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Abstract: Stand-alone environmental indicators based on life cycle assessment (LCA), 
such as the carbon footprint and water footprint, are becoming increasingly popular as a 
means of directing sustainable production and consumption. However, individually, these 
metrics violate the principle of LCA known as comprehensiveness and do not necessarily 
provide an indication of overall environmental impact. In this study, the carbon footprints 
for six diverse beef cattle production systems in southern Australia were calculated and 
found to range from 10.1 to 12.7 kg CO2e kg−1 live weight (cradle to farm gate). This 
compared to water footprints, which ranged from 3.3 to 221 L H2Oe kg−1 live weight. For 
these systems, the life cycle impacts of greenhouse gas (GHG) emissions and water use 
were subsequently modelled using endpoint indicators and aggregated to enable 
comparison. In all cases, impacts from GHG emissions were most important, representing 
93 to 99% of the combined scores. As such, the industry’s existing priority of GHG 
emissions reduction is affirmed. In an attempt to balance the demands of comprehensiveness 
and simplicity, to achieve reliable public reporting of the environmental impacts of a large 
number of products across the economy, a multi-indicator approach based on combined 
midpoint and endpoint life cycle impact assessment modelling is proposed. For agri-food 
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products, impacts from land use should also be included as tradeoffs between GHG 
emissions, water use and land use are common. 

Keywords: water use; greenhouse gas emissions; life cycle assessment; agriculture; 
livestock; environmental labeling 

 

1. Introduction 

Climate change is an issue of global significance and is potentially the defining issue of the current 
era [1,2]. In response, at multiple levels, governments, businesses and individuals are taking action to 
limit greenhouse gas (GHG) emissions. These actions are being guided by the practice of carbon 
footprinting [3], which when applied at the product level expresses the life cycle impact category 
indicator result for global warming in the units of carbon dioxide equivalents (CO2e). It has become 
increasingly common for businesses and industrial sector groups to use carbon footprint assessment to 
set priorities for GHG emissions reduction initiatives [4]. Product carbon footprints are also beginning 
to be reported publicly and this includes product labeling in some jurisdictions. 

Although carbon footprinting has broad appeal [5], with the result being a simple and intuitively 
meaningful environmental indicator, concern has been raised that the practice violates the core 
principle of comprehensiveness in Life Cycle Assessment (LCA) [6]. What this means is that in LCA 
there should be consideration given to all relevant environmental impacts, to enable potential tradeoffs 
to be identified and assessed, and to avoid perverse outcomes from narrowly-focused actions intended 
to reduce environmental burden (ISO 14040: 2006). Finkbeiner [6] cites the well established 
environmental practices of waste water treatment and paper recycling as examples of activities which 
generally increase GHG emissions and if evaluated on the basis of carbon footprint alone would not be 
considered beneficial. Consequently, it is important to highlight that carbon footprints do not 
necessarily provide an indication of overall environmental impact. 

One of the reasons for the growth in the uptake of the carbon footprint as a stand-alone environmental 
indicator is the relative ease and reasonable cost associated with conducting the assessment compared 
to undertaking an LCA covering all relevant impact categories [5]. For many product systems, fuel and 
electricity use are the key determinants of the carbon footprint and these are usually well documented 
within a business and supply chain. However, the problem of comprehensiveness cannot be ignored. 
For example, in the agriculture and food sectors, freshwater use is also recognized as a potential source 
of serious environmental harm [7]. Alongside climate change, global water stress is now an international 
issue that threatens irreversible environmental change and harmful impacts on human wellbeing [8,9]. 
The agriculture and food sectors are highlighted because they account for around 70% of global 
freshwater withdrawals [10] and are a major source of emissions responsible for freshwater quality 
degradation. This has led to the emergence of product water footprints as another stand-alone  
LCA-based environmental indicator [11], used especially in relation to food products [12-19],  
bio-fuels [20-22] and other water-intensive industry sectors such as electricity generation [23]. 

