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ABSTRACT

Context. Climate change and water scarcity are global challenges facing humanity. Animal
agriculture generates considerable greenhouse gas (GHG) emissions and consumes large volumes
of water from rivers, streams and lakes. Reducing consumption of animal agricultural products with a
relatively high carbon or water footprint, such as dairy, is often promoted as a mechanism to reduce
the environmental impacts of food production. Attributionally-based footprints do not, however,
assess the consequences of a change in demand for a product. Aims. This study aimed to assess the
water and climate change consequences of replacing NSW dairy production, and co-products of
dairy production, with plant-based alternatives. Methods. Process-based consequential life cycle
assessment was used. Key results. Water savings associated with the change would be limited
and GHG emissions reductions would be ~86% of that as estimated by the carbon footprint of
production. When NSWV dairy production was replaced with soy-based alternatives and two GHG
emissions reduction strategies were implemented across the industry, namely enteric methane
inhibitors and flaring methane from effluent ponds, GHG emissions increased by 0.63 Mt carbon
dioxide equivalent when dairy production was replaced. Conclusions. The environmental benefits
associated with replacing NSW dairy production with plant-based alternatives should not be
determined by attributionally-based approaches. Implications. Policies that aim to reduce the
environmental impacts of agricultural production need to consider the market effects of a
change in demand for products and not rely on estimated impacts of current production.

Keywords: climate change, consequential life cycle assessment, irrigation, land use, market effects,
mitigation, water.

Introduction

Livestock supply humans with food and other products (e.g. raw materials for textiles), and
dairy is an animal product that is consumed worldwide. It is an excellent source of calcium
and other nutrients and evidence suggests dairy consumption generally has positive health
benefits (Zhang et al. 2021a) and that dairy intake is associated with high quality diets
(Ridoutt et al. 2021). Dairy is a key agricultural industry in New South Wales (NSW),
Australia, where around 1 GL of raw milk at the farm gate is produced per annum, the
sale of which contributes ~$600 million to the state’s gross domestic product (ABS 2020a).
Dairy production is also a key user of natural resources such as water, with ~5% of all water
used for agriculture in NSW used by the dairy industry (ABS 2020b), where is it used for
livestock drinking water, pasture irrigation and washing down dairies after milking. Dairy
production occurs throughout the state. This includes inland NSW, part of the Murray-
Darling Basin; a catchment that is considered to be highly water-stressed (Boulay et al.
2018). Dairy production also requires the use of land, both arable and non-arable. Arable
land is used to grow pastures and crops that can be irrigated or rainfed depending on water
availability. Non-arable land cannot be used to grow crops due to poor soil quality and/or
high slope so is generally used to graze heifers before they enter the milking herd or cows
that are dried-off prior to calving. Dairy production also generates environmental impacts
and one impact of key concern is the generation of greenhouse gases (GHGs) from dairy
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production. Dairy production emits greenhouse gases
primarily from enteric methane emitted by dairy cattle but
also from other sources such as cattle manure, and more
indirectly from the breakdown of plant residues and the use of
fertilisers and electricity (Ridoutt et al. 2010). The impacts of
GHG emissions on the global climate are recognised by the
Australian dairy industry, which has set a target of a 30%
in GHG emissions by 2030 (Dairy Australia 2020a).

The considerable water and carbon footprints of dairy
production, as estimated using attributional approaches that
estimate the impacts associated with current production, have
resulted in calls for reductions in dairy consumption to reduce
the environmental impacts of consumer consumption (Poore
and Nemecek 2018; Berners-Lee 2020; Marinova and Bogueva
2020; Kovacs et al. 2021). However, attributional footprints
are not suitable to be used to inform decisions because they
do not consider the consequences of changes to a system
(Plevin et al. 2013; Perry 2014; White and Hall 2017;
Simmons et al. 2020). For example, organic food has a
lower carbon footprint than conventionally grown food but
the consequences of a move to organic agricultural production
in England and Wales would increase the climate change
impacts of food production (Smith et al. 2019). This is
because organic production systems have lower yields so
more agricultural land would be required to produce the
same amount of food, and the emissions associated with
the creation of more agricultural land were greater than the
savings from converting to organic production. It is also
important to include the market effects of changes in demand
for a product (i.e. changes to co-production) but attributional
footprints do not consider these market effects. For example,
an attributional analysis suggested that increasing the
production of milk per cow, and reducing the number of cows,
was a climate change mitigation strategy because it reduces
the emissions intensity of milk production (Zehetmeier et al.
2012); however, reducing the numbers of cows also reduces
the number of calves produced and therefore the red meat
that is produced by the system. That study demonstrated
that when the GHG emissions associated with replacing the
red meat no longer produced by the dairy system was replaced
with meat from specialised beef production system, there was
no GHG abatement associated with increasing milk production
per cow.

