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Feed rations in dairy production and their
climate footprint

Abstract

Dairy production delivers nutrient-dense food but it also constitutes a major source
of greenhouse gas (GHG) emissions. Feed formulation plays a central role in shaping
both productivity and the climate footprint of dairy systems. This thesis investigated
how feed ration formulation can reduce GHG emissions from Swedish high-
producing dairy production whilst maintaining productivity. This was addressed
across multiple system levels, from the individual animal to the regional food
system.

Two feeding trials with dairy cows and heifers evaluated animal performance and
enteric methane (CHy) emissions. Study I compared two pelleted concentrate mixes,
formulated with low-carbon-footprint (CF) by-products (BYP) and/or domestically
sourced (DOM) ingredients, to a commercially available mix (COM). Both reduced
feed-related GHG emissions without compromising feed intake, milk yield, or
enteric CH4 emissions from high-producing (43.3 + 5.4 kg ECM/d) Swedish
Holstein cows. Study II tested a ration designed for forage scarcity, where whole-
crop wheat silage was partially incorporated (50:50 DM basis) in grass-clover silage-
based diets fed to Holstein and Nordic Red heifers. This substitution did not
negatively affect feed intake, growth rate, or enteric CH4 emissions.

Results from these trials were integrated into a farm-level life cycle assessment
(Study III). At the farm level, when compared to COM, BYP decreased total farm-
level GHG emissions (-6%) and land use (-3.8%), whilst DOM achieved smaller
reductions in farm-level GHG emissions (-2.1% to -2.6%) but increased land use (up
to +6.8%). At the regional level (Study IV), scenario modelling of dairy production
in northern Sweden illustrated trade-offs among climate footprint, land use, feed
self-sufficiency, and milk output.

This thesis demonstrates that feed rations based on low-CF ingredients can reduce
GHG emissions from high-yielding Swedish dairy production without
compromising animal performance. However, the environmental outcomes depend
on ingredient choice and system boundaries, highlighting the need to evaluate
feeding strategies at multiple system levels to inform sustainable dairy development.

Keywords: Sustainability, nutrition, roughage, heifer, dairy cow, Sweden






Foderstater i mjolkproduktionen och deras
klimatavtryck

Sammanfattning

Mjolkproduktionen tillhandahéller ndringsrika livsmedel men ar ocksa en betydande
kélla till véxthusgasutslipp (GHG). Fodret spelar en central roll for savil
produktivitet som klimatavtryck. [ denna avhandling undersoktes om
sammanséttningen av foder paverkar GHG fran svensk mjolkproduktion utan att
produktiviteten forsamras. Fragestédllningen behandlades pa flera systemnivaer, fran
den enskilda kon till regional niva.

I tva utfodringsforsok med mjolkkor och kvigor undersdktes mjdlkproduktion
respektive tillvixt samt metanutslipp (CHs4) fran fodersmaéltningen. Studie I
jamforde tva kraftfoderblandningar, sammansatta av rdvaror med lagt klimatavtryck
(LCF), antingen biprodukter (BYP) och/eller inhemskt producerade ravaror (DOM),
med en kommersiellt tillgdnglig blandning (COM). Bada LCF-blandningarna
minskade foderproduktionsrelaterade GHG wutan att paverka foderintag,
mjolkavkastning eller CHs-utslépp hos hogproducerande (43,3 + 5,4 kg ECM/dag)
holstein-kor. Studie IT undersokte en foderstat dir helsddesensilage av vete delvis
ersatte (50:50, torrsubstansbasis) gris-kloverensilage i foderstater till holstein- och
SRB-kvigor, och detta paverkade varken foderintag, tillvaxt eller CHs-utslépp.

Resultaten fran djurstudierna integrerades i en livscykelanalys pa gardsniva (Studie
III): Jamfort med COM minskade BYP den totala klimatpéverkan (-6 %) och
markanvéndningen (-3,8 %), medan DOM gav mindre minskningar av GHG (-2,1
till -2,6 %), men 6kade markanvandningen (upp till +6,8 %). Pa regional niva (Studie
IV) visade scenariomodellering av mjolkproduktion i norra Sverige avvégningar
mellan klimatpaverkan, markanvindning, sjélvforsorjning av foder och
mjolkproduktion.

Sammantaget visar avhandlingen att foderstater baserade p& rédvaror med lagt
klimatavtryck kan sinka GHG-utsldppen fran svensk mjélkproduktion utan negativ
paverkan pa djurens prestation. De miljoméssiga resultaten beror dock pa valet av
ingredienser och systemgrénser, vilket understryker vikten av att utvdrdera
utfodringsstrategier pa flera systemnivder for att nd en hallbar utveckling av
mjolkproduktionen.

Nyckelord: Hallbarhet, néring, grovfoder, kviga, mj6lkko, Sverige






21TNPECIA YOAQKTOTTAPAYWYNG KAl TO
KAIJATIKO TOUG QTTOTUTTWHQ

MepiAnyn

H yoloktomapaymyn mpooceépetl tpdoipa vyning Opentiknig adiog, aAld amotelel
EMIONG ONUAVTIKY TNYN EKTOUTTOV aepiwv Tov Beppoknmiov (GHG). H dwapdppmon
ounpeciov ennpedlel KABOPLOTIKAE TOGO TNV TOPUYOYIKOTNTA OGO KOl TO KALUUTIKO
anotionopa (CF) tov yodaktokopkdv cvotnudtov. H mapodca datpipn e&etalet
g oumpeoto pe yopnio CF pmopel va peidoet tig exkmopnés GHG ot soundkn
YOAOKTOTOPOY®Y] DVYNANG 0OS00TG, X®PIG HEIMON TNG TAPOyOy®YIKOTNTOS, OO
TO €MIMEDO TOV {DOV £WG TO TEPIPEPELNKD AYPOSIATPOPIKO GHGTNLLOL.

Avo mepdpota oitiong aflohdynoav v amdd00T] Kol TIG EKTOUTEG EVIEPIKOV
pebaviov (CHs). Zn Merétn I, 800 piypoto copmukvopéveov (ootpo@av, pe
napanpoiovia (BYP) kavn eyydplo cvstatikd (DOM) yauniov CF, cuykpifnkov
pe gumopikd piypo (COM) xon peiwoav tig exmopnés GHG amo v moapaywoyn
{OOoTPOQOV, YMPIC VoL ETNPEACOVY TNV YOAUKTOTOPUYMYN 1 TIG EKTOUTEG EVTIEPIKOV
CHa4 and ayelddeg Holstein (peon yolaktonapaymywkn 43.3 +5.38 kg ECM/muépa).
>m Merém I, n pepucn avtikatdaotaon (50% Pdaoet Enpdc ovoiag) evolpodpatog
YPOAGIO0V-TPLPVAAIOL HE EVOIpWO GiTov o€ oltnpéoto dapoiidov Holstein kot
Nordic Red) dev ennpeace tov pubuod avamtvéng 1 to CHa.

H evoopdtoon tov artoteAéopatav o€ puo avaivon kokiov {ong (LCA) ot eninedo
expetaievong (Merén III) £d6eiée 6t1 10 piypo BYP peimoe t1c cuvolMkég ekmoumég
GHG (-6%) kot xpnon yng (LU; -3.8%) évavti tov COM, evd piypoa DOM métuye
pikpotepn peioon exkroundv GHG (mg -2.6%) oArd avénoe ™ LU (éw¢ 6.8%). e
meplpepelokod enimedo (Merétn IV), n avdlvon cevapiov yoloktonapaymyng ot
Bopela Zoumdia avédelEe oriniemdpdoec peta&yv CF, LU, avtdpkelog o€
{oOTPOPEC KO EMTEIDY YOAUKTOTAPAYDYNG.

Fouvorika, oltnpécto pe cLoTATIKA Yo unAoD CF umopodv va LEtdGovV TIG EKTOUTEG
GHG yopic va vrofabuicoov v anddoon tov Cowv. Ta mepiBaiioviikd
oanoteléopoto  €EQPTOVIOL OMO TNV E€MAOYY] CLOTATIKOV KoL TO Opld TOL
GLGTNUATOG, TEKUNPUOVOVTAG TNV OVAYKY] TOAVETIMEING Kol TOAVIAGTOING
a&loA0YNoNG Yo TNV aVATTLEN PLOCLUNG YOAAKTOTOPAY®YNS.

AéEeic-khewdud:  Puwowdtra, ounpéola, yovopoewdeic  Tpoeés,  dapdia,
YOAOKTOTOPAY®YEG OyEAAOES, Zoundia
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1. Introduction

Climate change is one of the most pressing global challenges of the 21st
century, driven by the atmospheric accumulation of greenhouse gases
(GHG), such as carbon dioxide (CO>), methane (CHs), and nitrous oxide
(N20). International and national commitments, including the Paris
Agreement (United Nations 2015), the European Green Deal (European
Commission 2019), and the Swedish Climate Act (2017), have set targets to
reduce GHG emissions and achieve net zero emissions by combining
emission reductions, carbon sequestration, and storage. Agriculture
constitutes a significant source of GHG emissions and is therefore targeted
in these climate commitments.

In 2022, the agri-food system accounted for 29.7% of the anthropogenic
GHG emissions: 48% occurred at the farm gate, 19% from land use (LU)
change, and 33% from pre- and post-production. Livestock emissions of CHy
and N,O were responsible for about 8% of the global anthropogenic
emissions, excluding LU change and off-farm processes (FAO 2024).
Hagemann et al. (2012) estimated that milk production up to the farm gate,
excluding LU change, accounts for approximately 2.7% of global emissions,
rising to about 4.0% when associated dairy beef is considered. These
emissions originate from, e.g., animals' digestion, manure management, and
soil and crop management. In Sweden, the agricultural sector is explicitly
included in the national Climate Act (2017), which aims for net-zero
emissions by 2045. Dairy production, primarily its enteric CH4 and feed-
related emissions, is central to achieving these goals.

In many regions, livestock have played a key role in the food system since
agriculture’s infancy. Historically, herbivores have been kept and bred for
their capacity to turn marginal fibrous resources into nutrient-dense food,
produce manure for fertilisation, and generate fibre, hides, and traction.
Today, cattle occupy a unique position in global food systems, producing an
estimated 20% of global meat and 83% of global milk (Mottet et al. 2018).
They contribute a highly digestible food that is rich in protein, energy, and
essential micronutrients. Global milk production from cattle was estimated
at 783 million metric tonnes (t) in 2023, a 60% increase since 2000, with
most of the growth occurring in Asia and Africa (FAO 2025a). As the
demand for dairy products continues to grow, especially in low- and middle-
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income regions, their role in the food system must be weighed against their
environmental performance.

Balancing dairy’s nutritional roles with its environmental footprint
illustrates the complexity of dairy sustainability, which can be described as
a “wicked problem” (Rittel & Webber 1973). Wicked problems are by
definition unsolvable and can thus only be managed. Some wicked problem
characteristics that hold particular relevance to dairy sustainability are:

e The solution depends on how the problem is framed and vice
versa.

e Stakeholders have radically different world views and frames for
understanding the problem.

e The constraints that the problem is subject to, and the resources
needed to solve it, change over time.

e The problem is never solved definitively.

Research attention to dairy sustainability has increased rapidly since the
early 2000s (Figure 1). This thesis contributes to the field by focusing on the
production end of the food system, notably the links between feed
formulation, animal productivity, and GHG emissions in Swedish dairy
systems.
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Figure 1. Number of peer-reviewed articles and reviews indexed in Web of Science
(search date: 10 September 2025) with keywords related to dairy, cattle, greenhouse gas
emissions, enteric methane, and climate change.
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2. Background

2.1 Decreasing dairy emissions

Reducing the GHG emissions of dairy production requires a systems-
oriented approach that addresses both animal-level and farm-level emissions.
Among the available strategies, nutrition and ration formulation are
particularly important because they directly influence enteric fermentation,
manure composition (Beauchemin et al. 2022), and the upstream emissions
associated with feed production. Whilst genetic selection, CHas-inhibiting
additives, and management practices also contribute to GHG mitigation, diet
is the most immediate and flexible point.

2.1.1 Dietary composition and GHG emissions

Dry matter intake (DMI) and chemical composition. Ruminants possess
a four-compartment stomach (rumen, reticulum, omasum, and abomasum)
and the largest compartment, the rumen, hosts a diverse microbial
community that ferments feed under anaerobic conditions. Structural
carbohydrates such as cellulose and hemicellulose are degraded into short-
chain fatty acids (predominantly acetate, propionate, and butyrate), which
are absorbed through the rumen epithelium and supply much of the animal’s
energy. Microbes also convert non-protein N sources (e.g., urea) into
microbial protein, which is later digested and absorbed in the lower
gastrointestinal tract, providing amino acids (McDonald et al. 2022). This
symbiotic fermentation allows ruminants to utilise a variety of feeds (e.g.,
roughages, cereal and oilseed, and their residues) but it also leads to the
production of enteric CH4 emissions as a by-product.

Dry matter intake (DMI) is a primary driver of total CH4 emissions (Mills
et al. 2003; Yan et al. 2006; Ramin & Huhtanen 2013; Beauchemin et al.
2022). However, high intake levels are essential to maintain both animal
productivity and animal satiety, and thus, the goal is to produce more
milk/meat for a given DMI level. The chemical composition of the diet
directly affects rumen microbial fermentation. Therefore, the relationship
between DMI and CH4 production is modulated by other dietary parameters,
including organic matter digestibility (OMD), neutral detergent fibre (NDF),
starch, crude protein (CP), and dietary fat (Nielsen et al. 2013; Niu et al.
2021; Donadia et al. 2023). For example, fibre-rich diets promote acetate
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production, with more metabolic hydrogen available for methanogenesis.
However, these diets result in longer rumen retention time, which increases
microbial access to organic matter (OM) and favours CH4 formation
(Beauchemin et al. 2022). Higher concentrate inclusion in the diet has the
opposite effect due to faster passage rate, whilst higher starch levels promote
propionate synthesis, a hydrogen sink that competes with methanogenesis
(Janssen 2010). Furthermore, higher starch intake levels increase rumen
volatile fatty acids concentrations and decrease rumen pH, affecting
methanogens and partially inhibiting them (Van Kessel 1996; Lana et al.
1998).

Lipid supplements may reduce CH4 production through multiple
mechanisms. These include a potent effect on ruminal methanogens and
protozoa, whilst in the case of unsaturated fats, they act as minor hydrogen
sinks through their biohydrogenation. Lipid supplementation could
potentially increase propionate production (Newbold et al. 2015). Lastly,
lipids are largely unfermentable, thereby providing direct energy to the
animal and replacing OM that could have been fermented by rumen microbes
(Beauchemin et al. 2022). The efficacy of lipid supplementation as a CHs4
mitigation strategy depends on several parameters, such as form, fatty acid
composition, source, dietary inclusion, degree of saturation, and chemical
composition of the ration (Patra 2013). As a result, the chemical composition
of the dairy rations directly impacts both animal productivity and the amount
of GHGs they emit.

Feed digestibility and ruminal degradation kinetics influence GHG
emissions both directly and indirectly. Rations rich in degradable or
potentially degradable fractions provide a readily accessible substrate for
rumen microbes, which may increase CHs production. In contrast, higher
passage rates limit rumen retention time and reduce microbial access to the
feed, limiting CH4 production (Beauchemin et al. 2022). Thus, ruminal feed
degradability and passage rate are inversely related in their effect on enteric
CH4 emissions. At the whole digestive tract level, higher digestibility can
supply the animal with nutrients and reduce the excretion of undigested OM,
thereby lowering CH4 and N,O emissions from manure storage and
application. Moreover, dietary CP levels and ruminal degradation kinetics
can affect nitrogen (N) use efficiency, influencing N and the risk of indirect
N>O formation (Montes et al. 2013). Thus, ration formulation can affect
GHG emissions beyond enteric CHa.
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2.1.2 Carbon footprint of feed ingredients

In addition to their fermentation in the digestive tract, feed ingredients also
contribute to upstream GHG emissions, depending on their origin,
cultivation methods, processing, and transport (Henriksson et al. 2014;
Mogensen et al. 2014). These emissions vary significantly depending on the
ingredient type and its origin (GFLI 2019; RKFS 2021). For instance,
oilseeds, oilseed meals, and lipid supplements derived from palm or soy are
often linked to high GHG footprints due to the effects of deforestation and
LU change associated with oil palm and soybean cropping in tropical regions
(Meijaard et al. 2020). The country of origin of each ingredient is also an
important parameter. For instance, the carbon footprint (CF) of barley grain
can vary depending on national yields and farming practices, ranging from
~360 g carbon dioxide equivalents (COs..q)/kg in Sweden to over 1250 g
COs.¢/kg in Portugal (GFLI 2019).

Moreover, high starch rations based on increased grain inclusion may
intensify LU pressure and feed-food competition. The production of these
grains will result in feed-food competition due to the use of arable land.
Additionally, under Swedish conditions, higher grain inclusion can affect
crop rotations, reducing the amount of ley grown on the farm, with adverse
effects on soil carbon stocks (El Khosht et al. 2025). On a global level, an
increased demand for grain can lead to the conversion of permanent
pastureland and other marginal land into arable land, resulting in soil carbon
loss which further increases GHG emissions (Spawn et al. 2019). These
indirect emissions must be considered when evaluating the sustainability of
ration formulation and they underscore the importance of integrated GHG
assessments that account for both enteric emissions and the climate impact
of feed production. Ration formulation presents both an opportunity and a
challenge - whilst targeted changes can reduce enteric CH4, they may
inadvertently increase emissions from feed production or shift the burden to
other environmental dimensions. Life cycle assessment (LCA) approaches
are therefore critical for capturing trade-offs and identifying feeding
strategies that reduce the CF of dairy production in a holistic and context-
sensitive manner.

2.1.3 Other aspects

Beyond ration formulation and ingredient selection, several additional
strategies can influence the environmental performance of dairy systems.
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Productivity and emissions intensity. The combination of productivity
gains and emission intensity reductions is one of the most widely discussed
strategies. Higher yields per animal spread the fixed emissions related to
maintenance over a greater output, thus reducing emissions intensity, which
is defined as GHG emissions per kilogram of product. This is particularly
effective in low- to medium-yielding systems, where gains in milk output
result in substantial reductions in GHG intensity (Gerber et al. 2011).
However, as yields increase, the marginal gains in emissions efficiency begin
to plateau, and other sustainability trade-offs may emerge (Gerber et al.
2011; Sorley et al. 2024). As milk yield rises, cows require more nutrient-
dense diets, which in many countries often include imported feed ingredients
with a high CF. Additionally, high milk yields may increase the risk of
animal health issues (Fleischer et al. 2001) such as mastitis (Jamali et al.
2018), whilst the negative energy balance in early lactation increases the risk
of other diseases (Roche et al. 2024). These health issues can affect milk’s
CF directly due to production losses and decreased feed efficiency, whilst
their effect on reproduction, longevity, and herd replacement rate can
indirectly increase CF by rearing replacement animals (Clasen et al. 2024).

Ration formulation and feed quality. Ration formulation, the process
of designing animal diets to meet specific energy and nutrient requirements,
plays a pivotal role in supporting optimised rumen function, animal
performance, and minimising emissions (Beauchemin et al. 2022). Feed
rations tailored to the animal production level and stage of life allow for more
efficient use of the available feed ingredients. High-quality forages, which
comprise a significant portion of ruminant diets, provide nutrients and
support rumination. For instance, in the context of Swedish dairy production,
high-quality grass-clover silage (GS) is a valuable energy and protein source,
reducing the reliance on imported protein feeds. Furthermore, ley cultivation
has several other agronomic benefits (E1 Khosht et al. 2025), which are
discussed in section 2.3.

Feed additives, breeding, and other aspects. In recent years, interest in
CHy-inhibiting feed additives, such as 3-nitrooxypropanol (3-NOP) (Van
Gastelen et al. 2022), seaweed-derived (Angellotti et al. 2025), and nitrates
(Van Gastelen et al. 2019) has grown. Although effective in reducing
methanogenesis, adopting these additives presents challenges due to dosing
method, safety, animal welfare, cost, and potential toxic effects. Moreover,
their efficacy could vary depending on diet composition and production
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systems. Social acceptance regarding the manipulation of animal digestion
through feed additives and potential effects on the product's organoleptic
characteristics has been investigated to a minimal extent (Hristov et al.
2025). These factors highlight the importance of context-specific evaluation
before widespread implementation. Enteric CH4 emissions can be reduced
through genetic selection and breeding. Specifically, selecting dairy cows
that are more feed efficient and produce less CH, offers a long-term solution.
Some examples of other methods to decrease enteric CHs are the
development of vaccines against methanogens or directly influencing the
rumen microbial community through genetic editing techniques
(Beauchemin et al. 2022). However, these methods have not been
sufficiently successful for widespread implementation and may be subject to
restrictions in their use.

Replacement animals and herd longevity. The rearing of replacement
heifers also contributes to GHG emissions without contributing to milk
output, making herd parameters such as longevity, replacement rate, and calf
mortality crucial for farm-level GHG emissions. Extending productive
lifespans and improving heifer rearing efficiency can reduce the proportion
of unproductive emissions at the herd level (Von Soosten et al. 2020; Clasen
et al. 2024).

In summary, these aspects underline that reducing the dairy sector’s
environmental footprint is a multifaceted challenge that requires integrated
strategies that combine productivity gains, ration formulation, feed quality,
herd management, and selective adoption of novel technologies.

2.2 Dairy Sustainability Framework

2.2.1 Schools of thought and pillars

Agricultural sustainability can be defined in various ways depending on the
priorities and perspectives. Douglass (1984) and later Beede (2013) grouped
these perspectives into three schools of thought:
e Food security, which prioritises human nutritional needs via
ever-improving agricultural productivity and efficiency.
e Stewardship, which emphasises maintaining ecological limits
and protecting natural resources, for instance, the planetary
boundaries framework (Richardson et al. 2023).
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e Society, which views agriculture as part of a broader social
contract (Graddy-Lovelace 2021), that delivers community and
cultural benefits (Bojovic & McGregor 2023).
A complementary approach describes sustainability in terms of three
interlinked pillars (Khan 1995):
¢ Environmental, for example, GHG emissions, eutrophication,
resource depletion, land and water use, and biodiversity impacts.
e Economic, including aspects such as economic viability linked to
profitability.
e Social, including aspects such as fair labour practices, rural
vitality, food security, and public acceptance of animal farming.
More recently, animal welfare has been proposed as a fourth pillar, due
to the recognition of animal health and well-being as being intrinsic to
sustainable food systems (Scherer et al. 2018). These perspectives often
overlap and conflict with other aspects of sustainability, illustrating the
complexity of assessing and measuring dairy sustainability. For example,
feed additives or environmentally certified feed ingredients (e.g., Round
Table for Responsible Soy or Roundtable on Sustainable Palm Oil
certifications) may reduce GHG emissions but increase costs, thereby
improving environmental outcomes but affecting short-term economic
sustainability.

2.2.2 Stages of the food system

Consumption. At the consumption end, indicators include per capita dairy
intake and its nutritional contribution to the diet. In regions with high food
insecurity, dairy products offer a concentrated source of high-quality protein,
energy, and essential micronutrients such as vitamin By, calcium, and iron.
Whilst dairy remains nutritionally dense in high-income countries its relative
contribution may be lower due to more diverse diets and fortified food
options. Nonetheless, dairy products remain important for specific groups,
such as children, pregnant women, the elderly, and physically active
individuals. Therefore, assessing dairy’s role in a sustainable diet requires
context-specific evaluation within dietary patterns and demographic groups,
rather than relying on single metrics such as protein content or CF. Some
studies address this by assigning nutritional indices to foods based on their
contribution to dietary adequacy, thereby enabling a more holistic
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sustainability assessment (Sonesson et al. 2017; Bianchi et al. 2020;
Hallstrom et al. 2022).

Supply chain. From a supply chain perspective, sustainability
emphasises circularity, resilience, traceability, and resource efficiency.
Circularity, as defined under the circular bioeconomy framework (Van
Zanten et al. 2019; Muscat et al. 2021; Van Selm et al. 2022), prioritises
using biomass for human food, then for animal feed, and finally for
bioenergy or non-food uses. Under this principle, ruminants play a central
role by converting by-products and other inedible biomass into food (R65s
et al. 2016; van Hal et al. 2019a). Several studies have investigated the effect
of by-product inclusion in dairy rations on milk yield and enteric CH4
emissions under Swedish conditions (Pang et al. 2018; Karlsson et al. 2019;
Guinguina et al. 2021).

Another important sustainability consideration is the extent to which
livestock consume human-edible feeds, often described as feed-food
competition (Mottet et al. 2017). Whilst ruminants add value by consuming
fibrous forages and by-products, intensification often increases the reliance
on cereals and oilseeds that could otherwise be directly consumed by
humans. Metrics such as the Human-Edible Feed Conversion Ratio (HeFCR)
and Net Food Output (Wilkinson 2011; Ertl et al. 2015, 2016a; Patel et al.
2017) are being increasingly applied to assess these trade-offs, though they
may overlook land opportunity costs.

