
ABSTRACT

Grazing pasture is the basis for dairy production 
systems in regions with temperate climates, such as in 
Ireland, New Zealand, parts of Australia, the United 
States, and Europe. Milk and dairy products from cows 
on pasture-based farms predominantly consuming fresh 
grazed grass (typically classified as “grass-fed” milk) 
have been previously shown to possess a different nutri-
ent profile, with potential nutritional benefits, compared 
with conventional milk derived from total mixed ration. 
Moreover, pasture-based production systems are consid-
ered more environmentally and animal welfare friendly 
by consumers. As such, there is significant potential 
for market capitalization on grass-fed dairy products. 
As competition in this space increases, the regulations 
of what constitutes as grass-fed vary between differ-
ent regions of the world. With this in mind, there is a 
need for clear and independently accredited grass-fed 
standards, defining the grass-fed criteria for labeling of 
products as such, subsequently increasing the clarity 
and confidence for the consumer. This review outlines 
the numerous effects of pasture production systems 
on dairy product composition, nutritional profile, and 
sustainability, and highlights potential future methods 
for authentication.
Key words: grass-fed, dairy, pasture, animal welfare, 
sustainability

INTRODUCTION

The world’s population is predicted to reach 10.4 
billion by 2067, diminishing the arable land available 
for food production, and therefore, posing serious chal-
lenges to meet growing food supply demands (Britt et 

al., 2018). Dairy products are highly nutritious and 
their inclusion in the human diet provides EAA and 
micronutrients otherwise lacking in typical plant-based 
foods (Haug et al., 2007). The annual consumption of 
dairy products worldwide averages ~87 kg per person, 
with 82.4% of the world’s milk produced by dairy cows 
(Britt et al., 2018). Primary production strategies for 
dairy varies across the world dependent on a number 
factors such as land availability, climate, infrastruc-
ture, and so on. However, in recent years the increased 
prevalence of “grass-fed” milk labeling on market 
shelves has been prompted by interest from consum-
ers, often demanding a premium price as a result of 
certain perceptions of such products related to health 
and environmental footprint considerations. Indeed, 
Stampa et al. (2020) reported that there are a variety 
of consumer demographics willing to pay a premium 
price for pasture-raised attributes, even on top of an 
already premium organic price. However, the authors 
also reported that consumer knowledge around the 
subject is low and there is confusion around the termi-
nology used, mistaking the production system behind 
pasture-raised products for organic or conventional, 
with important differences that will be discussed later. 
It could also be argued that there is some ambiguity 
around the terminology of “grass-fed” versus “pasture 
based,” whereby “grass-fed” is an indication of the pro-
portion of grass in fresh or ensiled form in the diet and 
“pasture based” implies cows are outdoors grazing fresh 
grass. Milk production worldwide is expected to grow 
at 1.7% per annum over the next decade and reach 981 
Mt by 2028, faster than most other main agricultural 
commodities (OECD-FAO, 2019). Due to population 
growth, urbanization, rising incomes, and dietary 
changes, the demand for milk and dairy products in 
developing countries is growing. This trend is especially 
evident in East and Southeast Asia, particularly in 
densely populated countries such as China, Indonesia, 
and Vietnam. In these areas as well as in Africa and the 
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Middle East, consumption is expected to grow faster 
than domestic production, resulting in a substantial 
increase in dairy trade across borders (FAO, 2019).

Recent trends would suggest that the dairy industry 
is in decline in Australia, with national milk produc-
tion now at 8.8 billion liters, down more than 10% 
since 2008–2009. The number of dairy farmers has 
also decreased from 8,000 to just over 5,000 over the 
same period (Australian Bureau of Statistics, 2020). 
The vast majority of Australian dairies are in coastal 
regions, taking advantage of the higher rainfall these 
areas experience, and as a consequence, greater grass 
production. Approximately 60 to 65% of a cow’s diet 
comes from fresh grazed grass averaged over a year 
(Dairy Australia, 2020).