Attributional footprints have been used to assess the
impacts of dairy production (Ridoutt et al. 2010; Henriksson
et al. 2011; Vergé et al. 2013; Gollnow et al. 2014; O’Brien
et al. 2014; Palhares and Pezzopane 2015; Vasilaki et al.
2016) and one attributional study has compared the GHG
emissions associated with the production of milk from cows
and from soy (Coluccia et al. 2022). That study found that soy
milk had a carbon footprint that was 88% lower than cow’s
milk and concluded that environmental advantages would
result from replacing cows milk with soy milk. Calls to cease
dairy production and/or to move plant-based milk alternatives
based on the impacts of current production do not consider the

re-allocation of resources required to replace dairy milk with a
milk alternative. This is important because both milk and milk
substitutes utilise constrained resources such as agricultural
land and water. In addition, using attributional footprints to
call for a cessation of dairy production disregards the impacts
of producing functional equivalents of the co-products of the
dairy system (i.e. red meat, hides, meat meal and cream).
Accordingly, this study assessed the water and climate change
consequences of a consumer shift to soy-based products
that resulted in the cessation of dairy production in NSW,
Australia, and required the replacement of not only cow’s
milk but also the co-products of dairy production.

Materials and methods

System boundaries

We assessed the cradle-to-gate water and climate change
impacts of replacing NSW dairy milk with soy-based milk.
Due to concerns about the environmental and animal welfare
issues around beef production, we assumed dairy co-products
were replaced with plant-based functional equivalents,
including tofu. A full list of products and co-products and
their functional equivalents is presented in Table 1.
Convention in life cycle assessment studies is for the
assessment to be done for a single functional unit; however,
this is not possible for sector-scale assessment, where multiple
co-products — each with a separate function — are included in
the analysis (Smith et al. 2019). The basis on which dairy
products and co-products were replaced was dependent on
their function (Table 1). Consequences were assessed on a
regional basis for three regions; the North Coast, South
Coast and Inland (Fig. 1). These regions were used because

Table |. Each product, function, functional equivalent and
substitution basis, for NSW dairy production systems. PYC, polyvinyl
chloride.

Product/ Function Functional Substitution

co-product equivalent basis

Fresh milk Human Soy milk Volume
consumption

Fresh cream Human Soy milk/vegetable ~ Volume
consumption oil (2:1 ratio)

Cream in butter  Human Soy oil Volume
consumption

Red meat Human Tofu Protein mass
consumption

Hide Leather PVC Mass

Tallow Multiple Vegetable oil Mass

Offal Pet meat Soy meal Protein mass

Meat meal Chicken/pig feed  Soy meal Protein mass

Okara Fertiliser Urea Nitrogen mass
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Fig. 1. Map of NSW showing the boundaries of the North Coast,
South Coast and Inland regions used in the study.

they represent distinct agro-climatic zones. The North Coast
of NSW has a sub-tropical climate, whereas the South
Coast is temperate, and the Inland region of NSW has a
Mediterranean climate. In addition, the Inland region of
NSW is covered by the one river catchment (i.e. the Murray
Darling Basin (MDB)). Where necessary (e.g. where the
increase in supply of land was insufficient to that required to
supply functional equivalents), the system boundaries were
expanded to include global production (as described in the
section below).

Production and resource-use changes

Dairy production occurs on both arable land (i.e. land that has
characteristics that allow it to be used for either crops or
grassland) and non-arable land (i.e. land that has limitations
that exclude cropping as an activity so are used as grasslands).
All arable land vacated by dairy production was assumed to be
used to grow soybeans to first replace dairy products with soy
milk and any remaining soybeans were assumed to produce
tofu as a replacement for red meat. Growing soybean crops
in succession is considered poor agronomics due to the
build-up of disease and weeds that reduces crop yields, so we
assumed that soybeans were grown in rotation with wheat.
For irrigated cropland, a 2-year rotation of irrigated soybeans
and unirrigated (dryland) wheat was used and for unirrigated
cropland a 2-year rotation of unirrigated soybeans and wheat
was used. Water used for dairy production is either irrigation
water or water used for livestock drinking. This is an
important distinction to make because, in NSW, extractions
for irrigation are licensed differently to water extracted for
livestock drinking. Water used for irrigation on dairy farms
was assumed to be redirected to the production of soy milk
and then to irrigating soybean crops for soy milk and tofu
production. Water used for livestock was assumed to be

made available to other river users under relevant licensing
provisions. Where soybean production in a region could not
meet the mass required to replace all products and co-
products, it was assumed that demand for marginal global
soybean production increased. Conversely, where soybean
production exceeded demand for soy milk and tofu, the
additional production was assumed to avoid global soybean
production.