Supply chain sustainability also requires resilience to sudden events.
Recent global crises, including the COVID-19 pandemic, the war in Ukraine,
and increasingly frequent extreme weather, have highlighted vulnerabilities
in international feed supply chains and reinforced the importance of regional
self-sufficiency (European Parliament 2018; European Parliamentary
Research Service 2023). For instance, in Sweden, the summer drought of
2018 resulted in a significant decrease in crop yields, reduced feed
availability, and caused productivity losses and supply chain disruptions.
Producing whole-crop cereals silage was a key strategy that allowed Swedish
farmers to replace feed for replacement heifers and low-producing cows,
reserving high-quality GS for high-producing dairy cows (Statistics Sweden
2018; Sporndly et al. 2019).

Maintaining strategic feed reserves illustrates robustness, whilst ration
adjustments demonstrate resilience. Both capacities are essential for
sustainable dairy systems under external stress. The length and origin of feed
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supply chains influence dairy sustainability by reducing deforestation and
biodiversity loss in exporting countries, lowering GHG emissions and
enhancing resilience to external shocks. Sourcing feed locally can also
support regional economies and improve autonomy, though often with the
trade-off of higher livestock production costs (European Parliament 2011,
2018; Sasu-Boakye et al. 2014; Deppermann et al. 2018; European
Parliamentary Research Service 2023).

These issues are particularly relevant in Northern Sweden. A sub-arctic
climate with long winters and a short growing season increases dairy
systems' reliance on grasslands and limits the opportunity cost of LU.
Furthermore, dairy is central to Northern Sweden's food production, with
available pastures providing a practical feed resource for ruminants. These
conditions make Norrland a suitable case for scenario analysis, allowing for
an assessment of how ration formulation and ingredient sourcing can impact
the reliance on imported feed and GHG emissions.

Production end. At the production end, sustainability is shaped by
animal productivity, health, and resource use efficiency. Best-practice
nutrition and management reduce GHG emissions per kilogram of milk,
whilst improvements in manure handling, N use efficiency, soil carbon
sequestration, and adopting fossil-free inputs further enhance environmental
performance. Crop rotations also affect dairy sustainability. More
specifically, ley cultivation can provide agronomic benefits, including a
lesser reliance on mineral N fertiliser through biological fixation, improved
yields on subsequent crops, enhanced biodiversity, soil structure, and carbon
stocks (El Khosht et al. 2025). Ration formulation is particularly important
at this stage, as it directly determines animal performance and emissions
profiles. The selection of feed ingredients and their chemical composition
and integration into crop rotations link farm-level management with broader
sustainability outcomes. In Sweden, feed-related emissions are especially
relevant, with enteric fermentation (46%) and feed production (41%)
contributing almost equally to milk’s CF (Henriksson 2014). This
underscores the importance of addressing biological and upstream emissions
during ration design. Given these multiple and sometimes conflicting
dimensions, dairy sustainability must be assessed with system-level methods
capable of integrating environmental, economic, and social outcomes. One
widely applied tool is LCA, which is introduced in the following section.
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2.3 GHG Assessment and LCA

Quantifying the GHG emissions from dairy production is essential to gain a
better understanding of the sector’s environmental impact and to identify
effective mitigation strategies. The GHG emission profile of dairy, when
expressed as COs-q, is dominated by enteric CH4, but also includes N>O and
CO,, originating from manure management, feed production, energy use, and
other farm processes (FAO 2025b). To capture these diverse emission
sources, researchers and policymakers are growing increasingly reliant on
LCA, a standardised framework that evaluates a product's or system's
environmental impact across its entire lifespan. In dairy systems, LCAs are
frequently conducted using either a cradle-to-farm gate or a cradle-to-grave
approach. The former covers processes up to the point of milk leaving the
farm, whereas the latter extends to processing, retail, and consumption (IDF
2022).

Accurate LCAs require high-quality input data and clearly defined
assumptions. Critical parameters include herd structure and replacement
rates, animal productivity, feed intake, and ration composition, crop yields,
manure management, and the use of capital goods, energy, and fertilisers
(Frischknecht et al. 2007; Flysjo et al. 2011; Guerci et al. 2013; Nguyen et
al. 2022; Clasen et al. 2024; Sorley et al. 2024). Furthermore, allocating
emissions between co-products such as milk and meat can influence the
results. The allocation methods include, but are not limited to, economic
(based on market value) or biophysical (based on mass, energy, or protein
content) (Ardente & Cellura 2012; Mogensen et al. 2014; Costa et al. 2020;
Ineichen et al. 2022). This complexity, especially in dairy sustainability,
emphasises the importance of context-specific modelling and transparency
in reporting assumptions.

The precision of LCAs can be influenced by how enteric CHy is
estimated. Many LCA studies rely on tabulated emission factors, but this
approach can lead to inaccuracies, especially when applied across diverse
diets, breeds, and production systems. For instance, Sorley et al. (2024)
addressed this issue by using region-specific CHs prediction equations.
Henriksson et al. (2014) focused on Swedish dairy systems and adapted
manure and feed emission factors to national conditions. The latter study
estimated the CF of Swedish milk to be 1.16 kg CO»..q/kg energy-corrected
milk (ECM), with CH4, N>O, and CO, contributing 50%, 32%, and 18%,
respectively. Both studies highlight the significance of feed formulation and
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animal performance in shaping emission intensity. In Sorley et al. (2024),
grazing and mixed systems had lower CFs (1.13-1.24 kg CO,./kg fat and
protein corrected milk than fully housed systems (1.52 kg COz..¢/kg fat and
protein corrected milk). Interestingly, the authors also reported that the
lowest CF was achieved by a housed herd with very high milk yields and low
CF concentrates. This finding illustrates how high productivity can offset
certain environmental costs if coupled with sustainable feed choices. Other
studies, such as Lovarelli et al. (2024) and O’Brien et al. (2016), further
demonstrate that system-level variation can lead to CFs ranging from 0.87 to
1.85 kg COs.q/kg fat and protein corrected milk. Such differences are
predominantly driven by ration formulation, feed origin, animal-level
performance, housing design, heat stress mitigation, and pasture use.

Direct and semi-direct enteric CH4 measurement methods can provide
more robust input data for LCA studies. Respiration Chambers are the gold
standard for measuring CH4 emissions when routinely calibrated and have
been shown to achieve approximately 100% gas recovery before and after
each experiment. They provide controlled conditions and accurate
measurements, however, they are expensive, disruptive to animal behaviour,
and limit the sample size (Hammond et al. 2016). The GreenFeed System
(C-Lock Inc., Rapid City, South Dakota, USA) is an automated in situ spot
sampling measurement tool (Hammond et al. 2016; Huhtanen et al. 2019). It
consists of a small feeding station that attracts cows with a small portion of
concentrate and a sensor that measures exhaled gas concentrations. The
system enables on-farm application and possesses the advantage of lower
labour and operational costs; however, animals must be trained, can be
biased toward more dominant feed-motivated animals, and are more
sensitive to diurnal variations. Other techniques, such as the Sulphur
Hexafluoride Tracer Technique, sniffers, and laser CHy4 detectors, are less
accurate but enable non-invasive, low-cost monitoring (Hammond et al.
2016).

Despite the availability of emission factors and modelling tools, ration-
level optimisation is rarely evaluated in terms of both nutritional
performance and CF. Integrating empirical feed trial data with system-level
modelling allows LCA to link diet, animal physiology, and management
practices with the environmental impact of dairy production.
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3. Aims & objectives

The overall objective of this thesis was to investigate how feed formulation
can reduce GHG emissions in Swedish high-producing dairy systems whilst
maintaining productivity. This was addressed across multiple levels of the
food system.

Specific objectives:

e Evaluate the impact of by-product and domestically sourced feed
ingredients, with a low CF, on dairy cow milk production and
enteric CH, emissions (Study I).

e Quantify the effects of whole-crop cereal silage on growth
performance and CH4 emissions in pregnant dairy heifers (Study
).

e Model the farm-level GHG emissions and LU implications of the
feeding combinations tested in Studies I and II using LCA
methodology (Study III).

e Assess the implications of four future scenarios using different
management and feeding strategies on dairy production and
sustainability in the region of Norrland in Northern Sweden
(Study IV).
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4. Methodology

A combination of feeding trials with direct measurements of intake,
digestibility, and enteric CH4 emissions, combined with LCA modelling and
scenario analysis, was employed to evaluate the environmental and
productive implications of alternative feeding strategies. The studies are
presented in a hierarchical structure in Figure 2 based on the system level
they focus on: animal level assessments (Studies I and II), farm level
analysis (Study III), and regional modelling (Study IV).

A comprehensive summary of key details from Studies I and II is
provided in Table 1. This includes general study information, experimental
design, animal characteristics, dietary treatments, data collection procedures,
and statistical model. Full descriptions of the materials and methods are
provided in each paper and reproduced at the end of this thesis.

\
Animal Level Farm Level Regional Level
Feed trials Life Cycle Assessment Regional modeling
Studies I & 11 Study 111 Study IV

Figure 2. The hierarchical structure of studies is included in the thesis. Map of Sweden
adapted from Lapplianning, CC BY-SA 2.5, via Wikimedia Commons.
(https://creativecommons.org/licenses/by-sa/2.5)

4.1 Studies | and Il: Animal-Level Feeding Trials

Studies I and IT were feeding trials investigating the effects of feed rations
on production parameters. Both studies were conducted at the company
Lantméinnen’s experimental dairy farm ‘“Notcenter Viken” in Falkoping,
Sweden (58.1602445934986, 13.59564218533707). A detailed description
is presented in Table 1.
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The studies focused on different animal categories. Study I examined
lactating dairy cows to evaluate milk production, feed intake and
digestibility, body weight (BW) change, and enteric CH4 production. Three
partial mixed rations (PMRs) were formulated using first-cut GS and either
a commercial concentrate mix (COM), a by-product-based concentrate
(BYP), or a concentrate composed of Swedish/domestically sourced
ingredients (DOM). The silage consisted of timothy (Phleum pratense L.),
meadow fescue (Festuca pratensis L.), and perennial ryegrass (Lolium
perenne L.) with less than 25% of red clover (7rifolium pratense L.) and
white clover (77ifolium repens L.). The rations were formulated based on the
Nordic Feed Evaluation System NorFor® (Volden 2011) in the program
IndividRAM (Vixa Sweden 2008), using the CF of the ingredients
(economic allocation) as a cost function, whilst fulfilling the nutritional
requirements for a target milk yield of 45 kg ECM.

Study II examined pregnant dairy heifers and evaluated feed intake and
digestibility, growth rate, body composition, and enteric CH4 production.
Two roughage mixes were used, one consisting exclusively of third-cut GS,
and the other of a 50:50 DM-basis roughage mix (RM) of GS and whole crop
wheat silage harvested at the dough stage. The GS consisted of timothy
(Phleum pratense L.), meadow fescue (Festuca pratensis L.), and perennial
ryegrass (Lolium pratense L.) with less than 25% of red clover (Trifolium
pratense L.) and white clover (Trifolium repens L.).

Studies I & II both followed a complete blocked design, beginning with
a covariate collection period, followed by an adaptation period to the dietary
treatments, and a sampling period. Feed intake was recorded daily
throughout the experiments using feed mangers on scales (BioControl, CRFI,
Rakkestad, Norway). A single GreenFeed system unit (C-Lock Inc., Rapid
City, SD, USA) was used to measure enteric CH4 emissions daily. In Study
I, animals were milked in a free cow traffic single-station voluntary milking
system (310™ system; DeLaval International AB, Tumba, Sweden). In
Study II, a portable ultrasound unit (LOGIQ™ e Ultrasound, GE
HealthCare, Illinois, USA) was used to measure backfat thickness (BFT;
Schréder & Staufenbiel 2006). Data from both Studies I & II were analysed
in R Studio (R Core Team 2022; Posit Team 2024) using linear mixed effect
models to evaluate the effects of dietary treatments (Study I: COM, BYP,
DOM; Study II: GS, RM) on the response variables.
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4.2 Farm and Regional-Level Studies

Studies III and IV assessed the effects of implementing the diet
combinations tested in Studies I and II at higher system levels (Farm and
Region level, respectively).

4.2.1 Study lll: Farm-Level LCA

Study III was an attributional LCA, evaluating the GHG emissions and LU
of six diet combinations implemented on a simulated Swedish dairy farm.
The herd composition was modelled using data provided by the advisory
company Vixa Sweden (personal communication, 26 February 2024) for
dairy herds using an automatic milking system based on the Swedish official
milk recording scheme. The farm's annual milk output was standardised at
12,200 kg ECM per cow.

The diets were formulated using the Nordic feed evaluation System
NorFor® (Volden 2011) in the program IndividRAM (Viixa Sweden 2008).
Feed rations for dairy cows consisted of GS, straw, grazed ley, and three
pelleted concentrate mixes (COM, BYP, DOM) as described in Study I.
Replacement heifers' diets consisted of either GS or RM as in Study II. This
resulted in a total of six dietary combinations.

Annual farm feed requirements were calculated by extrapolating the
results of Studies I and II, assuming a 305-day lactation period, a 60-day
dry period, a 26.2-month age at first calving, and a 34.5% replacement rate.
The farm was assumed to be self-sufficient in roughage production (GS,
whole-crop barley silage, and part of the straw) with access to both managed
and semi-natural grasslands. A five-year conventional crop rotation was
applied, and crop yield data were sourced from the Swedish Board of
Agriculture (2025).

The LCA was performed in R Studio (R Core Team 2022; Posit Team
2024) and followed the International Dairy Federation Guidelines (IDF
2022) with a cradle-to-farm-gate system boundary. All farm-level inputs,
outputs, LU, and GHG flows were quantified. Emissions were reported as
total CO».¢q and individual GHGs, separated into fossil and biogenic sources.
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4.2.2 Study IV: Regional Scenario Modelling

Study IV explored how dairy production systems in Northern Sweden could
evolve under four different future food scenarios adapted from the “MISTRA
Food Futures” research programme (Gordon et al. 2022). The two
northernmost regions of Sweden, hereafter referred to as “Norrland,” were
selected due to the availability of detailed regional data from the local dairy
cooperative Norrmejerier and its specific geographic and climatic conditions.
The sub-arctic climate with long winters, a short growing season, and
reliance on grasslands limits the opportunity cost of LU compared with other
Swedish regions. Additionally, dairy is central to regional food production,
making Norrland an interesting case for assessing sustainability and
resilience under alternative scenarios. The scenarios were compared to the
baseline 2022 dairy system (data from Norrmejerier, 2023).
The scenarios included:

e Food as Industry: Characterised by high productivity, full
adoption of fossil-free inputs, GHG mitigation technologies (e.g.,
3-NOP as a rumen methanogenesis inhibitor, biochar as a means
of enhanced soil carbon sequestration), and a high inclusion of
concentrate in the rations COM (Study I). Arable LU remains
unchanged compared to the baseline, and is the determining
factor for the cattle population, whilst the use of semi-natural
grassland decreases.

e Food as Technology: Technology-driven changes to the food
system and reduced livestock reliance. Dairy herds are smaller,
arable land is partially afforested, milk yield per cow decreases,
and rations are based on roughages and BYP (Study I). Carbon
capture, fossil-free inputs, and enteric CHs-inhibiting additives
are implemented at a smaller scale. The area of semi-natural
grasslands restricts the cattle population.

e Food as Culture: The food system is local and multifunctional,
embedded in biodiverse landscapes. Cattle longevity is
prioritised, and rations are based on DOM (Study I). Cattle
populations are defined by the area of semi-natural grasslands and
arable land, balancing biodiversity and productivity. Carbon
capture, fossil-free inputs, and enteric CH4-inhibiting additives
are implemented at a smaller scale.
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¢ Food Forgotten: Land-based climate mitigation is prioritised.
Dairy herds are minimal, with net-zero emissions achieved via
fossil-free inputs and 3-NOP (as a rumen methanogenesis
inhibitor). Freed-up land is used for grass-based biochar
production (as a means of soil carbon sequestration). Dairy
rations are based on BYP (Study I), and most land is repurposed
for carbon capture.

The scenarios varied in herd size, milk yield, LU, feeding strategies, and
adoption of climate mitigation technologies. A summary of the scenarios is
presented in Table 2. Dairy rations and enteric CH4 emissions were modelled
using the Nordic feed evaluation System NorFor® (Volden 2011) in the
program IndividRAM (Vixa Sweden 2008) and Study I data, which was
extrapolated to an annual production scale. For each scenario, an LCA with
a cradle-to-farm-gate system boundary was used. Each scenario was
compared to the baseline scenario (dairy production in 2022), and the
parameters of interest included: i) change in total regional milk output, ii)
carbon flows, iii)) GHG emissions, iv) LU, and v) agricultural input
requirements. This allowed for a systems-level evaluation of the
environmental sustainability of each scenario compared to the baseline.
Furthermore, the study highlighted trade-offs across potential futures for the
region's dairy sector.
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5. Results

The results from the animal-level feeding trials (Studies I and II) are
presented together due to methodological overlap. The findings from the
farm-level LCA (Study III) and the regional modelling study (Study IV) are
reported separately. A comprehensive summary of the key findings from the
four studies is presented in Tables 3 - 6. Detailed results, including statistical
outputs and figures, can be found in each paper and are presented as a
compilation at the end of the thesis. Overall, the results demonstrate that
strategic selection of feed ingredients can influence intake, nutrient
digestibility, productivity, and CHs emissions. Noteworthily, the magnitude
of differences in animal-level responses (Studies I and II) did not always
align with those focusing on higher system levels.

5.1 Studies | and II: Animal-Level Feeding Trials

The results from Studies I and II indicate that the tested dietary treatments
performed similarly to conventional/control diets regarding key animal-level
outcomes, with certain notable differences in nutrient digestibility and feed-
related emissions. The results of Study I suggest that rations formulated
using ingredients with a low CF (BYP and DOM) perform equally with
COM in terms of feed intake, enteric CH4 emissions, and milk production.
Similarly, in Study II, GS and RM performed equally regarding feed intake,
enteric CH4 emissions, and growth rate among pregnant dairy heifers.
Detailed results from Studies I and II are presented in Tables 3 and 4.

In Study I, feed intake and the estimated net energy for lactation intake
did not differ between cows in the COM, BYP, and DOM treatments. The
apparent digestibility results varied across treatments. Cows in the BYP
groups exhibited lower DM, OM, and amylase neutral detergent fibre
organic matter (aNDFom) digestibility compared with the COM treatment.
This decrease in digestibility for the BYP groups was also accompanied by
a higher intake of aNDFom and indigestible neutral detergent fibre (iNDF)
compared with the COM cows. Cows in the DOM group had the highest
aNDFom digestibility compared to COM and BYP.

No difference was observed in ECM yield among treatments, whilst
animals in the BYP group had a higher milk fat content. Milk yield during
the entire experiment was lower for the cows on the BYP treatment compared
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to those on the COM treatment, whilst the DOM treatment group did not
differ from either. Milk urea N values were elevated for both BYP and DOM
compared to COM, potentially indicating differences in rumen N efficiency.

Enteric CH4 production (g/d), yield (g’kg of DMI), and intensity (g/kg
ECM) did not differ between treatments. However, the treatments did differ
in terms of GHG emissions associated with the feed ingredients' production.
Feed primary CO;.¢q production (g/d), yield (g’kg DMI), and intensity (g/kg
ECM) were lower for the BYP and DOM treatments compared to the COM.

In Study I1, no differences were observed in total DMI, sugar beet pulp
pellet intake, or roughage intake between heifers fed GS and RM. However,
due to differences in the feed chemical composition, the intake of CP was
higher for the GS treatment, whereas the intake of starch was higher for the
RM treatment. Feed digestibility was higher in the RM group, as indicated
by the higher apparent total tract digestibility of DM and OM. Despite these
differences, the average daily gain and the change in BFT were similar
between treatments. Enteric CH4 and CO; production (g/d) and yield (g/kg
DMI) did not differ between treatments. This suggests that the partial
replacement of GS with whole-crop cereal silage did not impact enteric gas
production in replacement heifers under these conditions.
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Table 3. Results from Study I evaluating the effect of concentrate, commercial (COM),
by-product-based (BYP), or domestic (DOM), on feed intake, apparent total-tract
digestibility, milk production, enteric CH4 emissions, and the feed carbon footprint of
Swedish Holstein dairy cows. The values are presented as estimated marginal means with
standard error of the mean (SEM) and a corresponding P-value.

Treatment

COM BYP DOM SEM' P-value
DM intake (kg/d) 243 247 242 0.51 0.707
BW (kg) 697 680 688 5.7 0.071
Milk yield (kg/d) 39.6°  36.0° 38.7%  0.97 0.017
ECM (kg/d) 383 385 37.3 0.988 0.635
Fat (%) 3.97° 429 4.01° 0.078 0.004
Protein (%) 342 345 3.36 0.036 0.143
Lactose (%) 456 462 463 0.032 0.208
Milk urea N (mg/100 mL) 12.0°  142* 134* 0260 <0.001
Enteric CHas (g/d) 387 378 402 17.3 0.500
CH4/ECM (g/kg) 10.8  9.82 11.6 0.814 0.241
Feed primary COz.¢q (kg/d)'" 11.9°  9.42° 102° 0.378 <0.001
Feed primary COz..q /ECM (g/kg)'™ 3200 254>  284° 10.7 <0.001
Apparent digestibility DM (%) 66.8°  63.3°  66.7° 0.61 <0.001
Apparent digestibility OM (%) 68.2*  64.7° 68.2° 0.58 <0.001

Abbreviations: DM = Dry matter; BW = Body weight; ECM = Energy
corrected milk; N = Nitrogen; CHs = Methane; CO»..q = Carbon dioxide
equivalents; OM = Organic matter.

! Greatest SEM value obtained.

" Back-transformed from log-transformed values (antilog scale) for
interpretability.

> Values within a row with different superscripts differ significantly at P <
0.05 after adjustment for multiple testing using Tukey’s procedure.
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Table 4. Results from Study II evaluating the effect of grass-clover silage (GS) or a 50:50
dry matter basis roughage mix (RM) of grass-clover silage and whole crop wheat silage,
on feed intake, apparent total-tract digestibility, average daily gain, and enteric CHs
emissions from pregnant dairy heifers of the Swedish Holstein and the Nordic Red
breeds. The values are presented as estimated marginal means with standard error of the
mean (SEM) and a corresponding P-value.

Treatment
GS RM SEM! P-value
DMI (kg/d) 10.7 10.0 0.43 0.320
ADG (kg/d) 1.48 1.52 0.057 0.627
BFT change (mm) 0.19 0.52 0.470 0.604
Enteric CH4 (g/d) 215 221 4.4 0.355
Apparent digestibility DM (%) 65.0° 68.9% 1.01 0.008
Apparent digestibility OM (%) 66.6° 70.3? 1.10 0.010

Abbreviations: DMI = Dry matter intake; ADG = Average daily gain; BFT
= Backfat thickness; CHs = Methane; DM = Dry matter; OM = Organic
matter.

! Greatest SEM value obtained.

b Values within a row with different superscripts differ significantly at P <
0.05 after adjustment for multiple testing using Tukey’s procedure.

5.2 Study lll: Farm-Level GHG Emissions and LU

Study III assessed the effects of the diet combinations described in Studies
I and II on farm-level GHG emissions and LU impacts (Table 5). The GHG
emissions and LU were reported both as aggregate (CO,.q, Total LU) and
individual gases (CO», fossil, and biogenic CHi, N>O), as well as
disaggregate LU (on-farm, off-farm).

Combining BYP rations for lactating cows and GS rations for dairy
heifers resulted in the lowest GHG per kilogram of ECM. Formulating dairy
rations with DOM also reduced the GHG intensity relative to COM-GS to a
lesser extent. In contrast, changing from GS to RM increased emission
intensity across all concentrate mixtures. Despite the increase in GHG
emissions associated with RM, combinations of BYP or DOM with RM still
resulted in lower GHG emissions than COM-GS. All diet combinations
based on BYP and DOM reduced the global warming effect expressed as
COy.¢q despite a minor increase in CH4 emissions.
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The effect of the diet combinations on LU varied depending on the
inclusion of off-farm components. Diets based on BYP reduced the overall
LU, primarily due to lower off-farm LU, whilst on-farm LU marginally
increased. Conversely, diets based on DOM increased both the off-farm and,
to a lesser extent, the on-farm LU. Replacement heifer rations based on RM
consistently reduced LU across all combinations.

The sensitivity analysis highlighted that the assumptions about soil
carbon stock change and the annual ECM yield per cow had the largest
impact on the results. Including soil carbon sequestration reduces the GHG
intensity by 12.5-16.4%. Lastly, the break-even analysis indicated that these
feeding combinations can result in a decrease of GHG intensity if annual
milk yield per cow does not decline by more than 820-830 kg ECM for the
BYP-based combinations and 286-360 kg ECM for the DOM-based strategy.
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Table 5. Results of Study III evaluating the farm-level greenhouse gas emissions, land
use, inputs, and outputs of diet combinations based on commercial (COM), by-product-
based (BYP), and domestic (DOM) concentrate diets, and grass-clover silage (GS) or a
roughage mix (RM) of grass-clover silage and whole crop cereal silage.

