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Abstract

Purpose Following the urgency to curb environmental impacts across all sectors globally, this is the first life cycle assess-
ment of different wine grape farming practices suitable for commercial conventional production in South Africa, aiming at
better understanding the potentials to reduce adverse effects on the environment and on human health.

Methods An attributional life cycle assessment was conducted on eight different scenarios that reduce the inputs of herbi-
cides and insecticides compared against a business as usual (BAU) scenario. We assess several impact categories based on
ReCiPe, namely global warming potential, terrestrial acidification, freshwater eutrophication, terrestrial toxicity, freshwater
toxicity, marine toxicity, human carcinogenic toxicity and human non-carcinogenic toxicity, human health and ecosystems.
A water footprint assessment based on the AWARE method accounts for potential impacts within the watershed.

Results and discussion Results show that in our impact assessment, more sustainable farming practices do not always
outperform the BAU scenario, which relies on synthetic fertiliser and agrochemicals. As a main trend, most of the impact
categories were dominated by energy requirements of wine grape production in an irrigated vineyard, namely the usage
of electricity for irrigation pumps and diesel for agricultural machinery. The most favourable scenario across the impact
categories provided a low diesel usage, strongly reduced herbicides and the absence of insecticides as it applied cover crops
and an integrated pest management. Pesticides and heavy metals contained in agrochemicals are the main contributors to
emissions to soil that affected the toxicity categories and impose a risk on human health, which is particularly relevant for
the manual labour-intensive South African wine sector. However, we suggest that impacts of agrochemicals on human health
and the environment are undervalued in the assessment. The 70% reduction of toxic agrochemicals such as Glyphosate and
Paraquat and the 100% reduction of Chlorpyriphos in vineyards hardly affected the model results for human and ecotoxicity.
Our concerns are magnified by the fact that manual labour plays a substantial role in South African vineyards, increasing
the exposure of humans to these toxic chemicals at their workplace.

Conclusions A more sustainable wine grape production is possible when shifting to integrated grape production practices
that reduce the inputs of agrochemicals. Further, improved water and related electricity management through drip irrigation,
deficit irrigation and photovoltaic-powered irrigation is recommendable, relieving stress on local water bodies, enhancing
drought-preparedness planning and curbing CO, emissions embodied in products.
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1 Introduction and background

Over the last two decades, we have witnessed a shift
within companies, governments and global organisations
to examine the environmental impact of products and ser-
vices across the economy. This is particularly the case
for primary industries such as agriculture in the light of
increasingly constrained land and water resources along
with decreasing biodiversity. International markets, spe-
cifically the European Union (EU), are systematically
applying pressure on imported products with, but not
limited to, a high carbon footprint through potential trade
barriers and border tariffs. This has resulted in environ-
mental product declarations (EPDs) and delivery agree-
ments, whereby suppliers are required to demonstrate
their environmental sustainability (Peters and Hertwich
2007). Procurement strategies aligned with environmen-
tal purchasing (EP) are gaining traction at retailer level,
pressured by consumer expectations (e.g. Ramanathan
et al. 2014). Meanwhile, the economically increasingly
influential cohort of Millennials perceives global warming
as a problem and largely values environmentally-friendly
wines (Gallenti et al. 2019). In addition, social standards
in global supply chains expected by export destinations,
particularly the European Union and USA, have shaped
the South African wine industry. In 2010, the demand for
ethically sourced products resulted in the domestic social
audit scheme WIETA, which aims at assuring safe working
conditions, minimum wages, the absence of forced labour
and child labour and the overall respect of farm worker’s
rights (WIETA 2019). An event in 2016 saw South Afri-
can workers in the wine sector fighting for their rights and
coupled with the release of the documentary Bitter Grapes
(2019), which shed light on the working conditions of farm
workers at several vineyards in South Africa, and more
in general in the Global South. As a consequence, South
African wines were removed from supermarket shelves
in Nordic countries. This highlights the role of labour
and the state in the governance of global production net-
works (Hastings 2019). Thus, future trade barriers could
be based on the ban of particularly harmful substances
in global supply chains imposed by importing countries
or organisations. For instance, the highly toxic herbicide
Paraquat, used frequently in South African agriculture, is
banned in domestic production in the USA and the EU,
while it is banned throughout the global value chain in
Fairtrade products (Fairtrade International no date). As an
exporting country, South Africa is and will be impacted by
these trends due to their role in global value chains (Pineo
2015) and environmental and social impact assessments
of domestic products are gaining momentum. A literature
review by Harding et al. (2020) of LCAs of South African

products or sectors pictures a newly emerging field of
research. Eight studies concerned the agriculture sector
(dairy, livestock and crop products and processes), seven
studies encompassed the energy industry (including bio-
fuel and biogas production), and three studies concerned
the mining sector (Platinum Group Metals and sandstone).
LCAs were also performed for the value chains of certain
textile products such as t-shirts and towels, whereas other
studies were conducted for the infrastructure, water and
packaging sectors (ibid.).

1.1 Literature

Wine production has attracted attention given potentially
harmful effects on the natural environment (Christ and Burrit
2013). A growing body of literature aims at providing trans-
parency thereof across several environmental impact cat-
egories, detailed by Ferrara and De Feo (2018). The authors
identify the most common environmental impact categories
included in previous literature, namely carbon footprint (CF),
abiotic depletion (AD), acidification potential (AP) and
eutrophication potential (EP). The last three impact catego-
ries are particularly relevant for the grape production phase
(ibid.). Furthermore, environmental impacts from wine pro-
duction have been examined for several leading wine-growing
areas of the world, such as France (Jradi et al. 2018), Germany
(Ponstein et al. 2019a), Italy (e.g. Bosco et al. 2011; Benedetto
2013; Marras et al. 2015), Portugal (Neto et al. 2013),
Spain (e.g. Gazulla et al. 2010; Vazquez-Rowe et al. 2012;
Villanueva-Rey et al. 2014; Meneses et al. 2016), the USA
(Steenwerth et al. 2015) and Canada (Point et al. 2012). A
detailed list of system boundaries and environmental impact
categories of the studies mentioned above is presented by
Ponstein et al. (2019b). Publications focussing on the carbon
footprint from an importing country’s perspective include
Amienyo et al. (2014), who analysed wine produced in Aus-
tralia and consumed in England, and Ponstein et al. (2019b),
who assessed the global Finnish wine supply chain.