Being a streamlined LCA-based indicator, aligned with a key global environmental issue, and 
having less onerous inventory requirements than an LCA covering all relevant impact categories, water 
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footprints are likely to become part of the mainstream dialogue about sustainability, much like the 
carbon footprint. This is being facilitated by the development of an international standard for water 
footprint by the International Organization for Standardization (ISO 14046). This standard will provide 
consistency in calculation methods and therefore comparability of results. However, in common with a 
carbon footprint, a water footprint is a stand-alone indicator and is therefore not an indicator of overall 
environmental impact, which raises again the problem of comprehensiveness discussed earlier. For 
many products, especially those in the agriculture and food sectors, concurrent assessment of carbon 
and water footprints is both realistic and desirable in order to provide a broader assessment of 
environmental sustainability than either a carbon or water footprint alone. 

In earlier work we calculated the water footprint for six geographically-defined beef cattle production 
systems in southern Australia [16] using the Water Stress Index of Pfister et al. [24] following the 
LCA-based water footprint method of Ridoutt and Pfister [18]. With water footprinting, geographical 
definition of water use is critical because of the variation in local water stress and therefore variation in 
the environmental impacts of water use. It was found that the water footprint varied substantially, from 
3.3 to 221 L H2Oe (equivalent; [18]) per kg live weight at farm gate [16]. These results can be compared 
to other published results; for example, fresh milk produced in a low water stress region of Victoria, 
Australia (1.9 L H2Oe L−1 milk at farm gate; [15]), wheat, barley and oats grown in New South Wales, 
Australia (0.9 to 152 L H2Oe kg−1 grain at farm gate; [19]) and fresh tomatoes grown for the Sydney 
market (3 to 35 L H2Oe kg−1 at farm gate; [12]). The major factors contributing to the water footprints 
of each beef cattle production system were also identified. In some cases, pasture irrigation was the 
major determinant, in others it was the operation of stock dams for livestock watering, and for another 
it was feedlot finishing. Such information can be used to develop strategies aimed at specifically 
reducing the water footprint. However, this kind of information does not assist in setting priorities for 
water footprint reduction relative to other environmental objectives, such as GHG emissions reduction, 
which is a long established priority in the livestock sector in Australia [25,26] and elsewhere [27]. In 
addition, a water footprint alone does not enable potential tradeoffs between carbon and water 
footprints to be objectively assessed. 

In this current paper we address this second set of questions concerning the relationship between the 
carbon and water footprints of beef cattle raised in the aforementioned southern Australian production 
systems. To our knowledge, this is the first study of its kind, quantitatively comparing stand-alone 
carbon and water footprint metrics using LCA modelling. Our purpose is to provide strategic insights 
into the beef cattle industry in southern Australia relevant to priority setting for ongoing environmental 
improvement. In addition, we view this case study as a potential model of combined multi-indicator 
environmental assessment relevant to the agriculture and food industries more broadly. 

2. Methods and Data 

2.1. System Description 

In Australia, the beef cattle industry operates throughout most parts of this large country. In the 
north (Queensland, Northern Territory and northern pastoral regions of Western Australia) cattle 
belonging mainly to the Bos indicus group of breeds are raised predominantly in extensive pastoral 
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systems where individual enterprises typically exceed 100,000 ha. In contrast, in the south, Bos taurus 
breeds are generally raised in much smaller mixed (i.e., livestock and cropping) farming systems on 
native and improved pasture where a higher level of management is possible. In both the north and the 
south, some of these cattle are finished in feedlots, typically for between 30 to 90 days, mainly in order 
to achieve specific market requirements. This study concerns six geographically-defined beef cattle 
production systems in the Australian state of New South Wales (NSW) which is the largest region of 
beef cattle production in the south (5.9 million head; [28]). The six systems (Table 1) were selected in 
order to be diverse in farm practice (pasture and feedlot finishing), product (yearling to heavy steers), 
environment (high-rainfall coastal and semi-arid inland) and local water stress. Further details about 
these systems, including the life cycle inventory data sources and modeling, are described in  
Ridoutt et al. [16]. 

Table 1. Summary of the 6 geographically-defined beef cattle production systems in New 
South Wales, Australia a. 