COM BYP DOM

GS RM GS RM GS RM

Total COs-cq (x 10° kg/y) 1.54 156 145 146 150 152
CO: (x 105 kg/y) 3.10 3.13 2.55 258 264 2.72
CHa (x 10° kg/y) 3.00 3.00 3.01 3.02 3.16 3.17
N20 (x 10° kgly) 154 157 139 142 140 1.44
CO2/ECM (kg/kg)' 1.05 1.06 098 0.99 1.02 1.03
Total LU (ha) 275 253 264 243 275 272
On-farm LU (ha) 240 194 247 201 217 189
LU/ECM (m¥kg) 1.87 172 180 1.65 1.87 1.85

Farm feed and straw inputs

Total feed and straw DM (x 105 kg/y) 4.64 5.17 391 447 4.06 529
Straw DM (x 10* kg/y)' 2.10 6.66 0.14 470 4.60 9.16
Concentrate DM (x 10° kg/y) 443 450 390 4.00 3.60 4.37

Farm outputs

ECM (x 10° kg/y) 1.30 130 1.30 130 130 1.30
LW (x 10* kg/y) 342 342 342 342 342 342
Barley grain DM (x 10° kg/y) 140 024 1.13 - 0.45 -

Abbreviations: CO»..q = Carbon dioxide equivalents; CO, = Carbon dioxide;
CH4 = Methane; N>O = Nitrous oxide; ECM = Energy-corrected milk; LU =
Land use; DM = Dry matter; LW = Live weight.

'Barley straw used as bedding material (6.53 x 10* kg DM/y) and the
remaining as feed.

5.3 Study IV: Regional Dairy Production Under Future
Scenarios

Study IV assessed four future dairy production scenarios for Norrland, using
2022 as a baseline. Dairy rations and enteric CHs emissions were based on
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Study I, whilst broader system characteristics described as four different
future scenarios were adapted from Gordon et al. (2022).

The scenarios showed contrasting impacts on the total regional milk
production. Food as Industry, characterised by high productivity (14 t
ECM/cow/year) and no change in the number of adult cattle compared to the
2022 baseline scenario, increased regional milk production by 40%. Food as
Culture maintained the current regional milk production despite the slightly
lower productivity per cow (9.3 t/cow/year) through a slight increase among
adult cattle. The lower productivity per cow (6.5 t/cow/year) observed in
Food as Technology, combined with the lower number of adult cattle,
decreased regional milk output by 45% compared to the baseline. Lastly, in
Food Forgotten, the drastic decrease in the adult cattle population reduced
regional milk production by 90% compared to the baseline, despite the high
animal productivity (14 t/cow/year). In terms of carbon balance, Food
Forgotten achieved the greatest improvement, with a 320% increase due to
large amounts of carbon stored as biochar (Table 2). In contrast, Food as
Industry reduced the carbon balance by 17% compared to the baseline. When
accounting for carbon sequestration, Food Forgotten resulted in a net-zero
CF (100% reduction), whilst Food as Technology showed a 2% increase. A
summary of the results is presented in Table 6.

Table 6. Results of Study IV evaluating dairy production capacity, carbon flow balance,
and carbon footprint in Norrland, Sweden, under the baseline (BAS), Food as Industry
(IND), Food as Technology (TECH), Food as Culture (CUL), and Food Forgotten
(FORG) scenarios.

Dairy production scenario

Parameter BAS IND TECH CUL FORG
Regional milk production change (%)’ - +40 -45 0 -90
Carbon flow balance 051 042 0.70 0.59 2.10
Carbon footprint (kg COz..q/’kg ECM)

Excluding carbon sequestration 094 045 098 0.85 0.68
Including carbon sequestration 0.88 0.41 0.90 0.79  -0.004

Abbreviations: COs..q = Carbon dioxide equivalents; ECM = Energy-
corrected milk.
'Change in regional milk production in relation to the 2022 baseline scenario.
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6. Discussion

This thesis explored the effect of ration formulation on GHG emissions and
milk and meat production in high-producing dairy systems, focusing on
Swedish conditions. The four included scientific papers enable comparisons
across different levels of the food system, placing the results of feed trials
into a broader context and highlighting the opportunities and trade-offs in
mitigating emissions whilst maintaining productivity.

6.1 Impact of ingredient selection in Dairy Rations

Study I showed that optimising dairy rations with low CF ingredients can
maintain high milk yields without increasing enteric CH4 emissions. As a
result, GHG emissions intensity was reduced, enabling lower total GHG
emissions without altering herd size or milk deliveries.

6.1.1 Feed intake, Nutrient utilisation, and Milk production

Both BYP and DOM diets resulted in DMI levels comparable to COM,
indicating good palatability and no increase in feed requirements. Yield of
ECM was similar across all treatments, despite the lower milk yield for the
BYP group, which is consistent with previous research on by-product use
(Ertl et al. 2016b; Karlsson et al. 2018; Guinguina et al. 2021). This reflects
why ECM is a more accurate measure of milk production since it accounts
for milk composition and volume. The higher milk fat content in the BYP
group, likely linked to the higher aNDFom intake and the generation of
lipogenic precursors in the rumen (van Soest 1994; Van Knegsel et al. 2007),
compensated for the lower milk volume. As milk payments are often based
on the ECM that is delivered, this suggests that BYP and DOM rations can
be adopted without negatively affecting farm income from milk deliveries.
Apparent total tract feed digestibility differed among the treatments, with
BYP being lower than both COM and DOM. This finding was in line with
earlier studies on by-product dairy diets (Karlsson et al. 2018; Guinguina et
al. 2021) and was likely caused by BYP’s higher iNDF content. Milk protein
content and yield did not differ among treatments. The observed MUN levels
for COM and DOM were within the recommended ranges (Ishler 2023),
whilst BYP only slightly exceeded this range. This difference between COM
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and BYP could be explained by the slightly higher CP content (+0.6% units)
and potential differences in protein degradability (Nousiainen et al. 2004;
Lavery et al. 2025). A small reduction in BYP’s CP content and/or a decrease
in rumen degradability (e.g., rumen-protected amino acids) could enhance
protein-use efficiency and limit urinary N losses without compromising
production.

6.1.2 Greenhouse gas emissions

The BYP and DOM feeds’ CF was lower than that of COM (BYP: 338 g
COneq/kg; DOM: 425 g COs.eq/kg; COM: 525 g COs-co’kg). As DMI and the
roughage-to-concentrate intake ratios were similar across all treatments,
these differences translated into 21% (BYP) and 14% (DOM) lower total
feed COs.¢q emissions, and 21% and 11% lower emission intensity (g COa.
«’kg ECM), respectively. This was achieved without increases in enteric CH4
production or intensity, likely due to the similar DMI levels across
treatments. Although BYP had a higher aNDFom intake (which could
increase CH4 production), its higher iNDF content and lower OMD likely
counterbalanced methanogenesis.

These results demonstrate that upstream feed-related GHG emissions can
be reduced without shifting the emissions burden to the animal level. This
aligns with the findings of previous studies that reported no significant
differences in CH4 emissions between by-product and cereal-based diets
(Pang et al. 2018) or diets in which field beans replaced soybean meal (Cherif
et al. 2018; Johnston et al. 2019). Given CH4’s short atmospheric lifetime
(Lynch 2019), maintaining or lowering enteric CHs provides near-term
climate benefits. Thus, combining BYP/DOM rations with CHs-reducing
additives (e.g., Asparagopsis spp. T. or 3-NOP) could deliver additional,
system-level GHG gains.

6.1.3 Trade-offs in Diet Formulation and Ingredient Choice

Targeting a low feed CF presented nutrient-use and sourcing trade-offs. The
lower digestibility with BYP highlighted the need to balance CF reduction
with effective nutrient utilisation. Slightly elevated MUN in BYP/DOM
suggested greater ruminal protein degradation and thus minor reductions in
the dietary CP levels in addition to rumen-protected methionine, lysine,
and/or histidine may benefit these diets (Vanhatalo et al. 1999; Huhtanen et
al. 2002). Alternatively, including tanniniferous forages/condensed tannins
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(Mueller-Harvey et al. 2019) or microwave treatment (Brodie et al. 2019)
could improve N efficiency, reduce urinary N, and potentially lower farm-
level N2O emissions. Additionally, the metabolic conversion of ammonia to
urea presents an energy cost for the animal, and consequently an opportunity
to improve these diets.

Enteric CHy4 is closely tied to DMI (Mills et al. 2003; Yan et al. 2006;
Ramin & Huhtanen 2013; Beauchemin et al. 2022) and is influenced by the
dietary content of OMD, NDF, fatty acids, and CP (Nielsen et al. 2013; Niu
et al. 2021; Donadia et al. 2023). Mitigation via greater propionate
production (e.g., higher starch content), added fat, and/or with CHs-
inhibiting additives is possible, but animal health and fibre digestibility must
be protected (e.g., avoid sub-acute rumen acidosis with high starch; avoid
>5% DM fat depressing fibre digestion). Ultimately, ingredient sourcing
matters. Palm/palm kernel-derived fats typically have higher CF and LU
risks (GFLI 2019; Meijaard et al. 2020; RKFS 2021), whereas crushed
rapeseed in BYP/DOM had a lower CF, was regional, and aligned with EU
traceability/sustainability objectives (European Parliamentary Research
Service 2023). Thus, any CHs-oriented interventions should be evaluated in
relation to the upstream climate impacts.

6.1.4 Limitations and Research Needs

Enteric CHs was measured through a spot sampling technique (GreenFeed
system), which is sensitive to animal behaviour and motivation. An accurate
estimation of CH4 production typically requires at least 30 measurements of
sufficient duration (>3 minutes; Arthur et al. 2017), which was not
consistently achieved by all animals. Challenges in training and motivation,
likely influenced by the availability of up to 7 kg/day of concentrate from the
automatic milking system, may have lessened the attractiveness of the
GreenFeed unit. A threshold of 20 successful visits was set during data
analysis to retain statistical power, but this could have increased residual
variance in CHs estimates (Arthur et al. 2017; Dressler et al. 2023),
particularly in the BYP group (fewer animals/visits). Future trials should
include pre-assessing the animal motivation to visit the Greenfeed unit, a
longer training period, and establish baseline CH4 values under stable diets.
Considering the moderate heritability of CH4 (Van Breukelen et al. 2023),
accounting for animal-level emission profiles may reduce the unexplained
variability.
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The feasibility of BYP and DOM should be assessed across full
lactations, especially during early lactation. Indeed, early lactation represents
a critical period of high energy and nutrient demands, metabolic stress, and
hormonal shifts (Ingvartsen 2006). Assessing manure emissions and, where
relevant, transport/processing of feeds would complete emission profiles for
an LCA. By-product availability and composition can vary, and thus flexible
inclusion strategies should be tested across lactation stages, roughage
qualities, and roughage:concentrate ratios. Another interesting point to
consider is that better alignment between roughage and available protein
sources (e.g., adjusting N fertilisation and/or harvesting grass-clover leys
when high-CP by-products are available) could optimise dietary CP content
and reduce the reliance on mineral N fertiliser. Diet formulation is typically
cost-driven, and market failures often limit the adoption of sustainable
practices; therefore, the economic sustainability of BYP/DOM diets, as well
as the farmers' willingness to adopt these diets, should be evaluated
(Opdenbosch 2025).

6.1.5 Practical Relevance for Dairy Systems

Pelleted BYP/DOM concentrates were compatible with automatic milking
systems and parlours and can be used in PMR or separate-feeding systems.
In our trial, high milk production was maintained, whilst feed-production’s
CF decreased without raising enteric CH4. This provides a near-term,
implementable mitigation measure that does not rely on new regulatory
approvals. At the same time, policy instruments such as the EU Deforestation
Regulation (European Parliament and Council of the European Union 2023)
will increasingly steer imported feed materials, including palm by-products,
towards certified low CF supply chains. Together with the increasing
demands for traceability and deforestation-free supply chains (European
Parliamentary Research Service 2023), prioritising domestic and low CF
ingredients such as cereals, field beans, sugar beet pulp, and rapeseed co-
products strengthens the climate performance and policy alignment without
sacrificing productivity.

For farm-level carbon accounting and advisory work, these results
emphasise assessing feed-associated and enteric emissions together,
ensuring CHas-oriented ingredient choices do not shift burdens upstream.
Overall, BYP and DOM feeding combinations offered practical options to
lower the whole-ration footprint whilst supporting income from milk
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deliveries under ECM-based payment systems. By aligning nutritional
adequacy, environmental performance, and operational feasibility, these
findings help to bridge the gap between experimental research and on-farm
practice. They provided a foundation for the broader adoption of low CF,
locally sourced feeding strategies in commercial dairy systems.

6.2 Whole-Crop Wheat Silage for Heifers

Study II showed that partially replacing (50:50 DM basis) GS with whole-
crop wheat silage did not affect feed intake, enteric CH4 production, and
growth rate in pregnant dairy heifers. Overall, whole-crop wheat silage can
be integrated into heifer rations without compromising performance or
increasing animal-level climate impact.

6.2.1 Feed intake and average daily gain

Total DMI was comparable between diets. Moreover, the DMI per kg BW
(GS:20.7 g'kg BW; RM: 19.1 g/lkg BW) was within the 17.4-23.1 g DMI/kg
BW range reported for whole-crop cereal silages (Rustas et al. 2009, 2010,
2011; Wallsten et al. 2009, 2010). The slightly lower DMI of the RM group
likely reflected the higher NDF content (GS: 493 g/kg DMI; RM: 511 g/kg
DMI; Hoffman et al. 2008). The ad libitum feeding was consistent with the
relatively high ADG observed in both groups (GS: 1.48 kg/d; RM: 1.52
kg/d). Considering the short duration of the experiment (7 weeks) and the
fact that the heifers were at 5.7 (= 0.95) months of gestation by the end of
the trial, we do not expect any adverse effects of the high ADG (Larson
2007). Additionally, BFT changes were minor, corresponding to minor
changes in the fat reserves (0.95-2.60 kg + 2.35 kg; 1 mm BFT = 5 kg fat,
Schroder & Staufenbiel 2006). Together, these results indicated heifer
growth (e.g., skeletal/muscular gain) as opposed to adipose gain, thereby
supporting the desired body condition.

6.2.2 Enteric CH4

Enteric CH4 and CO, production did not differ between the GS and RM
treatments, aligning with the comparable DMI levels, which is the primary
driver of CH4 production (Mills et al. 2003; Yan et al. 2006; Ramin &
Huhtanen 2013; Beauchemin et al. 2022). Although RM increased starch
intake compared to GS, there was no effect on enteric CH4 production. This
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suggested that the starch content may have been insufficient for a measurable
effect. Dietary CP content is marginally negatively correlated with enteric
CH,4 production/yield (Yan et al. 2006; Nielsen et al. 2013). Thus, the higher
CP intake in the GS group may have counteracted potential reductions in
CHs. Overall, the findings suggested that moderate changes in silage
composition alone may not be adequate in altering enteric CHs4 production in
pregnant heifers under ad /ibitum feeding conditions.

6.2.3 Methodology and limitations

Whole-crop cereal silages are heterogeneous, posing practical challenges in
collecting representative samples and preventing feed sorting by heifers. The
chemical heterogeneity between cereal kernels (high in starch) and straw
(high in NDF) increases with crop maturity. Additionally, the physical
connection between these two fractions weakens as the plant matures,
rendering kernels more prone to detachment during harvesting, mixing, or
feed-out. As a result, kernels may be disproportionately lost or separated,
which either lowers the starch content of the feed or causes a heterogeneous
RM where lighter, fibrous components are at the top and the denser kernels
settle at the bottom. These processes can create a feed mix that is less
homogenous than intended and may differ in composition from pre-harvest
or ensiling samples.

6.2.4 Practical relevance and future research

Considering that both GS and RM resulted in comparable levels of DMI,
ADG, BFT, and CHa, the results of Study II suggested that whole-crop wheat
silage can be integrated (50% DM basis) into GS diets. This approach offers
dietary flexibility, which can be valuable during GS shortages. The lower CP
content and higher OMD observed in the RM group could suggest potential
reductions in N excretion and downstream manure CH4/N.O. Heifers are a
significant emissions source in Swedish dairy production (approximately
20% of milk-unit GHG; Henriksson 2014; Clasen et al. 2024). Future work
should test CH4 inhibitors in heifers and evaluate full-lactation carry-over
effects on first-lactation performance and fertility. To the best of our
knowledge, this was the first study performed under Swedish conditions to
estimate the effect of whole-crop cereal silage on heifer enteric CHa. It
provided empirical data to refine CHy4 estimates in dairy LCA models and
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indicated a meaningful scope to reduce farm-level emissions via optimised
heifer feeding.

6.3 Farm-Level GHG emissions

Study III evaluated six dietary combinations pairing COM/BYP/DOM
concentrates with GS or RM heifer roughage (from Studies [ and II) within
a cradle-to-farm-gate LCA. In brief, BYP feeding combinations decreased
total GHG emissions and total LU, whereas DOM feeding combinations
decreased total GHG emissions but increased LU, and replacing GS with RM
in heifer diets increased GHG emissions and reduced LU. These patterns
underlined that ration choices must be evaluated on both CF and LU
intensity. A further contribution of Study III was the disaggregated reporting
of GHG components which improved cross-study comparisons and aligned
with frameworks that differentiate gas lifetimes and warming dynamics.

6.3.1 GHG and LU outcomes

Upstream GHG emissions and LU from the feed ingredient production
affected both total farm-level GHG emissions and LU. Relative to COM-GS,
low CF ingredients (BYP, DOM) reduced total GHG emissions,
predominantly by reducing fossil CO, and N,O emissions from ingredient
production. A slight increase in enteric CH4 emissions anticipated for
BYP/DOM did not offset the upstream gains, meaning that GHG intensity
per kg ECM was reduced. This is consistent with the findings of Sorley et al.
(2024), who observed that intensive systems with limited access to pasture
can still achieve a low milk CF when the concentrates consist of low-CF
ingredients.

The dietary combinations differed in terms of LU intensity. Compared to
the baseline diet combination of COM-GS, diets based on BYP increased on-
farm LU. This was primarily because of increased roughage intake driven by
the lower concentrate digestibility and a greater proportion of the farm-
produced grain being retained for on-farm use (COM: 41%, BYP: 56%).
However, this was compensated by lower off-farm LU, due to low LU of by-
products, resulting in decreased total LU compared to the other diet
combinations. The diet combination based on DOM, on the other hand,
increased both on-farm and total LU compared to COM-GS, reflecting the
reliance on land-demanding domestically produced crops (e.g., field beans)
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and a larger share of home-grown barley grains retained on-farm for feeding
(COM: 41%, DOM: 81%). The LU intensities observed in this study (1.65-
1.87 m%*kg ECM) were in the lower range (1.5-2.2 m?/kg ECM) of those
reported by Henriksson et al (2014) and exceeded values reported for
Western European grazing systems (1.23 m%/kg fat and protein corrected
milk; Sorley et al. 2024). Plausible contributors were the medium-low
productivity of Véstra Gotaland (Reumaux et al. 2023) and GS-based rations
for adult cattle. More specifically, the dairy rations reported by Sorley et al.
(2024) for herds with pasture access had a higher inclusion of maize silage
during the indoor period (13% of total feed ration). Maize typically yields
more DM per hectare than grass-clover and can therefore lower LU intensity.
In Sweden, the higher LU under DOM may be less problematic given the
declining national dairy herd (Karlsson et al. 2023) and a food strategy in
which land availability is not currently limiting (Regeringskansliet 2025).
Furthermore, the use of semi-natural grasslands for rearing heifers added
~0.33 m?/kg ECM to LU, a value higher than the 0.1-0.2 m%*kg ECM
reported by Henriksson et. al (2014), which increased total LU but also
indicated that heifer rearing on semi-natural grasslands supports biodiversity
conservation.

Using RM instead of GS in heifer diets raised GHG and lowered LU
across all diet combinations. This can be attributed to a combination of
factors, such as lower requirements for GS, lower crop yield for whole crop
cereals compared with GS, and the higher input requirements (e.g., barley
grains, straw for bedding) in RM. Lastly, GHG and LU trends did not always
align; BYP reduced both, whereas DOM reduced GHG but increased LU.
Together, these contrasting results emphasise evaluating both emissions and
land requirements, considering regional land availability, biodiversity goals,
and alternative LU opportunities.

6.3.2 Trade-offs, allocation, and system interactions

Study III enabled the results from Studies I and II to be interpreted in a
different context and identified connections that were easy to miss when
focusing on single animals or gases. For instance, Study II detected no
animal-level CH4 change when replacing part of GS with whole-crop cereal
silage. However, at the farm level, RM can increase GHG mainly due to the
effects of whole-crop cereal silage production on total crop yields, input
intensity, and grain availability. Likewise, barley grain self-sufficiency was
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affected, with the dietary combination based on RM and BYP/DOM tending
to increase on-farm barley gain use, thereby restricting the quantities of grain
available for sale and altering both GHG and LU.

The choice of allocation is also important and can affect the results. In
our study, feed CF and LU values were calculated using economic allocation,
consistent with the underlying methodology of the animal trials (Study I).
Whilst this allocation approach helps to maintain internal consistency and
facilitates broader comparability, we acknowledge that the choice of
allocation method significantly affects outcomes (van Hal et al. 2019b).
Economic allocation assigns the majority of the environmental burden to the
primary product, resulting in lower CF and LU values for co-products and
by-products, and possibly favours the BYP diet combination. A mass or
biophysical allocation could redistribute burdens and narrow differences
between the diet combinations.

Lastly, the choice of warming metric can influence the interpretation of
the results. We reported GWP100 values based on the IDF guidelines (2022)
but also acknowledge that a metric that better captures the rate of change
(e.g., GWP*; Lynch 2019) would place relatively more weight on persistent
CO,/N;O cuts and the trajectory of CH4 rather than its level at a point in time.
Ultimately, methodological choices could have affected the amount of
enteric CHs. More specifically, enteric CH4 emissions were calculated based
on the predicted DMI by NorFor® (Volden 2011) and the CHy yield from
Study I. The predicted DMI was higher for BYP and DOM than for COM,
resulting in greater total CH4. However, as mentioned earlier, DMI and CH4
production were comparable in Studies I and II. Nevertheless, whilst enteric
CHy is frequently the focus of sustainability discussions around dairy
production, our results demonstrate that total system-level GHG emissions
can be reduced even when CH4 emissions slightly increase. This highlights
the importance of assessing emissions at the whole-farm level rather than
focusing solely on individual gases. More broadly, the results of Study III
indicated that feed efficiency gains should be evaluated alongside CF and
LU of the entire feed ration to better assess the environmental performance.

System vulnerability to extreme weather events also matters as this can
limit roughage availability. Using whole crop cereal silage in heifer diets can
buffer feed security when GS is scarce, yet farm-level GHG emissions
increased when RM was used. Combining RM with a concentrate mix based
on low CF ingredients (BYP, DOM) compensated for this increase and
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helped to maintain overall GHG emissions that were lower than the COM-
GS baseline. This interaction further illustrates that decisions validated at
animal scale (Studies I-II) must be tested at higher hierarchical levels to
reveal possible interactions.

6.3.3 Practical implications and mitigation options

The findings of Study III showed that it is possible to achieve moderate GHG
reductions (BYP: ~6%; DOM: ~2.9%) from a high-producing dairy farm
through dietary interventions. Low CF concentrates (especially by-product-
based and domestic low CF options) are immediately actionable
interventions for lowering farm GHG without sacrificing milk output.
However, more substantial GHG reduction requires complementary actions
such as improved manure management, feed-loss reduction, better health and
fertility (to lower replacement rates), and, where feasible, CH4 inhibitors (3-
NOP, Asparagopsis spp.; Van Gastelen et al. 2022; Angellotti et al. 2025) as
adjuncts, not stand-alone fixes.

Some limitations of this study were that the results reflect a high-yielding
Swedish system with fixed rotations and concentrate recipes and ingredient
footprints drawn from aggregated datasets. Ultimately, Study III aimed to
compare the dietary combination; thus, any future comparisons with our
results should consider the effect of the underlying assumptions on the GHG
emission intensity. Future work could include region-specific crop rotations,
optimal use of N and P, and consideration for the seasonal availability of
some of these ingredients. Accounting for soil-carbon dynamics can
significantly influence the results, as seen in Study III's sensitivity analysis,
for instance, cultivation on organic soils. Previous research has also
demonstrated the importance of changes in soil carbon stocks when assessing
dietary feeding strategies (Van Middelaar et al. 2013). A consequential LCA
could better capture the opportunity cost of LU and the alternative use of
these ingredients as well as expand system boundaries (e.g., including the
rearing of sold livestock). Lastly, we acknowledge that the estimated
reductions in farm-level GHG emissions are valid within an attributional
LCA framework, which assumes that adopting this ration has a marginal
effect on the broader food system. In this context, ingredient impacts are
calculated using an economically allocated CF. However, under a
consequential LCA perspective, widespread adoption may affect the demand
for these ingredients, potentially altering their price, production patterns, and
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LU, and resultingly changing their CF. Still, consequential LCAs generally
have higher uncertainties since a larger system must be modelled and more
assumptions are needed.