A generally high level of variability amongst results found
in previous research merits highlighting. Sources range
from a lack of congruency in system boundaries (Rugani
et al. 2013), natural variability (Bjorklund 2002) of system
inputs and outputs of wine production within (Steenwerth
et al. 2015; Ponstein et al. 2019a) and beyond the borders of
wine-growing nations (Vasquez-Rowe et al. 2013; Ponstein
et al. 2019b). Natural variation in wine grape yields across
harvest years (Vazquez-Rowe et al. 2012), vineyards (Ponstein
et al. 2019a) and grape cultivars (Sinisterra-Solis et al.
2020) are key drivers of variability of environmental effects
in wine grape production since the grape yield is the allo-
cation factor for environmental impacts arising during the
viticultural phase to the finished product (ibid.).
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In the recent years, a more granular assessment of dif-
ferent viticultural management routes has emerged. Point
et al. (2012) included a change from conventional to organic
viticulture as part of their uncertainty analysis, highlight-
ing the importance of removing wood preservative chemi-
cals on vineyard posts. Notably, the authors point out that
exchanging synthetic fertiliser for organic fertiliser sources
does not negate GHG emissions from this source, as organic
fertilisers also cause emissions of ammonia, nitric oxide and
nitrous oxide (ibid). Different wine grape-farming practices
were analysed by Villanueva-Rey et al. (2014), who explored
the environmental impacts of three vineyards in Spain which
were managed biodynamically, conventionally and biody-
namically while lacking certification. The conventional vine-
yard received organic fertiliser only, while the other two
vineyards were not fertilised at all and the two biodynami-
cally managed vineyards were managed with a very high
degree of manual labour, reducing the transferability of the
results to conventional viticulture. Beauchet et al. (2019)
analysed the variability of environmental performance of
various conventional and organic pest management options
found in French vineyards, highlighting substantial inter-
annual variations attributable to climatic conditions. Nota-
bly, organic phytosanitation practices were more susceptible
to unfavourable weather conditions resulting in a decreased
environmental performance than conventional viticulture
practices (ibid.). Lamastra et al. (2016) assessed the sustain-
ability of viticulture management options at farm scale by
their indicator system “Vigneto” which adopts the concept
of LCA for a multidimensional environmental decision sup-
port system for Italian viticulturists. Villanueva-Rey et al.
(2019) explored the spatial differentiation of terrestrial eco-
toxicity for copper used in the pest management of vineyards
related to soil types and soil properties, including organic
carbon. The authors point out methodological shortcomings
of current methods for the assessment of toxicity in LCA,
highlighting the need to tailor the assessment of potential
toxicity to local conditions. In their comprehensive LCA of
eight different viticultural practices, Sinisterra-Solis et al.
(2020) assessed management options, concluding that higher
yielding grape cultivars and organic practices provided a
better environmental performance.

1.2 South African wine production

The South African wine industry has a rich history dating
back to the arrival of the Dutch settlers in the Cape in 1652,
followed by the French Huguenots, who brought changes
in vinicultural practices and wine quality. The industry has
done well since the advent of democracy in 1994, with wine
exports growing significantly (Vink et al. 2012). Current
production amounted to about 420 million litres of exports
in 2018 and total industry wine production reached 9.6
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Million hectolitres (SAWIS 2018). Wine exports represent
just more than 50% of total wine sales, reflecting signifi-
cant brandy and fortified wine sectors of the South African
industry, with bulk wine exports amounting to about 60%. At
8.6% of total agricultural product exports, wine is only sur-
passed by the citrus (dried and fresh) fruit industry (DAFF
2019). Imports are negligible, reflecting high tariff protec-
tion (Vink et al. 2012). Currently, South Africa is the world’s
9th largest wine producer, preceded by Germany (10.3 Mil-
lion hectolitres) and followed by China (9.1 Million hecto-
litres) (OIV 2019). The winegrowing areas in South Africa
are concentrated in the South Western, North and Eastern
regions (Fig. 1) with the largest producing region being
located in the Western Cape Province accounting for ~95%
of total production (SAWIS 2018).

There is a strong geographic overlap with one of the
world’s most renowned biodiversity hotspots, the Cape
Floral Kingdom. Less than 7% are rain-fed vineyards, with
most of the production being irrigated (Personal Commu-
nication, Christo Spies, WineMS, Paarl). The grape yield
per hectare expands from 6 to 8 tons for non-irrigated
vineyards, to as much as 18-21 tons for irrigated high-
production vineyards. Apart from the irrigation regime,
factors such as the cultivar, the age of the vineyard and
quality aspirations are decisive factors for yields. The usual
farming practices for commercial wine grape production
encompassed chemical weed management and the use of
insecticides. However, this practice is facing growing limi-
tations from an increase in resistances against the active
ingredients used for weed and pest control while entailing
environmental and health risks. Coping with these limita-
tions by increasing the frequency of application of herbi-
cides and insecticides and in the concentration of the active
ingredient per application, as well as by a cocktail of active
ingredients magnifies production cost, environmental pol-
lution and health risks.

2 Material and methods
2.1 Goal and scope

This is the first LCA on nine different wine grape-farming
practices which are all suitable for commercial conven-
tional production in South Africa. Following the impetus
to curb environmental impacts across all sectors glob-
ally and given the lack of LCA studies addressing wine
production in South Africa, this paper contributes to the
transparency of environmental effects from this crucial
export industry. In accordance with Frischknecht and
Stucki (2010), we applied the attributional LCA approach
to the single scenarios based on the ‘economic size cri-
terion’ of the South African wine sector. Investigating
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Fig.1 Wine-growing regions in South Africa ( source: vineyards.com, modified)

alternative approaches to common viticulture practices,
this study aims at understanding the feasibility and effects
of cover crops for weed control compared to full-surface
herbicide treatment and of replacing insecticides by
natural pest control. Supported by data from an on-farm
trial, eight scenarios are compared against the business
as usual (BAU) practice. We assess several ReCiPe 2016
Midpoint(H) impact categories, namely global warming
potential, terrestrial acidification, freshwater eutrophica-
tion, terrestrial toxicity, freshwater toxicity, marine tox-
icity, human carcinogenic toxicity and human non-car-
cinogenic toxicity. In addition, two damage assessment
categories, namely Human health and ecosystems, from
ReCiPe 2016 Endpoint(H) were included to account for
toxicity impacts on human beings and the environment at
end point level. The functional unit is 1 kg of wine grapes
at the farm gate.