However, significant changes in the feeding systems 
have also occurred in Australia, with a reduction in 
the pasture intake of dairy cows and an increase in 
concentrate feeding, averaging 1.6 t of DM/cow annu-
ally, having increased from 0.7 t of DM/cow 25 yr ago 
(Dharma et al., 2012). These changes have occurred 
due to the relatively low cost of cereal grain compared 
with other energy-based supplements, and motivation 
to increase production per cow and per hectare (Jacobs, 
2014). An increased incidence of drought conditions has 
been affecting multiple dairy-producing regions, with 
farmers contending with poor pasture growth, high feed 
prices, and reduced water allocations. In 2018–2019, 
this saw the cost of production grow significantly 
across all regions and contributed to the decline in 
milk production. Under these conditions, many farmers 
opted to milk a lesser portion of the herd, de-stock, or 
even exit the industry. Research by Wales and Kolver 
(2017a) showed that 64% of Australian dairy farmers 
fed moderate to high amounts of concentrate (>1 t/
cow per year), an increase of 10% compared with the 
results from the 2010–2011 survey. Farms where grazed 
pasture was supplemented with partial mixed ration 
offered on a feed pad comprised 12% of dairy farms. 
At a regional level in Australia, approximately 10% of 
dairy farms in Tasmania and Gippsland in Victoria do 
not feed any grain, which contrasts with the remaining 
regions where this number is less than 4%.

In the United States, the emphasis is on TMR with 
significant reliance on cereal grain-based concentrate 
feeds (Wilkinson and Lee, 2018). However, there is 
great variation in herd size within and between regions. 
There is a resurgence of interest in pasture-based dairy 
farming systems in different areas across the United 
States. This can be attributed in part to prevailing 
trends in the dairy industry.

Since the abolishment of European Union milk 
quotas in 2015, there has been an increase of 4.5% in 
the production of raw milk on EU farms, from 164.8 

million tonnes in 2014 to 172.2 million tonnes in 2018 
(Eurostat, 2019). This rapid expansion brought many 
challenges, including maintaining animal welfare, as 
well as adhering to stricter targets for greenhouse gas 
emissions and water quality. In Ireland, one of the ben-
efits arising from the dramatic changes and expansion 
of dairy farms has been improved technical efficiency 
and profitability, particularly for pasture-based systems 
(Kelly et al., 2020), with cost of milk production de-
creasing across Europe. As an example, Ireland’s dairy 
industry is associated with grass growth throughout 
most of the year due to the favorable conditions of a 
temperate climate, abundant rainfall, and fertile soils 
(Hurtado-Uria et al., 2013), as such reducing require-
ments for supplemental concentrates in the diet and 
costs associated with these. With that, the image of 
grazing cows is synonymous with Irish dairy, where 
pasture is utilized as the main, low-cost feeding source 
(Finneran et al., 2012). Typically in Ireland, the major-
ity of herd calving takes place synchronously in the 
spring time between January and April (ICBF, 2020) 
after which cows move out on pasture and begin their 
lactation, typically grazing for more than 240 d per 
year (O’Brien et al., 2018). As a result Ireland practices 
a seasonal milk production system from February to 
November/December, where milk supply peaks in May 
to June followed by a steady decrease until the end of 
lactation (O’Brien et al., 1999c). The system focuses 
on matching feed supply and demand through man-
agement of stocking rate, calving date, and the levels 
of supplementary feeds offered (Shalloo et al., 2014). 
In addition to milk’s traditional nutritional value (fat 
and protein content), consumer trends of preference 
have evolved to include other considerations such as a 
product’s environmental footprint, sustainability, and 
broader nutritional benefits and sensory characteristics 
(Haas et al., 2019; Stampa et al., 2020). As such there 
are further market opportunities for pasture-based 
dairy farmers and dairy manufacturers. With this in 
mind, the purpose of this review is to examine current 
literature on the effect of pasture-based feeding on the 
composition and quality of grass-fed milk and dairy 
products and attributes of these systems considering 
animal welfare, sustainability, and potential tools for 
authentication in the future.

DAIRY COW FEEDING SYSTEMS

The composition of bovine milk, which contains 
mainly water (~87%), lactose (~4.8%), fat (~4.2%), 
and protein (~3.5%), is affected by numerous factors, 
including cow breed, genetics, age, diet, and stage of 
lactation. Cow feeding system has been identified as 
an important factor that can modify the nutritional 
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profile of milk (Linn, 1988; Auldist and Hubble, 1998; 
Mackle et al., 1999; O’Brien et al., 1999b,c; Auldist et 
al., 2000a,b; Moran, 2005; Fox et al., 2015).