At the same time, it is important to acknowledge that LCA methodology
presents certain limitations in capturing multifunctionality and ecosystem
services. Attributional LCA, as applied here, treats milk as the primary
output and may under-represent ecosystem services delivered by dairy,
particularly from grazing semi-natural grasslands. In our system,
approximately 18%-20% of the LU per kg ECM stems from these grasslands,
which are partly maintained for biodiversity conservation. A multifunctional
framing would treat biodiversity as a co-output. Several authors have
proposed that a share of the GHG emissions should be allocated to such
services based on the economic support associated with them (von Greyerz
et al. 2023; Jardstedt et al. 2025). Adopting these approaches would not alter
total GHG emissions or LU but would redistribute impacts across outputs.
Therefore, sensitivity analyses that explicitly test alternative treatments of
ecosystem services are recommended in future studies.

6.4 Regional-Level Assessment

Study IV assessed four scenarios in the year 2045 for Norrland: i) Food as
Industry, ii) Food as Technology, iii) Food as Culture, and iv) Food
Forgotten (Gordon et al. 2022). The results of this study can mark a starting
point for future research utilising scenario analysis focusing on a specific
geographic region and combining feed trial data and regional industry data.

6.4.1 Regional milk production and herd structure

In Food as Industry, milk yield per cow increased through intensification and
concentrate-rich diets (COM). The total number of adult cattle remained
comparable to the 2022 baseline, yet annual regional milk production
increased by approximately 42%, reaching 2.92 x 10® kg ECM. Food as
Technology was centred on by-products (BYP), which improved animal
health and welfare, resulting in reduced replacement rates. Thus, the adult
cattle herd decreased by 16% and the heifer numbers by 33% relative to
2022. Milk yield per cow decreased, resulting in a 45% reduction in the total
ECM deliveries (1.13 x 10% kg) from baseline levels. Food as Culture
prioritised domestic feeds (DOM) and grazing. Compared to the 2022
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baseline, the adult cattle population increased by 8%, whilst replacement
heifers declined by 14%, reflecting improved herd longevity. The annual
regional milk production remained stable at 2.07 x 10® kg ECM, suggesting
sustained production levels under more extensive and regionally integrated
practices. The Food Forgotten largely phased out ruminants (93% reduction),
achieving net zero emissions, with milk deliveries of just 0.21 x 10® kg ECM
(90% reduction from 2022 levels).

6.4.2 GHG emissions, LU, and input dependency

Food as Industry achieved the second-lowest milk CF (0.41 kg COs../kg
ECM, including soil carbon sequestration), which is in accordance with
previous findings that intensification can reduce emissions per unit of
product (Wall et al. 2019). Despite the productivity gains, this scenario
required higher feed inputs and a greater reliance on imported resources.
Total GHG emissions decreased to 1.27 x 10® kg COx.q, a 35% reduction
compared to the 2022 baseline, indicating that production intensification,
when paired with mitigation technologies, can yield substantial emission
reductions. However, the increased reliance on feed imports suggested trade-
offs between regional intensification and regional self-sufficiency, whilst the
decrease in semi-natural grassland can negatively affect biodiversity.

In the Food as Technology scenario, total GHG emissions declined by a
substantial 42%, to 1.13 x 10® kg CO».eq. However, this reduction in GHG
emissions, although greater than the Food as Industry scenario, was
accompanied by a strong decrease in cow productivity and therefore resulted
in the highest milk CF (0.90 kg COs..¢’)kg ECM including soil carbon
sequestration). Under this scenario, dairy production became more extensive,
with an increased reliance on semi-natural grasslands, thus maintaining
current areas and biodiversity levels despite a smaller number of animals.
The forage-based diets reduced feed imports, reflecting increased feed self-
sufficiency and better use of the locally available biomass. Under this
scenario, the freed-up arable land was afforested, which is beneficial for
GHG mitigation but can negatively affect both the food system and the local
biodiversity.

Under the Food as Culture scenario, the total GHG emissions declined to
1.78 x 10% kg COs.cq, @ 9% reduction compared to 2022. This decrease
resulted in a milk CF of 0.79 kg CO./kg ECM, including soil carbon
sequestration. Thus, this scenario achieved modest gains in terms of GHG
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reduction. However, the increased semi-natural grasslands and arable LU
combined with high roughage diets and climate mitigation measures
reflected a transition to regional feed autonomy and integration with cultural
values.

The Food Forgotten scenario achieved net-zero GHG emissions from the
dairy system. The drastic decrease in the number of animals freed up arable
land, which in turn was repurposed for perennial grass-based biochar
production. Although such a transition sharply decreased GHG emissions, it
also reduced the sector’s food output, affecting food security in the area.
Additionally, semi-natural grassland use decreased by 92%, which
negatively impacted biodiversity.

6.4.3 Policy relevance, limitations, and future research

Through these four scenarios, Study IV illustrated how different policy
priorities, value systems, and technological choices may shape the future of
dairy production in subarctic regions. Each scenario presented distinct trade-
offs between production capacity, GHG emissions, LU, and input
dependency. No single scenario optimised all goals. Food as Industry
demonstrated that it is possible to increase dairy output whilst reducing
emissions per unit of milk, but only at the cost of greater reliance on imported
inputs and higher system vulnerability. Food as Technology reduced herd
size and input use, achieving strong climate performance but at the expense
of production volume. Food as Culture balanced climate mitigation with
regional self-sufficiency, maintaining dairy output close to 2022 levels
through grazing and domestically sourced feed. Food Forgotten, by contrast,
represented a system transformation focused on net-zero GHG emissions
rather than food output. These contrasting outcomes underscore the
importance of aligning dairy systems' sustainability transitions with
environmental targets and societal food system goals. The scenario
framework serves as a valuable tool for stress-testing current trajectories and
fostering discussion around the desired future role of animal agriculture in
Sweden’s net-zero emissions food strategy.

The analysis was constrained by scenario simplifications (one pelleted
concentrate type per scenario), present-day performance and CHy
parameters, and a limited focus on animal health, economics, and
biodiversity. Beyond these points, dairy was also assessed without fully
modelling crop production, dairy, and beef interactions. Moreover, the
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scenarios did not explicitly evaluate impacts on animal health, even though
changes in feed quality, productivity targets, or management intensity may
pose risks to fertility, metabolic balance, and welfare (e.g., Grandl et al.
2019). Future work should add spatially explicit biomass and yield
projections under climate pathways, region- and season-specific ingredient
footprints, more realistic rotations and soil-carbon dynamics, and
consequential LCA to capture displaced land and alternative biomass uses,
ideally scaling up to national comparisons of regional roles.

Finally, it is worth mentioning that LCA-based quantifications are useful
for benchmarking and comparing options. Still, the results remain context-
dependent, and their interpretation depends as much on assumptions and
system boundaries as on the numerical outcomes. Attributional assessments
are valuable for exploring mitigation potential, but they simplify LU
processes and only focus on anthropogenic GHGs, thereby neglecting the
role of reference ecosystems and baseline carbon dynamics (Del Prado et al.
2025). In the context of agriculture, the characterisation of the reference
ecosystems, including wild animal composition and baseline GHG
emissions, is particularly important (Thompson et al. 2023). The results are
therefore contingent on the reference state chosen and may differ under
consequential approaches that capture market feedback, displaced
production, or alternative uses of biomass.

6.5 Contribution to the food system

Dairy cattle contribute directly to the food system by producing milk and
meat, and indirectly by, for example, recycling P and N through manure. As
ruminants, they upcycle human-inedible biomass (e.g., roughages, crop
residues, and by-products, biomass from semi-natural grasslands and other
non-arable land) into nutrient-dense foods (Place 2024). This function is
enabled by microbial fermentation in the gastrointestinal tract, which also
produces enteric CHs. However, despite this upcycling ability, ruminant
production can compete with food crops by using human-edible (HE)
biomass (e.g., cereals) or occupying arable land.

6.5.1 Metrics

There is currently no universally accepted framework to quantify the
contribution of ruminants to the food system. Mass-based metrics (e.g., feed
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conversion ratio) overlook the chemical composition of the consumed
biomass, favouring monogastrics. Complementary indications based on the
net-HE output better capture parameters such as the nutrient composition and
bioavailability (e.g., DIAAS or human-digestible essential amino acids;
Wilkinson 2011; Ertl et al. 2015; Patel et al. 2017). Moreover, the role of
animal-derived foods is context-dependent. In settings with nutrient
deficiencies, animal-sourced foods may play a key role in combating
undernutrition, whereas in nutrient-dense diets, their marginal nutritional
benefit may be lower (Sonesson et al. 2017; Bianchi et al. 2020; Hallstrém
et al. 2022). Consequently, assessments of ruminant contributions should be
tailored to regional dietary needs and food security goals, accounting for land
productivity and opportunity cost of feed production, rather than relying
solely on mass-based indicators.

6.5.2 Evidence from Studies -1V

In Study I1I, farm-level ECM and LW outputs were fixed (Table 5); however,
differences emerged in feed use and net-mass output. For instance, COM
produced the most surplus barley grain (GS: 140 t DM/y; RM: 24 t DM/y)
outperforming both BYP (GS: 113 t DM/y; RM: 0 t DM/y) and DOM (GS:
45 t DM/y; RM: 0 t DM/Y) in gross mass output. Using net-mass output
(barley grain output minus concentrate feed input), the BYP-GS strategy
performed the best, both in total and when normalised per COz.¢q or LU. In
contrast, DOM performed the worst. Accounting for the potential HE
fraction changed the ranking (results not shown). Using standard HE factors
(roughages/minerals = 0; by-products =~ 0.2; cereals ~ 0.8; milk/meat = 1.0;
Wilkinson 2011; Ertl et al. 2015), BYP-GS delivered the highest total net HE
output and output per kg COz.q or per LU. On the other hand, DOM
underperformed compared to COM.

In Study IV, the scenarios also showed these trade-offs (Table 7). Food
as Industry increased regional milk and reduced total GHG. Still, reduced
semi-natural grassland use increased the reliance on HE imports and thus
yielded an approximately net-zero HE contribution. Food Forgotten achieved
net-zero GHG, but with a very low net-HE contribution. By contrast, Food
as Technology and Food as Culture relied more on roughage and semi-
natural grasslands; although their GHG reductions were more moderate, both
increased net food production at the regional scale.
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6.5.3 Implications and research needs

Future evaluations should evaluate HE production, agroecology, and
circularity, alongside environmental and LU opportunity-cost perspectives
(Thompson et al. 2023). Ration assessment should consider how roughage
sources fit within crop rotations and quantify soil carbon and biodiversity
impacts. As milk yields per cow increase, the roughage share in dairy rations
often decreases. From an agroecological and feed-food competition
perspective, there may be an optimal milk yield that balances these
dimensions. The Norrland scenarios demonstrate that feed choices can shift
feed flows and LU beyond the region and that analyses should capture cross-
regional spillovers. Future research should examine how eliminating or
altering livestock numbers affects food-system resilience (Leroy et al. 2022).
Whilst producing roughages on potentially arable land can contribute to food
competition, grassland and rangeland soils store ~20% of global soil organic
carbon (Conant 2012), and conversion to cropland can carry substantial
carbon costs. For instance, from 2008 to 2012, an estimated 38.8 million t
COy/yr were emitted due to grassland-to-cropland conversion in the USA
(Spawn et al. 2019). Ultimately, identifying optimal herd sizes/species mixes
and production intensities is highly dependent on the agroecological zone
and local diet requirements, and it should be evaluated with spatially explicit
territorial indicators.

Table 7. Comparison of results from Study IV evaluating regional production of milk
and meat, regional imports of feed and human edible (HE) biomass, and Net balance in
terms of dry matter (DM) and HE biomass DM in Norrland, Sweden, under the baseline

(BAS), Food as Industry (IND), Food as Technology (TECH), Food as Culture (CUL),
and Food Forgotten (FORG) scenarios.

Regional production Regional imports Net balance

(x 107 kg DM/y) (x 107 kg DM/y) (x 107 kg/y)
Scenario Milk! Meat? Feed HE Feed DM  HEDM
BAS 2.55 0.06 533 221 -2.72 0.40
IND 3.60 0.06 9.00 3.66 -5.34 0.00
TECH 1.40 0.05 2.40 0.50 -0.95 0.95
CUL 2.55 0.06 3.97 1.37 -1.36 1.24
FORG 0.26 <0.01 0.66 0.14 -0.40 0.12

!Calculated based on total regional milk production and assuming a milk dry
matter content of 13%
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“Calculated based on the total regional live weight and assuming a carcass
dressing percentage of 60% and a carcass dry matter content of 25%

6.6 Policy and Practical Implications

This thesis demonstrates that feed-based mitigation of GHG emissions is
technically feasible and practically implementable from a systems
perspective. Rations formulated with low CF ingredients (by-products and
suitable domestic crops) can lower farm-level GHG emissions without
compromising productivity and can be implemented with existing equipment
and routines.

Farm-level actions. Prioritising low CF ingredients in balanced dairy
rations can decrease GHG emissions, aligning with national/EU climate
targets. Combining CHy-inhibiting additives and interventions that reduce
feed losses, lower replacement rates, and improve manure management (e.g.,
capturing and combustion of produced CH4 or anaerobic digester) can further
reduce GHG emissions. Whole-crop cereal silage, when integrated in dairy
heifer diets, can buffer GS shortages. When these diets are combined with
low CF concentrates for dairy cows, they mitigate GHG emissions trade-offs.

Policy levers. Feed ration formulation is cost-driven, and thus the
adoption of feed rations necessitates market and policy support. This can be
in the form of: i) feed sustainability and traceability standards that
disincentivise high CF or non-certified ingredients and align with EU
traceability/deforestation rules; ii) region-specific support, acknowledging
differences in land availability, roughage potential, and opportunity costs
(e.g., roughage-based strategies and semi-natural grasslands in Norrland);
and iii) investment in monitoring and advisory capacity (real-time feed
composition, CHs recording, farmer/advisor training on GHG mitigation).

Scenario analysis. Study IV shows that single-metric instruments (e.g.,
GHG-reduction goals or herd caps) are subjected to trade-offs. Improving
one target can worsen others, such as biodiversity, LU, or import
dependence. Policy should therefore adopt multi-criteria objectives (GHG,
LU, HE feed use, biodiversity, feed security) and requires a systems-level
approach so that CH4-oriented actions do not shift burdens upstream.

Implementation and the need for evidence. A priority in dairy research
is improving decision quality and scalability through the following areas:
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Measurement and data integration. Advance farm-level
measurement by integrating CHs sensing and real-time feed
intake and composition (e.g., NIR) into routine workflows. This
can provide the necessary data for whole-farm guidance. Since
farming conditions (e.g., climate, feeding management, genetic
selection) continuously change, feed evaluation and GHG
emissions models must be regularly updated and recalibrated to
remain accurate and relevant. This requires continuous integration
and analysis of both research and empirical farm data to refine
predictive models of feed intake, metabolism, productivity, and
emissions.

LCA methods and metrics. The results of this study enable an
estimation of the farm-level GHG emissions and comparison of
the feed combinations. However, extrapolating these results to
different dairy production systems requires a consequential
approach to better capture displaced LU, alternative biomass uses,
and market feedback (including by-product price/availability
effects). Incorporating region- and season-specific ingredient
footprints, realistic crop rotations, and soil-carbon dynamics
(including organic soils and sequestration) will increase the
complexity of the analysis but allow for more informed
comparisons. Ecosystem services (e.g., biodiversity from semi-
natural grasslands) should be evaluated alongside food outputs
where relevant.

Equity and comparability. Whilst metrics such as GWP* better
capture the atmospheric dynamics of short-lived GHG, they can
produce less favourable results for regions where herds are
expanding to meet food security needs than for regions where
herds have stabilised or declined. To avoid inequitable
comparisons, GWP* should be presented alongside GWP100,
clearly reporting baseline and herd trends. Likewise, assessment
of CF can be affected by allocation methods, temporal baselines,
and country-of-origin averages, and thus requires consideration of
the different agricultural conditions.

Resilience and spillovers. Quantify year-to-year variation in crop
production, feed shortages, price shocks, and extreme weather,
and identify resilience thresholds. Track cross-regional spillovers



in GHG, LU, and HE-feed flows so that regional gains do not
externalise costs elsewhere. Position heifer and youngstock
nutrition within lifetime emissions and productivity trajectories.
Contribution and novelty of this work. This thesis: i) optimised rations
on nutritional value and CF, comparing whole rations rather than isolated
ingredients; ii) tested by-product based diets on high producing dairy cows
(milk yield of up to 53.0 kg ECM/d); iii) used pelleted concentrates for both
low-CF and compatibility with automated milking, enhancing on-farm
applicability; iv) presented, to our knowledge, the first heifer trial with direct
CHs measurements on whole-crop cereal silage; and v) grounded the LCA
in measured trial data (intake, digestibility, CH4), reducing the reliance on
generic factors.
Adapting feeding and management can deliver GHG reductions without
drastic livestock cuts, protecting livelihoods and domestic supply whilst
simultaneously aligning with Swedish and EU climate objectives.
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7. Conclusion

This research provided a science-based foundation for optimising dairy
rations to balance productivity and sustainability. The results demonstrated
that selecting feed ingredients with a low CF can significantly influence
GHG emissions without compromising animal performance.
Animal performance and emissions
e [tis possible to reduce GHG emissions associated with feed
production without adverse effects on milk production and enteric
CHj4 emissions from Swedish Holstein dairy cows in mid-
lactation, yielding 43.3 = 5.4 kg ECM/d.
o Integrating whole crop wheat silage to 50:50 (DM basis)
proportions in GS-based diets of Swedish Holstein and Nordic
Red dairy heifers has no effect on feed intake, growth rate, and
enteric CH, emissions.
Farm-level implications
e Adopting a concentrate mix based on low-CF; by-product-based
or domestically produced ingredients, can reduce the GHG
emissions on a farm level for a given milk output.
e Decreasing GHG emissions from feed production by selecting a
concentrate mix based on low CF ingredients did not affect total
LU for a given milk output.
Regional sustainability trade-offs
e Scenario analysis specific to a geographical region, in this case
Norrland, combining feed trial data and region industry data, can
enhance understanding about the effects of management on milk
production, herd structure, carbon import, LU, and CF.
Overall, this thesis underscores that sustainable feeding strategies can
reduce the CF of dairy production in Sweden and contribute to a more
resilient and resource-efficient dairy sector.
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Popular science summary

Climate change requires the reduction of greenhouse gas emissions from all
sectors of society, including food production. Dairy farming provides
nutrient-dense foods but constitutes a major source of emissions within the
agricultural sector. The sector has already made progress by improving
animal productivity and testing additives that decrease methane, but more
solutions are needed.

This thesis investigated how ration formulation using ingredients with a
low carbon footprint can reduce total emissions whilst still maintaining
production. We investigated the effect of ration formulation on greenhouse
gas emissions from high-producing dairy cows by formulating and testing
two pelleted concentrate mixes with low-carbon footprint ingredients,
compared to a commercial concentrate. One mix was based on domestically
sourced ingredients, whereas the other was on available by-products. Both
concentrates, when fed in a grass-clover silage diet, reduced the feed-related
greenhouse gas emissions without lowering milk yield or increasing the
amount of enteric methane produced. We also tested partially replacing the
grass-clover-silage in the diet for pregnant dairy heifers with whole-crop
wheat silage at 50/50 proportions. Growth rate, feed intake, and enteric
methane emissions were comparable between pure grass-clover silage and
the whole crop wheat silage mix.

Combining the results of these two feed trials showed that low-carbon
footprint concentrate mixes can reduce greenhouse gas emissions at the farm
gate. The choice of ingredients, however, can affect the land use in various
ways; a by-product-based mix reduced land use, whilst a domestically
sourced mix increased it. Similarly, partially replacing silage with whole-
crop cereal silage increased emissions but reduced land use. A modelling
study of dairy production in Norrland, Sweden, further illustrates these trade-
offs. Depending on future consumer values, the scenarios resulted in
different outcomes. Intensive systems achieved lower emissions but
increased the reliance on feed inputs, whilst net-zero systems required drastic
reductions in animal numbers, thereby affecting milk output. More extensive
systems reduced the reliance on external feed, but increased milk’s carbon
footprint. In contrast, local food systems balanced regional milk production
with lower emissions and relied less on feed inputs.
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The findings highlight that there is no single solution for sustainable dairy
farming. Feed rations can make a difference, but the outcomes depend on the
prioritized goals, such as emissions, land use, self-sufficiency, or total milk
output. Sustainability, therefore, needs to be assessed at several system
levels, investigated from the individual animal to the whole region, to capture
the complexity and guide informed decisions for the future of dairy
production.
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Popularvetenskaplig sammanfattning

Klimatforandringarna kraver minskade utslapp av viaxthusgaser fran alla
delar av sambhillet, inklusive livsmedelsproduktionen. Mjolkproduktionen
bidrar med néringsrika livsmedel men utgdr samtidigt en betydande kélla till
utsléapp inom lantbruket. Sektorn har redan gjort framsteg t.ex. genom okad
avkastning per ko och férsok med fodertillskott som minskar metan, men fler
l6sningar behdvs.

I den hir avhandlingen undersoktes hur foderstater baserade pa réavaror
med l4g klimatpéverkan vid produktionen kan bidra till att minska de totala
utsldppen av véxthusgaser utan att mjolkproduktionen férsdmras. Fokus lag
pa hur fodrets sammansittning paverkar utsldppen fran hégproducerande
mjolkkor, detta genom att ta fram och testa tvd pelleterade
kraftfoderblandningar med ldgre klimatavtryck jaimfort med ett kommersiellt
kraftfoder. Den ena blandningen baserades pa inhemskt producerade ravaror
(DOM), och den andra pé tillgidngliga biprodukter (BYP). Bada
blandningarna, niar de utfodrades tillsammans med gras-kloverensilage,
minskade de foderproduktionsrelaterade véxthusgasutslippen utan att
mjolkavkastning eller metanutsldppen frén fodersmaéltningen okade. I ett
annat forsok testades att delvis ersétta gras-kloverensilaget 1 dréktiga kvigors
foderstater med helsddesensilage av vete 1 forhédllandet 50/50. Resultaten
visade att tillvéxt, foderintag och metanutsldpp fran fodersmaéltningen var
likvardiga mellan de bada kviggrupperna.

Genom att kombinera resultaten fran dessa tva utfodringsforsok visades
att kraftfoderblandningar med l4gt klimatavtryck kan minska gardens
vaxthusgasutsldpp vid girdsgrinden. Valet av ingredienser paverkar dock
markanvindningen pa olika sétt: en biproduktbaserad blandning minskade
markanvéndningen, medan en inhemskt baserad blandning 6kade den. Pa
motsvarande sétt 6kade delvis erséttning av ensilage med helsddesensilage
av vete utsldppen, men minskade markanvindningen. 1 en
modelleringsstudie av framtidens mjolkproduktion i Norrland illustrerades
ytterligare dessa avvédgningar. Fyra olika scenarier gav olika resultat:
intensiva system hade ldgre utslapp men var i hdgre grad beroende av inkdpt
foder, medan nettonollsystem i vaxthusgasutsldapp krdvde kraftigt minskat
djurantal och didrmed ldgre mjolkproduktion. Mer extensiva system
minskade beroendet av importerat foder men 6kade mjolkens klimatavtryck,
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medan lokala livsmedelssystem kunde upprétthalla regional produktion med
lagre utslapp och minskat beroende av inkdpt foder.

Sammantaget visar resultaten att det inte finns ndgon enskild 16sning for
en hallbar mjolkproduktion. Foderstater kan gora stor skillnad, men utfallet
beror pa vilka mal som prioriteras, till exempel minskade utsldpp,
markanvindning, sjdlvforsorjningsgrad eller total mjolkvolym. Héllbarhet
behover darfor bedomas pa flera systemnivaer, fran den enskilda kon till hela
regioner, for att fdnga komplexiteten och ge ett battre beslutsunderlag for
framtidens héllbara mjolkproduktion.

92



Acknowledgements

I gratefully acknowledge FORMAS and the Department of Applied
Animal Science and Welfare for funding the studies in this thesis. I also
thank SustAinimal for providing the multidisciplinary environment that
helped me learn and develop my understanding of agriculture.

Special thanks to:

My supervisor group, Mikaela Lindberg, Sigrid Agenis, Ulf
Sonesson, and Cecilia Lindahl. Your diverse expertise made me appreciate
the complexity of this project. Many meetings ended with our brains
pleasantly aching and with more questions than we started, but they always
led to an improved understanding and new ideas.

To Mikaela, my main supervisor. Thank you for all your support,
generous feedback, and kind encouragement. Despite an intense workload,
you were always the first to reply to my emails, to read and comment on
manuscripts, and to help me through low moments. You helped me grow as
a researcher.

