which ranges between 9-11kg m®. (Cantore et al., 2014;

Mechlia et al., 2007; Renault and Wallender,2000).
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7 GENERAL DISCUSSION AND RECOMMENDATION

South Africa is a water scarce country receiving less than 500mm/year of precipitation in
most parts of the country.Consequently approximately 90% of crops are grown under
irrigation. Irrigated agriculture plays an important role in terms of supporting rural
livelihoods and contributing to the Gross Domestic Product (GDP). The importance of
agriculture in South Africa and the SADC region as a whole cannot be overlooked. However
agriculture has been allocated 62% of the available freshwater resources. The high proportion
of the available water taken up by agriculture adversely affects the provision of water to other
sectors, such as water supply for domestic, industrial and mining purposes. In addition, use of
water by agriculture adversely affects the provision of water for satisfying ecosystem
requirements. These ecosystems provide services and goods for human use. The reduction of
water used by agriculture particularly for irrigation is being advocated for in order for South

Africa to achieve goals set in the National Water Resources Strategy.

The simplest way to reduce irrigation water use is by encouraging rainfed agriculture instead
of irrigated agriculture. However this research has shown that relying on rainfall is not
practical especially in semi-arid and arid areas due to high evapotranspiration rates and low
rainfall. The study has also shown that indirect water use during crop productions such as for
processing and packaging is also high and should be included in the estimation of crop water

use.

Even though the Olifants/Doorn WMA is the most water stressed water management area in
the country, the crops examined had high water productivity and low water footprint

compared to estimate made in other studies. The low water footprint for the crops examined
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was due to high yields compared to global average yields in other studies and also due to low

evapotranspiration estimates.

Pink lady apples had the highest volumetric water footprint of 125 litres/ kg, while Mondial
potatoes had the lowest water footprint of 65 litres/ kg. There was no significant difference in
the apparent water productivity of these two crops. This is because the market price of pink
lady apples per kilogram is higher (18.00 Rand/kg) than that of Mondial potatoes which is 10
Rand/ kg. Oranges in South Africa are amongst some of the cheapest fruits on the market and
this was evident in this study with Navel oranges having the lowest apparent water
productivity even though it has high crop water productivity compared to Pink Lady Apples.
Several studies (Renault and Wallender, 2000; Mechlia et al., 2007; Cantore et al.,2014)
established that potatoes utilizes more water for irrigation compared to other crops however
this study established that potatoes utilizes less water compared to Navel oranges and also

potatoes has high productivity compared to other study crops.

7.1 Recommendations

+ Further research on the water footprint should be on developing standard

methodology for estimating the water footprint of crops in South Africa.
+ For further investigations of water footprint in the WMA, a representative number of
farms for each crop per region should be considered in order to assess the impact of

the volumetric water footprint on the freshwater resources in the WMA.

+ Water footprint should be done for wet and dry years ideally green and blue water

footprint will vary with difference in rainfall

82



+ Field measured ET. and indirect water use should ideally be used as farmers don’t

always keep records of water use.

+ Water footprint of potatoes should be assessed for different growing seasons (summer

and winter) as it will differ from summer to winter potatoes.

83



8 REFERENCE LIST

Acreman, M. and Dunbar, M.J. (2004). Defining environmental river flow requirements — a
review. , Hydrology & Earth System Sciences 8(5), pp.861-876

Adnan, S. and Khan, A.H. (undated) Effective Rainfall for Irrigated Agriculture Plains of
Pakistan. ,Pakistan journal of Meteoriology. 6(11), pp.61-72.

Agardy, T., Alder, J. (2005). Coastal systems, millennium ecosystem assessment. Ecosystems
and Human Well-being: Current State and Trends. Findings of the Conditions and
Trends Working Group, vol. 1. Island Press, Washington DC, pp. 513-549.

Aguado, A., Frias, J., Garcia-Tejero, |., Romero, F., Muriel, J.L. and Capote, N. (2012).
Towards the Improvement of Fruit-Quality Parameters in Citrus under Deficit Irrigation
Strategies. ISRN Agronomy, 2012, pp.1-9.