The wheat produced in the soybean-wheat rotation was
assumed to increase the global supply of wheat and reduce
the need to produce wheat elsewhere. Dairy cattle are fed
supplements that consist primarily of cereals and plant-
based protein meal (e.g. canola meal) so it was assumed
that a reduction in feeding supplements reduced global
supply of wheat and protein meal thereby reducing the
need to produce wheat and protein meal elsewhere.

Cream is separated from the milk during processing. We
assumed that cream was either used as unprocessed cream
or processed to make butter. The reduction in meat meal and
offal as a co-product was assumed to increase global demand
for by-products (i.e. dependent co-products). Soy milk and
tofu production results in the co-production of the residues
from the process, okara. Okara has limited uses (Li et al. 2012)
and can be used as animal feed but characteristics such as fast
rate of decay and high density limits the practicality of its use
(Rahman et al. 2021). Hence, it was assumed that okara was
applied to wheat paddocks, avoiding the need for nitrogen
fertilisers on a 1:1 nitrogen mass basis.

Non-arable land is used in dairy systems primarily for
growing out heifers to join the milking herd or to dry off
cows that are due to calve; however, this land is not suitable
for soybean production because the soils are generally too
poor or the land is too steep. Under current market conditions,
this land would be used to graze beef cattle if dairy production
were to cease; however, the objective of the current study was
to replace dairy and dairy co-products with plant-based
alternatives. We, therefore, assumed that non-arable land was
allowed to revegetate and sequester atmospheric carbon to
provide climate change mitigation. Carbon sequestration was
estimated for a central point in each region using the Full
Carbon Accounting Model ((FullCAM; Australian Government
2018a). FullCAM is the model developed by the Australian
Government to estimate carbon sequestration in vegetation
for the purposes of reporting total GHG emissions to the
United Nations Framework Convention on Climate Change
(UNFCCC) and to estimate carbon sequestration for the
purposes of awarding carbon credits under the Emissions
Reduction Fund (ERF). For this study, we followed the guidelines
(Australian Government 2020) for the Human Induced
Regeneration methodology developed by the Australian
Government to issue carbon credits under the ERF (Australian
Government 2016). Carbon sequestration in regenerating
areas is minimal during the initial years so the average carbon
sequestration over the first 10 years of the simulation was
used for each region. Realistically, re-vegetated land would
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be populated by native and feral animals (e.g. kangaroos and
goats, respectively) and the emissions from these animals
need to be included in any assessment. To include these
impacts we assumed that kangaroos would populate the re-
vegetated area and included these enteric methane emissions
as calculated by Vendl et al. (2015) at estimated densities for
each region (Steve McCleod, pers. comm.).

Mitigation strategies

We also tested what the consequences of ceasing NSW dairy
production would be if two climate change mitigation
strategies, feeding enteric methane inhibitors and capturing
methane from manure collected at the dairy, were imple-
mented across the NSW dairy industry as a theoretical
alternative baseline. Roque et al. (2019) showed that dairy
cows fed 1% Asparagopsis armata reduced enteric methane
production, dry matter intake and milk production per cow
by 67%, 38% and 11%, respectively. To test the impact
of enteric methane reduction inhibitors on results, we
assumed that enteric methane emissions and milk production
per cow declined by those amounts. The reduction in total dry
matter intake per cow would mean that more cows could be
milked using the existing resources, so we assumed that the
number of cows in the milking herd increased by 50%. This
50% increase is lower than achievable based on changes
to dry matter intake alone (e.g. 1000 kg of dry matter at
10 kg hd™ day would supply 100 animals day™! or 161
animals day™! at 6.2 kg hd™! day™! when dry matter intake was
reduced by 38%) but increasing the numbers of milking cows
will be limited to some extent by infrastructure (e.g. shade,
laneways) and limiting the increase to 50% accounts for
these limitations. For the methane capture mitigation strategy,
it was assumed that effluent ponds were covered, and methane
was flared converting it to CO,. The emissions reductions
associated with the implementation varies on the dairy
system and were calculated as described in the GHG emissions
calculations section.

Sensitivity analysis

Sensitivity analysis was used to test how sensitive the results
of the study were to changes in the proportion of the farm that
was arable, proportion of raw milk that was cream, soybean
yields, carbon sequestration in vegetation, the availability
of water, the water required to grow a soybean crop and
the enteric methane emissions reduction associated with
the feeding of A. armata (Table 2).