To Sigrid, my co-supervisor (and main supervisor for a few months).
Thank you for creating opportunities to present and discuss my project with
a wide range of people and for helping me become more confident in
communicating my results. When life happened, you checked in and offered
advice. Thanks to your subtle hints (detouring on the way back from Viken
to visit a breeder and look at puppies), I now have a beautiful, clever,
inexhaustible little dog that loves snow and taught me to enjoy Swedish
winters.

To Ulf, my co-supervisor. You helped me structure my systems thinking
and recognise my biases. Your guidance helped me appreciate agricultural
complexity beyond a single animal or metric. Despite my
veterinarian/animal scientist background, the LCA manuscript became this
project's most motivating and fascinating part.

To Cecilia, my co-supervisor. Thank you for keeping the project
grounded and feasible. Your feedback was consistent, practical, and
valuable. I am especially grateful that you came to Falkdping during the
experiments, offered hands-on help, kept me company during the long days
at Viken, and even treated me to lunch at the cheese buffet.

93



Till personalen pa Viken samt Ulrika Nilsson, Caro Malmkvist och
Borje Pettersson for hjdlpen med planering och genomforande av
utfodringsforsoken. Mjolkproduktion ar ett krdvande arbete, och att
dessutom ha en doktorand springande omkring for att samla trackprover och
mita metan gor det inte direkt lattare. Ni gjorde det anda mojligt, och for det
ar jag mycket tacksam. Malin och Tomas, tack for att ni 14t mig bo hos er
och for den fantastiska maten.

To all the present and former colleagues at THV, thank you for all the
fikas, discussions, and laughs. Horacio, you were the first person I contacted
about pursuing a PhD in Sweden. Our dinners and talks with Claudia had
been really nice during these years. Bengt-Ove and Torsten, thank you for
the interesting master's work and for guiding me with your feedback on my
first academic text. Carlos, thank you for helping me get my first job in
Sweden as a research assistant. Jorge, I loved our interesting discussions,
ranging from politics to chemical analysis. Maria A., thank you for all the
help with ration formulation and guidance with the program IndividRAM.
Hanna E., thank you for dedicating time to teaching me how to use the
ultrasound, especially during a hectic period. To all the current and former
PhD students (there are too many to list without risking forgetting
someone), thank you for being part of a friendly group and sharing this
journey. And thanks to SustAinimal Academy PhD students and PostDocs
for the interesting discussion.

2T0VG 6VVASEAPOVS Kot KaONYNTES 6T Occcaiovikn, Tov pe Bondncav
va Eekviom avtd 1o Tadidt Kot va ayomnom T euolodoyia, T dlayeipion
Kot TN oatpoen. Xtov F'edpyro Barepydxn, yio v mapdTpLVOT TOL VO
Byo oto gmtepikd kol va yvopicw €vo S0POPETIKO EKTALOEVTIKO Kot
gpeuvnTIKd ovotnua. Xtov AréEavopo Kovyrovptln, yio tig @opég mov
myope poli otn Bépota, ylo Toug KapESEg KOl TIG UTOVYATGES TOL KEPUOE
oToV SpOLo, Kot yioti 1) TpdT S10aKTOpIKy StaTpiPny mov EAafa pe aplépwon
NTOV OO EKEIVOV, GEPA LOV VO OVTOTOODOM.

To my closest friends:

Melania and Gabriele, thank you for the wonderful dinners and time
together, and for making me feel like I am back home. Léonie, for training
to complete a half-marathon, and for the tasty cheese evenings with Antoine.
Heidi for amazing chocolate cookies, dog walks, and travels. Anna, Jesper,
Claire, and Adrien for the board game nights and dinners. Renaud, thank

94



you for inviting us to be Toastmasters at your defence party, the board games,
and brownies with Belgian beer. Thomas and Eli§ka, for hilarious Jackbox
sessions (after five years, I’'m still hesitant to open Diction*arium in public).
Emilia, Kiki, Arthur, Benthe, and Emma, for the friendship that helped
me settle in Sweden during my master’s. Harold, thank you for introducing
us to disc golf and joining all the SustAinimal activities.

Xe 6Ah0vg TOVg Qilovg pov amo v EALGda, mov mapdio mov sipacte
UOKPLA KoL TOVG PAETT® oTavia, Pe KAVOLUY vo vimBm cov vo uny el mepAoel
007Te pol pépa. Tov Kovumdpo pog, tov Kaota ke v Iévvo, Tov taporo
TNV ATOGTACT] TOL oG Xopilel, pog Kavel va vidbBovpe 0Tt eivol Kovid Kot
glvar péAog TG OKOYEVELAS LG,

2 unTépa pov, mov pe fonnce va ayommom tn yvoon, Ue oTHpLEe o€
oMo anTo 10 Taidl, aKduUn Kot OTav T GVELPO Vo Yive EPELVITNC PALVOTOY
TOAD LOKPLE, KOt LE TIG GUUPBOVAEG TNG EYIVE TPUYUATIKOTNTO. XTOV TATEPO,
[ov, Tov pov Epade va elpon aveEApTnTog, 0O TOV 0TOI0 KANPOVOUN o TNV
aydmn yo ) ynueio ko etol pe Pordnoe va ayomnom 10 avVTIKEIILEVO ToV
SBOKTOPIKOV HOV. TNV AOEPPT] OV, TTOL NTAV TAVTO SITAN LLOV, TOV AVOIEE
Tov OpoOUo Yia Tn Zovndia, wov pe fondnce va fpo omovdéc oto eEDTEPLKO
K01 TOV OVOKAAVYE L0, YOPO TOV LG DITOOEYTNKE Kot Lo £0MGE EVKALPIES.

To our past and present fluffy friends, for being part of our lives. To
Ektora for keeping me company while studying in the first step of my
journey (veterinary medicine). To Bobo for keeping me company during this
PhD journey and for making serious attempts to appear on camera every time
I worked from home. To Sanji for reminding me to go for a walk and forget
about work for a while.

Last but not least, to my wife and best friend, Lea.

We met early in our master’s studies and helped each other adapt to life
in Sweden. Together, we learned a new language, found jobs and housing in
a new country, and, eventually, both started our PhD journeys. You have
supported me all this time, and without you, I’d probably be locked in a
room, forgetting there’s a world beyond work. Through your excitement,
sensitivity, and love for nature, I appreciate and see beauty in things [ would
otherwise ignore. Thank you for everything. Miluju t€ moc! X& ayon®d woAs!

95












Animal 19 (2025) 101544

Contents lists available at ScienceDirect

Animal

The international journal of animal biosciences

Considering greenhouse gas emissions from feed production in diet
formulation for dairy cows as a means of reducing the carbon footprint

Check for
Updates

a,*

, C. Lindahl®, S. Agenis?, U. Sonesson ¢, M. Lindberg?

2 Department of Applied Animal Science and Welfare, Swedish University of Agricultural Sciences, P.O. Box 7024, 750 07 Uppsala, Sweden
b L antménnen Lantbruk, 205 03 Malmé, Sweden
Research Institute of Sweden, P.O Box 5401, 402 29 Géteborg, Sweden

M. Managos

ARTICLE INFO ABSTRACT

Article history:

Received 7 June 2024

Revised 29 April 2025
Accepted 2 May 2025
Available online 16 May 2025

Dairy production often faces conflicting goals, such as reducing greenhouse gas emissions, increasing
food production and achieving self-sufficiency without transgressing planetary boundaries. This study
examined ways to decrease emissions intensity per kg of milk from high-producing cows by selecting
feed ingredients with a low carbon footprint while also considering local alternatives. Diets comprising
of grass-legume mixture silage and three concentrate mixtures (standard commercial, based on by-
products, and domestic crops grown on-farm) were randomly allotted to three groups of high-
producing Swedish Holstein cows (N = 48). Over 7 weeks, no differences were observed (mean + SEM)
in feed DM intake (commercial: 24.3, by-products: 24.7, domestic: 24.2 kg/day, + 0.51 kg/day), energy-
corrected milk (ECM) yield (commercial: 38.3, by-products: 38.5, domestic: 37.8, + 0.98 kg/day) or
enteric methane production (commercial: 387, by-products: 378, domestic: 402 g/day, + 17.3 g/day)
among the diets. However, an evaluation of the primary carbon footprint of feed production (excluding
transportation emissions) showed that the by-products and domestic diets gave lower emissions than the
commercial diet, 9.4, 10.2, and 11.9 Feed CO, equivalents (CO2.¢q) kg/day, respectively (SEM: * 0.38 Feed
CO,_q kg/day). The emission intensity, expressed as feed emissions per kilogram of ECM yield, showed
that the by-product-based and domestic diets generated lower carbon footprints, with emissions of
254 and 284 g Feed CO,_.q/kg ECM, respectively, in comparison to 320 g Feed CO;.¢q/kg ECM observed
for the commercial diet (SEM: + 10.7 g Feed CO5.¢q/kg ECM). Considering greenhouse gas emissions from
feed production in diet formulation resulted in a lower overall feed carbon footprint and lower emission
intensity per ECM. These findings can assist in formulating dairy rations for high-yielding dairy cows that

balance conflicting goals while maintaining productivity.
© 2025 The Author(s). Published by Elsevier B.V. on behalf of The animal Consortium. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Implications Introduction

It is generally recognised that approximately 12% of the total
anthropogenic greenhouse gas emissions are attributable to live-

Feed production carbon footprint is an important parameter to
consider when formulating dairy rations aiming to improve the

environmental sustainability of dairy production. In this study,
diets based on by-products reduced feed carbon footprint and
emission intensity per kilogram energy—corrected milk both by
21%, while domestically produced feeds resulted in reductions of
14 and 11%, respectively, compared to a commercial mix. Our
results contribute to developing sustainable dairy cow feeding
strategies by designing rations that optimise productivity, lower
carbon footprint, and promote local agricultural production. These
findings help distinguish high-producing dairy systems based on
their inputs and carbon footprint.

* Corresponding author.
E-mail address: markos.managos@slu.se (M. Managos).

https://doi.org/10.1016/j.animal.2025.101544

stock production. Ruminant production systems cause the majority
of the greenhouse gas emissions from livestock production and
consist of enteric CHy, CO, and N,0 (IPCC, 2019). Animal nutrition
is a key action target for improved sustainability (FAO, 2023) since
feed ration formulation can directly affect animal health, produc-
tivity and enteric fermentation. In the coming decades, increases
in the global population will increase the demand for food, while
the expected improvement in living standards will lead to
increased demand for animal-source food (FAO, 2018; Enahoro
et al., 2021; van Dijk et al., 2021). These environmental challenges
and the risk of exceeding the Earth's biophysical limits (Steffen
et al,, 2015) create a need to sustainably produce food (Muscat
et al,, 2021). Different perspectives exist on achieving this (Billen

1751-7311/© 2025 The Author(s). Published by Elsevier B.V. on behalf of The animal Consortium.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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et al., 2021). Focusing on the demand perspective has led some to
suggest eliminating or reducing the consumption of animal-source
foods and switching to a plant-based diet (Poore and Nemecek,
2018; Theurl et al., 2020). From a production perspective, some
claim that intensification of production will lower emission inten-
sity, defined as environmental impact per unit of animal-source
food produced (Gerber et al., 2011), although this may exacerbate
the problem of feed-food competition (Van Zanten et al., 2018).
Many have suggested that food production should be prioritised
on arable land, while feed production should be considered a sec-
ondary priority. Livestock production would then be based on low-
opportunity-cost biomass or ecological leftovers (by-products)
(Roos et al., 2016; Karlsson et al., 2018b; van Hal et al., 2019;
van Selm et al., 2022).

A by-product-based animal-feeding system can address chal-
lenges like poor land suitability, feed-food competition, incomplete
nutrient cycles and excessive reliance on external inputs (van
Zanten et al., 2016; Frehner et al., 2022). It would thus help
decrease overall greenhouse gas emissions and increase net food
production (Wilkinson, 2011; Patel et al, 2017; Cheng et al.,
2022). However, livestock reared in such a system would be sub-
jected to various trade-offs, with adverse effects on productivity
that could increase emission intensity. Despite its potential bene-
fits, using by-products as feed has not been sufficiently studied
in high-producing dairy cows. One study reported decreased pro-
ductivity in high-producing dairy cows (Takiya et al., 2019), but
most studies have been performed on cows with lower milk pro-
duction levels (Pang et al.,, 2018; Karlsson et al., 2019; Guinguina
et al, 2021). Furthermore, the global COVID-19 pandemic and
the armed conflict in Ukraine affected the agricultural supply
chain, creating uncertainty and commodity and labour shortages,
resulting in food price volatility and affecting the availability of
products (Workie et al., 2020; Lin et al., 2023). This highlights
the importance of self-sufficiency and resilience to external shocks.
One way to withstand such challenges is to grow most animal feed
crops on-farm or have access to other domestically produced
feedstuffs.

This study evaluated production responses in high-yielding
dairy cows fed concentrates based on by-products or domestically
produced feeds, compared with a commercial concentrate. The aim
was to address knowledge gaps regarding milk production, enteric
CH4 and associated emissions from feed production. The hypothe-
ses were that (i) feeding a concentrate based on by-products would
result in lower milk production and higher CH4 emissions com-
pared with a commercial concentrate, (ii) using domestically (on-
farm) produced ingredients would not impair productivity or
result in higher CH; emissions compared with a commercial
concentrate.

Material and methods
Animals and study design

The study was conducted at the company Lantmannen’s exper-
imental dairy farm “No6tcenter Viken” in Falkoping, Sweden, from
May to July 2022. A total of 48 Swedish Holstein cows were used,
15 primiparous and 33 multiparous (mean * SD; 2.8 + 1.0 lacta-
tions). At the start of the experiment, the cows averaged
185 + 50 days in milk, with an energy-corrected milk (ECM) yield
of 43.3 + 5.32 kg/day and an average BW of 675 + 54 kg. The cows
were divided into two blocks based on parity level, and within each
block, cows were randomly assigned to one of three dietary treat-
ments. The treatments consisted of a partial mixed ration com-
posed of grass-legume mixture silage and one of three types of
pelleted concentrate: (i) Control (CON; a commercial mix (Kom-
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plett Maxa 175, Lantmdnnen Malmo, Sweden), (ii) by-product
(BYP) and (iii) domestic (DOM). The experiment followed a ran-
domised complete block design with the use of a covariate, with
2 weeks of adaptation to the diets and 7 weeks of data collection.
Dry matter intake (DMI) (mean + SD, CON: 22.5 + 2.81, BYP:
22.6 + 2.47, DOM 22.1 + 2.72 kg/day), ECM production (CON:
43.5 + 550, BYP: 43.2 + 5.34, DOM 43.1 + 5.49 kg/day) and BW
(CON: 690 + 49.8, BYP: 669 + 57.4, DOM 671 + 54.2 kg/day) were
collected the week before the start of the experiment and were
used as covariate data in the statistical analysis.

The cows were housed in a free-stall pen with sufficient cubi-
cles covered with rubber mats and peat as bedding material. The
cows had ad libitum access to their allocated partial mixed ration,
salt licks, and water. A unique radio-frequency ear tag facilitated
individual cows’ identification, enabling automatic recognition in
the feeding stations, BW scale (at the start and end of the experi-
ment), milking unit, and the unit for enteric CH, emissions record-
ing. The cows were milked voluntarily in a free cow traffic single-
station voluntary milking system (310TM system; DeLaval Interna-
tional AB, Tumba, Sweden). Individual daily feed intake was
recorded automatically using feed mangers on scales (BioControl,
CRFI, Rakkestad, Norway). A single GreenFeed system unit (C-
Lock Inc., Rapid City, SD, USA) was used for continuous measure-
ments of emissions of enteric CHy, respiratory CO, and O,.

Dietary treatments

The dietary treatments (silage and concentrate pellets) were
optimised using NorFor - the Nordic feed evaluation system
(2011) to support a dairy cow producing 45 kg ECM per day. The
silage-to-concentrate ratio was set at 45:55 on a DM basis for all
rations. The rations were formulated to be as similar as possible,
with prioritisation in descending order based on net energy, CP,
starch, fat and NDF content (Table 1). The chemical composition
of the ingredients used during ration formulation is presented in
Supplementary Table S1.

All cows received the same silage, consisting of a grass-legume
mixture, from the first cut of multiyear leys. The silage was a mix-
ture of timothy (Phleum pratense L.), meadow fescue (Festuca
pratensis L.) and perennial ryegrass (Lolium pratense L.) with less
than 25% of red clover (Trifolium pratense L.) and white clover (Tri-
folium repens L.). The primary difference between treatments lay
in the type of pelleted concentrate feed included in the dairy
rations. The CON group was fed a commercially available pelleted
concentrate mix (Komplett Maxa 175, Lantmdnnen Malmd, Swe-
den) chosen to represent a typical pelleted concentrate used by
high-producing Swedish dairy herds (Lantmdnnen communica-
tion). For the BYP concentrate, ingredients were selected from by
—products available in sufficient quantities in the Swedish market,
either through domestic production or international trade. Priority
was given to cereal by-products (e.g., wheat middlings), which
were included at a minimum level of 40% of DM concentrate, and
cereals were added to achieve a minimum of 170 g of starch per
kg of DMI. For the DOM concentrate, ingredients were limited to
those that could be supplied through domestic production, such
as cereals, oilseed by-products, sugar by-products, and legume
grains. During the formulation of the BYP and DOM concentrates,
each ingredient’s carbon footprint was taken into account, incorpo-
rating emissions in the form of fossil CO,, N,O and excluding land-
use change. The carbon footprint was expressed as CO, equivalents
(€CO2.eq) and was sourced in descending priority order from
country-specific datasets, international datasets, and scientific
publications (Garcia-Launay et al., 2014; GFLI, 2019; Lindberg
etal., 2021; RKFS, 2021; Supplementary Table S2). All concentrates
were pelleted by Lantmdnnen Lantbruk AB (Malmo, Sweden)
(Table 2). The pelleting process (3.8 mm pellet) included milling,
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Table 1
Chemical composition (mean + SD; g/kg DM unless otherwise stated) of silage, control, by-product-based and domestic concentrates and of sugarbeet pulp pellets.
Item Silage CON BYP DOM Betfor®

DM (g/kg) 275+ 114 902 +3.7 903 + 4.6 902 +2.9 925 +3.1
Ash 90.1 £2.70 67.4 £1.58 713 £2.16 75.6 £ 1.10 729 £0.98
cpP 17558 178 £ 1.1 185+ 14 18119 87.1+£135
aNDFom 488 +7.2 166 £9.3 241 +£11.6 19972 348 + 4.7
iNDF 54.5 + 2.46 435+ 2.69 66.6 + 2.66 46.8 £+ 0.50 27.2
Starch NA 360 £ 3.8 300 £ 14.3 311+£58 15.8 + 4.47
Ether extract 378 £1.67 54.8 +0.23 41.2 £0.57 444 + 091 537 £0.018
IVOS (%) 88.7+0.79 NA NA NA NA
NEL (M]/kg DM) 6.75 7.36 6.68 7.05 6.39

Abbreviations: CON = Control mix; BYP = By-product based mix; DOM = Domestically produced mix; Betfor = Sugarbeet pulp pellets; aNDFom = amylase NDF organic matter;
iNDF = indigestible NDF; IVOS = Ruminal fluid digestible organic matter; NA: Not analysed; NEL = Net energy for lactation.

* Based on the chemical composition according to NorFor (2011).

blending and heat treatment according to European and Swedish
feed regulations (EC, 2005; SJVFS, 2018).

During the trial, the silage was mixed with the respective con-
centrate into three different partial mixed rations using a station-
ary mixer (Feed Mixer-Multimix, Cormall, Senderborg, Denmark)
and provided once daily ad libitum via an automatic feeding wagon
(Free Stall Feeder M2000 XL, GEA, Diisseldorf, Germany). Silage DM
content was determined twice per week throughout the experi-
ment to adjust the composition of the partial mixed ration as
needed. Additionally, cows received approximately 2 kg of concen-
trate (CON, BYP or DOM) per milking in the voluntary milking
system (average 3.1 milking occasions per day), and sugar beet
pellets (Betfor®, Nordic Sugar AB, Malmé, Sweden) were offered

Table 2

as attractant feed in the GreenFeed unit. These feedstuffs were
included in the DMI calculation presented in Table 3.

Sample collection and analyses

Feed

During milk and faeces sampling weeks (1, 4 and 7), silage and
concentrate samples were collected four times per week (Monday
to Thursday). In other weeks, silage samples were collected five
times per week (Monday to Friday), while concentrate samples
were collected twice weekly (Monday and Thursday). All samples
were stored at —20 °C until analysis. At the end of each week, fro-
zen silage and concentrate samples were pooled per treatment and

Composition (% of fresh matter) and estimated carbon footprint of silage, control, by-product-based, and domestic concentrate feeds used in the experiment with Swedish

Holstein cows.

Feed

Ingredient Silage CON BYP DOM CF (COy-eq g/kg)'
Oat hulls - - 12 - 89"
Wheat bran - 4.0 - - 89"
Distillers’ grain® - - 10.0 - 214"
Wheat middlings - — 41.1 - 289"
Field beans - - - 11.5 336"
Barley - 18.4 28.0 36.5 361
Molasses - 25 3.0 3.0 370"
Grass-legume mixture silage 100 - - - 390
Oats - - 3.0 85 390"
Wheat - 8.0 - — 400
Heat-treated rapeseed meal® - 20.0 6.0 15.5 4607
Dried sugar beet pulp (unmolassed) - 6.6 2.0 15.0 460"
Rapeseed meal - 5.3 - - 506"
Rapeseed cake — 3.0 - - 493
Maize - 253 - - 605"
Crushed rapeseeds - - 2.0 5.6 917"
Vegetable fats

AkoFeed® Gigant75 - 2.8 - - 1000

AkoFeed® Cattle — 0.5 — - 2300
Rumen-protected amino acids

MetaSmartDry - 0.2 - - 3 000

LysiGEM BB - 0.1 - - 4300
Minerals* - 33 37 4.4 277 -1168"
Pellet CF (CO,-eq g/kg)’ 525 338 425

Abbreviations: CON = Control mix; BYP = By-product based mix; DOM = Domestically produced mix; CO,..q = Carbon dioxide equivalent; CF = Primary estimated carbon

footprint.

! Primary carbon footprint expressed as CO5.q g/kg fresh matter, except for Grass-legume mixture silage, which is expressed as CO;-eq g/kg DM.

2
3
a

these are small added quantities, they do not significantly impact the overall results.

® Primary carbon footprint expressed as g CO,.¢q per kg product.
* Source: Lindberg et al. (2021).

Fibre and yeast cells from ethanol manufacturing (Agrow Drank 90, Lantmannen Agroetanol, Norrképing, Sweden).
Solvent-extracted and heat-moisture-treated rapeseed meal (ExPro®, AAK Sweden AB, Karlshamn, Sweden).
Containing minerals, vitamins and trace elements. The values in the table describe the variation in CO,..q among all included ingredients within this category; however, as

" Source: Lantminnen’s estimated value based on RKFS (2021) for calculating the carbon footprint of feeds.

" Source: Synthetic amino acids impact based on Garcia-Launay et al. (2014).
T Source: GFLI dataset (2019).
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Table 3

Effect of the control, by-product-based and domestic dietary treatments assessed across the entire experimental period on feed intake, daily milk yield, milk yield-to-feed intake

ratio and BW in Swedish Holstein cows.
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Diet
Item CON BYP DOM SEM' P-value
Number of cows 16 15 15
DMI (kg/day) 243 24.7 242 0.51 0.707
Silage DMI (kg/day) 10.6 11.0 10.5 0.50 0.701
Concentrate DMI (kg/ day) 134 13.2 129 0.43 0.650
Silage/DMI (%) 437 449 447 0.78 0.437
Milk yield (kg/ day) 39.6° 36.0° 38.7°" 0.97 0.017
Milk yield/DMI 1.62 1.48 1.59 0.054 0.103
BW (kg) 697 680 688 5.7 0.071

Abbreviations: CON = Silage plus control mix; BYP = Silage plus by-product based mix;

" Significant effect of days in milk.
! Greatest SEM value obtained.

DOM = Silage plus domestically produced mix; DMI = DM intake.

2> Values within a row with different superscripts differ significantly at P < 0.05 after adjustment for multiple testing using Tukey’s procedure.

week. All analyses were performed by the laboratory at the Depart-
ment of Applied Animal Science and Welfare, Swedish University
of Agricultural Sciences, Uppsala, Sweden. The DM content of the
silage was determined by a two-step procedure according to
Akerlind et al. (2011), first drying at 60 °C overnight and milling
and then drying at 103 °C for 16 h overnight. The DM content of
the concentrates was determined by drying at 103 °C for 16 h
(Jennische and Larsson, 1990). Ash content for all feeds was deter-
mined by ignition at 550 °C for three hours (Jennische and Larsson,
1990). The other analyses were performed on samples dried at
60 °C for 16-20 h and allowed to stabilise for at least 4 h at room
temperature. CP was analysed using an automated Kjeldahl proce-
dure (Foss, Hillerad, Denmark; Nordic Committee on Food
Analysis, 1976). The concentrates were analysed enzymatically
for starch (including maltodextrin) according to Larsson and
Bengtsson (1983). All feeds were analysed for amylase NDF organic
matter (aNDFom) according to Chai and Udén (1998) and indi-
gestible NDF (iNDF) according to Akerlind et al. (2011). The pel-
leted feeds were pooled for ether extract analysis according to
the batch delivered to the farm. The CON and sugar beet pulp pel-
lets were composited in one sample each for the entire experiment,
while for DOM and BYP, two samples were composited per feed by
pooling weeks 1-4 and weeks 5-7. Silage and pelleted feed sam-
ples were analysed for ether extract according to European Com-
mission regulations (EC, 2009). The silage samples were also
analysed for in vitro organic matter digestibility (OMD). The net
energy for lactation content in the concentrates and silage was cal-
culated according to the NorFor system (Volden and Nielsen,
2011).