Pasture

Traditionally, grazing on fresh pasture was the pri-
mary feeding system for dairy cows. While some coun-
tries have migrated away from pasture feeding to more 
intensive TMR systems, which offer greater control of 
the cow diet to maximize production, countries such 
as Ireland and New Zealand with a temperate climate 
extensively practice pasture-based systems that are 
considered cost efficient, especially in regions which al-
low for ample grass growth (Roche, 2007; O’Neill et al., 
2011). Nevertheless, globally it is estimated that only 
10 to 15% of milk production is based on grazing sys-
tems (Shalloo et al., 2018) and in Europe the levels of 
grazing are declining (Hennessey et al., 2020). A strong 
inverse relationship has been demonstrated between 
cost of production per liter and proportion of grazed 
grass in the dairy cow diet (Kelly et al., 2020). In Ire-
land, each additional tonne of pasture DM utilized per 
hectare increased the net profit by €173 (Hanrahan et 
al., 2018; Kelly et al., 2020). Some studies have demon-
strated benefits of inclusion of white clover in pasture, 
due to its ability to reduce nitrous oxide emissions, 
fix atmospheric nitrogen, and reduce carbon footprint 
(Ledgard et al., 2009; Yan et al., 2013). A key focus of 
pasture management centers on maximizing grass uti-
lization through optimal grassland management, while 
allowing individual cows to express their individual 
potential. For example, increasing pasture allowance by 
32% during early or mid lactation was demonstrated to 
result in an increased milk yield as well as total protein 
and casein concentrations. Increasing individual cow al-
location would allow for increased cow performance but 
could result in poor grass utilization on a per hectare 
basis, as McCarthy et al. (2011) demonstrated, that 
whereas milk production per cow is reduced as stock-
ing rate increases, a strong positive relationship exists 
between stocking rate and milk production per hectare. 
To meet the dietary requirements of cows when grass 
growth is limited in temperate countries, the diet is 
usually supplemented with concentrates in particular 
after calving and toward the end of lactation (Dillon et 
al., 1997; McEvoy et al., 2008), and intake potential is 
low in order for the cows’ feed and energy requirements 
to be met.

TMR and Partial Mixed Ration Systems

In the United States, most of Europe, and parts of 
the Southern Hemisphere, TMR is widely used as the 

prevailing feeding system, where cows are maintained 
indoors year-round. This is usually also coupled with 
specialist herd management strategies, utilizing year-
round calving, diminishing the effects of seasonality 
on milk composition and functionality (Schingoethe, 
2017). Total mixed ration is essentially a nutrition-
ally formulated feed mix, combining feeds formulated 
to a specific nutrient content. Such feeds may contain 
forage (grass silage, hay, or straw), grains (corn, oats, 
wheat, and barley), protein feeds (soybean, cottonseed, 
linseed, and groundnut), minerals, vitamins, feed addi-
tives, and by-products. The advantages of indoor TMR 
systems include protection of cows from environmental 
extremes and a constant and consistent feed composi-
tion, easier recording of feed intake and regulation of 
DMI, and higher milk yield (Kolver and Muller, 1998; 
McAuliffe et al., 2016). Total mixed ration can also be 
easily offered to cows in confinement throughout the 
year, in line with the increase in herd size and demand 
for higher milk yield. As such, housing cows indoors has 
become more popular in certain regions of the world 
(Elgersma, 2015). An alternative to TMR is partial 
mixed ration, which is basically a TMR offered on a 
feed pad between bouts of grazing at pasture (Bargo 
et al., 2002).

The choice of supplement type may have different 
effects on the composition of milk produced. Supple-
menting grazing dairy cows with fodder beet in early 
lactation was demonstrated to increase saturated and 
medium-chain fatty acid content, but did not alter milk 
production (Fleming et al., 2018). A similar study, 
which looked at supplements given to cows grazing a 
restricted pasture allowance, found that a mixed ra-
tion supplement containing milled barley grain, alfalfa 
hay, corn silage, and crushed corn grain increased milk 
fat yield with marginal milk production responses 
compared with pasture forage alone or a combination 
of milled barley grain and pasture forage (Auldist et 
al., 2013). Another study compared 4 different supple-
mental feeds for pasture-based cows: 16% CP parlor 
concentrate, palm kernel plus parlor concentrate, soy 
hulls plus parlor concentrate, and molassed beet pulp 
plus parlor concentrate. This study demonstrated that 
supplement type significantly modified the size of native 
casein micelles, fatty acid composition and nutritional 
indices, sensory volatile profile, as well as acid gela-
tion properties of raw milks (O’Callaghan et al., 2019). 
Oliveira et al. (2015) also reported that the addition of 
palm kernel cake to the cow diet had a negative effect on 
the fatty acid profile of milk. Stage of lactation also has 
a significant effect on milk composition. O’Callaghan 
et al. (2016b) demonstrated that significant changes 
occur to milk composition throughout lactation as cows 
progress through early, mid, and late stages in a spring 
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calving system regardless of whether the diet is pasture 
or TMR based.