Life cycle inventory

Inventories for dairy, soybean and wheat production were
developed by modifying relevant inventory from AusLCI (the
Australian Life Cycle Inventory Database) and ecoinvent inven-
tories modified with Australian data (Grant et al. 2017), with
values that represented each region and included all farm

Table 2. Parameters, their variation from the baseline value and the
change in climate change impacts when applied.

GHG emissions

(Mt CO,-e)

Parameter Variation Parameter Parameter

(%) increase decrease
Proportion of land arable 50 —1.06 —1.16
Proportion of raw milk as cream 25 —1.05 —1.18
Soybean yield 25 —1.26 —0.98
Carbon sequestration in 50 —1.14 -1
vegetation
Water availability 50 —1.13 —I.11
Water requirements for irrigated 25 —1.12 —1.13
soy production
Enteric methane reduction 507 - 0.01

from A. armata

AA decrease only was assessed.

operations and inputs. A list of input data and sources used
to develop inventory is available in Supplementary Table S1.
Regional experts were used to source and/or validate input
data and consisted of dairy advisors and processors in each
relevant region. The inputs, farm operations and outputs for
each crop are presented in the Supplementary materials.
Global production of soybean, vegetable oil and protein
meal were represented by the appropriate inventory in the
ecoinvent v3.5 consequential database (Weidema et al. 2013).

GHG emissions calculations

GHG emissions associated with the disposal of manure in the
effluent system, including the spreading of effluent on
paddocks, were calculated using the dairy GHG accounting
tool (Eckard 2020) using input data as described in Table S1.
GHG emissions associated with fertiliser use on farm, crop
residue breakdown and dissolution of lime were calculated
using the relevant methods from the Australian National
Inventory report (Australian Government 2018b). Where GHG
emissions were dependent on other biophysical processes
(e.g. leaching of nitrates), calculations from the Australian
National Inventory report were also used. Although it is
highly likely that soil organic carbon (SOC) would be lost
when converting grassland to cropland, the impacts of crop
management practices on SOC are highly uncertain (Badgery
et al. 2013) so we were conservative and assumed that there
was no change in SOC. Emissions calculations in background
inventory that represented global demand of crops were not
modified.

Impact assessment

Impact assessment was done using SimaPro v8.3.0 (PRé
Sustainability 2016) with the AusLCI indicator set (Renouf
et al. 2015). This study used values for global warming
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potential over a 100 year period (GWP1) associated with the
sixth assessment report (AR6) (Forster et al. 2021). These
were 273, 29.8 and 27.2 for nitrous oxide (N5,O), methane
(CHy,, fossil origin) and CH4 (non-fossil origin), respectively.
Blue water stress impacts were assessed using the AWARE
methodology (Available WAter REmaining, Boulay et al.
2018) and, because the North Coast and South Coast regions
include multiple catchments, characterisation factors for
these regions were the average of all catchments in each
region. This gave an AWARE characterisation factor of 1.5,
1.2 and 92 for the North Coast, South Coast and Inland
regions, respectively.

Results

Changes in commodity production

Ceasing dairy production in NSW reduced raw milk at the
farm gate by 1074 kL, with the greatest reduction occurring
in the South Coast region (Fig. S1). Ceasing dairy production
in NSW also resulted in a decrease in the co-products of cream
(27 kt), red meat (4 kt), tallow (2 kt), meat meal (8 kt), offal
(1 kt) and hides for leather (1 kt) (Fig. 2). 182 kt of soybeans
were required to replace dairy and dairy co-products, of
which 114 kt were produced in NSW on arable land that
had been used for dairy production and the remaining 68 kt
of soybeans were supplied by global marginal production. An

additional 156 kt of wheat were produced in rotation with
soybeans and this production, combined with the wheat no
longer fed to cattle as supplements, resulted in 392 kt of
global wheat production being avoided. No longer feeding
cattle also resulted in 13 kt of protein meal usage being
avoided. Replacing meat meal and offal that comes from
slaughtered dairy animals required 4 kt of protein meal,
and 38 kt of vegetable oil from global marginal production
were required to replace the fat in cream and tallow co-
produced by the dairy system.