The assessment covers the growing of wine grapes over
1 year in the Perdeberg area (Western Cape Province) in
South Africa from 1st of April 2016 to 31st of March 2017,
which is one complete growing season. The on-farm trial is
located in a vineyard close to Wellington, South Africa, at
33°34'15.8"S 18°53'34.5"E (Fig. 1) and consists of 60 rows
with 40 vines per row in a Cabernet Sauvignon vineyard of
1 ha with an average yield of 8 tons.

2.2 Life cycle inventory and data modelling

Eight (8) alternative management options were investigated.
Scenarios 2, 4, 6 and 8 are based on a winter cover crop in
every row of the vineyard. In scenarios 1, 3, 5 and 7, every
second row was planted with a cover crop while the alternate
row received herbicide applications.

A winter cover crop provides an alternative to full-surface
chemical weed management (e.g. Swanton and Weise 1991;
Baumgartner et al. 2008; Fox 2000; Fourie 2010, Fourie
et al. 2017), reducing the requirement for chemical weed
management. Sown in autumn at the beginning of the rainy
season, the cover crop competes with weeds for space, light,
nutrients and water and prevents weeds from growing in the
working rows (Fourie et al. 2017; Fourie 2010; Fourie et al.
2001). The main difference between the cover crop and the
weeds is the time of growth: the life cycle of a winter cover
crop will ideally have been completed towards the end of
the rainy season and therefore its competition for water and
nutrients with the vines is limited from the beginning of the
phenological development of the vines onwards. Conversely,
certain weeds tend to grow throughout the year, competing
for water all along the phenological stages of the vine and
potentially reducing yields as a consequence (ibid.). The
water usage of a cover crop at vineyard level can be reduced
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by planting every second row (a common practice in South
Africa), compared to every row, which may be a preferred
option on particularly dry sites (Peth et al. 2017) and was
trialled in scenarios 1, 3, 5 and 7.

Chemical weed control requires 2 to 3 full-surface appli-
cations in the baseline scenario, which can be reduced to an
area of 30%, representing the under-vine section only, since
working rows are planted with a cover crop. The under-vine
section was left bare and treated with herbicides in each
scenario. Hence, a cover crop in each row represented a 70%
reduction in herbicide usage and corresponding diesel usage,
while a cover crop in every second row reduced these agri-
cultural inputs by 35% only. On the other hand, establishing
a cover crop requires tillage to prepare the soil, sowing, and
in some cases fertilization. In the on-farm trial, seeding and
fertilization were done in separate working steps given the
available machinery. The trial varied fertiliser application.
Half of the cover crop (“A”) received 50 kg N in the form
of lime ammonium nitrate per hectare, while the other half
(“B”) did not receive fertiliser.

The cover crop was harvested by the farmer and used
as straw and fodder. While this is an interesting additional
usage of the working rows of vineyards and a potential co-
product, we did not explore this option as it is beyond the
scope of this paper. Notably, the yields were very low due to
the low fertiliser dosage compared to grain farming. How-
ever, we encourage future research to explore the possible
cross-links between cover crops grown in vineyards for the
sake of soil health, weed management and animal husbandry.

The replacement of insecticides by natural enemies is a
key element of an Integrated Pest Management approach
(e.g. Abrol 2013). Whereas insecticides come with poten-
tially significant health risks for the farm staff and com-
munities close to vineyards, their complete replacement by
natural enemies of the target pest is possible. In our exam-
ple, the chemical control of the pest mealybug required up
to three applications of Spirotetramat and one application
of Chlorpyriphos every third year. The release of natural
enemies that target mealybugs replaced the need for chemi-
cal pest control within the same year, making the usage of
synthetic insecticides unnecessary while achieving full crop
protection. Scenarios 3, 4, 7 and 8 reflect the application of
natural enemies instead of synthetic insecticides.

The life cycle inventory was informed by a combination
of literature, publicly available sources and primary data
from the trial (Table 1). Primary data were gathered by the
on-farm trial and personal communication with experts.
Those were complemented or augmented by relevant litera-
ture including sector reports and mass balance calculations.
Data include.

— Inputs from nature: land, water (precipitation) and energy
content of biomass. Information on precipitation was
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gathered from the South African Weather Services (ISO
9001 compliant).

— Inputs from the technosphere: electricity and fuel usage
for farming practices, water for irrigation (inclusive of
infrastructure), fertilisers and pesticides and other mate-
rials (i.e. agricultural machinery for field spraying).

— Emissions: direct field emissions from fertiliser applica-
tions were calculated using Nemecek et al. (2011); spe-
cifically, emissions to air related to N-fertiliser applica-
tion were modelled as NH3, N20, NOx emissions, while
acknowledging heavy metal emissions (Cd, Zn, Pb, Ni,
Cr, Hg) extending to all agricultural inputs. Emissions
to water related to N- and P-fertiliser application were
modelled as nitrate to groundwater, phosphate to ground-
water and phosphate and phosphorus to surface water. All
pesticides applied for crop production were assumed to
end up as emissions to the soil (ibid.).

— Water inputs for irrigation: information on irrigation
were gathered from personal communication with farm-
ers and viticulturist experts and low, average and high
irrigation patterns were developed. A specific set of irri-
gation data was modelled by adapting the South African
background irrigation datasets from the ecoinvent V. 3.6
database, available online at the time the study was con-
ducted (Ecoinvent, n.d.) but not available in the SimaPro
software (V. 8.5), to correctly represent energy usage
(electricity only) for pumping at farm and the irrigation
technology (drip irrigation only).

— Agrochemicals: when primary data was not available,
the amounts were derived from Dabrowski et al. (2014).
Given the lack of specific background data in ecoinvent
V. 3.5, the ‘Triazine compound’ was a proxy for Ter-
buthylazine and the Bipyridylium compound was a proxy
to model Paraquat. The ‘Organophosphorus compound’
was a proxy to model Chlorpyriphos, while a ‘generic
chemical, inorganic’ was a proxy to model Spirotetramat,
Penconazole and Spiroxamine.

The irrigation water application was the same for all sce-
narios and so was the corresponding electricity usage of the
water pumps. ‘Farming practices’ refer to activities such as
fertiliser and agrochemical application, tillage, sowing as
well as vineyard maintenance (pruning). In the life cycle
impact assessment, emissions from diesel usage at farm
(burned in agricultural machinery) were decoupled from
emissions arising from direct fertiliser and agrochemical
application.