CURRENT KNOWLEDGE ON GRASS-FED 
PRODUCTS—COMPOSITIONAL, NUTRITIONAL, 

SENSORY, AND FUNCTIONAL PROPERTIES

Numerous research studies have evaluated the effect 
of pasture feeding on the composition, sensory, and 
functional characteristics of milk and other dairy prod-
ucts, such as cheese and butter. The existing literature 
commonly reports changes in milk yield and compo-
sition, while some researchers have also highlighted 
sensory attributes and functional properties related to 
milk from pasture-based feeding systems. Before con-
sidering any potential nutritional benefits associated 
with pasture-derived products which arise from com-
positional modifications, it is important to understand 
how different milk components can contribute toward 
health and well-being.

Milk Fat

Milk and dairy products represent complex food 
matrices that are viable sources of essential nutrients 
including CLA, oleic acid, n-3 fatty acids, short- and 
medium-chain fatty acids, vitamins and minerals, as 
well as other bioactive compounds that may have ben-
eficial health effects (Haug et al., 2007). A significant 
amount of these essential nutrients is supplied by daily 
intake of 500 mL of milk or an equivalent amount of 
other dairy products (Haug et al., 2007). The con-
sumption of milk and dairy products has been linked 
to positive health outcomes, such as reduced risk of 
type 2 diabetes, reduced risk of obesity in children, 
and improved body composition in adults (Lamarche 
et al., 2016; Lovegrove and Givens, 2016; Thorning et 
al., 2016). Consuming full-fat or fermented milk has 
been shown to increase gastric emptying time, which 
could be beneficial for glycemic response and even 
appetite regulation (Haug et al., 2007). On the other 
hand, refraining from dairy products without a suitable 
substitution increases the risk of developing deficiencies 
such as calcium, vitamin D, and long chain n-3 (Craig, 
2009; Clarys et al., 2014; Beto, 2015).

Although saturated fat has been associated with 
negative health outcomes in the past, particularly car-
diovascular disease (Pfeuffer and Schrezenmeir, 2000), 
a neutral or inverse association was demonstrated for 
SFA in dairy products (Haug et al., 2007; Siri-Tarino et 
al., 2015; Lamarche et al., 2016; Lovegrove and Givens, 
2016; Thorning et al., 2016). Particularly, other indices 
such as levels of n-6 and n-3 fatty acids, thrombogenic 

index, and atherogenic index could be taken into ac-
count when evaluating health effects of fat (Ulbricht 
and Southgate, 1991).