Aldaya, M.M., Martinez-Santos, P and Llamas, M.R. (2009). Incorporating the Water
Footprint and Virtual Water into Policy: Reflections from the Mancha Occidental
Region, Spain. Water Resources Management, 24(5), pp.941-958.

Aldaya M.M., Llamas M.R., (2009). Water footprint analysis (hydrologic and economic) of
the Guadiana River basin. The United Nations World Water Assessment Programme,
Scientific Paper. UN Educational, Scientific and Cultural Organization, Paris

Al-ghobari, H.M. and Marazky, M.S.A.l. (2014). Effect of smart sprinkler irrigation
utilization on water use efficiency for wheat crops in arid regions. ,International Journal
of Agriculture and Biology, 7(1), pp.26-35.

Ali, M.H., Hoque, M.H., Hassan, A.A., Khair, A . (2007). Effects of deficit irrigation on
yield, water productivity, and economic returns of wheat. Agricultural Water
Management, 92(3), pp.151-161.

Ali, M.H. and Talukder, M.S.U. (2008). Increasing water productivity in crop production—A
synthesis. Agricultural Water Management, 95(11), pp.1201-1213.

Allan, J. (1997). Virtual Water: A strategic Resource Global Solutions to Regional Deficits.
GROUNDWATER Editorial, 36(4),pp.pp.545-546

Allen, R.G., Pruit, W.O., Wright, J.L., Howell, T.A., Ventura, F., Snyder, R., Itenfisu, D.,
Steduto, P., Berengena, J., Yrisarry, J.B., Smith, M., Pereira, L.S., Raes, D., Perrier, A.,
Alves, ., Walter, | and Elliott, R.(2006). A recommendation on standardized surface
resistance for hourly calculation of reference ETo by the FAO56 Penman-Monteith
method. Agricultural Water Management, 81(1-2), pp.1-22.

84



Allen, R.G., Pereira, L.S., Raes, D. and Smith, M. (1998). Crop evapotranspiration-
Guidelines for computing crop water requirements - FAO Irrigation and drainage paper
56, pp.1-15.

Al-Yahyai, R. (2012.) Managing irrigation of fruit trees using plant water status. Agricultural
Sciences, 03(01), pp.35-43.

Ashton, P.J. (2002). Avoiding Conflicts over Africa’s Water Resources. AMBIO: A Journal
of the Human Environment, 31(3), p.236. Authorisations, G., 1997. National Water
Resource Strategy. , pp.45-51.

Baillie, C. (2008). Assessment of Evaporation Losses and Evaporation Mitigation
Technologies for On Farm Water Storages across Australia. Irrigation matter series
05/08.

Bekele, S. and Tilahun, K. (2007). Regulated deficit irrigation scheduling of onion in a
semiarid region of Ethiopia. Agricultural Water Management, 89(1-2), pp.148-152.

Berliner, P.R. and QOosterhuis, D.M. (1987). Irrigation clence Effect of Root and Water
Distribution in Lysimeters and in the Field on the Onset of Crop Water Stress. Irrigation
Sciences, 1987(8), pp.245-255.

Black, B., Hill, R. and Cardon, G. (2008). Orchard Irrigation: Apple ,Utah University,
horticulture (March), pp.1-4.

Boulay, A., Hoekstra, A.Y. and Vionnet, S. (2013). Complementarities of Water-Focused
Life Cycle Assessment and Water Footprint Assessment. Environmental Science and
Technology, pp.11926-11927.

Boyer, J. and Liu, R.H. (2004). Apple phytochemicals and their health benefits. Nutritional
journal, 15, pp.1-15.

Brauman, K.A., Siebert, S. and Foley, J.A. (2013). Improvements in crop water productivity
increase water sustainability and food security—a global analysis. IOP publication,
Environ.Res. lett, 8(2013)

Canals, L.M.l., Chenoweth, J., Chapagain, A., Orr, S., Anton, A. and CIift, R. (2009)
Assessing freshwater use impacts in LCA: Part 1- inventory modelling and
characterisation factors for the main impact pathways. International Journal Of Life
Cycle Assessment.14 pp.28-42.