Milk

Milk yield was recorded automatically at each milking for all
cows throughout the experiment, and the data were retrieved from
the DelPro (DeLaval International AB, Tumba, Sweden) system.
Milk samples were collected over two consecutive 24-hour periods
one week before the adaptation period (used as a covariate) and
then again during weeks 1, 4 and 7. Samples were collected auto-
matically from the milking unit into 20-mL tubes containing
bromo-2-nitropropane-1.3-diol on every milking occasion and
stored at +4°C until analysis (performed within 7 days). Milk sam-
ples were analysed for concentrations of milk fat, milk protein,
milk urea nitrogen (MUN), lactose and somatic cell count using
IR Fourier-transform spectroscopy (CombiScope FTIR 300 HP, Delta
Instruments B.V., Drachten, the Netherlands). Lactose was cor-
rected for lactase monohydrate by dividing by 1.053. Due to the
irregular milking intervals that occur in automatic milking, indi-
vidual milk production per cow and day was calculated according
to Nielsen et al. (2010). During week 4, due to a delayed changing

of the sampling cassette, nine tubes were filled with milk samples
from two animals, and these tubes were thus discarded. Energy-
corrected milk yield was calculated based on fat, protein and lac-
tose content according to Sjaunja et al. (1990):

ECM (kg) = Milk yield (kg)

(38.3 xfut(%) +242 % pro[ein(%) +16.54 x lartose(é) +20.7>
* 3140

Faeces and digestibility

Faecal grab (~400 g) samples were collected from the rectum of
each cow once daily on three consecutive days (Tuesday to Thurs-
day) in weeks 1, 4 and 7 (Mehtio et al., 2016). These samples were
pooled per cow and week, stored at —20 °C until required, thawed,
subsampled, subjected to freeze-drying, milled and analysed for
DM, ash, CP, NDF and iNDF. The total amount of faeces was esti-
mated from the total intake of iNDF and the content of iNDF in
the faeces. For the iNDF analysis, composite faeces samples were
freeze-dried, milled and analysed according to Akerlind et al.
(2011). Total-tract apparent digestibility was calculated from the
estimated feed intake, faecal excretion and their chemical
composition:

Feed intake — Faecal output

Apparent total tract digestibility = Feed intake

The calculation was based on data from the corresponding days of
each sampling week.

Enteric gas emissions

Exhaled gases (0,, CO,, CH4) were measured individually using
a GreenFeed system unit (C-Lock Inc.; Zimmerman et al., 2011)
throughout the whole experiment (weeks 1-7). The unit was
equipped with a head position sensor, and data were excluded
when head position criteria were unmet. All animals could visit
the GreenFeed unit voluntarily, with a minimum interval of five
hours between visits (maximum five visits/day). A sugar beet
pulp-based pelleted bait was used to attract cows and maintain
correct head positioning, dispensed at 30 g per cup drop, with up
to 8 drops per visit and with 1 cup drop per 40 s. Gas emissions
were calculated by subtracting background concentrations from
those recorded during each visit and adjusting for airflow, temper-
ature, and pressure using the ideal gas law. GreenFeed used a non
—dispersive near-IR analyser to measure CHy, O,, and CO,, cali-
brated every third day with standard gases provided by C-Lock
Inc. to account for signal drift. Monthly recovery tests using known
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CO, amounts confirmed an average recovery rate of 99.5%, and
flow coefficients were adjusted accordingly (C-Lock Inc.). The cali-
bration and recovery process were performed based on the manu-
facturer's recommendations (https://greenfeed.c-lockinc.com).
Data were uploaded every 24 h through a web-based system (C-
Lock Inc.), and the validated data were used for the statistical
analysis.

Data management and statistical analysis

All data were analysed in R Studio (Posit Team, 2022; R Core
Team, 2022) using basic R commands and the packages tidyverse
(Wickham et al., 2019) and ggplot2 (Wickham, 2016). During the
experimental period, two cows were excluded due to health issues
unrelated to the experiment. One cow from the DOM treatment
group suffered a mouth injury, while another from the BYP group
developed pneumonia. Furthermore, one cow from the BYP group
lost her ear identification tag during the experiment, resulting in
abnormal feed intake values and milk and ECM values. The animal
was identified as an outlier during the statistical analysis, and milk
composition values and ECM values were removed from the data-
set. Additionally, due to an error, one cow from the CON group had
access to the wrong diet for 24 h during the experiment, and thus,
her feed intake values were removed for that day. A successful visit
to the GreenFeed was defined as a visit event with a duration of at
least three minutes. A cut-off value of 20 successful visit events per
animal during the entire experiment was used to ensure reliable
data (Manafiazar et al., 2016). Animals with a lower number of suc-
cessful visits were removed from the dataset. This resulted in 24
remaining animals (nine CON (three primiparous, six multiparous),
six BYP (three primiparous, three multiparous) and nine DOM
(three primiparous, six multiparous)). This resulted in a total of
1 494 successful visits for the entire experiment and an unbalanced
design, with 679, 277 and 538 successful visits for the CON, BYP
and DOM groups, respectively.

Data were averaged by cow and week, and a linear mixed-
effects model with a continuous AR(1) correlation structure
“corCAR1” was fitted for each response variable using the “nlme:
Linear and Nonlinear Mixed Effects Models” package (Pinheiro
et al., 2022). ANOVA was performed using the “car: Companion
to Applied Regression” package (Fox and Weisberg, 2019) with
the options type III option and Kenward-Roger approximation
method. Treatment, week, and parity groups were used as fixed
effects, while animal was used as a random effect to account for
repeated measurements. A statistical model with the variables
days in milk as a covariate to account for different stages of lacta-
tion, two-way interactions (treatment x week and
treatment x parity group) and three-way interactions
(treatment x week x days in milk) was tested, and explanatory
variables were removed from the model if non-significant. Average
milk yield, ECM yield, DMI and BW in the week before the adapta-
tion period were included as covariates for milk, ECM yield, DMI,
and BW, respectively. All residuals were tested for normality, and
log transformation was performed if needed for the statistical anal-
ysis (stated in the following results tables where relevant). Statis-
tical significance was set at P < 0.05, and pairwise comparisons
adjusted using Tukey’s method were performed using the means
package (Lenth, 2023).

Results

There were no differences in total feed intake or intake of con-
centrates and silage between cows in the CON, BYP and DOM treat-
ments. Milk yield differed between treatments throughout the
entire experimental period. Cows on the BYP treatment produced
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9% less milk compared to those on the CON treatment, while the
DOM treatment group did not differ from either (Tables 3 and 4).
On milk sampling days, no differences were observed between
the treatments in milk yield, ECM yield, milk protein, lactose and
somatic cell count. Milk fat content from cows on the BYP treat-
ment was 8% higher compared to those on the CON treatment.
However, MUN was 19% higher for BYP and 12% higher for DOM
compared to CON. No treatment x week interaction was observed
for any parameters reported in Tables 3 and 4.

Enteric CH4 emissions, respiratory CO, and feed primary CO;_¢q
are presented in Table 5. There were no differences between the
treatments in enteric CH4 production or the CH, emissions inten-
sity. Feed primary CO,..q expressed as g/day differed between
the treatments, as planned. Animals receiving the BYP and DOM
diets had 21 and 14% lower Feed primary CO;._¢q than those receiv-
ing CON. Feed primary CO;.q expressed in g/kg milk was 15%
lower in BYP cows compared with CON cows, while feed primary
CO,.¢q expressed as g/kg ECM was 21 and 11% lower in cows on
the BYP and DOM diets, respectively, compared with those on
the CON diet (Table 5). No treatment x week interaction was
observed for any of the parameters reported in Table 5.

Intake and apparent digestibility results per treatment are pre-
sented in Table 6. Intake of aNDFom was 16% higher in BYP than in
CON cows, whereas DOM cows did not differ from those in the
other two treatments. Similarly, iNDF intake was 27% higher in
BYP compared with CON cows, while no difference was observed
between DOM and CON cows. Starch intake was 18% lower in
BYP and 16% lower in DOM cows than in CON cows, while ether
extract intake was 14% lower for BYP and DOM cows compared
to CON cows. A treatment x week interaction (P < 0.001) was
observed for iNDF and starch intake; however, posthoc compar-
isons suggest these changes were not consistently large or statisti-
cally distinct at each week (Supplementary Figs. S1 and S2).
Animals consuming the BYP and DOM diet had consistently lower
starch intake values and higher iNDF intake values throughout the
experiment (weeks 1-7) than CON while no difference was
observed between BYP and DOM.

DM and apparent OMD were lower by 3.5 percentage units in
BYP cows compared with the other two diets, while no difference
was observed between CON and DOM cows. The apparent
digestibility of aNDFom differed between all treatments, with
BYP cows having the lowest value (3.5 percentage units decrease
compared to CON) and DOM cows the highest (2.9 percentage
units increase compared to CON). A treatment x week interaction
was observed for the apparent digestibility of DM, organic matter
and aNDFom (Supplementary Table S3). Specifically, for the BYP
group, DM digestibility was lower during weeks 1 and 7 compared
to CON, but no difference was observed during week 4. Digestibil-
ity of organic matter was lower for animals that received BYP com-
pared to CON throughout weeks 1, 4 and 7. Digestibility of aNDFom
was lower for animals receiving BYP compared to CON throughout
weeks 1 and 7, but no difference was observed during week 4. Ani-
mals in DOM had higher aNDFom digestibility during week 4 com-
pared to CON, while no difference was observed between weeks 1
and 7.

Discussion
Intake and digestibility

No differences in DMI were found between the diets, for either
concentrate or silage, aligning with findings from previous studies
comparing by-product-based and cereal-based diets (Karlsson
et al.,, 2018a; Guinguina et al., 2021). In a previous comparison of
conventional and by-product-based diets, Takiya et al. (2019)
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Table 4
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Effect of the control, by-product-based and domestic dietary treatments assessed on sampling days during weeks 1, 4 and 7 on daily milk yield, energy-corrected milk yield, milk
components and the ratio of milk yield and energy-corrected milk yield to DM intake in Swedish Holstein cows.

Diet
Item CON BYP DOM SEM! P-value

Number of cows 16 14 15

DMI (kg/day) 243 246 24.1 0.45 0.678
Milk yield (kg/day) 39.5 37.1 385 0977 0.188
ECM (kg/day) 383 385 373 0.988 0.635
Fat (%) 3.97° 429" 4.01° 0.078 0.004
Fat yield (kg/day) 1.53 1.57 1.50 0.039 0323
Protein (%) 342 3.45 3.36 0.036 0.143
Protein yield (kg/day) 131 1.28 1.25 0.037 0.484
Lactose (%) 4.56 4.62 4.63 0.032 0.208
Lactose yield (kg/day)’ 1.78 1.70 1.75 0.052 0.500
Milk urea N (mg/100 mL) 12.0° 14.2° 13.4° 0.260 <0.001
Somatic cell count (1 000/ml)’ 87.5 1375 86.5 34.7 0.205
ECM/DMI 1.59 1.58 1.55 0.050 0.806

Abbreviations: CON = Silage plus control mix; BYP = Silage plus by-product based mix; DOM = Silage plus domestically produced mix; DMI = DM intake; ECM = Energy

—corrected milk.

" Significant effect of days in milk.

" Back-transformed from log-transformed values (antilog scale) for interpretability.
! Greatest SEM value obtained.

2 values within a row with different superscripts differ significantly at P < 0.05 after adjustment for multiple testing using Tukey’s procedure.

Table 5
Effect of control, by-product-based and domestic concentrate diets on enteric gas emissions and feed primary carbon footprint in Swedish Holstein cows.
Diet

Item CON BYP DOM SEM' P-value

Number of cows 9 6 9

Successful visits per animal” 75£35 46 + 25 60 + 20

DMI (kg/day)* 244 245 242 0.49 0.885

Enteric CH, (g/day) 387 378 402 17.3 0.500
CH4/Milk (g/kg)* 10.39 9.98 11.43 0.797 0.351
CH4/ECM (g/kg) 10.83 9.82 11.57 0.814 0.241
CH4/DMI (g/kg) 16.4 15.8 17.3 0.60 0.119

Exhaled CO, (g/day) 12 941 13 042 13 070 396.0 0.954
CO,/Milk (g/kg)" ' 351 358 368 28.1 0.858
CO,/ECM (g/kg) 363 340 377 28.8 0.599
CO,/DMI (g/kg) 552 548 564 19.0 0.762

CH,4/CO; (g/kg) 29.8 286 309 0.75 0.048

Number of cows 16 15 15

Feed primary CO,..q (g/day) 11 907* 9 423" 10 191° 378.0 <0.001

Feed primary CO,.q /Milk (g/kg) * 311° 264° 279 10.8 0.004

Number of cows 16 14 15

Feed primary CO;.eq [ECM (g/kg) 320° 254" 284 10.7 <0.001

Abbreviations: CON = Silage plus control mix; BYP = Silage plus by-product based mix; DOM = Silage plus domestically produced mix; DMI = DM intake; ECM = Energy

—corrected milk; CO5.q = Carbon dioxide equivalent.

T Significant effect of days in milk.

" Back-transformed from log-transformed values (antilog scale) for interpretability.
! Greatest SEM value obtained.
2 Total number of successful visits per cow during the entire experiment (weeks 1
3 DM intake used in methane and carbon dioxide yield calculations.
4 Milk yield during the entire experimental period.

7).

b values within a row with different superscripts differ significantly at P < 0.05 after adjustment for multiple testing using Tukey’s procedure.

found no effect of diet on DMI in Holstein dairy cows postpeak lac-
tation (150 days in milk). However, a decrease in DMI was
observed in cows fed the by-product-based diet during late lacta-
tion (231 days in milk). In our study, the apparent total tract
digestibility of DM, organic matter and aNDFom differed between
the CON, BYP and DOM diets, where the BYP treatment group
showed reduced digestibility of all the mentioned parameters.
By-products, in general, vary in chemical composition, and by-
products used in ruminant diets may, at large, be based on fibrous
feeds or legume crops (Halmemies-Beauchet-Filleau et al., 2018).
The BYP diet resulted in a higher intake of iNDF compared to
CON and DOM, which could explain the lower digestibility of
DM, OM, and aNDFom observed in BYP compared to CON and

DOM. Similarly, Guinguina et al. (2021) observed decreases in
DM, organic matter and NDF digestibility and no treatment effect
on CP digestibility for diets based on sugar beet pulp, wheat mid-
dlings, barley fibre and wheat bran compared with cereal-based
diets. Also, Karlsson et al. (2018a) observed decreased OMD for
by-product-based diets composed mainly of sugar beet fibre, dried
distillers’ grains with solubles and rapeseed meal, compared to a
cereal-based diet.

The similar DMI and OMD levels observed between CON and
DOM indicate that domestically produced ingredients such as cere-
als and field beans can successfully replace maize kernels and heat-
treated rapeseed meal without a negative response in perfor-
mance. This finding is in agreement with previous studies that
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Table 6
Effect of control, by-product-based and domestic concentrate diets on intake and apparent total-tract digestibility in Swedish Holstein cows.
Diet

Item CON BYP DOM SEM' P-value

Number of cows 16 15 15

Intake
Organic matter (kg/day) 221 225 215 0.08 0.605
aNDFom (kg/day)™ 7.41° 8.58" 7697 0309 0.006
iNDF (kg/day) 1.16" 1.47° 1.16" 0.045 <0.001
CP (kg/day) 4.19 438 412 0.153 0.447
RDP (kg/d)' "’ 2.80" 3.29° 297" 0.094 <0.001
Starch (kg/day) 4,62° 3.81° 3.87° 0.131 <0.001
Ether extract (kg/day) 1.11° 095" 0.95° 0.035 <0.001

Net energy lactation (M]/day)"" 174 168 165 5.12 0.371

Net energy balance (%)™ 102.2 100.3 99.6 2.54 0.718

Apparent digestibility (%)
DM 66.8" 63.3" 66.7% 0.61 <0.001
Organic matter 68.2° 64.7° 68.27 0.58 <0.001
aNDFom 60.0° 56.5¢ 62.9° 0.75 <0.001
cpP 59.4 59.2 60.1 0.84 0.699

Abbreviations: CON = Silage plus control mix; BYP = Silage plus by-product based mix:
matter; iNDF = indigestible NDF; RDP = Rumen degradable protein.
" Significant effect of days in milk.
T Back-transformed from log-transformed values (antilog scale) for interpretability.
1" Calculated in IndividRAM software (Vixa, 2008), according to NorFor (2011), based on
"t Calculated in IndividRAM software (Vixa, 2008), according to NorFor (2011), based
weeks 1,4 and 7.

! Greatest SEM value obtained.
2b< values within a row with different superscripts differ significantly at P < 0.05 after

investigated the effect of replacing rapeseed meal (Rdisdnen et al.,
2023) or soybean meal (Cherif et al., 2018; Johnston et al., 2019)
with field beans. The higher aNDFom digestibility in DOM could
result from the higher inclusion of ingredients with high content
of potentially degradable NDF, such as sugarbeet pulp and barley
(NorFor, 2011). Milk production

Milk yield measured during the entire experiment was lower
for the cows receiving the BYP diet compared with CON cows,
while no differences were observed for the DOM group com-
pared with the other two groups. The pattern was similar on
sampling days, with the lowest numerical yield observed in
the BYP group, but no statistical difference was observed
between the treatments. Both parameters are presented to main-
tain transparency and inform about the milk yield on the specific
days selected for sampling and analysis of milk composition. The
difference in milk production during the entire experiment can
be attributed to the lower OMD observed in BYP compared to
CON and DOM, since DMI levels were similar between treat-
ments. Incorporating by-products in dairy cow diets poses chal-
lenges due to variations in the chemical composition of available
by-products, leading to inconsistent effects on DMI and milk
yield (Pang et al., 2018; Takiya et al., 2019; Guinguina et al.,
2021). This variation was evident in this study’s larger SD values
for BYP concentrate composition. The higher milk fat content in
the BYP group compared to the CON group can be attributed to
the higher aNDFom intake, which acts as a lipogenic nutrient
(Van Knegsel et al., 2007). Other feed trials examining the pro-
duction response of dairy cows in mid to late lactation have
reported similar effects of by-product-based versus cereal-
based concentrates on production performance. For instance,
Ertl et al. (2016) replaced cereal grains and pulses with a mix-
ture of wheat bran and sugar beet pulp without any adverse
effects on ECM yield or milk composition. Karlsson et al.
(2018a) observed no adverse effects on ECM yield but higher
milk fat content when cereal grains and soybean meal were sub-
stituted by a combination of sugar beet pulp, dried distillers’

; DOM = Silage plus domestically produced mix; aNDFom = amylase NDF organic

feed intake and dairy ration composition during the entire experiment (weeks 1-7).
on feed intake, dairy ration composition and energy-corrected milk production on

adjustment for multiple testing using Tukey’s procedure.

grains with solubles, and rapeseed meal. Guinguina et al.
(2021) replaced cereal-based concentrates with by-product-
based diets for dairy cows in early lactation, observing no reduc-
tions in milk yield or alterations in milk composition.

Milk protein content and milk protein yields were similar
among treatments. However, MUN levels were higher for animals
in BYP and DOM compared to CON. Dietary CP content is the pri-
mary nutritional factor influencing MUN (Nousiainen et al., 2004)
and did not differ among diets. The increased MUN levels could,
thus, indicate differences in protein quality among treatments.
Higher amounts of soluble CP and higher CP degradation rates in
the rumen are expected to impact the ability of rumen microbes
to fully utilise the produced ammonia (Hof et al., 1997; Nocek
and Russell, 1988). The main protein source in the CON concen-
trate pellet was heat-treated rapeseed meal, which resulted in
the lowest MUN values. On the contrary, BYP and DOM concentrate
pellets consisted mainly of ingredients with high levels of rapidly
available CP and high overall ruminal CP availability. Specifically,
based on their CP content and inclusion levels, wheat middlings
and barley constitute approximately 60% of BYP concentrate CP
content. The difference in MUN levels between CON and BYP can
thus be attributed to the higher intake of rumen-degradable pro-
tein by the BYP group. Field beans and barley constitute approxi-
mately 45% of the DOM concentrate CP, partially replacing the
heat-treated rapeseed meal in the DOM pelleted concentrate. Com-
pared with CON, the increased MUN levels in the DOM group agree
with previous studies’ findings, where field beans replaced rape-
seed expeller (Rdisdnen et al., 2023). Furthermore, Puhakka et al.
(2016) found that MUN levels tend to increase as rapeseed meal
is replaced by field beans on dairy rations with high CP levels.
Despite the differences between the treatments, MUN levels from
CON and DOM cows were within the acceptable range (9.0-14.0
mg/100 ml) identified by Sawa et al. (2011), while BYP cows had
slightly higher levels. Increased MUN levels could indicate
decreased protein use efficiency and higher urinary nitrogen
excretion.
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Feeding the different concentrate mixtures did not result in dif-
ferences in CH, production (g/day), yield (g/kg DMI), or intensity
(g/kg milk or ECM) despite the lower milk yield in the BYP group.
This agrees with previous findings of no difference in CH, produc-
tion, yield or intensity between cereal-based and by-product-based
diets with similar ingredients as the one used in the current exper-
iment containing sugar beet pulp, wheat bran, rapeseed meal,
dried distillers’ grains with solubles, palm kernel expeller and
molasses (Pang et al., 2018). The replacement of soybean meal with
field beans in dairy rations has also resulted in no differences in
CH,4 production, yield or intensity (Cherif et al.,, 2018; Johnston
et al., 2019). In contrast to our results, Guinguina et al. (2021)
reported decreased CH, production (g/d) and a lower amount of
CH, yield (g/kg DMI) for grass-legume mixture silage-based diets
containing unmolassed beet pulp, wheat middlings, barley fibre
and wheat fibre compared with diets containing barley, oat and
wheat grains.

Production of enteric CH4 is mainly correlated with DMI (Mills
et al, 2003; Yan et al., 2006; Ramin and Huhtanen, 2013;
Beauchemin et al.,, 2022). The similar levels of CH4 production
observed for the CON, BYP and DOM diets were mainly due to
the lack of differences in DMI between cows in these treatments.
Other dietary parameters, such as OMD and NDF, fatty acid and
CP intake (Nielsen et al., 2013; Niu et al., 2021; Donadia et al.,
2023), as well as animal parameters such as BW and milk yield
(Yan et al.,, 2006; Donadia et al., 2023), also influence CH, yield.
No difference was observed in enteric CH4 production or yield
despite the difference in OMD and intakes of NDF and ether extract
among treatments. The enteric CH4 emissions were comparatively
low in terms of production, yield and intensity relative to other
studies (Pang et al.,2018; Karlsson et al., 2019; Guinguina et al.,
2021). This outcome may be attributed to the higher observed
DMI, the lower observed apparent total tract digestibility, the
inferred faster passage rate and differences in the dietary fat con-
tent (Patra, 2013). Furthermore, the forage inclusion was lower
in this experiment (45%) compared to the aforementioned studies
(59-62%), which could also explain the lower enteric CH4 produc-
tion (Aguerre et al., 2011).

The higher aNDFom in the BYP group and the lower starch and
ether extract intake in the BYP and DOM group did not affect CH,4
yield. However, higher CH, yield values in the BYP and DOM group
may have been expected, at least because of the lower starch con-
centration, since rapidly fermentable starch increases propionate
production. Propionate production serves as an alternative meta-
bolic hydrogen sink to methanogenesis (Nielsen et al., 2013; Niu
et al, 2021; Beauchemin et al., 2022). In the present study, the
ether extract concentration was below 5% in all diets, and the dif-
ference between the diets was not large enough to result in a sig-
nificant effect on CH4 production. The lack of treatment effect on
the CH,4/CO,, ratio indicates no difference in the efficiency of micro-
bial fermentation of the feed or metabolisable energy utilisation
(Madsen et al., 2010).