Omega-6 (n-6) and n-3 fatty acids are essential PUFA 
that are not synthesized by the body, classified accord-
ing to the final double bond location in relation to the 
terminal methyl end (Wall et al., 2010). Eicosanoids 
derived from n-6 and n-3 are known to participate in 
the regulation of inflammation; therefore, their dietary 
ratio has gained much interest as a nutritional biomark-
er (Patterson et al., 2012; Benbrook et al., 2013). Al-
though the optimal ratio of n -6: n -3 was defined as lower 
than 4:1, the increased intake of n-6 in the Western diet 
results in an estimated ratio of 15:1 to 16.7:1 (Lee et 
al., 2019). A specific fatty acid that has gained consid-
erable interest in recent years is CLA, which possesses 
various potent bioactivities such as antihypertensive, 
antidiabetic, antiobesity, and anticarcinogenic func-
tions (Koba and Yanagita, 2014). Conjugated linoleic 
acid isomers have been shown to reduce chemically 
induced tumors in the mammary gland, skin, colon, 
and forestomach in animal studies (Kelley et al., 2007). 
The cis-9,trans-11 isomer of CLA known as rumenic 
acid is a distinct feature of ruminant milk, biohydroge-
nated from linoleic and linolenic acids originating in the 
feed and enzymatically produced from vaccenic acid by 
desaturase in the mammary tissue (Mohammed et al., 
2009; Elgersma, 2015). Sheep cheese naturally enriched 
with α-linolenic acid (ALA), CLA, and vaccenic acid 
given to adults with mild hypercholesterolemia was 
found to significantly increase the plasma concentra-
tions of CLA, ALA, and eicosapentaenoic acid (EPA) 
as well as decreased low-density lipoprotein cholesterol 
(Pintus et al., 2013). Milk fat is also known to contain 
important n-3 fatty acids, including ALA, EPA, and 
docosahexaenoic acid, which possess an array of health 
benefits. Due to their vital contribution to proper fetal 
development, these fatty acids are particularly impor-
tant for pregnant and lactating women. In addition, 
EPA and docosahexaenoic acid have been shown to 
improve numerous physiological and health conditions 
such as inflammation, peripheral artery disease, and 
weight management, and demonstrated promising 
results in cognitive function in those with very mild 
Alzheimer’s disease (Palmquist, 2009; Swanson et al., 
2012). Other milk fat components (e.g., bovine milk 
fat globule membrane and its phospholipids) have been 
shown to have antibacterial, anticancer, and choles-
terolemia-lowering properties (Spitsberg, 2005). Milk 
fat also contains numerous fat-soluble antioxidants, 
namely β-carotene, retinol, and tocopherol, which are 
important for the pro- and antioxidant balance in the 
human body; β-carotene also functions as a precursor 
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for the synthesis of vitamin A, whereas retinol and to-
copherol function as vitamin A and E, respectively (de 
la Torre et al., 2018).

Milk Protein

Protein originating from animal products is consid-
ered of high quality due to its content of EAA and 
NEAA, and other micronutrients (Broderick, 2017). 
Milk contains ~3.5 g/100 mL of high quality protein, 
providing a source for 9 EAA required for humans as 
well as organic nitrogen for growth and development 
(Schlimme and Meisel, 1995; Fox, 2003; Séverin and 
Wenshui, 2005). Bovine milk protein is comprised of 
mainly caseins (αS1, αS2, β, κ, and γ), which consti-
tute ~80% of the proteins, and whey proteins (α-LA, 
β-LG, lactoferrin, immunoglobulins, serum albumin, 
glycomacropeptides, enzymes, and growth factors) ac-
counting for the remaining 20% (Linn, 1988; Fox, 2003; 
Heck et al., 2009). These proteins are the main source 
of bioactive peptides in milk and dairy products, which 
can be liberated by proteases during digestion, by pro-
teases present in milk or during processing, following 
the addition of starter cultures, purified enzymes, or 
both (Korhonen and Pihlanto, 2006; Vargas-Bello-
Pérez et al., 2019). These bioactive fragments have been 
shown to possess various beneficial functions, including 
antihypertensive, antimicrobial, immune-modulating, 
antithrombotic, and antioxidant properties (Kitts and 
Weiler, 2003; Haque and Chand, 2008; Vargas-Bello-
Pérez et al., 2019).

Milk Micronutrients

Milk also contains various micronutrients such as vi-
tamins and minerals which constitute vital compounds, 
particularly for neonatal development but also for 
healthy function and growth throughout life (Aleixo 
and Nóbrega, 2003). As mentioned earlier, the fat frac-
tion of dairy compounds contributes significantly to 
vitamin and antioxidant content, including β-carotene, 
retinol, and tocopherol (de la Torre et al., 2018). Milk 
also contains various water-soluble vitamins, including 
B1, B2, B3, B5, B6, biotin, B12, folic acid, and vitamin C 
(Mehta, 2015). In addition, milk is well known particu-
larly for its Ca content. Calcium is typically associated 
with bone and tooth health, but also contributes to 
nerve conduction, and muscle and vascular contraction 
(Beto, 2015). Minerals in milk exist in equilibrium be-
tween soluble and colloidal (considered insoluble) frac-
tions; for example, Ca and P exist both in the soluble 
phase and attached to casein, and therefore their con-
centration correlates positively with that of protein. 