The trellis system was excluded from the LCI since
impacts are mostly related to its production and the aim
of this study was to assess the environmental impacts of
viticulture practices. Further, human labour was excluded.
Staff either live on the wine farms, requiring little or no
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2 g o transportation to the workplace, or is sourced from adjacent
N § § ] villages and informal settlements. In the latter case, transport
§ o could represent an important element to the environmental
% impact of wine grape production, which is beyond our scope.
S E We have assumed that staff lived on or close by the farms,
o = requiring no transport.
g 8 <2
°§_ & é = 2.3 Life cycle impact assessment
E The impact assessment was conducted using the ReCiPe
- § E 2016 Midpoint(H) method (Huijbregts et al. 2016). Of the
g g o 18 mid-point impact categories available, those investigated
ai § § o« were global warming potential, terrestrial acidification,
g 2 freshwater eutrophication, terrestrial toxicity, freshwater
% toxicity, marine toxicity, human carcinogenic toxicity and
% s human non-carcinogenic toxicity. Two damage assessment
|28 categories, namely human health and ecosystems, from
. g g8 = ReCiPe 2016 Endpoint(H) (ibid.) were also included to
J‘in & § = account for toxicity impacts on human beings and environ-
§ ment and end point level.
% The SimaPro V. 8.5 software was used to build the life
- *;g: % cycle inventory (LCI) models and perform the life cycle
o e - impact assessments. The modelling was based on ecoinvent
< 3 & o V. 3.5 unit datasets.
g IS
g 2.4 Water footprint assessment
Ss
<+ S5 Consumptive water was calculated using the ReCiPe 2016
g 3 8§ © Midpoint(H) method, while a water footprint assessment
1:: %“ a é = (WFA) was done separately to account for impacts on the
58 local environment, assessing the stress faced by the water
g E resources within the area of the trial site. ReCiPe 2016 sup-
. .,% i} g ports the accounting of the amount of water needed but does
T not provide an impact assessment, which was added using
< ? § E the AWARE method (Boulay et al. 2018). A water footprint
g" & § 7 is a measure of how much water a process or service requires
8 = and the resulting direct and indirect environmental impacts,
§ . % measuring local water scarcity, typically expressed volu-
128 o o o i‘ metrically. This number can be interpreted as the amount of
& § g = = water downstream users are lacking as a function of water
5 oA 2 consumption on site and thus, the WFA depicts the pres-
§ é ’% g sure exerted by an activity (wine grape farming in our case)
= ) on the watershed area. The AWARE method illustrates the
o % S ‘Q‘:; use-to-resource ratio, namely demand-to-availability, and
5| e E% . _Tg E ; indicates the relative impact on downstream water users
ik E, § E g § E = = '_g ;; compared to the average water consumption in the world.
S| 222 g § g & Thereby, we assess the relative Available WAter REmain-
3 - ~ -~ -~ g g é" ing per area in a specific watershed after the demand of
Ei z g £ £ £ < £ £ & % s humans and aquatic ecosystems has been met (Boulay et al.
g i S B 2018) and apply a local and national characterization factor
S 2 2 = R
- E g s 5 © (Table 2).
2 8 % % g 2 § § The main challenge in a WFA is to get the most repre-
S 5 & Z & PeP sentative data for the specific local conditions. Global data
@ Springer
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is generally more readily available to cover background pro-
cesses to the life cycle; however, the relevance of the results
based on global data may be lower compared to local data,
since the latter are more relevant to and representative of
the local situation. Local input data on irrigation water were
retrieved from personal communication with local experts,
whereas water inputs attributable to precipitation were cal-
culated using rainfall data gathered from the South African
Weather Services (no date) and two local weather stations
(Perdeberg and Nooitgedacht). Water used in upstream ancil-
lary processes was calculated based on ecoinvent.

2.5 Sensitivity analysis

Electricity from irrigation has a high contribution to most of
the impact categories and was not modified throughout the
scenarios. To test the responsiveness of the result to changes
in the electricity requirement or irrigation water require-
ment, we included this sensitivity analysis at the example
of the GWP results using the ReCiPe 2016 Midpoint(H)
method. Electricity and irrigation inputs are interlinked
since energy is required for the water pumps. Therefore, a
variation of one affects the other, and this sensitivity analysis
is helpful in understanding the environmental effects under
several possible energy and water usage options.

With regard to the electricity inputs, there is a large vari-
ation between the peak, standard and off-peak tariff as well
as the prices between the high and low seasonal demand
(Eskom 2017). We considered five different electricity inputs
based on background data (ecoinvent V 3.5 database) and
secondary data (Eskom) and their effect on the GWP per
kg wine grapes (Table 3). The ecoinvent background data-
set assumes irrigation via a combination of drip, sprinkler
and surface irrigation as well as a combination of electricity
sources from the national grid and diesel-powered genera-
tors. This was adapted to represent the irrigation pattern of
our trial, which was drip irrigation and grid electricity input
only. Here, the irrigation water input was kept constant at the
value of 2520 m*/ha/year across the scenarios as per Table 1.

Concerning the sensitivity analysis of irrigation water
inputs, we explored low, average and high irrigation
schemes, which relate to seasonal rainfall variation and pub-
lic water availability, both strongly reduced in drought years.

South Africa experienced 3 years of extreme drought from
2016 until 2018, which affected standard irrigation practices.
Thus, a low-irrigation scheme is likely to be implemented
during droughts (Table 4). The electricity requirement of the
baseline scenario (Table 1) was modified linearly according
to the decreased or increased irrigation water to be pumped
for a low or high irrigation scheme.

3 Results

As a main trend, most of the impact categories were domi-
nated by energy requirements of wine grape production of
an irrigated vineyard, hence the usage of electricity and die-
sel. Strong modifications in the usage of agrochemicals did
not lead to corresponding changes in the results concern-
ing the ReCiPe mid-point impact categories global warm-
ing potential, terrestrial acidification, human carcinogenic
and non-carcinogenic toxicity as well as the for end-point
damage categories human health and ecosystems. The most
favourable scenario across the impact categories was scenario
7 (50% cover crop B and integrated pest management) due
to low diesel usage, reduced herbicides and the absence of
insecticides, whereas scenario 2 (100% cover crop A and
chemical pest management) showed the highest environ-
mental impacts attributable to high amounts of diesel inputs,
fertiliser and the use of insecticides of all analysed options.
In general, scenarios which included the integrated pest
management—namely, 3, 4 and 8—scored better than those
relying on agrochemicals only and differences can be attrib-
uted to the choice of the fertiliser regime. Further, the results
show a rather high sensitivity of the model towards changes
in diesel usage compared to changes in the agrochemicals.
The contribution analysis for each specific category revealed
the following: the main contributors to emissions to soil that
affect the toxicity categories were heavy metals in fertiliser
and pesticides, particularly the pesticide Chlorpyrifos and the
fungicide Mancozeb. CO, emissions from coal-fired power
plants contribute largely to global warming potential, while
SO, and NOx from the same source are the main drivers for
terrestrial acidification. Freshwater eutrophication origins
mainly from P-fertiliser application at farm and mining waste
spoils related to the coal-fired electricity production.