Increased dietary inclusion of vegetable oils is often proposed as
an enteric CH4 mitigation strategy (Nielsen et al., 2013; Niu et al.,
2021; Beauchemin et al., 2022; Donadia et al., 2023); however,
their efficacy is influenced by several factors such as source, quan-
tity, degree of saturation and carbon chain length of the fatty acids
(Beauchemin et al., 2022). Vegetable oils rich in C16:0, such as
those in the CON diet, are commonly included in dairy cow rations
to enhance milk fat production. However, these vegetable oils are
mainly derived from palm or palm kernel, leading to long transport
distances and a high carbon footprint (GFLI, 2019; RKFS, 2021).
This raises concerns about potential trade-offs, including natural
habitats, peatland drainage, biodiversity loss and increased risk
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of forest fires (Meijaard et al., 2020). To address these challenges,
the BYP and DOM diets used crushed rapeseed, which has a lower
carbon footprint per kilogram and can be sourced domestically or
from other European countries. In this study, ECM yield and CH,4
production were similar across treatments, while BYP and DOM
had lower Feed CO,.eq values. This suggests that using vegetable
fat in dairy rations involves uncertainties and trade-offs, and their
production benefits must be weighed against their carbon foot-
print. Selecting fat sources with a lower carbon footprint and
shorter supply chains could be one step towards more sustainable
dairy production.

A significant practical challenge faced during this study was the
reluctance of the animals to visit the GreenFeed unit. A plausible
explanation is that the animals received up to 7 kg/day of concen-
trate feed from the automatic milking station, so the maximum
intake of pellets from the GreenFeed unit (1 200 g/day) may have
been insufficient attraction (mean pellet DMI per animal 363 g/
d). We compensated for the reluctance of the animals to visit the
unit by using a cut-off point of 20 successful visits per animal.
The use of a low cut-off point might have resulted in increased
residual variance for daily CH, for the animals with fewer visits
(Arthur et al., 2017; Dressler et al., 2023), but allowed us to con-
sider more data points in our analysis. Using a cut-off point of 30
successful visits would have resulted in excluding two animals
from the BYP group and one animal from the DOM group. This
would result in 59 + 20 and 64 * 16 successful visits (mean * SD)
for BYP and DOM, respectively, while enteric CH4 production val-
ues would be 373 and 399 + 21.1 g/day (estimated marginal
mean = SEM) for BYP and DOM, respectively.

The results of this study, in which dairy cow diets were opti-
mised based on greenhouse gas emissions from the production of
feed ingredients, highlight the importance of diet formulation for
the environmental sustainability of dairy production. It is espe-
cially relevant when feeding strategies and the inclusion of certain
ingredients are adjusted in order to mitigate enteric CH4 emissions,
as specific choices can result in trade-offs. Feed primary COj.eq
emissions and feed primary CO,.q per kg ECM were lower for
the BYP and DOM diets compared with CON, while feed primary
CO,_¢q per kg milk was lower only for the BYP diet compared with
CON. We did not observe any differences in CH4 production and
CH, yield or intensity, and can thus conclude that the BYP and
DOM diets outperformed CON in terms of carbon footprint when
CO5.¢q from feed production and enteric CH, are considered. Fur-
ther research can incorporate the greenhouse gas contribution of
ingredient transportation and manure management, providing a
more nuanced comparison of the treatments. These results suggest
that high-yielding milk production systems can be maintained
even with high dependence on by-products and domestic feeds
without compromising milk production or increasing greenhouse
gas emissions from feed and enteric CHa.

Limitations of this study

It is important to note that this study focused on the environ-
mental sustainability of dairy production, focusing only on green-
house gas emissions from feed production and direct emissions
from animals. The calculations exclude emissions that occur during
feed transport, processing, manure storage and handling. The sig-
nificance of these emissions may vary based on factors such as
transport methods, the use of renewable energy, technologies
and geographical location (Henriksson et al., 2014). Specifically,
the environmental impact of feed transport is influenced by the
transportation methods and the length of the supply chain
(Mogensen et al., 2014). For instance, emissions from short trans-
portation distances (e.g. 100 km), such as those anticipated for
the DOM diet, contribute less than 1% of the dairy ration carbon
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footprint. However, for long-distance transportation (e.g. 300 km),
these emissions increase to approximately 3% of the dairy ration
carbon footprint (Henriksson et al., 2014). Considering that the
ingredients of BYP and DOM are sourced either domestically or
from Northern Europe, the additional transportation emissions
are expected to have a minor impact on the comparison among
treatments. Emissions occurring during manure management and
storage are mainly in the form of CH4 and N0, and the magnitude
of emissions is dependent on, e.g. storage system, temperature and
cover (Kupper et al., 2020). A life cycle assessment may be used in a
complementary study to make a comprehensive sustainability
evaluation. The experimental diets are relevant for intensive dairy
production in Scandinavia and northern Europe. However, diet
composition varies across countries and regions due to factors such
as ingredient quality and availability, climate conditions, soil type
and infrastructure. The diets in this study were formulated for high
milk yield, requiring high proportions of concentrate and using
first-cut grass-legume mixture silage. The scenario may differ in
practical dairy farming, e.g. late lactation animals may receive a
mix of second- and third-cut silage.

The carbon footprint of feed ingredients, determined through
economic allocation, is susceptible to price fluctuations and market
conditions (Ardente and Cellura, 2012). Furthermore, changes in
industrial processes that alter the feed value may have an impact
on production and CH, emissions. Adoption of DOM or BYP diets
on a large scale might result in challenges of resource availability
and price fluctuations, which, in turn, affect the results of economic
allocation. We assumed a marginal effect of our diets on the food
system, but exploring these changes could be the focus of future
modelling studies.
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e Dairy production plays a vital role in
Sweden.
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ARTICLE INFO ABSTRACT
Editor: Paul Crosson Context: The dairy production system fills an important role by providing nutrient-dense foods in Swedish diets,
however, future efforts to improve its sustainability necessitate structural changes.
Ke)l'words: ) Objective: We present an innovative study which assesses the effects of these future changes in the dairy system in
Dairy production northern Sweden, the Norrland region, which has a subarctic climate.

Carbon footprint
Carbon flow
Food system

Methods: Four scenarios were developed: 1) Food as Industry: Food is a commodity, and its production is an
industry that can be invested in to benefit society. 2) Food as Technology: New technologies, such as nutrient
density trackers and microbiome mapping, are used for personalized dietary plans. Additionally, novel foods
from microbial cultures are produced. 3) Food as Culture: More locally produced food and diverse food products
are consumed. 4) Food Forgotten: Land previously used for food and feed is converted to bioenergy production,
climate mitigation, and adaptation infrastructure. These scenarios were compared to the baseline i.e. present
dairy system for dairy production capacity, carbon flow and carbon footprint.

Results and conclusions: Food as industry resulted in increased dairy production capacity with decreased carbon
footprint but increased carbon imports. Food as technology provided decreased dairy production capacity and
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increased carbon footprint but with decreased carbon imports. Food as culture, maintained dairy production
capacity with a decreased carbon footprint and carbon imports. Food forgotten resulted in decreased dairy
production capacity and increased carbon imports but with decreased carbon footprint. Food as culture benefits
all - specifically dairy production capacity, carbon footprint and carbon imports. However, further research is
required to explore implications on soil organic carbon stocks over time in Norrland.

Significance: Our study sheds light on the potential impacts of future dairy production in a subarctic climate and
aims to help in decision making.

1. Introduction

Dairy production holds a prominent position in Sweden’s agricul-
tural sector. Milk, cheese, and butter, are essential sources of nutrients
such as protein, calcium, iodine, riboflavin and vitamin By and play a
vital role in Swedish diets, as reflected in the high per capita con-
sumption (Swedish Board of Agriculture, 2022) and Nordic milk and
dairy product dietary recommendations of 350-500 ml per day
(Blomhoff et al., 2023). Northern Sweden, particularly the Norrland
region presents unique agricultural challenges due to its harsh subarctic
climate, scattered forest-dominated landscape and short growing season
which limit crop cultivation. Despite these challenges, some dairy
farmers achieve self-sufficiency in terms of grain crop production mainly
by cultivating Hordeum vulgare (barley; Landquist and Behaderovic,
2021). Moreover, the long summer days allow grass to accumulate
energy-rich carbohydrates and the low early summer temperatures
reduce lignification, promoting high-value forage (Krizsan et al., 2021).
These conditions favor grassland growth and ley cultivation on arable
land, with forage conservation techniques making the region self-
sufficient in terms of forage production (Printz, 2023). Consequently,
dairy production capacity is relatively high and is supported by several
dairy processing plants distributed across Norrland.

Multiple agricultural activities, such as fertilization, machinery op-
erations and crop drying are fossil fuel dependent and contribute to
greenhouse gas (GHG) emissions. More specifically, nitrogen (N) fertil-
ization is achieved by manure and/or mineral fertilizers. These mineral
N fertilizers are produced outside Sweden, presently using fossil fuels for
production of hydrogen, and ammonia based on the Haber-Bosch pro-
cess (Rafiqul et al., 2005) while other crop nutrients, mainly potassium
and phosphorus, are supplied by mining. The cultivation of mixed grass-
clover leys, which are common in Norrland, allows for N fixation and
thus has a sparing effect on N mineral fertilizer. The application of
manure and fertilizers leads to denitrification process in the soil that
causes emissions of nitrous oxide (N20), a greenhouse gas with a higher
global warming potential than carbon dioxide (CO2) (Peixoto and
Petersen, 2023). Furthermore, the digestion of carbohydrates by rumi-
nants results in enteric methane (CH4) emissions, introducing another
potent GHG.

Several strategies have been proposed to reduce the GHG emissions
associated with future dairy production systems. These include breeding
high-yielding cows (Gerber et al., 2011), increasing crop yields, using
fossil-free fertilizers (Suryanto et al., 2021), employing fossil-free fuels
(Rahman et al., 2022), reducing enteric CH4 (Hristov, 2023), and
applying biochar to soil in combination with manure (Gross et al.,
2022). In Norrland, specific changes have been suggested to enhance the
sustainability of the dairy production system. These include increasing
the fodder in cow diets, adopting soybean-free diets by utilizing local
protein sources, and improving manure handling (Landquist and Beha-
derovic, 2021). Furthermore, dairy production can, through land use
management, either promote carbon sequestration or contribute to
carbon loss (Hammar et al., 2022). Thus, any potential changes in
Norrland’s food production system, including the dairy sector, can have
far-reaching implications for dairy production capacity, climate impact
and carbon flows associated with the region’s agricultural practices.

Few studies have investigated the carbon footprint of dairy under
future production scenarios at farm and national level (e.g.,

Samsonstuen et al., 2024; Sharma et al., 2018; Thivierge et al., 2017).
But, to the authors’ best knowledge, none have combined dairy pro-
duction capacity, climate impact and carbon flows for future dairy
production systems for a subarctic region. The “MISTRA Food Futures”
project (A sustainable and resilient food system | Mistra Food Futures)
has explored future food scenarios (Gordon et al., 2022) but the effects
of their application to Norrland have not been investigated. Therefore,
this study aims to explore how the dairy production systems in Norrland
could look like within these different food future scenarios. Specifically,
it will scrutinize the projected performance characteristics in terms of
dairy production capacity, carbon flows and carbon footprint. The
findings will provide valuable insights for decision makers and shed
more light on the potential future transformations of the dairy produc-
tion systems in Norrland.

2. Method
2.1. Description of the scenarios

In the MISTRA food future project, four national scale future food
scenarios were designed: Food as industry, Food as technology, Food as
culture and Food forgotten (Gordon et al., 2022), a full description is
presented in the supplementary materials. We assume that these sce-
narios are equally applicable to any region in Sweden and have thus
developed four dairy production systems for 2045 in Norrland. The
study area does not cover all of Norrland but is limited to the catchment
area of Norrmejerier, a dairy cooperative operating in Norrland
including farms in the counties of Norrbotten, Vasterbotten, and parts of
Vasternorrland and Jamtland.

The dairy production systems under the four scenarios, hereafter
referred to by their respective future food scenario names (see Table 1)
are assumed to differ based on the e.g., amount of milk produced per
cow, cattle populations, reductions in enteric fermentation, proportions
of manure used for biochar, yields of crops and grazing management.
The semi-natural grasslands are used for grazing by heifers and steers in
all scenarios. In all the scenarios the culled cows, bull calves and surplus
female calves were sold for beef production. The percentage of milk
delivered, sold on farm, fed to calves, and discarded was assumed to be
the same as in the baseline (see Table 1). The dairy production system
under the four scenarios reflects its possible transformations to improve
sustainability in comparison to a baseline dairy production system (to-
day’s system — see Section 2.3) in Norrland Sweden.

2.1.1. Food as industry

This dairy scenario presents a sustainable and environmentally
friendly approach to increasing dairy production, aligning with the goals
of Swedish and EU food policies (Gordon et al., 2022). In the scenario,
agriculture and food is seen as an important part of society and as an
industry with equal importance for the economy as other industries in
Sweden e.g., forestry or steel. The change in dairy production in Norr-
land is influenced by investment in increased productivity. Arable land
use is the same as in the baseline and this determines the cattle popu-
lation in this scenario. Food as industry has an increase in milk yield per
cow compared to the baseline dairy production system, coupled with a
decrease in enteric CH,4 production. This decrease in CHy4 is achieved
through the implementation of innovative technologies, such as the use
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of the feed additive 3-nitrooxypropanol (Hristov, 2023) and increase in
milk yield per cow by breeding. Additionally, Food as industry assumes
higher crop yields per hectare than current levels (Lantmannen, 2019)
assuming increased yields without need for higher fertilizer applications
due to use of precision agriculture, i.e., improvements in technology in
monitoring and managing crop growth for optimization of resources.
The production of crops is fossil-free i.e., no fossil-based fertilizers and
fuels are used. Furthermore, carbon sequestration is enhanced through
the use of biochar derived from all produced manure (Azzi et al., 2024).
Food as industry uses less semi-natural grasslands compared to the
baseline.

2.1.2. Food as technology

This dairy scenario embodies a sustainable and environmentally
conscious approach to food production (Gordon et al., 2022). It achieves
this by reducing dairy production, introducing innovative food types,
and implementing strategic land use changes. These measures highlight
the potential for balancing productivity with environmental steward-
ship in the agricultural sector. We assume that under this scenario,
Norrland’s transformation in dairy production is spurred by use of land
to produce vegetable protein required to make innovative food types i.
e., plant-based meat and milk-based analogues. Semi-natural grassland
use is the same as in the baseline and this determines the young cattle

Table 1
Description of the dairy production system under different future food scenarios.
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population and subsequently the entire cattle population. Milk yield per
cow is decreased compared to the baseline dairy production system due
to increased inclusion of forage in the diet of the animals. In addition,
the dairy production system has a reduction in CH,4 emissions due to CHy
feed additives and an increase in crop yields when compared to the
baseline dairy production system, although these changes are less pro-
nounced than in Food as Industry. A portion of the crop production in
this scenario utilizes fossil-free inputs, and some of the manure is used
for biochar production. Moreover, there is a strategic shift in land use:
some arable land is converted back to forests, leading to a reduction in
the total arable land area.

2.1.3. Food as culture

This scenario describes a sustainable approach to food production
that prioritizes small multifunctional farms and is driven by a higher
appreciation for rural areas, cultural values, biodiversity and the closer
relation between producers and consumers (Gordon et al., 2022). In this
dairy scenario, emphasis is placed on increased self-sufficiency and the
creation of living and diverse landscapes and rural societies. These
changes are facilitated by an increased rural job market coupled with
digitalization resulting in more people living in rural and peri-urban
areas. Semi-natural grassland use is more than in the baseline and this
determines young cattle population and subsequently the entire cattle

Dairy production system

Parameter Baseline Food as industry Food as technology Food as culture Food forgotten

Herd Annual ECM 9,953 14,123 6,464 9,345* 14,123

description production per cow, kg
Replacement rate, % 37" 36" 25 25 36"
Adult cattle herd size 21,409’ 21,345 cows based 18,075 cows based 23,100 cows based on 1,560 cows based on net
on arable land on semi-natural semi-natural grasslands zero emissions at farm
grasslands and arable land

Total number of 15,843 15,095 10,680 13,649 1,103
heifers
Heifer growth rate, g/d 650 715 585 585" 715*
Heifer rearing period, 786 720 866" 866" 720"
d

Animal diets Concentrate mixture Commercial concentrate  Ce ial By-product-based Domesticaly produced By-product-based

cows

mix

concentrate mix

Annual DMI per cow, 8.30* 9.60
tonnes
Forage: Concentrate 58:42 46:54

ratio in cow diets

Cow grazing, managed
pastures

Annual Heifer DMI,
tonnes

Heifer grazing, semi
-natural grasslands

3 months per year, 5 h/
d, 4 kg DMI/d*
2.50

3 months per year, 24 h/
d

2 months per year, 5
h/d, 4 kg DMI/d
215

2 months per year,
24 h/d*

Calf rearing Commercial calf meal Commercial calf
and meal
milk replacer and
milk replacer
Crop Yield change - +50%*
production Renewable fuel use 0% 100%*
Fossil free fertilizer use 0% 100%*
Land use Arable land use change 28,000 ha No change *
based on cattle
population
Semi-natural grassland 2,400 ha semi-natural 42% decrease in
change grasslands', 540 ha semi-natural
forest pastures grassland use *
Climate CH4 decrease 0% 50%
mitigation Biochar production 0% 100% of manure*
actions

concentrate mix.
6.40

75:25**

3 months per year,
12 h/d, 8 kg DMI/d
2.50

4 months per year,
24 h/d =
Commercial calf
meal and

milk replacer

+28%

50%

50%

24% decrease
(remaining land
afforested) *
No change *

10%
20% of manure

ingredients
7.50

62:37"*

3 months per year, 18 h/
d, 12 kg DMI/d
2.50

4 months per year, 24 h/
d*

Commercial calf meal
and
milk replacer

0%

50%*

20%*

26% increase *

28% increase in semi-
natural grasslands use

10%"
20% of manure:

concentrate mix.
10.00

42:58*

3 months per year, 5 h/d,
4 kg DMI/d
2.15%*

4 months per year, 24 h/
d

Commercial calf meal and
milk replacer

+28%

100%

100%

92% decrease (remaining
land used for grass biochar
production *

92% decrease in semi-
natural grassland use *

20%*
100% of manure and
grass*

ECM: Energy corrected milk; DMI: Dry matter intake.
T Source: Landquist and Behaderovic (2021).
i1 Source: Norrmejerier, personal communication 21 September 2023.
“ Author assumptions.

" Norfor calculations (NorFor, 2011).
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population. Arable land also increases due to grass-based cattle diets.
There is a strong focus on sustainable animals, resulting in breeding for
lower average milk production per cow and growth rates than in current
production to increase longevity, robustness, and animal health and
welfare (Bengtsson et al., 2022). This is accompanied by a decrease in
enteric CH, emissions using non-synthetic methods such as the incor-
poration of seaweed into the diet (Hristov, 2023). Crop yield remains
unchanged as in the baseline dairy production system and one-fifth of
the fertilizer used is fossil-free i.e., the hydrogen for ammonia produc-
tion is not derived from natural gas but from electrolysis of water using
renewable energy. Additionally, some of the manure is used for biochar
production, and almost half the fuels used come from renewable sources
i.e., biodiesel.

2.1.4. Food forgotten

This dairy scenario describes the change in focus from using land to
produce food and feed to using land for climate mitigation. We assume
that under this scenario, dairy production is transformed and adapted
such that there is an increase in crop yield in line with current trends and
that this is achieved using fossil-free fertilizers and fuels. The cattle
population decreases to align with net zero emissions resulting in
decreased arable land use (feed crops) and semi-natural grassland use
compared to the baseline. However, the remaining arable land is used
for grass cultivation to produce grass biochar to sequester carbon. There
is an intensification of animal production and strong increase in animal
productivity compared with the baseline. Milk production per cow and
growth rates increase. Furthermore, better nutrition and management
combined with the breeding and the use of feed additives result in a
decrease of enteric CH4 emissions. Manure is processed into biochar,
resulting in carbon sequestration and partial compensation for the
emissions.

2.2. Assumptions

Our assumptions were largely based on MISTRA Future Food sce-
narios. For example, for Food as industry, we assumed a 50% increase in
crop yield and a 42% increase in milk yield (Gordon et al., 2022).
However, in some cases, the MISTRA Future Food scenarios provided
qualitative descriptions, such as for renewable fuel, fossil fuel and fer-
tilizer use in all future scenarios. For these qualitative descriptions, we
developed our own quantitative values (% change from the baseline)
based on our judgment. For other assumptions related to animals, such
as heifer growth rate, the values presented in this study are related to the
nutrition of the heifers. Systems using grazing of heifers on semi-natural
grasslands have lower growth rates due to the lower nutritive value of
the grass. Grassland-based dairy production also reduces milk yield,
which may improve fertility and health in cows, which reduce culling
rates and thus decrease the need for replacement heifers. Northern
Sweden’s agricultural landscape is characterized by high land aban-
donment (Ohlund et al., 2020). We assumed that land was not a limiting
factor in Northern Sweden because of the present abandoned land and
underutilized long-term leys. After developing our scenarios, we con-
sulted stakeholders and received confirmation that they were reasonable
for the region.

2.3. The baseline dairy production system

The description and the calculations for the baseline dairy produc-
tion system in catchment area of Norrmejerier (regional level) were
based on records at farm level that were submitted to Norrmejerier for
the purpose of sustainability reporting, specifically for the year 2022
(Data from Norrmejerier, 2023). Annual deliveries to Norrmejerier were
195,900,000 kg energy corrected milk (ECM) (4.38% milk fat, 3.52%
milk protein), after personal communication with Vaxa (21 March
2024), it was assumed that this corresponds to 92% of the total milk
production with the remaining amount being either sold on farm (5%),
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given to calves (2.5%) or discarded (0.5%). Based on these values annual
milk production per cow was set at 9,953 kg ECM (see Table 1) and
enteric CH4 emissions were calculated to 140 kg (NorFor, 2011; Man-
agos et al., 2023). Barley and Avena sativa (oats) are used in dairy feeds
and the yield for barley and oats cereals stands at 2,700 and 2,600 kg per
year respectively (Landquist and Behaderovic, 2021). However, this
production is heavily reliant on fossil-based inputs such as fertilizers and
fuels. The arable land use is based on the feed intake of the cattle pop-
ulation. In addition, semi-natural grasslands use is based on the popu-
lation of young animals and forest pasture use is based on the area size
by Landquist and Behaderovic (2021).

2.4. Future dairy production capacity

Utilizing the annual quantity of delivered milk and assuming that the
dairy system infrastructure was used to its full potential in the baseline,
we calculated the future dairy production capacity (FDPC) ratio for
Norrmejerier across the various future scenarios. A higher FDPC ratio
implies a higher level of production capacity by Norrmejerier. FDPC was
calculated as

FDPC = future production/current production (€]

Where future production is the quantity of milk produced per year in
the future scenarios and current production is the quantity of delivered
milk per year in the baseline scenario, all in kg ECM.

2.5. Carbon flows

We used the substance flow analysis (Brunner and Rechberger, 2017)
to assess the carbon flows in the study area. The system had five stocks
(rectangles): 1) atmosphere, 2) imports, 3) anthroposphere (plants, an-
imal and the topsoil in Norrmejerier’s catchment area), 4) exports, and
5) lithosphere (rocks and sediments). It also had ten flows (arrows): 1)
CO; (the carbon absorbed by plants for photosynthesis), 2) emissions
(the carbon discharged from combustion of fossil fuels, enteric
fermentation and respiration of animals etc), 3) fuel, 4) fertilizer, 5)
feed, 6) seed, 7) plastic, 8) limestone, 9) milk and 10) beef (see Fig. 1).

We analyzed the dairy sector (farms) in Norrland region in Fig. 1 and
the activities at the farms are crop production and animal production.
For the organic carbon input to soil at the farm, we consider roots, crop
leftovers, harvest losses, manure on grassland, and stable manure but
not the soil organic carbon (SOCQ), i.e., the component of soil carbon that
remains after the decomposition of organic carbon input to soil by soil
organisms (Stockmann et al., 2013; Hoang et al., 2021). The carbon
fixed in natural forests and other natural biological processes is
excluded.

2.6. Carbon footprint

The carbon footprint model considered the emissions linked from
cradle to farm gate as:

CF=I1+T+P.+Pny

Where CF is carbon footprint of dairy production, I is the GHG
emissions for production of inputs used for dairy outside the study area,
T is the GHG emissions from transport of inputs to study area, P, is the
GHG emissions from the production of crops in study area and Py, is the
GHG emissions from the production of milk and beef in study area all per
kg ECM.

Allocation of impacts: We used economic allocation for by-products
in feed and biophysical allocation according to IDF (2022) for allocating
impacts of milk and beef i.e., between milk and the live weight of sold
calves and culled mature females:

NE*Mineat

AF, =
™% ™ NEL*Mpik + NEG*Muear
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Fig. 1. The conceptual flow of carbon in the Norrmejerier’s catchment area.

Where AFpik is the proportion of emissions allocated to milk, Mmeat
is the liveweight of animals sold per year and Mp;i is the mass of fat and
protein corrected milk (FPCM), NE;, is net energy for lactation in MJ/kg
FPCM, and NEg is the net energy for growth in MJ/kg liveweight. The
FPCM was standardized according to IDF (2022) with 4% fat and 3.3%
protein:

FPCM = Production (kg/yr)*(0.1226*Fat% + 0.0776*Protein% + 0.2534)

To convert to FCPM to ECM we used:
1 kg ECM = 1.0077 kg FPCM

Characterization factors: We used 1 for CO,, 27.2 for biogenic CHy,
29.8 for fossil CHy, and 273 for N2,O (IPCC, 2021).