Cantore, V., Wassar, F., Sellami, M. H., Albrizio, R., Stellacci, A. M., and Todorovic, M.
(2014). Yield and water use efficiency of early potato grown under different irrigation
regimes,International Journal of Plant Production, 8(3) pp 409-427

85



Cavero, J., Farre, 1., Debaeke, P., and Faci, J. M. (2000). Simulation of Maize Yield under
Water Stress with the EPICphase and CROPWAT Models. Agronomy Journal, 92(4),
679.

Aldaya, M. M., Martinez-Santos, P., & Llamas, M. R. (2009). Incorporating the Water
Footprint and Virtual Water into Policy: Reflections from the Mancha Occidental
Region, Spain. Water Resources Management, 24(5), 941-958. doi:10.1007/s11269-
009-9480-8

Al-ghobari, H. M., Said, M., & El, A. (2014). Effect of smart sprinkler irrigation utilization
on water use efficiency for wheat crops in arid regions, 7(1), 26-35.
doi:10.3965/j.ijabe.20140701.003

Ali, M. H., Hoque, M. R., Hassan, a. a., & Khair, a. (2007). Effects of deficit irrigation on
yield, water productivity, and economic returns of wheat. Agricultural Water
Management, 92(3), 151-161. doi:10.1016/j.agwat.2007.05.010

Ali, M. H., & Talukder, M. S. U. (2008). Increasing water productivity in crop production—
A synthesis. Agricultural Water Management, 95(11), 1201-1213.
doi:10.1016/j.agwat.2008.06.008

Al-Yahyali, R. (2012). Managing irrigation of fruit trees using plant water status. Agricultural
Sciences, 03(01), 35-43. doi:10.4236/as.2012.31006

Badr, M. a., EI-Tohamy, W. a., & Zaghloul, a. M. (2012). Yield and water use efficiency of
potato grown under different irrigation and nitrogen levels in an arid region.
Agricultural Water Management, 110, 9-15. doi:10.1016/j.agwat.2012.03.008

Bekele, S., & Tilahun, K. (2007). Regulated deficit irrigation scheduling of onion in a
semiarid region of Ethiopia. Agricultural Water Management, 89(1-2), 148-152.
doi:10.1016/j.agwat.2007.01.002

Berliner, P. R., & Oosterhuis, D. M. (1987). Irrigation clence Effect of Root and Water
Distribution in Lysimeters and in the Field on the Onset of Crop Water Stress, 245-255.

Black, B., Hill, R., & Cardon, G. (2008). Orchard Irrigation : Apple, (March), 1-4.

Boulay, A., Hoekstra, A. Y., & Vionnet, S. (2013). Complementarities of Water-Focused Life
Cycle Assessment and Water Footprint Assessment, 11926-11927.

Boyer, J., & Liu, R. H. (2004). Apple phytochemicals and their health benefits, 15, 1-15.
Brauman, K. a, Siebert, S., & Foley, J. a. (2013). Improvements in crop water productivity
increase water sustainability and food security—a global analysis. Environmental

Research Letters, 8(2), 024030. doi:10.1088/1748-9326/8/2/024030
Cantore, V., Wassar, F., Sellami, M. H., Albrizio, R., Stellacci, A. M., & Todorovic, M.

(2014). Yield and water use efficiency of early potato grown under different irrigation
regimes, 8(July).

86



Cavero, J., Farre, 1., Debaeke, P., & Faci, J. M. (2000). Simulation of Maize Yield under
Water Stress with the EPICphase and CROPWAT Models. Agronomy Journal, 92(4),
679. doi:10.2134/agronj2000.924679x

Consoli, S. (2008). Evapotranspiration Estimation Using Micrometeorological Techniques,

(i).

Costa LD, Vedove GD,Gianquinto G, Giovanardi R, P. A. (1997). Yield , water use
efficiency and nitrogen uptake in potato : influence of drought stress, 40, 19-34.