Table 2 WFA based on the Water source

Water usage

Impact assessment at the Impact assessment at the

AWARE method for 1 kg wine (m*/kg) country level (m*-eq/kg) local watershed level (m*-eq/
grapes k)

Total blue water 0.317 12.91 19.38

Irrigation 0.315 12.83 19.26

Ancillary processes 0.002 0.08 0.12

Total green water from  0.329

precipitation
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Table 3 Sensitivity analysis of electricity inputs and related GWP

Scenario (all diesel and electricity inputs are  Electricity input (MJ ~ Overall GWP (kg Irrigation contribution Irrigation contribution
for pumping) to pump 1 m® of CO,-eq/kg wine (kg CO,-eq/kg wine % of the total GWP
water) grapes) grapes)
Background dataset?, no adaptation D: 0.252 0.259 0.053 20.6%
E® 0.441
100% drip irrigation and background die- D: 0.252 0.284 0.079 27.6%
sel +electricity E: 0.441
100% drip irrigation and background electric- E: 0.691 0.303 0.097 32.0%
ity D: 0.000
100% drip irrigation and (Eskom) average E: 1.967 0.435 0.229 52.6%
tariff electricity (used in our analyses) D: 0.000
100% drip irrigation and (Eskom) standard E: 2.245 0.464 0.258 55.7%
tariff electricity D: 0.000

2South African background irrigation dataset from the ecoinvent database V. 3.6, see Sect. 2.2 for details on water inputs for irrigation

°D: Diesel generator-based electricity
E: Grid electricity

The following subsections provide further details on pro-
cesses and substance contributions to each impact category.
Figure 2 illustrates the contribution analysis comparison
for each one of the impact categories investigated and the
respective process contributions at midpoint level. Figure 3
and 4 show the contribution analysis comparison for the
endpoint damage categories human health and ecosystems.

3.1 Global warming potential

Irrigation inclusive of electricity contribution is mostly the
same for all the scenarios and it accounts for ~50% on aver-
age. Diesel usage accounts for an 24.2% on average of the
total global warming potential (GWP) across all the sce-
narios (ranging from 20.5 to 28.2%). Fertilisers and agri-
chemical production account for a~17% on average (rang-
ing from 15 to 22%) and this is due to the different usage
amounts across the scenarios. Farming practices inclusive of
fertilisers and agrochemical emission contributions account
for an average 8.3% on the total global warming potential
(GWP) across all the scenarios (ranging from 7.6 to 10.2%).
Substances that contribute to GWP emissions are mainly
fossil CO, which accounts for 75.4%; N,O which accounts
for about~ 17%; fossil CH, which accounts for a 6.2%.

Table 4 Sensitivity analysis of irrigation water inputs and related GWP

3.2 Terrestrial acidification

Irrigation inclusive of electricity is the major contributor
to the terrestrial acidification (TA) (~60% of total impacts
on average) due to the fact that electricity for irrigation is
mainly coal-fired and SO, and NOx are generated from the
burning of coal. This is followed by diesel usage (18.6% of
total impacts on average) due to the fact that one third of
South African diesel is produced from coal via the Fisher-
Tropsch synthesis. Fertilisers and agrochemical produc-
tion contribute to an average of ~ 12%, followed by farming
practices with an average 8.2%. Substances that contribute
to TA emission are mainly sulphur dioxide which accounts
for ~67%; nitrogen oxides (NOx) which accounts for
about ~20%; ammonia (NH;) which accounts for 13.3%.

3.3 Freshwater eutrophication

The major contributors to freshwater eutrophication (FE) are
the treatment of mining waste via landfilling and P-fertiliser
application. Irrigation inclusive of electricity is the major
contributor to the FE (~62% of total impacts on average).
Farming practices account for an average of ~20% while
diesel usage accounts for 12%. Fertilisers and agrochemical

Scenario Water input (m> of water per  Overall GWP (kg CO,-eq/  Irrigation contribution (kg Irrigation contribu-
1 ha per 1 year) kg wine grapes) CO,-eq/ kg wine grapes) tion % of the total
GWP
Low irrigation 600 0.267 0.062 23.1%
Average irrigation 2520 0.435 0.229 52.6%
High irrigation 3840 0.601 0.395 65.7%
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production follow with an average contribution of ~6%. Sub-
stances that contribute to FE emission are mainly phosphate
(~90%) and phosphorus (~ 10%) emissions to water.

3.4 Terrestrial ecotoxicity

Irrigation inclusive of electricity accounts for an average
of ~54%, followed by diesel usage (20%), fertilisers and
agrochemical production (~20%) and farming practices
(7.8%). Chlorpyrifos accounts for almost the totality of farm-
ing practices impacts on terrestrial ecotoxicity.

3.5 Freshwater ecotoxicity

Irrigation inclusive of electricity accounts for an average
of ~54%. The contribution of farming practices ranges from
a minimum 4.2% in scenarios 4 and 8 due to the avoidance
of Chlorpyriphos and fertiliser to a maximum of 37.4%
(baseline scenario). Diesel usage and fertilisers and agro-
chemical production account for a 5.30 and 5.1% of total
impacts on average, respectively. Freshwater ecotoxicity
trace to: Chlorpyrifos and Mancozeb account for 92.7% and
6.3% of emissions to soil, respectively, to the relative ~38%
for farming practices; heavy metal emissions—from fertilis-
ers, pesticides and heavy metal content of plant material—
which account for the bulk of the relative share to the
overall freshwater ecotoxicity. Single contributors were as
follows: irrigation inclusive of electricity (copper 68.2%,
zing, 25.6%, nickel 2.3%), diesel usage (zinc 63.3%, copper
15.2%, nickel 5.8%) and fertiliser and agrochemical produc-
tion (zinc 68.5%, copper ~ 13.0%, nickel 4.7% and chromium
VI 1.1%).

