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Abstract
Globally agricultural production generates a significant proportion of the anthropogenic
environmental impacts on water resources. Because of agriculture‟s large water usage, and its
contribution as a non-point source of agrichemical emissions into freshwater, agricultural
production is considered central to future attempts for overcoming the global stress on water
resources. Locally, agriculture is the dominant land use in New Zealand, and it has the most
widespread impacts on freshwater quality and quantity. The concept of grey-water footprint
(grey-WF) has been proposed as a metric that indicates impacts of the agricultural production
systems on the quality of water resources. It is calculated as the volume of freshwater that is
required to „dilute‟ a pollutant so that its concentration meets the prevailing water quality
standards.
The impacts of wine-grape production on the quality of water resources were assessed for
two regions in New Zealand: Marlborough and Gisborne. In our assessment, the vineyards
were on 29 different soil types spread across 19 climatic regions, and approximately 12,600
ha under grapes were considered across both the regions. Nitrate-nitrogen (NO3-N) was
considered as the major pollutant. The soil-water dynamics and nitrate leaching in the
vineyards were modelled using the Soil Plant Atmosphere System Model (SPASMO). The
grey-WF was 40 and 188 L/kg of harvested grapes from Marlborough and Gisborne,
respectively. However, the average concentration of NO3-N in the leachate was well below
the drinking water standard of 11.3 mg NO3-N /L, being just 5.01mg NO3-N /L and 8.7 mg
NO3-N /L for Marlborough and Gisborne. The grey-WF as a measure of the impact on water
quality could be used to make comparisons between products from different regions if the
same standards are used. However, the absolute value is less meaningful to understand the
local impacts. Furthermore, from a resource management perspective, use of the grey-WF in
setting limits of pollutant loads in regulatory policy decisions is not straightforward.
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Introduction
Globally, agriculture has a significant impact on water quality. It contributes to non-point
source water pollution through nutrients, pesticides and other contaminants. Agricultural
nutrient losses are a major contributor to water pollution around the world, and in New
Zealand in particular (Marsh, 2012). Agriculture plays a prime role in New Zealand's
economy. As New Zealand's agriculture sector expands, more pressure is being put on its
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ecological infrastructures. Water pollution is now considered to be one of the most important
environmental issues facing New Zealand (Marsh, 2012). Intensive agricultural production
has significantly influenced the quality of surface and groundwater resources. The challenge
for farmers is to maintain the benefits of irrigation and agrichemical use, whilst minimising
the adverse effects on the receiving water resources.
The pollutants that come from diffuse, non-point sources are much more difficult to quantify,
as compared to point-source discharges. Therefore, the impact of primary production on the
quality of receiving water resources is challenging to quantify, and contentious to manage.
The grey-water footprint is proposed as an indicator of the impacts of land use on the quality
of fresh water resources. It is calculated as the volume of freshwater that is required to
„assimilate‟ the load of pollutants so that they are within guideline values based on natural
background concentrations and the appropriate water quality standards (Hoekstra et al.,
2011).
Due to the difficulty of measuring nitrate leaching and the contamination of water resources,
most of the grey-water footprint calculations have been based on the simple assumption that
on average about 10% of the nitrogen applied in fertilizer is lost through leaching (Chapagain
et al., 2006). This is a very approximate estimation which obviously excludes factors such as;
soil types, agricultural practices, local soil hydrology and the interaction between different
chemicals in the soil. The objective of this study was to quantify the impact of wine-grape
production on water resources using the concept of the grey water footprint considering
different soil types and weather conditions. We also assess the load and the concentration of
the pollutants that leave the root zone of vineyards.
Methods
Area considered, regional dynamics, climate and soil variability
Two major, and contrasting, grape growing regions in New Zealand were considered:
Marlborough and Gisborne. Marlborough is the largest wine- grape region which accounts
for 57% of the vineyard area in New Zealand while Gisborne is the third largest and its
vineyards cover 6% at present (Annual Report, 2012; Hayward and Lewis, 2008).
The two regions are different in terms of climate, water resource availability and soil types.
The climate is highly variable across Marlborough, and the soil types are quite variable
within both the regions. The average rainfall in the Marlborough region was 620mm/y and
that of Gisborne was 1029 mm/y over the 38-year period from 1972 to 2010 (NIWA, 2012).
In Marlborough, all the vineyards were irrigated with water sourced from groundwater
resources, while Gisborne vineyards were not irrigated. In this assessment, the vineyards
were on 29 different soil types spread across 19 weather zones. There were approximately
12,600 ha under grapes across both the regions.
Modelling water and solute dynamics of vineyards
The soil-water dynamics and solute transport in the vineyards were assessed using the Soil
Plant Atmosphere System Model (SPASMO) (Green and Clothier, 1999; Green et al., 1999).
This is a mechanistic model considers water, solute (e.g. nitrogen and phosphorus), and
pesticide transport through a one-dimensional soil profile to the base of the root zone. The
SPASMO model includes components that predict the carbon and nitrogen budgets of the
soil, which enable calculation of plant nutrient uptake, plus the various exchange and
transformation processes that occur in the soil and aerial environment, along with the
recycling of nutrients and organic material to the soil biomass, plus the addition of surfaceapplied fertilizer and/or effluent to the land (Green et al., 2008). This model has been
2