Deurer, M., Green, S. R., Clothier, B. E., & Mowat, a. (2011). Can product water footprints
indicate the hydrological impact of primary production? — A case study of New Zealand
kiwifruit. Journal of Hydrology, 408(3-4), 246—-256. doi:10.1016/j.jhydrol.2011.08.007

Dinpashoh, Y. (2006). Study of reference crop evapotranspiration in I.R. of Iran. Agricultural
Water Management, 84(1-2), 123-129. doi:10.1016/j.agwat.2006.02.011

Dwelle, R., & Love, S. (1993). Potato growth and development.

Dzikiti, S., Bugan, R., & Israel, S. (2014). Measurement and modelling of evapotranspiration
in three fynbos vegetation types, 40(2), 189-198.

Erdem, T., Erdem, Y., Orta, H., & Okursoy, H. (2006). WATER-YIELD RELATIONSHIPS
OF POTATO UNDER DIFFERENT IRRIGATION METHODS AND REGIMENS,
(June), 226-231.

Euser, T., Luxemburg, W. M. J., Everson, C. S., Mengistu, M. G., Clulow, a. D., &
Bastiaanssen, W. G. M. (2014). A new method to measure Bowen ratios using high-
resolution vertical dry and wet bulb temperature profiles. Hydrology and Earth System
Sciences, 18(6), 2021-2032. doi:10.5194/hess-18-2021-2014

Fallahi, E., Neilsen, D., Neilsen, G. H., Fallahi, B., & Bahman, S. (2010). Efficient Irrigation
for Optimum Fruit Quality and Yield in Apples, 45(11), 1616-1619.

Fan, M., Zhang, X., Yuan, L., Zhang, W., & Zhang, F. (2013). Current Status and Future
Perspectives to Increase Nutrient- and Water-Use Efficiency in Food Production
Systems in China, 263-273.

Farahani, H. J., Howell, T. A., Shuttleworth, W. J., & Bausch, W. C. (2007). E: p m m a,
50(5), 1627-1638.

Feng, Z., Liu, D., & Zhang, Y. (2007). Water requirements and irrigation scheduling of
spring maize using GIS and CropWat model in Beijing-Tianjin-Hebei region. Chinese
Geographical Science, 17(1), 56-63. d0i:10.1007/s11769-007-0056-3

Ferrara, R. M., Introna, M., Martinelli, N., & Rana, G. (2008). WUE estimation by using

direct and indirect modelling of water losses of sugar beet cropped in a semi-arid
environment, 150, 143-150.

87



Franke, a. C., Steyn, J. M., Ranger, K. S., & Haverkort, a. J. (2011). Developing
environmental principles, criteria, indicators and norms for potato production in South
Africa through field surveys and modelling. Agricultural Systems, 104(4), 297-306.
doi:10.1016/j.agsy.2010.12.001

Franke, L., Steyn, M., Ranger, S., & Haverkort, A. (2012). Sustainability issues of potato
production in the Sandveld Nuus  News, (February), 4-6.

Geerts, S., & Raes, D. (2009). Deficit irrigation as an on-farm strategy to maximize crop
water productivity in dry areas. Agricultural Water Management, 96(9), 1275-1284.
doi:10.1016/j.agwat.2009.04.009

Gibson, L. A., Jarmain, C., Su, Z., & Eckardt, F. E. (2013). Estimating evapotranspiration
using remote sensing and the Surface Energy Balance System — A South African
perspective, 39(4), 477-484.

Gush, M., Mengistu, M., Mahohoma, W., & Taylor, N. (2009). W ATER - USE OF FRUIT
TREE ORCHARDS, (November).

Hastings, E., & Pegram, G. (2012). Literature Review for the Applicability of Water Foot p
rints in South Africa by.

Heerden, V. (2004). THE APPLICATION OF SAPWAT MODEL IN IRRIGATION
WATER MANAGEMENT PLANNING FOR THE SAND-VET IRRIGATION
SCHEME : CONTRIBUTION TOWARDS AN INTEGRATED CATCHMENT
MANAGEMENT SYSTEM, (May), 1273-1279.

Heuer, B., & Nadler, A. (1995). Growth and Development of Potatoes under Salinity and
Water Deficit.

Hill, R., Winger, M., & Worwood, D. (2000). S PRINKLERS , C ROP W ATER U SE ,
AND | RRIGATION T IME, 1-8.