3.6 Marine ecotoxicity

Irrigation inclusive of electricity accounts for an average
of ~75% of total impacts. The contribution of farming prac-
tices ranges from a min 0.6% (scenario 4) to a max of 13.0%
(baseline scenario); diesel usage and fertilisers and agro-
chemical production account for 7.2% and 6.5% of average
impacts, respectively. Substances that contribute to marine
ecotoxicity are mainly Chlorpyrifos and Mancozeb emit-
ted to soil (95.8% and 1.1%, respectively). Zinc emissions
to water (3.0%), arising mainly from irrigation inclusive of
electricity with a~29% contribution to its relative share and
to diesel usage with a~65% contribution to its relative share.

3.7 Human carcinogenic toxicity

Irrigation inclusive of electricity accounts for an average of
57.5%. Diesel usage and fertilisers and agrochemical pro-
duction account for a~35% and 7.3%. Farming practices had
a negligible (0.04%) impact. Human carcinogenic toxicity

traces to chromium VI to water arising from each of the
main processes, namely irrigation inclusive of electricity,
diesel usage and fertilisers and agrochemical production,
accounting for 60%, ~33% and ~ 7%, respectively. Interest-
ingly, the baseline scenario, which has the highest input of
glyphosate as per Table 1, showed very low impacts which
can be explained by the fact that the carcinogenic effects
from glyphosate were not yet accounted for by the current
version of the background data of the toxicity assessment.

3.8 Human non-carcinogenic toxicity

Irrigation inclusive of electricity accounts for~45% of
total impacts. Diesel usage and fertilisers and agrochemi-
cal production account for an average of 41.4% and 10.7%,
respectively. Farming practices showed little impact (3.1%)
on average. Substances that contribute to human non-car-
cinogenic toxicity emissions are mainly zinc emissions to
water (60.6%) and soil (32.5%).

3.9 Human health

Irrigation inclusive of electricity accounts for ~51% of total
impacts. Farming practices accounts for ~30%, diesel usage
and fertilisers and agrochemical production account for
a~13% and ~ 6%, respectively. Substances that contribute
to human health impacts are mainly given by water con-
sumption at farm (26.3%); dinitrogen monoxide (2.9%) aris-
ing from farming activities inclusive of diesel, fertiliser and
agrochemical production and usage and zinc emissions to
s0il (2.1%) and to water (3.8%).

3.10 Ecosystems

Results across all the scenario are very similar with a spread
of 0.14% with farming practices accounting for an average
of ~95%. Irrigation inclusive of electricity, diesel usage and
fertilisers and agrochemical production account for a 4.2%,
0.5% and 0.3%, respectively. Main contributors to ecosystem
damage are land occupation (~92%) and water usage (~3%),
both related to farming practices.

3.11 Water footprint assessment results

The water usage per 1 kg of wine grapes produced is of
about 0.646 m®/kg of wine grapes and consists of irriga-
tion water (0.315 m*/kg) measured on the farm, upstream
ancillary processes not directly at farm level (0.002 m>/kg)
and green water from precipitation (0.329 m3/kg) accord-
ing to ReCiPe 2016 Midpoint(H). The amount of irrigation
water corresponds to the average irrigation scenario as per
Table 1 (2520.00 m>/ha/year) for all scenarios presented in
this article. The amount of abstracted water used at farm for
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already scarce water resources, also compared to other regions
within the country. Applying the AWARE indicator for South
Africa at country level (40.76 m*-eq/m®) results in only 12.83
m°-eq/kg, which is clearly lower than the results on the water-
shed level, underscoring the need to rely on the most repre-
sentative data and highlighting that the wine grape production
is located in a particularly water-scarce region of the country.
Table 2 reports the consumptive water quantity and the water
footprint assessment results for the AWARE method, including
the different AWARE Characterisation Factors for South Africa
at the country level and at the watershed level for the trial site,
allowing for a comparison between national and regional scales.

3.12 Sensitivity analysis on key parameters

Results in Table 3 cover the sensitivity analysis of electricity
inputs, showing the energy inputs consisting of grid electricity
(E) and electricity from a diesel-powered generator (D) and
resulting greenhouse gas emissions for five possible variations
of energy usage for irrigation. According to this sensitivity
analysis, the contribution of energy inputs for irrigation to the
GWP of wine grapes can increase from 21% when applying the
background dataset, no adaptation to as much as 56% according
to 100% drip irrigation and Eskom standard electricity tariff.

Our findings in Table 4 concern the variations in irrigation
water inputs and related electricity requirements and their
subsequent effects on the GWP of wine grapes. The electric-
ity input refers to the 100% drip irrigation & average Eskom
electricity tariff which is varied according to the energy
requirements for the low and high irrigation water amounts.

Results show that the spread between the low irrigation
scenario and the high irrigation scenario is ~33% for the
overall GWP and ~72% for the irrigation contribution to the
overall GWP. This highlights the earlier point that the most
representative input plays a crucial role in the correctness of
the result, which in our case is particularly pronounced for
irrigation, as this is not only linked to water resources but
also to energy requirements.

4 Discussion

To evaluate the robustness and reasonability, our findings
were compared to relevant literature. However, direct com-
parisons were not always possible for a variety of reasons,
including differences in LCIA methods (CML baseline 2000),
impact categories, unit of measures and functional units of the
studies. Further, varying system boundaries, including spa-
tial and temporal system boundaries, imposed limitations. For
improved readability, we compare our average results across
all analysed options against the literature findings.