Functional Unit: We used kg carbon dioxide equivalents per kg ECM
(kg CO2 eq).

Feed intake: The feed intake was based on the output from NorFor
model (2011) utilizing the silage, heat treated rapeseed meal and the
concentrate mixtures reported by Managos et al. (2023). The diets in the
baseline and Food as industry were formulated using a concentrate mix
based on ingredients commonly used in cattle diets today. Food tech-
nology and Food forgotten utilized a by-products concentrate mix while
Food as culture utilized a concentrate mix with ingredients that can be
produced domestically in Sweden. The feed composition of the diets of
all the animals (cows, heifers and calves) used for baseline and the
scenarios are presented in Table 2 for the concentrates and forages.

The sources of greenhouse gases emissions, emission factors and
references are present in Table 3 and subsequent section of 2.6.

2.6.1. On-farm greenhouse gas emissions related to animal production

On-farm GHG emissions from animals in Norrmejerier’s catchment
were calculated for enteric fermentation, manure storage and manure on
grassland, and energy use for feeding operations. Enteric fermentation
CH4 emissions for lactating dairy cows were based on the results of feed
trial (Managos et al., 2023), while for non-lactating dairy cows and
heifers on NorFor (2011). Manure storage (CH4 emissions) and manure
on grassland emissions were calculated based on volatile solids using Eq.
10.24, where urinary energy was 0.06 (IPCC, 2019), and digestibility
was based on NorFor (2011). We assumed that the manure was stored as
slurry and CH4 emission were calculated based on volatile solids (VS)
using emission factors in Table 3.

For manure storage and manure on grassland (direct and indirect
N,0) emissions were based on the N excreted, which was an output of
NorFor (2011). Direct and indirect N2O emissions were based on [PCC
(2019) shown in Table 3. Feeding operations energy use emissions (CO2)
were calculated based on the assumption that 26 1 of diesel was used per
cow place per year (Edstrom et al., 2005).

2.6.2. Crop cultivation emissions

On-farm GHG emissions from crop production were calculated based
on the feed intake and feed composition (Table 2), inputs used for crop
production i.e. fossil fuel combustion, lime, fertilizer and manure
application, and outputs i.e. crop residues. In the scenarios Food as
technology and Food as culture, fertilization was based on mineral fer-
tilizers since all the manure was used for biochar production. The
greenhouse gas emission factors for fuel, lime and crop residues were
calculated based on emission factors shown in Table 3. Crop yield data
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Table 2
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Feed composition as a percentage of total concentrate feed for baseline and future scenarios in Norrland.

Items Baseline

Food as industry

Food as technology Food as culture Food forgotten

Concentrate use composition

Triticum aestivum (Wheat), % 6.7 6.5
Wheat middlings, % - —
Wheat bran, % 3.4 3.3
Barley, % 16.2 15.5
Oats, % - -
Oat hulls, % - -
Zea mays (Maize), % 21.3 20.7
Vicia faba (Field beans), % - -
Brassica napus (Rapeseed) by-products, % 37.8 40.3
Distillers’ grains, % 1.1 0.6
Beta vulgaris (Sugar beet) pulp, % 5.5 5.4
Sugar beet molasses, % 2.1 2.0
Minerals, % 2.9 2.8
Rumen protected amino acids, % 0.3 0.2
Vegetable oils, % 2.9 2.7
Total concentrate use (tonnes) 68,000 110,000
Forage use composition
Silage, % 87 88
Hay, % 3 4
Grassland, % 10 8
Total forage use(tonnes) 150,000 130,000

24.9 - 34.0
18.1 30.9 23.5
1.8 7.1 2.5
0.7 - 1.0

- 9.5

41.3 329 23
7.7 0.9 8.8
1.2 12.4 1.7
1.8 2.5 2.5
24 3.7 3.1
31,000 68,000 9,200
74 74 85

8 3 4

18 23 11
120,000 160,000 9,700

for crops produced in Norrmejerier’s catchment area are shown in the
supplementary materials in Table S1 and the quantities of crops are
shown in Table S2.

2.6.3. Biochar production

Biochar is produced by pyrolysis of organic material, such as manure
and grass, and can store carbon for an extended period of time (Azzi
et al., 2024; Li and Tasnady, 2023). In this study, biochar is produced
from manure in Food as industry and from manure and grass in Food
forgotten. In the later scenario, the grass for biochar production was
harvested from unfertilized, low yielding grassland (3,000 kg DM per
hectare) that remained unused due to reduction in the dairy cattle
population. In the same scenario, we assumed that, of the total harvested
silage for animal diets, 33% (lower quality) was used for grass derived
biochar production. The emission factors for greenhouse gases are
shown in Table 3. We assumed that manure derived biochar contains
40% carbon (Struhs et al., 2020), while grass derived biochar contains
70% carbon (Li and Tasnady, 2023).

2.6.4. Land use related carbon sequestration

While most studies do not factor in land use effects on carbon when
calculating the carbon footprint of dairy, it’s crucial to recognize that
soil carbon sequestration can play a significant role in reducing the
carbon footprint (Henryson et al., 2022). This reduction is possible

because the carbon emissions from agricultural activities can be
partially compensated for by the transformation of atmospheric CO5 into
plant biomass that is subsequently stored in the soil (Shabir et al., 2023).
We assumed that land remaining as grassland sequestrated carbon i.e.,
30 kg per hectare for semi-natural grasslands (Karltun et al., 2010) and
140 kg per hectare for cultivated grasslands (Henryson et al., 2022).

2.6.5. Emissions from dairy inputs from outside Norrmejerier’s catchment
area

Inputs used from outside Norrmejerier’s catchment area were esti-
mated based on feed intake and feed compositions (see Table 2 and
Table S3 of supplementary materials). The inputs included electricity,
feedstuffs, diesel, light fuel oil, fertilizers, lime, pesticides, and seed.
While most of these inputs were produced in other regions within
Sweden, a few, such as fertilizers, were sourced from outside the
country. The model accounted for emissions stemming from both the
production and transportation of these inputs. The crop production
emissions were calculated in the same way for all regionally produced or
imported feedstuffs (as described in Section 2.6.2). The calculations
were based on crop yield data for crops outside the catchment area,
which can be found in Table S1 of the supplementary materials.

Emissions factors for the production and transportation of inputs
were estimated based on Ecoinvent 3.9 database (Ecoinvent, 2023) and
we assumed emission factors per tonne-km basis for different

Table 3

Source and type of greenhouse emissions, emission factors and references.
Source/Gas Emission factor Reference
Manure, CH4 producing capacity 0.24 m® (baseline) IPCC, 2019
Manure, CHy4 conversion 14% (without CH, inhibitors)
Manure storage, direct NO emissions 0.5% of excreted N
Manure storage, indirect NoO emissions 1% of N lost as NH3
Diesel, CO, emissions 738 Gode et al., 2011
Light fuel oil, CO, emissions 74 g
Limestone applied to soil, CO, emissions 0.12 Mg C per Mg CaCO3 IPCC, 2006
Crop residue, mineral fertilizer and manure applied to soil, direct N,O emissions 1% of N IPCC, 2019

Crop residue, mineral fertilizer and manure applied to soil, indirect N,O emissions

Fertilizer, NH; volatization

Manure, NH;3 volatization

Soil amendments, N leaching

Biochar production from manure, CO, emissions
Biochar production from manure, CH, emissions
Biochar production from grass, CO, emissions

1% of N in NH3 and NOy
1.1% of leached N

11% of N applied

21% of N applied

24% of N applied

0.07 kg per kg manure
0.01 kg per kg manure
0.01 kg per kg grass

Struh et al., 2020
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transportation modes. For sea transport, we considered a 10,000 t dead
weight container ship. Road transport involved a EURO 5 truck with a
load capacity exceeding 20 t, while rail transport assumed an electric
locomotive similar to RC4 used in Sweden. Feedstuffs were assumed to
be transported by rail from Norrképing to Boden for 1,088 km and by
road for 250 km from Boden to the dairy farms (Google, 2023). We
assumed that fertilizer, pesticides, and other inputs were transported
from Germany to Malmo by ship for a distance of 183 km (Ports.com,
2023) and subsequently, by rail from Malmo to Boden (1,229 km,
Google, 2023) and finally by road to the farms as the feedstuffs.

2.7. Sensitivity analysis

Increased milk losses due to the withdrawal of veterinary treatments
and a high replacement rate (Véaxa, personal communication, 21 March
2024), along with high methane emissions, can increase the carbon
footprint of milk. We carried out a sensitivity analysis for the baseline
and all future scenarios to identify which of these factors influenced the
carbon footprint the most. We increased milk losses, replacement rate
and methane emissions by 5 percentage points each.

3. Results
3.1. Future dairy production capacity

When comparing the future dairy production systems to the baseline
dairy production system, dairy production capacity showed mixed re-
sults. Food as industry exhibited a value of 1.4, Food as culture a value of

1, while Food as technology and Food forgotten displayed values of 0.55
and 0.10 respectively.

Table 4
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3.2. Carbon flow

Food forgotten exhibited the largest carbon balance, 320% of the
baseline because of carbon sequestered by arable land used for grass
production and the carbon locked up in biochar. In contrast, Food as
industry had the smallest carbon balance, 82% of the value for the
baseline in Table 4. The differences in the carbon balance in Table 4 are
due to the variations in emissions of carbon through respiration and
enteric fermentation of animals and carbon sequestration due to
photosynthesis by crops. The carbon flows to and from the anthropo-
sphere was predominantly connected to the atmosphere. Feed imports
contributed 4-19% of the carbon input or inflows to the anthroposphere
for the baseline and future scenarios.

3.3. Carbon footprint of dairy production

The footprint without accounting for carbon sequestration presented
in Table 5 was between 107-110% of the footprint when carbon
sequestration was considered for the baseline and all future scenarios
excluding Food forgotten. Methane emissions from enteric fermentation
were the primary contributor to the footprint, comprising 54% in the
baseline, 46% in Food as industry, 55% in Food as technology, and 54%
in Food as culture and 47% in Food forgotten. The differences in the
carbon footprint (excluding carbon sequestration) in Table 5 are due to
the variations in emissions from crop production and enteric fermen-
tation. For the carbon footprint (including carbon sequestration), the
differences are due to variation in emissions from crop production and
enteric fermentation, and carbon sequestered. Fossil CH4 contributed
the least to the footprint having 0.9% in the baseline dairy production
system, 0.7% in Food as industry, 0.3% in Food as technology, 0.4% in
Food as culture and 0.9% in Food forgotten.

The carbon flows of the baseline and under future scenarios in kg carbon per kg energy corrected milk.

Parameter Dairy production system
Baseline Food as industry Food as technology Food as culture Food forgotten

Inflows to anthroposphere

Imports 0.13 0.15 0.10 0.097 0.15

From Lithosphere 0.0075 0.0053 0.011 0.0093 0.0058

From atmosphere 0.87 0.61 1.3 1.00 3.6
Outflows from anthroposphere

Exports 0.022 0.021 0.023 0.021 0.021

Emissions to atmosphere 0.48 0.33 0.69 0.49 1.7
Balance

Anthroposphere 0.51 0.42* 0.70* 0.59* 2.1

" These carbon balances represent crude values before accounting for long term decomposition.

Table 5

The carbon footprint of the baseline and under future scenarios in kg carbon dioxide equivalents.

Parameter Dairy production system
Baseline Food as industry Food as technology Food as culture Food forgotten
Excluding carbon sequestration 0.94 0.45 0.98 0.85 0.68
Including carbon sequestration 0.88 0.41 0.90 0.79 -0.004
Table 6

Change in carbon footprint in percentage points for the baseline and all future scenarios after a 5% increase in milk losses, replacement rate and methane emissions.

Parameter Dairy production system

Baseline Food as industry Food as technology Food as culture Food forgotten
Milk 5.4 5.3 5.5 5.4 5.4
Replacement rate 4.5 2.2 8.1 6.8 0
Methane 1.9 4.4 3.1 29 29
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3.4. Sensitivity analysis

Increasing milk losses by 5 percentage points increased the carbon
footprint by an average (for the values shown in Table 6) of 5% of the
original values for the baseline and all future scenarios. Similarly,
increasing the replacement rate by 5 percentage points increased the
carbon footprint by 4%, while increased CH4 emissions raised the carbon
footprint by 3%.

4. Discussion

Our study assessed dairy production systems in a subarctic climate
under future food scenarios based on different consumer food values.
Few studies have focused on future dairy production in the subarctic
regions. A previous study assessing dairy production under different
future scenarios in a subarctic climate in Canada by Thivierge et al.
(2017) based the scenarios on climate models. The study by Thivierge
et al. (2017) showed that under different climate model scenarios, the
future carbon footprint decreased due to increased crop yields. Sam-
sonstuen et al. (2024) studied future national dairy production in Nor-
way (part of Norway has subarctic climate) and indicated that the
scenario with high production efficiency had a lower carbon footprint
per unit milk. To the best of our knowledge, no study involving a region
in a subarctic climate compared carbon flows between different sce-
narios. In addition, no study has compared future food scenarios based
on consumers values as in the MISTRA food futures i.e. 1) efficient
production, 2) new technologies, such as nutrient density trackers and
microbiome mapping and new food production technologies, 3) pref-
erence for locally produced food and 4) preference of land use for bio-
energy production, climate mitigation, and adaptation infrastructure
instead of food and feed production. The findings in our study show that
under future food scenarios dairy production varied in terms of dairy
production capacity, carbon flows and carbon footprint.

Increasing the milk yields per cow by 40% of the baseline values and
using CHy4 inhibitors (decreasing CH4 by 50%) as demonstrated in Food
as industry, decreases the carbon footprint per kg milk by more than half
of the value in the baseline and increases the dairy production capacity.
However, sustaining such high dairy production capacity requires high
concentrate inclusion in the animal diets, specifically more than half of
the feed intake on a dry matter basis (approximately 54%). This comes at
the cost of larger carbon imports per unit milk and decreased carbon
balance in Norrland and this is in agreement with Wall et al. (2019). The
concentrate composition required to sustain this level of dairy produc-
tion capacity requires high dry matter use efficiency (1.47 kg ECM/DMI;
Table 1). This necessitates the use of feedstuffs less commonly cultivated
in Sweden, such as grain maize, or imported feedstuffs such as rumen
protected amino acids and fatty acids distillates from palm oil. The use
of these feedstuffs raises a concern about feed-food competition, in Food
as industry, approximately 21% of used ingredients could be considered
human-edible (Table 2; Wilkinson, 2011). Additionally, increased use of
imported feedstuffs also raises another concern i.e., increased vulnera-
bility of dairy production to feed price shocks. Considering Sweden’s
high lactose tolerance and that it has one of the highest per capita
consumptions of non-fermented dairy products (Vuorisalo et al., 2012),
increasing dairy production capacity, as seen in Food as Industry, is
essential. Surplus milk can be processed into powdered milk or long
maturing dairy products, which serve as a strategic reserve for use
during years with production deficits.

Leveraging ruminants’ ability to convert byproducts of our food
system and cellulose-rich biomass to dairy products by the high forage
inclusion in animal diets (75% on dry matter basis) as demonstrated in
Food as technology, results in a 13% increase in CH,4 emissions per kg
milk. The high fiber and low starch content in these diets are responsible
for the increases in CH4 emissions (Nielsen et al., 2013). The increased
grazing of semi-natural grasslands by replacement animals results in
slower growth rates and longer rearing periods also resulting in
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increased CH4 emissions from non-lactating animals. Furthermore,
forage-based animal diets supplemented with by-products result in low
dry matter use efficiency (1.00 kg ECM/DM intake; Table 1). However,
these diets exhibit low feed-food competition, as only 9% of used in-
gredients are considered as human-edible (Table 2; Wilkinson, 2011), in
Food as technology. This comes at the expense of the dairy production
capacity as milk yield per cow decreases due to matching the cow’s
nutritional requirements to the available nutrients in the high fiber diets
and also a decreased cattle population. A low dairy production capacity
in Norrland might compromise the economic sustainability of the sector,
including potential closures of some dairy processing plants due to un-
derutilization, especially given that it is a highly capital-intensive
business. High CH4 emissions do not align well with Swedish climate
neutral targets.

Utilization of locally available resources, such as locally produced
grains and increasing the cattle population as demonstrated in Food as
culture, increases self-reliance in terms of feed production, achieves
comparable levels of dairy production capacity, increase the carbon
balance and also lowers carbon imports per kg milk compared to the
baseline. Even with a moderate decrease of milk yield per cow, coupled
with forage-based diets (62% on dry matter basis) and the use of locally
produced feeds, dairy production capacity remains comparable to the
baseline. The impact of the increase in CH, emissions on the carbon
footprint per kg milk by grazing of semi-natural grasslands by replace-
ment animals and associated slower growth rates is overshadowed by
the inclusion of locally produced concentrate in the diet (Food as culture
had a 5% decrease in carbon footprint compared to the baseline). This
highlights that moderate forage inclusion in dairy diets and use of grains
improves digestibility and increases dry matter use efficiency (1.25 kg
ECM/ kg DM intake, as in Food as culture). These factors contribute to
the decrease in the carbon footprint per kg milk compared to the base-
line. Maintaining dairy production capacity, as seen in Food as Culture
and creating diverse landscapes from this practise appears to be an
important aspect of the Swedish culture. However, increased feed pro-
duction on locally available arable land as in Food as culture results in
high feed-food competition as approximately 16% of used ingredients
could be considered human-edible (Table 2; Wilkinson, 2011).

Intensification of the dairy system such that it achieves carbon
neutrality through enteric CH4 inhibition and carbon sequestration,
drastically decreases the herd size and dairy production capacity as
demonstrated in Food forgotten. Even with very high milk yield per cow
(40% higher) compared to the baseline, dairy production capacity can
decrease by as much as 90%. Carbon sequestration through biochar
production achieves an impressive 100% reduction in the carbon foot-
print and a 310% increase in the carbon balance compared to baseline.
However, similar to Food as Industry, the high concentrate inclusion in
the cattle diets (42% on dry matter basis), comes at the cost of larger
carbon imports per unit milk. Intensification of the dairy system using a
diet based on byproducts but low in fiber or forage results in a high dry
matter use efficiency (1.40 kg ECM/DM intake; Table 1; as seen in Food
Forgotten) compared to the low dry matter use efficiency (1.00 kg ECM/
DM intake; Table 1; as seen in Food as technology). This difference
highlights the impact of forage inclusion levels, considering that both
Food as technology and Food forgotten use the same concentrate
mixture. However, more concentrate use raises the feed-food competi-
tion concerns once again, because as much as 30% of used ingredients
are potentially considered human-edible in Food forgotten (Table 2;
Wilkinson, 2011).

Exploring the effects of these scenarios on animal health is chal-
lenging. The high milk yields per cow assumed in Food as Industry and
Food Forgotten, combined with low forage inclusion in animal diets may
result in metabolic problems, fertility issues or udder health issues
(Grandl et al., 2019). These pose animal welfare issues and might result
in increased animal mortality, high replacement rates and milk losses,
ultimately affecting the sustainability of the system.

The dairy systems described in this study result in distinct land use
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patterns, either through grazing of semi-natural grasslands and managed
leys or through the use of arable land both within and outside Norrland.
These different land uses have an impact on soil carbon stocks and
biodiversity both within the region and beyond. However, Northern
Sweden’s agricultural landscape is characterized by high land aban-
donment (Ohlund et al., 2020). Thus, the relation between local feed
production, arable land use and biodiversity becomes more complex.
Biodiversity is a crucial aspect of dairy production and biodiversity loss
needs to be assessed, especially if imported feeds are coming from areas
where clearing of forests takes place to make way for crop production
(Kyttd et al., 2023; Schader et al., 2014). While the use of crops in dairy
production often leads to biodiversity loss, this is not the case in Norr-
land. Crop production abandonment in favor of long-term leys appears
to promote biodiversity. Existing biodiversity assessment methods are
not suitable for evaluating this and thus there is a need for localized
biodiversity tools specifically tailored for Norrland.

In this study, our focus was primarily on dairy production under the
future scenarios. However, we acknowledge that associated changes in
crop rotations and the broader food system were not fully captured. As
total dairy and beef production shift, there will be corresponding
changes in amounts of energy and protein supply, and this will inevi-
tably be accompanied by adjustments in the amount food imported or
cultivated in the Norrland region. This will result in additional green-
house gas (GHG) emissions and could be the focus of future research
using a consequential approach.

Given that enteric CHy constitutes approximately 50% of milk’s
carbon footprint (FAO, GDP, 2019), CH4 mitigation represents a prom-
ising strategy. However, feasibility challenges are encountered, espe-
cially when it comes to grazing animals or young livestock. A
combination of further research and product development is required to
address these challenges (Hristov, 2023). The results of our study sug-
gest that solely focusing on CH4 cannot meaningfully reduce the carbon
footprint. Therefore, alternative technologies, such as carbon storage or
capture should be considered (Aan den Toorn et al., 2021). In Food
forgotten, GHG emissions were completely compensated through carbon
sequestration through biochar production, utilizing unused land after
the cattle population reduction. Net zero-emissions or carbon neutral
dairy production system can thus be achieved depending on land
availability. Further research is required to explore other carbon capture
and sequestration routes i.e. absorption from manure or biological
routes such as algal systems that do not require extensive land use (Yu
et al., 2023). Additionally, attention to N is crucial. Optimizing N
application rates, favoring ammonium-based fertilizers over nitrate-
based ones, incorporating biochar amendments, and using nitrification
inhibitors to collectively reduce GHG emissions through N0 reduction
(Pan et al., 2022) needs to be implemented in conjunction with carbon
storage and sequestration.

When it comes to carbon flow, we focused on the short-term effects
and used organic carbon input to soil rather than soil organic carbon
(SOC). The extent to which organic carbon input to soil becomes
sequestered depends on whether the soils in Norrland have reached their
C saturation point - an upper limit of SOC that is unaffected by
decomposition due to mineral protection, based on the soil’s physico-
chemical characteristics (Guillaume et al., 2022). In the baseline, if the
soils have not reached their C saturation point, some if not most of the
organic carbon input to soil will be released back into the environment
due to decomposition. To gain a more comprehensive understanding,
long-term models for carbon flows using SOC can offer a more detailed
and site-specific analysis of carbon flow over time.

Regarding the carbon footprint, our study did not specifically focus
on peatlands in Norrmejerier’s catchment area due to the unavailability
of data on area size of peatlands used by the dairy production system.
However, given their significant role in carbon emissions (Searchinger
et al.,, 2022), future research could certainly benefit from including
them. The results of the sensitivity analysis identified that the carbon
footprint was highly sensitive to milk losses. This finding underscores
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the importance of accurately measuring milk losses, as even small
changes can impact the overall carbon footprint. Therefore, it is crucial
to collect more reliable and precise data on milk losses to ensure that the
models used for calculating the carbon footprint are robust and accurate.
Improved milk collection data will help in making more informed de-
cisions and implementing effective strategies to reduce the carbon
footprint of dairy production.

Our study neglected economic constraints on dairy production such
as labour and input costs. The results of this study are predictions, and
therefore, should be interpreted with caution. Our study did not
completely capture anticipated technological changes that could take
place between now and 2045 and climatic conditions under different
climate models e.g. RCP 4.5 and 8.5 (IPCC, 2014) to avoid double
counting because we assumed that this was partly captured by Gordon
et al. (2022) in the future food scenarios. We also did not factor in the
technological changes as not to deviate from the future food scenarios
described. Future studies could focus on production under different
climate models. Questions still remain for dairy production in the sub-
arctic regions: How can genetic selection results in low-CH,4 emitting
animals that maintain high productivity under these future scenarios?
Can fast growing crops varieties be developed to supply protein and
energy to these animals? Future research can focus on these questions.

5. Conclusion

Future food scenarios based on different consumers values have a
strong impact on the dairy production system in Norrland. In Food as
industry, food is considered a commodity and strong focus in placed in
productivity thus changing the dairy system in Norrland to this scenario
would result in increased dairy production capacity, with a decreased
carbon footprint per unit milk, but with more carbon imports per unit
compared to the baseline. Changing to Food as technology, a scenario
characterized by food innovation and novel foods, would decrease the
carbon imports per unit milk but increase the carbon footprint per unit
milk and decrease dairy production capacity. Increased local food pro-
duction, as seen in Food as culture, leads to changes in the dairy pro-
duction system that result in decreased carbon footprint and carbon
imports per unit milk and similar dairy production capacity compared to
the baseline. In Food Forgotten, the dairy sector achieves the net-zero
emission target but through drastic decreases in dairy production ca-
pacity and increased carbon imports. Increased local food production
benefits all i.e. dairy production capacity, carbon footprint and carbon
imports. These findings have broader implications, making it possible to
assess the role of livestock in the future dairy system and evaluate their
productivity, greenhouse gas emissions and contribution to the food
system.
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