Land use

Ceasing dairy production in NSW freed up 142 kha of
agricultural land but once changes were implemented,
108 kha of land freed up was used for soybean production and
34 kha was used for revegetation to sequester atmospheric C.
Replacing fat associated with dairy production also required
an additional 2 kha of agricultural land. The canola
meal no longer required in the dairy system resulted in less
protein meal being required on the global market freeing
up 10 kha of agricultural land. The increase in supply of
wheat due to dairy cattle no longer being fed supplements and
due to wheat produced in rotation with soybeans resulted in
an additional 118 kha of agricultural land being freed up. In
combination, these changes resulted in a total of 109 kha of
agricultural land being freed up at a global level. Replacing

Marginal vegetable Marginal global Soymilk
oil production soybean production production
2 kha land 3 kha land 0 kha land
1 GL water 1 GL water 1 GL water

Domestic un-irrigated Domestic irrigated Global wheat

soybean production soybean production production
95 kha land 10 kha land —64 kha land
0 GL water 58 GL water -50 GL water

35 kt
Okara
1 kt
PVC
| Fertiliser | | Other food Milk Animal feed Textiles

production
142 kha land
-67 GL water

Fig. 2.

-1t
Urea
-1 kt
Hides
NSW dairy

Implications associated with replacing dairy production in NSW with soy-based products, including the balancing of milk, other food,
fertiliser, animal feed and textile markets. Au, Australian produced.
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dairy with soy-based products in the South Coast made the
greatest contribution to total land sparing (Fig. S2).

Woater consumption

The blue water footprints of raw milk were 54, 24 and 21 L
H,O L raw milk™! for the North Coast, South Coast and
Inland regions, respectively, and the production weighted
average for NSW was 39 L H,0 L raw milk™'. Ceasing dairy
production resulted in 59 GL of irrigation water and 8 GL
of livestock drinking water not being extracted from the
river for dairy production, with the greatest savings
occurring in the South Coast region (Fig. S3). However, of
that 59 GL of irrigation water, 1 GL was re-purposed as the
base liquid in soy milk and the remainder of irrigation
water was used to grow soybeans to produce soy milk and
tofu. For global production, 9 GL of water were required to
grow global soybeans and vegetable oil whereas 124 GL
were saved by the increase in wheat supply associated with
ceasing NSW dairy production avoiding the need for global
wheat production. The net balance at a global level was a
reduction in water consumption by 123 GL, of which 8 GL
was water not consumed by livestock in NSW.

Woater scarcity impacts

Water scarcity footprints for raw milk production were 81, 29
and 2011 L water equivalent (H,0-e) L™! for the North Coast,
South Coast and Inland regions, respectively, with the average

1.5

for NSW of 510 L. H,0-e L™!. Ceasing NSW dairy production
reduced water scarcity impacts at a global level by 1962 GL
H,0-e with the greatest reduction associated with changes
that occurred in the North Coast region (Fig. S4).

Greenhouse gas emissions

The carbon footprints of raw milk production in the North
Coast, South Coast and Inland regions were 1.33, 1.06 and
1.14 kg CO4-e L1, respectively (Fig. S5), with a production
weighted carbon footprint for NSW of 1.15 kg CO,-e L1
Results suggest that replacing dairy and dairy co-products
with plant-based alternatives would reduce GHG emissions
by 1.07 Mt CO5-e (Fig. 3). The greatest reduction occurred
in the South Coast region due to the volume of milk
produced in that region (Fig. S5). For NSW, the greatest
emissions savings came from avoided emissions associated
with dairy production. Avoided global wheat production
and protein feed also made considerable contributions to
emissions reductions associated with replacing NSW dairy
production with plant-based alternatives (Fig. 3). These
emissions savings were offset by global soybean production
for tofu and soy milk, but also global vegetable oil production
to replace tallow and fat in cream.

Climate change mitigation strategies

The reduction in dry matter required to produce one litre of
milk that occurred with the feeding of Asparagopsis to dairy

0.5

Net change in GHG emissions (Mt CO,-e)

-1.5

-2
No mitigation

Fig. 3.

| m Kangaroo methane
W Avoided urea
mCintrees
M Global protein feed
M Global wheat production
mPVC
Global vegetable oil
I Global soybeans
m Regional soybeans

M Dairy production

With mitigation

Changes in GHG emissions when dairy and dairy co-products for South Coast, North Coast and Inland

regions are substituted with plant-based alternatives with and without the implementation of climate change

mitigation strategies.
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cattle resulted in the production of an additional 483 KL of
milk using the same amount of land and inputs. The attribu-
tional footprint of raw milk produced when both mitigation
strategies were implemented was 0.40 kg CO,-e L milk™?, a
reduction of 65%. However, the increase in animal numbers
associated with more efficient use of feed resulted in a total
emissions reduction of 48% to 0.55 Mt CO,-e. Replacing
NSW dairy production with soy-based products, with GHG
reduction strategies implemented, was found to increase
GHG emissions by 0.63 Mt CO»-e.