Our global warming potential results were dominated by
energy usage in vineyards and mainly affected by changes in
diesel usage related to farming practices, attributing higher

@ Springer

emissions to sustainable farming practices that require more
soil management such as tillage, sowing and mowing and were
hardly affected by changes in agrochemicals. As highlighted
by our sensitivity analysis referring to various irrigation pat-
terns and related electricity requirements, the key to low GHG
emissions embedded in wine grapes produced in South Africa
lies with the energy requirement for irrigation. Reducing the
energy consumption or shifting to a renewable energy source
are preferable over other changes in farming practices with
regards to the effect on climate change. Our results were com-
parable to those by van Vuuren (2015) and Ponstein et al.
(2019b) who applied the same spatial system boundaries. The
former presents an analysis of GHG of Western Cape wine
grape production, the latter provides GHG emission data for
South African wine grapes in the context of a comprehen-
sive supply chain assessment of wine exported to Finland.
van Vuuren (2015) reported an average of 0.42 kg CO,-eq/kg
grapes, while Ponstein et al. (2019b) reported an average of
0.30 kg CO,-eq/kg grapes produced in South Africa, assum-
ing that 85% of the domestic vineyards were irrigated. The
average result of our study across all the scenarios is 0.46 kg
CO,-eq/kg grape (min: 0.43, max: 0.53 kg CO,-eq/kg grape)
which is within the range of previous results for South African
wine production, considering a fully irrigated vineyard. In an
international comparison, South African wine grapes scored
highest due to the high carbon burden of the electricity sector,
with France and Germany being at the low end of the scale
(0.26 kg CO,e/kg) due to a very low level of irrigation (Ger-
many) and a very low carbon burden of electricity (France)
(Ponstein et al. 2019b). Since irrigation relies on electricity
which translates into indirect emissions from coal-fired power
generation in our context, alternative energy sources, such as
photovoltaic-powered irrigation as per Wettstein et al. (2017)
could be a promising mitigation strategy for South African
wine production.

Point et al. (2012), Vazquez-Rowe et al. (2012), Neto
et al. (2013), Villanueva-Rey et al. (2014), Meneses et al.
(2016) and Vasquez-Rowe et al. (2017a) carried out LCA
studies assessing a variety of environmental indicators:
acidification potential, eutrophication potential, ozone deple-
tion, photochemical oxidant formation, particulate matter
formation, ionizing radiation, agricultural land occupation,
freshwater ecotoxicity and human toxicity. Eutrophication
potential results from the previous literature listed above
range from 3.76e-05 to 3.79e-02 kg P-eq, validating our
average result of 3.56e-04 kg P-eq. The previous results on
the acidification potential range from 1.07e-03 to 2.23-02 kg
S0,-eq, while we report 3.92e-03 SO,-eq, which falls within
that range.

For the terrestrial, freshwater and human toxicity cat-
egories, comparable figures were provided by Point et al.
(2012), Neto et al. (2013) and Meneses et al. (2016). For
terrestrial toxicity, previous results ranged from 5.04e-04
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to 2.35e-03 kg 1,4DCB-eq, while our results are 4.89%-
04 kg 1,4DBC-eq. For freshwater toxicity, previous litera-
ture reports 1.04e-02 to 2.77e-02 kg 1,4DCB-eq, while we
conclude on the significantly higher value of 7.21e-02 kg
1,4DCB-eq. This can be explained by the coal-based elec-
tricity production in South Africa as well as the high energy
demand for a fully irrigated vineyard. Notably, the Fresh-
water ecotoxicity was reduced by approximately 30% when
synthetic insecticides were replaced by biological pest con-
trol (scenarios 3, 4, 7, 8).

While literature results on human toxicity span from
3.92e-02 kg to 2e-01 kg 1,4DCB-eq, ours, although occur-
ring in the same order of magnitude, are smaller than the
lower bound of the said range. Concerning the endpoint
category human health, potential damages from wine grape
farming ranges from 2.49E-06 to 2.72E-06 DALY(s) per
kg of wine grapes, with the lowest values attributable to
the greener farming practices. These numbers translate in
years of healthy life lost and could be potentially reduced
by greener farming practices. When scaling up the average
result to national production (SAWIS, 2018) a potential of
3188 DALY (s) or years of healthy life (on average) would be
lost for the whole South African population, which should
be expected to primarily affect the most exposed, namely
staff working in the vineyards and people living close by.

We find the lack of sensitivity of ReCiPe 2016 towards
agrochemicals surprising given the fact that the pesticides
are highly toxic to humans, according to the harmonised
classification and labelling (CLP) system as issued Annex
VI of Regulation (EC) No 1272/2008 (CLP Regulation) (EC
2008). Here, several hazard statement codes are applied
to the phytosanitary products replaced in the sustainable
viticulture scenarios. For instance, the herbicide Paraquat
dichloride is labelled as H330 (fatal if inhaled), H311 (toxic
in contact with skin), H301 (toxic if swallowed), H372
(causes damage to organs through prolonged or repeated
exposure), and H410 (very toxic to aquatic life with long
lasting effects). The insecticide Spirotetramat is classified as
H361fd (suspected of damaging fertility and Suspected of
damaging the unborn child), amongst others. Yet, there was
zero or a very low level of human toxicity arising from agro-
chemicals reported by ReCiPe 2016 Midpoint and ReCiPe
2016 Endpoint(H) (Fig. 2).

Regarding the endpoint category ecosystems, potential
impacts showed neglectable variations across the wine
grape farming scenarios with an average value of 1.304E-
07 species.yr per kg of wine grapes. That number indicates
potential species loss per year and scaling up to the total
national wine grape production (SAWIS 2107) an average
potential loss of 162 species.yr can be estimated. Verones
et al. (2017) highlight the need to understand how resource
demand affects ecosystems in order to correctly prioritise
policy responses to preserve biodiversity, requirements

which were not met by our endpoint category results. Con-
sidering that the local ecosystem, renown as the Cape Floral
Kingdom, is one of the richest biodiversity hotspots world-
wide, the assessment of potential damages to this ecosystem
by wine grape farming presented in our study is likely to
undervalue the actual potential species loss. Our assumption
is supported by the very low sensitivity of the model towards
the remarkable reduction in herbicide usage of 70% and the
total avoidance of insecticides in scenarios 4 and 8 (Fig. 4).

Previous studies challenged by the assessment of toxic-
ity in wine grape production added the PestLCI or USE-
tox (Fantke et al. 2017; Villanueva-Rey et al. 2014, 2019;
Vazquez-Rowe et al. 2017b; Hayato et al. 2017). Specifi-
cally, Vazquez-Rowe et al. (2017a) extended their initial
LCA of Pisco production in Peru with an additional and
separate analysis focused on the water and toxicity assess-
ment (Vazquez-Rowe et al. 2017b). The authors applied
PestLCI, adapting the dataset to local coastline conditions
as well as USEtox and used the AWARE method to estimate
water-related impacts (ibid.). Vazquez-Rowe et al. (2017b)
conclude that despite the refined PestLCI method, toxic-
ity assessment in LCA is still subject to high uncertainty.
Villanueva-Rey et al. (2019) evolved a terrestrial ecotoxicity
impact assessment model to suit the local soil conditions in
vineyards in Spain and Portugal. The authors found a wide
range of impacts attributable to highly variable aspects such
as soil types and soil organic carbon, also concluding on a
high level of uncertainty inherent to generic characterization
factors used in LCA. Based on our findings, we agree with
these authors and suggest a follow-up study working on an
improved toxicity assessment.