Production system Main product Location(s) 
Mean max 
temp (°C) 

Mean min 
temp (°C) 

Mean rainfall 
(mm yr−1) 

WSI c 

Japanese ox— 
grass-fed steers 

24–36 mth old steers 
340 kg DW b 

Scone 24.1 11.0 644 0.032 

EU cattle 
24–30 mth old steers 

280–300 kg DW 
Parkes 23.4 10.9 584 0.815 

Inland weaners, 
grass fattened and 
feedlot finished 

24 mth old steers  
585 kg LW 

Walgett 
Gunnedah 
Quirindi 

26.9 26.0 24.6 12.5 10.9 8.9 477 619 683 
0.021 
0.021 
0.021 

North coast weaners, 
grass fattened and 
feedlot finished 

24 mth old steers  
585 kg LW 

Casino Glen 
Innes Rangers 

Valley 
26.7 19.4 19.4 13.2 7.3 7.3 1096 849 849 

0.012 
0.021 
0.021 

Yearling 
12–15 mth old yearling 

185–205 kg DW 
Gundagai 22.3 8.5 713 0.815 

Yearling 
12–15 mth old yearling 

185–205 kg DW 
Bathurst 19.8 6.8 635 0.021 

a Reproduced, with permission [16]. b DW: dressed weight or dressed carcass weight after removal of hide, head, feet, tail and 
internal organs; LW: live weight. c WSI: water stress index [24]. 

2.2. Carbon Footprint Modeling 

The overall approach to modeling the carbon footprint followed PAS 2050, the widely adopted 
process LCA-based method of calculating the GHG emission of a product [29]. The functional unit 
was one kg live weight (LW) of beef cattle destined for slaughter at farm gate. This functional unit 
enabled comparison of livestock of varying size and age at the point of marketing. The calculation of 
GHG emissions from livestock enteric fermentation, manure and urine followed the country specific, 
IPCC Tier 2 approach used in Australia’s national GHG inventory [30], taking into account herd 
structure (on a daily time step; [16]), feed quality and growth rate. Emissions from agricultural soils as 
a result of inorganic nitrogen fertiliser application and the residue of cultivated leguminous pastures 
were also calculated following the method of the Australian national GHG inventory [30]. Land use 
change (deforestation) did not feature in any of the systems and possible changes in soil carbon were 
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ignored due to a lack of relevant data. The Australasian Unit Process Life Cycle Inventory [31], 
Australian environmental input-output data [32] and various CSIRO internal sources provided data on 
GHG emissions associated with fuels, fertilizers, supplementary feeds (grain and pasture hay), 
veterinary and marketing services used in farming, fuels used to transport livestock between farms and 
to feedlots (where relevant), fuels used to deliver feed components to feedlots, and fuels, electricity 
and feed components consumed in feedlots. To calculate the carbon footprint the latest 100-year global 
warming potentials for GHGs published by the IPCC were used [33]. 

2.3. Life Cycle Impact Assessment Endpoint Modeling 

Damages to human health (Disability Adjusted Life Years, DALY) and ecosystem health (loss of 
species diversity, species·m2·yr) due to GHG emissions were modeled using characterization factors 
reported by de Schryver et al. [34], taking the Hierarchist cultural perspective. The Hierarchist cultural 
perspective was chosen as the time horizon of 100 years corresponds with PAS 2050 [29] and draft 
ISO 14067, and because it presents a less extreme combination of value choices compared to the 
Individualist and Egalitarian perspectives. The Hierarchist cultural perspective is also used by  
Pfister et al. [24], in the method adopted in this study to assess damages to human health, ecosystem 
health and depletion of resources (MJ) due to consumptive water use. This method of Pfister et al. [24] 
was chosen to assess water use impacts because it was the only method enabling a comprehensive 
impact assessment of freshwater consumption on the endpoint level [11] that was operationalized for 
use in an established life cycle impact assessment methodology. Using normalization factors and 
weights for the Hierarchist perspective taken from the Eco-indicator 99 life cycle impact assessment 
methodology ([35] p. 113], aggregated scores were calculated (points kg−1 LW). Damages arising from 
GHG emissions and water use were then compared. 