Sensitivity analysis

Sensitivity analysis (Table 2) showed that results were
sensitive to the proportion of each farm that was under
arable land, with an increase in the proportion of land that
was under arable reducing GHG emissions. GHG emissions
were also reduced when soybean yields increased. These
results occurred because increasing arable land or soybean
yield resulted in greater soybean production that reduced
the need for global soybean production to replace dairy and
dairy co-products. Results were also relatively sensitive to
the proportion of cream in raw milk, with an increase in
the proportion of cream resulting in greater climate change
impacts that were attributed to an increase in the production
of global vegetable oil to replace cream. Results were
relatively unaffected by the carbon sequestered in vegetation,
the water available for irrigation or the water required to grow
a soybean crop. Importantly, the effectiveness of A. armata
as an enteric methane inhibitor in the results was critical.
A reduction in enteric methane inhibition of 50% of that of
the baseline value of 67% (i.e. feeding A. armata resulted in
a 33% decrease in enteric methane) resulted in little to no
increase in GHG emissions associated when soy-based
products replaced dairy.

Discussion

When assessed using attributional approaches, dairy milk has
relatively high water and carbon footprints compared to
alternatives (Ercin et al. 2012; Coluccia et al. 2022) and
these high footprints have been used as a justification to
substitute dairy products with plant-based alternatives (Poore
and Nemecek 2018; Berners-Lee 2020; Marinova and Bogueva
2020; Kovacs et al. 2021). A large shift in consumer demand to
plant-based alternatives would see a reduction in dairy
production and an increase in demand for milk alternatives
and functional equivalents of co-products from the dairy
system. Based on the attributional analysis in this study,
ceasing NSW dairy production would reduce GHG emissions
by 1.23 Mt CO,-e per annum. Our analysis, which included
market-mediated effects of changes in demand when dairy
and dairy co-products were replaced with soy milk and
plant-based functional equivalents, suggests that ceasing

NSW dairy production is a climate change mitigation strategy.
It would result in GHG emissions reductions of 1.07 Mt CO»-e,
or 86% of that estimated using an attributional approach. The
greatest reduction in net GHG emissions (Fig. 3) was due to
ceasing dairy production, however avoided global production
of crops also made a significant contribution to net GHG
emissions reductions. This was due to 207 kt of wheat and
13 kt of protein meal from unneeded cattle feed and wheat
grown in rotation with soybeans entering global supply
chains. Previous research supports the finding that market-
mediated effects associated with production changes can
make a considerable contribution to the net change in GHG
emissions when demand for a commodity changes (Nguyen
et al. 2021). One focus of emissions reductions in agricultural
systems is reforestation to sequester carbon in vegetation
(Longmire et al. 2015) and the Australian government incen-
tivises carbon sequestration in vegetation via the generation
of carbon credits associated with revegetation (Australian
Government 2016). Results from the present study suggest
that market effects of production changes (e.g. GHG emissions
avoided due to an increase in global wheat and protein meal
supply) had a greater impact on the net GHG emission changes
than sequestration of carbon in vegetation on non-arable land.
This suggests that strategies that use existing resource more
efficiently may provide more climate change mitigation than
activities such as revegetation.

Ceasing dairy production appears to be an effective climate
change mitigation strategy, however opportunities to reduce
the GHG emissions associated within the NSW dairy sector
also exist. Results suggest that inhibiting enteric methane
production via the feeding of Asparagopsis and capturing
manure emissions have the potential to reduce emissions by
around half of current emissions while producing an additional
483 ML of raw milk. It is highly likely that enteric methane
mitigation strategies will be widely adopted in dairy systems
in the near future to reduce GHG emissions associated with
production to meet demands for low-emissions food. For
example, Asparagopsis production enterprises such as
FutureFeed, are working to bring that technology to market,
the compound 3-nitroxypropanol that reduces enteric methane
emissions (Garcia et al. 2022; Pitta et al. 2022) is already being
used commercially (JBS 2021) and the use of anti-methanogenic
pasture species are also being assessed (Badgery et al. 2023).
Further, strategies to capture and combust methane are
already being used in larger dairies (Latimer 2019) and will
possibly be implemented more widely as the technology
matures and costs come down. In addition to the strategies
assessed here, other strategies to reduce emissions in dairy
systems exist. Heat and electricity from fossil-fuel derived
sources can instead be co-generated when combusting methane
captured from manure and through solar- and/or wind-generated
electricity and battery storage. In addition, nitrification/
urease inhibitors can be applied to fertilisers to reduce N,O
emissions (Zhang et al. 2023) and electric tractors that can
be powered by renewable electricity are in development.
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Including emissions reductions associated with the implemen-
tation of these strategies was beyond the scope of the current
study, however the analysis presented here provides an
indication of the emissions reductions that the industry can
achieve. The results presented here also suggest that
meeting the target of a 30% reduction in GHG emissions by
2030 is achievable, at least by the NSW dairy sector, if
climate change mitigation strategies are implemented across
the industry. These results should provide an impetus for the
NSW dairy industry to move towards lower emission produc-
tion systems. Most importantly, however, results suggest that
when enteric methane inhibition and capture of manure
methane were implemented, replacing NSW dairy with soy-
based products resulted in a net increase in GHG emissions
(Fig. 3). It would take a relatively small reduction in enteric
methane emissions from using Asparagopsis, of approximately
25%, for a shift to soy milk to no longer become a climate
change mitigation strategy. We recommend that the emis-
sions reductions from the implementation of enteric methane
inhibition strategies be monitored and a consequential
approach re-applied over time as new data becomes available.