Hoekstra, a. Y., & Hung, P. Q. (2005). Globalisation of water resources: international virtual
water flows in relation to crop trade. Global Environmental Change, 15(1), 45-56.
doi:10.1016/j.gloenvcha.2004.06.004

Hoekstra, A. Y., Chapagain, A. K., Aldaya, M. M., & Mekonnen, M. M. (2011). The Water
Footprint Assessment Manual.

Hunsaker, D. J., Pinter, P. J., & Kimball, B. a. (2005). Wheat basal crop coefficients
determined by normalized difference vegetation index. Irrigation Science, 24(1), 1-14.
doi:10.1007/s00271-005-0001-0

Hutson, J., Green, G., & Meyer, W. (1980). A weighing lysimeter facility at Roodeplaat for
Crop Evapotranspiration Studies.

Hutson, J. L., Green, G. C., & Meyer, W. S. (1980). A Weighing Lysimeter Facility at
Roode- plaat for Crop Evapotranspiration Studies, 6(1), 1980.

88



Inman-Bamber, N. G., & McGlinchey, M. G. (2003). Crop coefficients and water-use
estimates for sugarcane based on long-term Bowen ratio energy balance measurements.
Field Crops Research, 83(2), 125-138. doi:10.1016/S0378-4290(03)00069-8

Jefferies, D., Mufioz, I., Hodges, J., King, V. J., Aldaya, M., Ercin, A. E., ... Hoekstra, A. Y.
(2012). Water Footprint and Life Cycle Assessment as approaches to assess potential
impacts of products on water consumption. Key learning points from pilot studies on tea
and margarine. Journal of Cleaner Production, 33, 155-166.
doi:10.1016/j.jclepro.2012.04.015

Jin, S., Yu, W., Jansen, H. G. P., & Lansing, E. (2012). The impact of Irrigation on
Agricultural Productivity : Evidence from India, 18-24.

Journal, P. (2010). YIELD AND WATER USE EFFICIENCY OF FOUR POTATO
VARIETIES, 254-264.

Jovanic, Nebo , Israel, S. (1998). Chapter Number Critical Review of Methods for the
Estimation of Actual Evapotranspiration in Hydrological Models, 1-22.

Kairu, E. (1991). A Review of Methods for Estimating Evapotranspiration, 1991, 371-376.

Kang, Y., Wang, F.-X,, Liu, H.-J., & Yuan, B.-Z. (2004a). Potato evapotranspiration and
yield under different drip irrigation regimes. Irrigation Science, 23(3), 133-143.
doi:10.1007/s00271-004-0101-2

Kang, Y., Wang, F.-X,, Liu, H.-J., & Yuan, B.-Z. (2004b). Potato evapotranspiration and
yield under different drip irrigation regimes. Irrigation Science, 23(3), 133-143.
d0i:10.1007/s00271-004-0101-2

Kashyap, P. S., & Panda, R. K. (2001). Evaluation of evapotranspiration estimation methods
and development of crop-coef ® cients for potato crop in a sub-humid region, 50.

King, B. A, & Stark, J. C. (1996). Potato Development, 1-16.

King, B., Stark, J., & Love, S. (2003). Potato production with limited water supplies, 32(1),
54-55. d0i:10.1024/0301-1526.32.1.54

Malek, E., & Bingham, G. (1992). Comparison of the Bowen ratio-energy balance methods
for measurements of evapotranspiration.

Matinfar, H. R. (2012). Evapotranspiration estimation base upon SEBAL model and
fieldwork Scholars Research Library, 3(5), 2459-2463.

Mdemu, M. V., & Francis, T. (2006). Productivity of Water in Large Rice ( Paddy ) Irrigation
Schemes in the Upper Catchment of the Great Ruaha River Basin , Tanzania.

Meijninger, W. M. L., Hartogensis, O. K., Kohsiek, W., Zuurbier, R. M., & Bruin, H. A. R.