3. Results and Discussion 

3.1. Carbon Footprint of Beef Cattle  

For the six southern Australian beef cattle production systems assessed, the carbon footprint (cradle 
to farm gate) ranged from 10.1 to 12.7 kg CO2e kg−1 LW (Table 2). In all cases, the carbon footprint 
was overwhelmingly influenced by methane emissions (87 to 92%; Figure 1), predominantly related to 
the livestock themselves (Figure 2), although the livestock emissions also included nitrous oxide 
emissions from dung and urine in addition to enteric methane and methane from dung. These results 
fall within the range of reported estimates for beef cattle GHG emissions, which typically range from 
about 6 to 20 kg CO2e kg−1 LW [36-43]. In other extensive pastoral systems with lower productivity, 
the carbon footprint of beef cattle can exceed this range, and become extremely large where substantial 
deforestation occurs and this is included in the carbon footprint calculation (e.g., >350 kg CO2e kg−1 
LW; [44]). 

For the six beef cattle production systems described in this paper, the differences in carbon footprint 
between the systems were relatively small and not obviously correlated with any particular variable. 
For example, cattle produced in the two systems which included feedlot finishing had both the lowest 
and the highest carbon footprints (Table 2). In general, feedlot finished livestock are expected to have 
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a lower carbon footprint [43,45] due to the more nutritious feedlot diet reducing the time for animals to 
achieve their target weight and therefore the life cycle ruminant methane emissions. One point of 
difference between the systems was the average age at which cows gave birth to their first calf, which 
was 36 months in the system with the highest carbon footprint compared to 24 months for the  
others [16]. Hence the importance of reproduction rate in the overall carbon footprint of beef cattle. 

Figure 1. Contribution of methane , nitrous oxide  and carbon dioxide  to the carbon 
footprint of beef cattle (cradle to farm gate) produced in six geographically-defined 
systems in southern Australia. JO-S: Japanese ox grass-fed steers (Scone); EU-P: EU cattle 
(Parkes); IGF: Inland weaners, grass fattened and feedlot finished (Walgett, Gunnedah, 
Quirindi); NGF: North coast weaners, grass fattened and feedlot finished (Casino, Glen 
Innes, Rangers Valley); Y-G: Yearling (Gundagai); Y-B: Yearling (Bathurst). 

 

Table 2. Carbon footprint (kg CO2e kg−1 LW) and water footprint (L H2Oe kg−1 LW) for 
beef cattle at farm gate. 

Production system (Location) Carbon footprint Water footprint 
Japanese ox - grass-fed steers (Scone) 10.2 14.4 
EU cattle (Parkes) 10.8 68.3 
Inland weaners/ grass fattened/ feedlot finished  
(Walgett, Gunnedah, Quirindi) 10.1 9.1 

North coast weaners/ grass fattened/ feedlot 
finished (Casino, Glen Innes, Rangers Valley) 12.7 7.7 

Yearling (Gundagai) 10.4 221 
Yearling (Bathurst) 10.6 3.3 
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Figure 2. Contribution of livestock emissions , fertilizer used on pasture , leguminous 
pastures , other farm inputs , supplementary feeds used on-farm , livestock transport 

, and feedlot finishing  to the carbon footprint of beef cattle (cradle to farm gate) 
produced in six geographically-defined systems in southern Australia. JO-S: Japanese ox 
grass-fed steers (Scone); EU-P: EU cattle (Parkes); IGF: Inland weaners, grass fattened and 
feedlot finished (Walgett, Gunnedah, Quirindi); NGF: North coast weaners, grass fattened 
and feedlot finished (Casino, Glen Innes, Rangers Valley); Y-G: Yearling (Gundagai);  
Y-B: Yearling (Bathurst). 

 

3.2. Comparison of Impacts from GHG Emissions and Water Use 

In every case, for the six southern Australian beef cattle production systems, the potential 
environmental impacts from GHG emissions greatly exceeded the potential impacts from consumptive 
water use, representing 93 to 99% of the combined Eco-indicator 99 scores (Table 3). Despite there 
being a relatively large range in water footprint, from 3.3 to 221 L H2Oe kg−1 LW (Table 2), the 
contribution of water use to the combined environmental impact scores was always small. As such, for 
beef production systems of the kind represented by these case studies, our results support an ongoing 
emphasis on GHG emissions reduction. Warnings about the impacts of water use in relation to 
livestock production [46-51] may be relevant in some particular cases, but are not generally relevant in 
southern Australia. 