Average historic yields for soybean production were
assumed for this study and sensitivity analysis suggests that
increasing the yield of soybeans would not change the
conclusions drawn from the results of the study (Table 2).
However, increasing the yield of soybean production
provided benefits mainly because it reduced the volume of
soybeans required from global marginal production to produce
adequate tofu and soy milk. However, it should be noted that
the capacity to significantly increase soybean yields above
those assumed here without a subsequent increase in GHG
emissions is limited because soybeans biologically fix nitrogen
from the atmosphere avoiding the need for nitrogenous
fertilisers, one key source of GHG emissions (Simmons et al.
2019). As such, applying nitrogenous fertilisers to increase
yields would considerably change the results presented here.
It was also not reasonable to assume that more cropland was
used to produce soybeans in NSW, thereby avoiding the need
for global marginal production, because doing so would
displace other crops and induce global marginal production
of those crops. Similarly, it would not have been reasonable
to assume that more soybeans could be grown through more
irrigation because doing so would take water from the
production of other irrigated crops. This reduction in irrigation
water would result in lower production and would require
global marginal production to ensure supply of those crops
was maintained.

Similar to GHG emissions, estimating water savings and
changes to water scarcity using an attributional approach
does not consider the market-mediated effects of a change.
An attributional perspective would suggest that ceasing
NSW dairy production would result in 67 GL of water being
returned to the environment, and reduce water scarcity
impacts in NSW by 548 GL H,0-e. However, irrigation water
in NSW is a tradeable asset, and also a constrained input, so

any water that is not used for irrigating feed for dairy
production would be traded and re-purposed for another
use. In the present study, 1 GL of the water no longer used by
the dairy industry was required as the base for soy milk in
order to replace cow’s milk and the remaining irrigation water
was re-purposed to irrigated soybean production (Fig. S3). As
a result, ceasing dairy production in NSW would not result in
any irrigation water being returned to the environment and
there would be no reduction in water scarcity impacts. This
study assumed that all water made available was redirected
to growing soybeans, but realistically water would be used
for many purposes. Nevertheless, the outcome would be the
same (i.e. no additional water would be returned to the
environment). Dairy production in NSW also uses water
that is extracted under a stock and domestic licence to cattle
drinking water. An attributional assessment would suggest
that ceasing NSW dairy production would result in an
additional 8 GL of water being returned to the environment,
however the extraction of water for stock and domestic use isa
basic right of any landholders whose land adjoins a waterway
under NSW water legislation (Water Management Act 2000
No 92). Further, extractions of stock and domestic water do
not have a volumetric cap like extractions for irrigation
water so landholders are entitled to extract water for stock
and domestic purposes as long as flowing water is present in
the river. It is likely that additional water may be available in
the river when river flows are substantial if extractions for
dairy cattle were ceased, however when river flows are low
(e.g. in drought) and water is more critical to the health of
the system, it is likely that there would not be an increase
in water available to the environment. This is because of
the rebound effect (i.e. water that becomes available due to
efficiency measures is consumed by other uses) that has
been widely demonstrated to occur (Berbel et al. 2015;
Loch and Adamson 2015; Song et al. 2018; Wheeler et al.
2020). The key conclusion from this is that it is not the
choice of a product or commodity that determines the amount
of water that is available to the environment but rather the
policies determining water extractions. Results also suggest
that at a global scale, water scarcity impacts would be reduced
by 1962 GL H,0-e, however whether water scarcity would
actually decline would depend on the policies that govern
water extractions in regions where production was avoided,
as discussed in more detail by Simmons et al. (2022).