D. E. (2002). DETERMINATION OF AREA-AVERAGED SENSIBLE HEAT
FLUXES WITH A LARGE APERTURE SCINTILLOMETER OVER A, 37-62.

89



Mekonnen, M. M., & Hoekstra, a. Y. (2011). The green, blue and grey water footprint of
crops and derived crop products. Hydrology and Earth System Sciences, 15(5), 1577—
1600. doi:10.5194/hess-15-1577-2011

Mengistu, M., Kunz, R., Everson, C., Jewitt, G., Clulow, A., & Doidge, I. (2005). Water
Productivity of Sugar Beet and Sweet Sorghum, 1-9.

Mo, X., & Liu, S. (2001). Simulating evapotranspiration and photosynthesis of winter wheat
over the growing season. Agricultural and Forest Meteorology, 109(3), 203-222.
doi:10.1016/S0168-1923(01)00266-0

Mottram, R., & Clemence, R. S. E. (1984). Practical means of scheduling irrigation of maize
using a programmable pocket calculator. South African Journal of Plant and Soil, 1(4),
117-121. doi:10.1080/02571862.1984.10634124

Mustafa, N., Xiuju, Z., Ishag, A., & Hussen, G. (2008). Estimating Reference
Evapotranspiration Using CROPWAT model at Guixi Jiangxi Province, 1-15.

N, B. M., Nagaz, K., Masmoudi, M. M., & Albrizio, R. (2007). PRODUCTIVITY OF THE
POTATO CROP, 210, 205-210.

Nouri, H., Beecham, S., Kazemi, F., Hassanli, a. M., & Anderson, S. (2013). Remote sensing
techniques for predicting evapotranspiration from mixed vegetated surfaces. Hydrology
and Earth System Sciences Discussions, 10(3), 3897-3925. doi:10.5194/hessd-10-3897-
2013

Odhiambo, G. O., & Savage, M. J. (2009). Surface layer scintillometry for estimating the
sensible heat flux component of the surface energy balance, (June).

Olivier, F. C., & Singels, A. (2012). The effect of crop residue layers on evapotranspiration ,
growth and yield of irrigated sugarcane t, 38(1), 77-86.

Peck, D. (2007). Water allocation and management.

Pereira, A., & Pires, L. (n.d.). Evapotranspiration and Water Management for Crop
Production. 2011.

Perez, P. J., Medio, D. De, & Lleida, U. De. (n.d.). A SIMPLE MODEL FOR ESTIMATING
THE BOWEN RATIO FROM CLIMATIC.

Perry, C. (2014). Water footprints: Path to enlightenment, or false trail? Agricultural Water
Management, 134, 119-125. doi:10.1016/j.agwat.2013.12.004

Prowse, M., & Braunholtz-Speight, T. (2007). and climate change, (October).

Rahman, M. M., Islam, M. O., & Hasanuzzaman, M. (2008). Study of Effective Rainfall for
Irrigated Agriculture in South-Eastern Part of Bangladesh, 4(4), 453-457.

90



Rees, W. E. (1992). Ecological footprints and appropriated carrying capacity: what urban
economics leaves out. Environment and Urbanization, 4(2), 121-130.
doi:10.1177/095624789200400212

Renault, D., & Wallender, W. . (2000). Nutritional water productivity and diets. Agricultural
Water Management, 45(3), 275-296. doi:10.1016/S0378-3774(99)00107-9

Ridoutt, B. G., & Pfister, S. (2010). A revised approach to water footprinting to make
transparent the impacts of consumption and production on global freshwater scarcity.
Global Environmental Change, 20(1), 113-120. doi:10.1016/j.gloenvcha.2009.08.003

Rijsberman, F. R. (2006a). Water scarcity: Fact or fiction? Agricultural Water Management,
80(1-3), 5-22. doi:10.1016/j.agwat.2005.07.001

Rijsberman, F. R. (2006b). Water scarcity: Fact or fiction? Agricultural Water Management,
80(1-3), 5-22. doi:10.1016/j.agwat.2005.07.001

Rouault, M., & Richard, Y. (2003). Intensity and spatial extension of drought in South Africa
at different time scales, 29(4), 489-500.

Sabziparvar, A.-A., & Tabari, H. (2010). Regional Estimation of Reference
Evapotranspiration in Arid and Semiarid Regions. Journal of Irrigation and Drainage
Engineering, 136(10), 724-731.