Herein lies the danger of stand-alone environmental indicators which report on a single environmental 
impact. If taken alone and not put in the context of other potential environmental impacts, they could 
misdirect resources away from actions which are more important. The evidence we present supports a 
continuing emphasis on carbon footprint reduction not a diversion of resources to lower water 
footprints for the types of beef cattle production systems broadly represented by the case studies. Our 
results show that warnings about the water footprint of livestock have the potential to motivate 
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misdirection of environmental improvement efforts and such warnings need to be substantiated by 
science-based evidence relevant to the particular livestock production system and environment  
in question. 

Table 3. Potential damages to human health (DALY kg−1 LW), ecosystem quality  
(species·m2·yr·kg−1 LW) and resources (MJ kg−1 LW) related to GHG emissions and water 
use in the production of beef cattle at farm gate in southern Australia. Also shown are the 
aggregated scores (points kg−1 LW) after normalization and weighting, and the fraction of 
combined damage related to GHG emissions (%). Note that all production systems are 
geographically-defined; see text and Table 1 for details. 

GHG emissions Water use a 
Production system Human 

health 
Ecosystems 

Aggregated 
score 

Ecosystems Resources 
Aggregated 

score 

GHG 
emission 

contribution 

Japanese ox— 
grass-fed steers 

2.10 × 10−6 2.19 2.25 × 10−1 1.00 × 10−1 1.12 × 10−3 0.78 × 10−2 96.6 

EU cattle 2.26 × 10−6 2.36 2.43 × 10−1 0.57 × 10−1 1.51 × 10−3 0.45 × 10−2 98.2 
Inland weaners, 
grass fattened and 
feedlot finished 

2.11 × 10−6 2.19 2.26 × 10−1 1.99 × 10−1 1.77 × 10−3 1.56 × 10−2 93.5 

North coast weaners, 
grass fattened and 
feedlot finished 

2.65 × 10−6 2.76 2.84 × 10−1 0.96 × 10−1 1.79 × 10−3 0.75 × 10−2 97.4 

Yearling (Gundagai) 2.17 × 10−6 2.26 2.33 × 10−1 1.74 × 10−1 1.25 × 10−3 1.36 × 10−2 94.5 
Yearling (Bathurst) 2.22 × 10−6 2.31 2.38 × 10−1 0.35 × 10−1 1.18 × 10−3 0.28 × 10−2 98.9 

a In the Australian context, there are no damages to human health associated with water use [24]. 

Another concern about stand-alone indicators is the issue of tradeoffs. Of course, an intervention 
that led to a concurrent reduction in both carbon and water footprint would be highly desirable. 
However, tradeoffs between greenhouse gas emissions and water use are not uncommon. For example, 
to reduce livestock enteric methane emissions one very viable strategy is to improve forage quality [26], 
which can often be achieved through greater use of pasture irrigation and fertilization, actions which 
have the potential to raise water footprints. That said, for the six production systems assessed in this 
study it would appear that strategies which reduced the carbon footprint, but which also led to a moderate 
increase in water footprint, would result in an overall reduction in combined environmental burden. 

3.3. Streamlined Multi-Indicator Assessment of Agri-Food Products 

This study has been based on a combination of midpoint and endpoint life cycle impact assessment 
indicators in order to take advantage of the benefits of each. Midpoint indicators are the result of 
modelling that extends only part way along the cause-effect chain [52]. For example, carbon footprinting 
models the global warming potential of GHG emissions, expressed in the units CO2e. In this example, 
global warming is a midpoint in the environmental mechanism whereby temperature increases ultimately 
impact on human health (malnutrition, diarrhoea, malaria, heat stress, etc.; [34]), and ecosystems 
(species disappearance). Likewise, the water footprints calculated in this study are a midpoint 
indicator, describing impacts on water stress [18], which ultimately lead to impacts on human health, 
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ecosystems and environmental resource depletion [24]. Compared to endpoint indicators, midpoint 
indicators are generally regarded as having greater reliability (i.e., lower model and parameter 
uncertainty), higher transparency (i.e., based on less complex models with fewer assumptions and 
value choices and which are more readily explained), and as being more suitable for communication to 
stakeholders (i.e., having greater intuitive meaning as well as more recognizable and acceptable units) 
[52]. On the other hand, endpoint indicators are generally regarded as having greater relevance. It is 
the damages to human health, ecosystems and depletion of resources which is the ultimate 
environmental concern. In addition, endpoint indicators are often preferred where aggregation of 
results is desired, such as in this study where damages arising from GHG emissions and water use 
were aggregated and compared. Weighting factors exist at the endpoint level (e.g., Eco-indicator 99) 
which have been applied in a consistent way in many LCA studies across the world. In contrast, there 
are no recognised or commonly adopted weighting factors for GHG emissions and water use at the 
midpoint level. 