validated for a range of New Zealand soils under various land uses across a wide range of
climatic conditions and management practices (Green and Clothier, 1999; Green and
Clothier, 1995; Green et al., 1999; Green et al., 2008).
We used weather data (NIWA, 2012) for a 38-year period (1972-2010) to simulate soil-water
dynamics and grape production in the regions using SPASMO, so as to explore the range in
annual values for the components of the water-balance. The model used local climate data to
simulate the water-balance for 29 different soil types within the two regions. Climate data
were sourced from the Virtual Climate Network Stations (VCNS) of the National Institute of
Water and Atmospheric Research (NIWA), New Zealand (NIWA, 2012). The soil physical
and hydraulic properties were deduced using data from the New Zealand National Soils
Database (NSD, 2012).
Quantifying the grey-water footprint
As most of the grape-growing areas in both regions are on flat to undulating terrain, potential
contamination of surface waters by runoff of agrichemicals was considered to be minimal.
Therefore, we considered only the pollution of the groundwater underlying the vineyards in
the assessment of impacts on water quality. Nitrate-nitrogen (NO3-N) was considered the
dominant pollutant leaving the root zone of vineyards (Herath et al., 2013).
The grey-WF was calculated as defined by Hoekstra et al. (2011). It is the volume of
freshwater that is required to dilute a pollutant so that its concentration meets the prevailing
water quality standards (Eq. 1).

WFGrey  L /Cm  Cn / Y

(Eq. 1)

Here, WF Grey is the freshwater required [L/kg of grapes] to „dilute‟ the runoff and leachate
down to an accepted water quality standard, L is the net-load of pollutants from the system
[mg/ha], Cn is the natural concentration [mg/L] of the pollutant in the receiving water body,
and Cm is the maximum acceptable concentration [mg/L] for the pollutant given by the local
and appropriate water quality standard. Here, Y is the grape yield [kg/ha/year].
In our assessment, we have used New Zealand‟s drinking water standard of 11.3mg NO3-N/L
(MoH, 2008) for the Cm. For the background concentration Cb, we used 0.31mg NO3-N/L for
the Marlborough region, which was the average NO3-N concentration measured in the
regional groundwater over the past five-year period (Davidson and Wilson, 2011). For the
Gisborne we used 1.7mg/L, which is the national median concentration of NO3-N for New
Zealand groundwaters during 1995-2008 (MfE, 2009). The natural concentration Cn is the
NO3-N concentration in the water body if there has not been any human intervention
(Hoekstra et al., 2011). We assumed this to be zero for New Zealand‟s groundwaters.
Results and Discussion
The grey-WF showed a large variation between the different soil types and weather zones of
both the regions (Figures 1 and 2). The weighted average grey-WF for the Gisborne region
was 188L/kg, which was higher than that of the Marlborough region, at 41L/kg. We
investigated this further and found that there was no significant difference in relation to
nitrogen fertilizer application, or other amendments. But rather the Gisborne soils have a
higher N-mineralization rate as a result of the higher soil organic matter contents (Pullar,
1962; Rae and Tozer, 1990). High rainfall and consequently greater drainage also contributed
to higher leaching of NO3-N in the Gisborne region.
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The outcome of the grey-WF assessment highly depend on the different water-quality
standards and the natural concentrations used (Deurer et al., 2011; Hoekstra et al., 2011).
Here, we used New Zealand‟s drinking water quality standards for NO3-N considering
groundwater as the resource.

Figure 1. Grey-water footprint as calculated by considering the freshwater required to dilute
the leached nitrate down to the New Zealand drinking water standard of 11.3mgNO3N/L under the different soil types and local weather zones of the Marlborough region.
The bars reflect the variability, mainly induced by the local climatic differences (as
presented in Herath et al., 2013).

Figure 2. Grey-water footprint as calculated by considering the freshwater required to dilute
the leached nitrate down to the New Zealand drinking water standard of 11.3mgNO3N/L under the different soil types and local weather zones of the Gisborne region. The
bars reflect the variability due to local climate (as presented in Herath et al., 2013).
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The weighted average concentration of NO3-N in the drainage was 5.01mg/L in
Marlborough, but with a high variability ranging from 0.51 to 17.9 mg/L for different soil
types. For the Gisborne region this was 8.7 mg/L, with a range from 6.9 to 17 mg/L. On a
regional average basis, the NO3-N concentration in the drainage was within the critical level
for the drinking water standard of 11.3 mg/L (MoH, 2008).
This method of quantifying grey-WF as the impact on water quality could be used to make
comparisons between products and regions when the same water quality standards are used.
However, from a resource management perspective, it is doubtful if this grey-WF provides
sufficient information for setting limits for pollutant loads in regulatory policy or judicial
proceedings. The loading rates and average concentration of NO3-N in the drainage from
vineyards are likely to be more useful for these purposes. Based on the modeling results, we
predicted weighted average loading rates as 4.9 and 29.3 kg of NO3-N/ha/y for the
Marlborough and Gisborne regions, respectively. However, the pollutant loading need to be
considered together with that of other land uses for it to be meaningful and useful for policy
implications.
The variability found here indicates the importance of considering the water quality issues at
the local scale. The loading rates and concentrations both need to be considered, together
with geohydrological characteristics of the local aquifers, for their volumetric flow rates
might well provide sufficient dilution of these loadings.
Conclusion
The grey-WF as a measure of the impact on water quality can be used to make comparisons
between products from different regions if same categories of water quality standards are
used. However, the use of absolute value is less meaningful for understanding local impacts.
From water resource management perspective, the use of the grey-WF for setting limits for
nutrient load in regulatory policy decisions is not straight forward.
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