In our water footprint analysis, extended the ReCiPe 2016
method by an impact assessment using a country-based and
a watershed-based scarcity indicator which acknowledge
the water need of other human activities and the ecosystem
(Boulay et al. 2018). The application of the watershed-based
indicator displayed that the wine-growing region in the West-
ern Cape is highly prone to water stress, ~ 19-fold higher than
the global average. The indicator at country level indicates a
clearly lower level of water stress which demonstrates that
accounting for water scarcity at watershed level is of critical
importance to determine the impacts of consumptive water
use as stated by FAO (2018). Furthermore, the heavy drought
of 20162018 and during the year of the analysis, which
resulted in extreme water saving measures for agricultural
producers and the civil society alike, exemplifies the urgent
need for real-time or at least annual data to inform about water
scarcity in life cycle assessment. In these years of extreme
water scarcity, the actual water stress is underestimated by
historical data. Vazquez-Rowe et al. (2017b) also applied
the AWARE method and reported regional watershed-based
scarcity factors of up to 208.4 m*/m? for Pisco production in
coastal Peru, one of the most arid regions of the world.
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Given the water stress level of the Perdeberg area, a better
management of the water resources could include practices
like cover crop in winter season, i.e. growing on rainfall thus
not directly affecting abstracted water resources. This cou-
pled with early termination of it by mowing and mulching
would increase the infiltration rate and mitigate evaporation
in hot summer months which would reduce water volumes
required from irrigation.

Benefits of water savings on farms reach beyond water
consumption at farm level. A decreased demand for irriga-
tion water translates into lower energy requirements for the
pumping equipment and reduced GHG emissions from elec-
tricity production. As demonstrated in the sensitivity analy-
sis, the contribution of electricity from irrigation pumps to
the GWP of wine grapes can vary between 23% for low irri-
gation and 66% for full irrigation and has a substantial effect
on the overall GWP of wine grape production. Given the
dominance of electricity inputs for irrigation in most of the
impact categories presented in the results section, we sug-
gest that similar effects can be expected for other impact cat-
egories. Therefore, in a country heavily relying on coal-fired
power, reduced irrigation translates into lower greenhouse
gas emission and other adverse environmental and health
effects embodied in its agricultural products. Underscoring
the annual variability found in wine grape production within
the same region (Sinisterra-Solis et al. 2020; Ponstein et al.
2019a; Steenwerth et al. 2015; Vazquez-Rowe et al. 2012),
our sensitivity analysis also highlights the importance of
applying the most representative input as well as characteri-
zation factor for the correctness of the impact assessment
results.

5 Conclusions

Our model results were dominated by energy requirements
of wine grape production of an irrigated vineyard. Strong
modifications in the usage of agrochemicals did not lead
to corresponding changes in the results concerning the
ReCiPe mid-point impact categories terrestrial acidifica-
tion, freshwater eutrophication, human carcinogenic and
non-carcinogenic toxicity as well as the for end-point dam-
age categories human health and ecosystems. In fact, the
LCIA results for the BAU scenario were amongst the low-
est for these categories. In our impact assessment, the 70%
reduction of toxic agrochemicals such as Glyphosate and
Paraquat and the 100% reduction of the insecticide Chlor-
pyriphos in vineyards hardly affected the model results for
human and ecotoxicity. Our concerns are magnified by the
fact that manual labour plays a substantial role in South Afri-
can vineyards, increasing the exposure of humans to these
toxic chemicals at their workplace. Based on our findings,
we point towards limitations of generic characterization
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factors for policy making and scientific relevance. These
are particularly expressed for the assessment of water-related
impacts due to seasonal and inter-annual variations, human
health because of the high exposure of manual labour to
agrochemicals, and potential damages to ecosystems due
to the toxicity of substances used in wine grape farming
and with regard to the unique species richness of the Cape
Floral Kingdom. We therefore suggest further research to
(a) improve the current toxicity assessment by, e.g. supple-
menting the ReCiPe method with more granular tools such
as PestL.CI and USEtox; (b) apply watershed-based charac-
terization factors that reflect the correct level of water scar-
city; (c) adjust the assessment of potential impacts on human
health to the increased exposure of farm workers in countries
with a low degree of mechanization in the agricultural sec-
tor. Concluding from this study, a LCA does not replace an
occupational risk assessment.

Furthermore, amongst the sustainable farming options,
only scenario 7 leads to a lower result for the global warming
potential compared to the baseline, related to a slightly lower
diesel usage. Concluding, green farming options may have
a detrimental effect on global warming when resulting in
higher diesel usage and unless increased emissions from this
source can be compensated otherwise, e.g. reduced fertiliser
applications or a decreased requirement for irrigation. Here,
our sensitivity analysis highlights the importance of reduc-
ing the electricity requirements related to irrigation or adopt-
ing a renewable source of electricity. Given the dominance
of environmental impacts from electricity production across
all impact categories assessed in our study, sustainably farm-
ing options should address the electricity requirements and
energy sources in an irrigated vineyard.

Concluding, achieving a more sustainable wine grape
production is possible through shifting from current BAU
practices to the following:

— Better water and related electricity management through
drip irrigation, deficit irrigation and photovoltaic-
powered irrigation, which would in turn yield benefits
at farm level for future drought-preparedness and less
greenhouse gas emissions embodied in products.

— Integrated pest management and winter cover crop prac-
tices that strongly reduce the usage of synthetic fertilis-
ers, herbicides and pesticides with effects on the produce
itself (less chemicals embodied), reduced ecotoxicity and
improved scores on human health.

Since the wine production area is located in a watershed
with water stress 19 times higher than the global average,
we suggest that future disaster relief programmes include
preventive measures such as deficit irrigation, which could
also arise from circumstances beyond the farmers’ control
such as legal water restrictions during droughts. In the light
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of dwindling regional water resources due to high com-
petition for water amongst interest groups and the natural
environment, reducing irrigation requirements is of upmost
importance in the decades to come.

The recommendations drawn from this study could be
relevant for the wine sector and for other agricultural indus-
tries in, but not limited to, developing countries which face
similar issues, such as high environmental emissions and
domestic health risks embodied in their produce, possibly
translating into trade barriers.
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