Without question, the most informed environmental decision making will occur when all relevant 
environmental impacts are considered in an LCA. However, the effort and expense of completing such 
a task means that an LCA tends to be performed selectively in strategically important decision making 
contexts and the likelihood of process-based LCA being applied to a great many individual products in 
the economy is perhaps small [53]. In addition, the results of an LCA are rich in detail, but difficult to 
convey to a remote and non-technical audience (e.g., a product environmental label or declaration). 
The other extreme is a single stand-alone indictor, like a carbon footprint, which may achieve 
widespread community awareness, but as mentioned in the Introduction, will violate the principle of 
comprehensiveness and potentially promote poor decision making in terms of overall environmental 
impact. The solution, it seems, lies between these two extremes, in a small set of streamlined 
sustainability indicators which are chosen because of their high environmental relevance for the 
product category of interest, combined with an aggregated score. We have demonstrated this general 
approach in this study using carbon and water footprints as an example. 

For agri-food products, impacts from GHG emissions, water use and land use are thought to be the 
highest concern. However, there are also many tradeoffs between these. For example, land can be used 
for biodiversity conservation and carbon sequestration or it can be used for food production, and some 
forms of agriculture support more biodiversity than others. In regard to water and land, a small 
quantity of irrigated land can produce the same quantity of food as a larger area of non-irrigated land. 
These tradeoffs underscore the futility of comparing the merits of one food production system or 
product over another using a single stand-alone indicator. At this point in time, impact assessment 
methods for land use in LCA are under development, supported by a project group working under the 
auspices of the United Nations Environment Programme and the Society of Environmental Toxicology 
and Chemistry (UNEP-SETAC) Life Cycle Initiative [54]. The challenge is that the impacts of land 
use depend not only on the quantity of land used, but also its quality and the intensity of production. 
Modelling the environmental impacts of land use is therefore not straightforward. Nevertheless, the 
future direction of our research is to integrate land use impacts with carbon and water footprints in the 
manner demonstrated in this paper. For agri-food products, these three indicators probably represent an 
appropriate balance between comprehensiveness and practicality. 
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4. Conclusions 

This study has shown, for a range of beef cattle production systems in NSW, Australia, that the 
environmental impacts from GHG emissions far exceed the environmental impacts from water use.  
As such, the industry’s current priority of GHG emissions reduction is confirmed. Furthermore, for 
beef cattle production systems of the type represented in this study, GHG emissions reduction that was 
achieved at the expense of a moderate increase in water use, would likely lead to an overall improved 
environmental outcome. Using the methods demonstrated in this report, particular scenarios involving 
GHG emission and water use tradeoffs can now be evaluated. 

In addition, in an attempt to balance the demands of comprehensiveness and practicality, a  
multi-indicator approach based on combined midpoint and endpoint life cycle modelling was 
presented. It was argued that a single stand-alone indicator, such as a carbon footprint, is not sufficient 
to motivate wise decision making which leads to reduced overall environmental burden. However, if 
quantitative environmental assessment based on life cycle assessment is to be applied to a large 
number of products, produced by small and large companies alike, then the costs, largely driven by 
inventory requirements, cannot be too onerous. In addition, if the results are to be widely disseminated 
throughout the economy then the results must be relevant to a non-technical audience. We believe 
these demands are best able to be met through the multi-indicator approach based on a selection of 
industry-sector relevant midpoint indicators combined with an aggregated endpoint result. In this 
study, such an approach based on carbon and water footprints was demonstrated. However, for  
agri-food products, the inclusion of impacts from land use (land use footprint) is also highly desirable. 
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