Salmoral, G., Aldaya, M. M., Chico, D., Garrido, A., & Llamas, M. R. (2011). The water
footprint of olives and olive oil in Spain, 9(4), 1089-1104.

Savage, M. J. (2009). Estimation of evaporation using a dual-beam surface layer
scintillometer and component energy balance measurements. Agricultural and Forest
Meteorology, 149(3-4), 501-517. doi:10.1016/j.agrformet.2008.09.012

Savage, MJ, O., & GO, Everson, CS, Jarmain, C. (2010). Measurement of grassland
evaporation using a surface-layer scintillometer, 36(1), 1-8.

Schrader, F., Durner, W., Fank, J., Gebler, S., Pitz, T., Hannes, M., & Wollschlager, U.
(2013). Estimating Precipitation and Actual Evapotranspiration from Precision
Lysimeter Measurements. Procedia Environmental Sciences, 19, 543-552.
doi:10.1016/j.proenv.2013.06.061

Sepulcrecanto, G., Zarcotejada, P., Jimenezmunoz, J., Sobrino, J., Soriano, M., Fereres, E.,
... Pastor, M. (2007). Monitoring yield and fruit quality parameters in open-canopy tree
crops under water stress. Implications for ASTER. Remote Sensing of Environment,
107(3), 455-470. doi:10.1016/j.rse.2006.09.014

Shriram, A. (2010). Farming has to come first to achieve MDGs.

Shuttleworth, J. (2008). Evapotranspiration Measurement Methods, (February), 22-23.

Singels, A. (2012). The effect of crop residue layers on evapotranspiration , growth and yield
of irrigated sugarcane t, 38(1), 77-86.

91



Singels, A., & Laan, M. Van Der. (2011a). Irrigation scheduling research : South African
experiences and future prospects, 37(5), 751-764.

Singels, A., & Laan, M. Van Der. (2011b). Irrigation scheduling research : South African
experiences and future prospects, 37(5), 751-763.

Spittlehouse, D., & Black, T. (1978). Determination of forest evapotranspiration using
Bowen Ratio and Eddy Correlation Meassurements.

Stewart, D., & Mcdougall, G. (n.d.). Potato ; A nutritious , tasty but often maligned staple
food . Produced for FHIS by :, 1-11.

Steyn, J. M., Kagabo, D. M., & Annandale, J. G. (2007). Potato growth and yield responses
to irrigation regimes in contrasting seasons of a subtropical region, 8(September 2004),
1647-1651.

Steyn, M., & Haverkort, A. (n.d.). How will climate change affect future potato production
and water use in South Africa ?

Suecica, S. F., & Johnson, T. (n.d.). Measurements of evapotranspiration using a dynamic
lysimeter Matning av evapotranspiration med en.

T.S. Lee, M. M. M. N. and M. H. A. (2004). Estimating evapotranspiration of irrigated rice
at the West Coast of the Peninsular of MalaysiaT .S . Lee, M. M. M. Najimand M.
H . Aminul Estimating evapotranspiration of irrigated rice at the West Coast of the
Peninsular of Malaysia Schétzung de, 39(1), 103-117.

TETENS, I., & Alinia, S. (2009). The role of fruit consumption in the prevention of obesity,
(47).

Tomlinson, B. S. A. (1996). Weighing-Lysimeter Evapotranspiration for Two Sparse-Canopy
Sites in Eastern Washington.

Trajkovic, S. (2010). Testing hourly reference evapotranspiration approaches using lysimeter
measurements in a semiarid climate. Hydrology Research, 41(1), 38.
d0i:10.2166/nh.2010.015

Tyagi, NK, Sharma, DK , Luthra, S. (2000). Determination of evapotranspiration and crop
coef ® cients of rice and sun  ower with lysimeter, 45.

Van Loon, C. . (1981). The effect of water stress on potato growth,development,and yield,
51-69.

\on Braun, Joachin, Swaminathan MS, R. M. (2004). Agriculture, Food Security, Nutrition
and the Millennium Development Goals, 5-19.