Other water-related impacts associated with changes to
production were not included in the present study due to
difficulties in quantifying them. For example, converting
pastures to cropland for soybean production would reduce
water quality because sediment runoff is greater on cropland
(Zhang et al. 2021b) and revegetating areas could increase
rainfall interception and reduce inflows into streams (Khorchani
et al. 2021) thereby reducing water available to the environ-
ment. Issues such as this should be a focus of future research
that assess the water consequences of changes to production
systems in response to changes in consumer demand.
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The use of agricultural land to produce food is also of
critical importance because agricultural land is constrained at
a global scale, so increasing demand for agricultural land will
result in the transformation of natural land with subsequent
impacts, especially GHG emissions. In this study, replacing
NSW dairy production with soy- and plant-based alternatives
reduced demand for global agricultural land by 142 kha. It is
common for global production to play a critical role in food
security, with research suggesting that less than one-third
of the global population can exist on locally supplied food
(Kinnunen et al. 2020); so where additional demand for
cropland is required to meet food demand it is imperative
that the climate change impacts of land use change (LUC) are
considered (Brandao et al. 2021). In our study, additional land
was required for global soybean production, vegetable oil and
protein meal. However, the reduction in feed for dairy cattle
and the additional wheat grown in rotation with soybeans was
greater than the land required for soybeans, vegetable oil and
protein meal; resulting in a net decrease in demand. The GHG
emissions associated with these changes are included in our
results embedded in the climate change impacts of global
commodities (Fig. S5). Avoiding displacement of production
to global marginal production, and the climate change
impacts of LUC associated with this, could not have been
avoided by assuming that soybeans, vegetable oil and meal
were grown on existing crop land in other parts of Australia.
Utilising existing cropland in Australia would result in the
displacement of crops that would have been grown where
soybean, vegetable oil and protein meal were now being
grown (Smith et al. 2019; Simmons et al. 2020) and still
result in LUC impacts that would need to be considered.

Results were clearly sensitive to parameters that had an
impact on soybean production (Table 2); however, we are
confident in the robustness of estimates of yields and
proportion of land arable per farm. Further, the results were
not sensitive enough to change the conclusion that, as things
currently stand, replacing dairy and dairy co-products with
plant-based alternatives would provide climate change
mitigation. It would be useful to re-do this analysis to reflect
improvements in production technologies and the implemen-
tation of climate change mitigation strategies over time and
integrate improvements in information relating to LUC in
response to demand for agricultural land. The process used
here to assess consequences can also be used at larger spatial
scales where displacement of cropland can be better informed
to develop optimal outcomes.

The present study has focused on the impacts of a change in
demand for dairy products on two key physical constraints
(i.e. land and water), however it should be noted that
ceasing dairy production may have socio-economic impacts.
For example, the economic viability of crop production
systems may differ to dairy production, affecting the local
communities that rely on dairy farms for economic stability.
Further, care would be required when replacing dairy
products and co-products with plant-based alternatives in

societies that are conditioned to rely on these products in
their diets to meet daily nutrition requirements. Impacts
such as these should be considered in conjunction with
environmental impacts when making policies and choices
regarding dietary changes.

Conclusions

Attributional approaches that do not consider the market-
mediated impacts of demand changes remain the metric of
choice to inform decisions (Manfredi et al. 2012; Sustainable
Apparel Coalition 2016) despite a growing body of evidence
that the consequences of change in demand are not supported
by these approaches (Trostle 2010; Abdul-Manan 2017; White
and Hall 2017; Smith et al. 2019; Wiedemann et al. 2019;
Simmons et al. 2020; Khan et al. 2021; Nguyen et al. 2021).
Using NSW dairy production as a case study, we demon-
strated that, under current production methods, replacing
NSW dairy production with plant-based alternatives would
be an effective climate change mitigation strategy. However,
large-scale implementation of GHG emissions reduction
strategies by the NSW dairy industry may mean that a shift
to soy-based products would increase GHG emissions. As
climate change mitigation strategies are implemented
across agricultural industries to meet emissions reductions
targets, decisions on dietary choices need to assess the
consequences of changes to production systems and not rely
on results from attributional studies. This study has also
demonstrated that products consumers choose may not
determine the volume of water that is made available to the
environment. Rather, the health of rivers, streams and lakes
are more likely to be determined by policies that govern
water extractions. More work is also required to assess other
environmental consequences (e.g. eutrophication, resource
depletion) of a shift to plant-based alternatives from dairy
to provide a more comprehensive understanding of trade-
offs of these shifts in consumer preferences.

Supplementary material

Supplementary material is available online.
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