Wichelns, D. (2011). Assessing Water Footprints Will Not Be Helpful in Improving Water

Management or Ensuring Food Security. International Journal of Water Resources
Development, 27(3), 607-619. doi:10.1080/07900627.2011.597833

92



Wu, L., & Engineering, B. (1997). A Simple Evapotranspiration Model for Hawaii : The
Hargreaves Model, (106), 2-3.

Zerizghy, M. G., Rensburg, L. D. Van, & Anderson, J. J. (2013). Comparison of neutron
scattering and DFM capacitance instruments in measuring soil water evaporation, 39(2),
183-190.

Zhang, H. (2003). Improving Water Productivity through Deficit Irrigation : Examples from
Syria , the North China Plain and Oregon,USA.

Zhuo, L., Mekonnen, M. M., & Hoekstra, a. Y. (2014). Sensitivity and uncertainty in crop
water footprint accounting: a case study for the Yellow River basin. Hydrology and
Earth System Sciences, 18(6), 2219-2234. doi:10.5194/hess-18-2219-2014

Zimmer, D., & Renault, D. (2003). Virtual Water in food production and global trade review
of methodological issues and prelimary results, (1), 1-19.

Zwart, S. J., & Bastiaanssen, W. G. M. (2004). Review of measured crop water productivity

values for irrigated wheat, rice, cotton and maize. Agricultural Water Management,
69(2), 115-133. doi:10.1016/j.agwat.2004.04.007

93



9 APPENDEX1

WATER FOOTPRINTING DATA GATHERING EXERCISE SHEET

A. GENERAL INFORMATION

Your full name

Name of farm

Location of farm

Total size of farm (ha)

Major crop types

Areas (ha) under different crop types

Is there a weather station on the farm, and if so, what
is measured and who manages the data? Contact

details?

Can you identify a potato centre-pivot field which has shown good productivity and for

which you have good water-use and yield data? Please provide details in the table below.

Centre Pivot number and / or name

Pivot size (ha)

Potato Species

Cultivar name

Planting date (Month / Year)

Harvesting date (Month / Year)

Number of workers working on the pivot for Permanent | Temporary
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Planting?:

Harvesting?:

Number of days required for Planting the pivot?:

Number of days required for Harvesting the pivot?:

Number of days required for Sorting potatoes from the

pivot?:

Length of fallow / unplanted period between potato crops

(years)?

B. WATER USE INFORMATION

What are the volumes of water use associated with the potato crop pivot described above?

Please give an indication next to each water use category, and specify the units.

Water use category Amount Units (e.g. Litressha or

Litres/pivot)

Irrigation

Fertilizer application

Fertigation

Spraying of micronutrients Leaf feeding

Spraying of pesticides and fungicides

Spraying of herbicides

Washing harvested potatoes

Water use in the pack house

Other(specify)e.g.:Washing equipment

95



Flushing spray tanks
Domestic use
Water used by workers

Other?

What is the source of your irrigation water? Mark the approximate % supplied by each.

Directly from River/ Stream

Directly from Dam (Runoff from the

mountains)

Groundwater / Borehole

Other sources e.g. canal (specify)

If dam water is used, what is the size (surface area) of the dam (m?2 or ha)? This information

will help to calculate surface water evaporation.

Do any activities on your farm enable the re-use/ recycle of water? Name them.

Activity 1

Activity 2

Other (specify)
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Can you specify how much water is saved by the re — use (or recycling) activities specified

above (Litres/ yr) ?

Activity 1

Activity 2

Other (specify)

C. CROP YIELD INFORMATION

What was the potato yield for the pivot described above (tons/ha or tons/pivot)?

Season / Year

Yield

Units (e.g. tons/ha or tons/pivot)

Please indicate what the potato yield is during:

A good season (tons/ha)... ton

A bad season (tons/ha)...under

What aspects affect the yield or results in good or bad yield?

Please indicate the average potato yield for the past 5 years.

Year

2010

2012

2013

2014

Yield (tons/ha)
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D. WATER USE INFORMATION

Weather data

Can you access weather data from a weather station close to the farm? YES/NO

If yes please provide the link where | can access this data.

Any further comments or notes?
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