Casein micelles are not only a nutritious source of AA, 
but also allow, through their colloidal structure, the 
transport of large amounts of Ca and P in stable form 
(Gaucheron, 2005).

GRASS-FED PRODUCTS

The primary findings of existing research studies on 
the compositional, nutritional, sensory, and functional 
properties of pasture-derived dairy products are sum-
marized in Table 1, following a detailed description 
based on product type. It is important to note that 
some feeding studies relied on multiparous dairy cows, 
whereas others included a specific breed; certain stud-
ies focused on a particular stage of lactation, whereas 
others examined the effect of diet throughout the en-
tire lactation period. As mentioned earlier, a variety 
of factors, including breed and stage of lactation, can 
affect the composition of milk and need to be taken 
into account when drawing conclusions across a variety 
of studies.

Grass-Fed Milk

In general, TMR feeding systems result in significant-
ly higher milk yields from cows compared with that of 
pasture systems due to higher concentrate feeding. Pas-
ture feeding has been demonstrated to increase fat and 
protein contents of milks (O’Callaghan et al., 2016b; de 
la Torre et al., 2018; Gulati et al., 2018), noting that 
the increase in protein and casein can modify the pro-
cessing properties of milk, in particular rennet-induced 
gelation (O’Brien et al., 1999a; Amenu et al., 2006). In 
addition, it was previously shown that increasing pro-
tein and fat concentrations in milk results in a higher 
cheese yield (Fenelon and Guinee, 1999). Milk’s protein 
and fat content are important not only from an indus-
trial techno-functional perspective, but also for farmers 
in terms of milk price (Rice et al., 2019). A recent study 
linked pasture-based systems with profitability, taking 
into account different parameters including protein and 
fat contents in milk (Hanrahan et al., 2018).

Pasture-based diets not only affect fat concentration 
of milk, but also alter the fatty acid composition, in 
general toward a more nutritionally beneficial profile. 
As discussed by Palmquist (2006), fatty acids in the 
feed of cows have a significant effect on the composition 
of subsequent milk and dairy product fat. In particular, 
higher levels of ALA in milk from pasture compared 
with non-pasture-fed cows have been attributed to high 
content and rumen escape of ALA from forages. A de-
crease in SFA and in the ratio of n -6: n -3 was observed 
in grass-based milk by numerous researchers, compared 
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with TMR (Kelly et al., 1998; Couvreur et al., 2006; 
O’Callaghan et al., 2016b; Veiga et al., 2018; Lee et 
al., 2019). O’Callaghan et al. (2016b) reported sig-
nificantly higher concentrations of C18: 2n -6 trans, C18: 
3n -3 (ALA), C20:1, and C20: 4n -6 (arachidonic acid) 
with a greater than 2-fold increase in the biologically 
active isomer of CLA, C18:2 cis-9,trans-11, in pasture 
feeding systems compared with TMR. Others have also 
demonstrated pasture intake resulted in milk richer in 
ALA and CLA (Stanton et al., 1997; Kelly et al., 1998; 
Dhiman et al., 1999; White et al., 2001; Couvreur et al., 
2006; Slots et al., 2009; Veiga et al., 2018; Lee et al., 
2019). Furthermore, O’Callaghan et al. (2016b) demon-
strated that the fatty acid profile of milks from pasture-
based and TMR feeding systems are distinctly different 
and that fatty acid profiling coupled with multivariate 
analysis could be harnessed for the verification of dairy 
products from pasture-based feeding systems. In addi-
tion to possible nutritional benefits, the modified fatty 
acid composition obtained from pasture-based milk can 
lead to modified processing properties such as changes 
in melting temperature and texture of various dairy 
products (Couvreur et al., 2006).

Furthermore its important to note that some of the 
major nutritional benefits typically associated with or-
ganic dairy products could in fact be linked to pasture 
feeding as opposed to the organic criteria alone. For 
example, the fatty acid profile of milk samples collected 
from US cows fed a nearly 100% forage-based diet was 
quantified and compared with a study of milk from 
cows under conventional and organic management. The 
pasture-based milk was found to be significantly differ-
ent from both conventional and organic milk, contain-
ing a lower ratio of n -6: n -3 as well as higher levels of 
total n-3 and total CLA (Benbrook et al., 2018). In 
Denmark, pasture access is part of the requirements for 
organic dairy cows, who must be on pasture for at least 
150 d a year between April 15 to November 1 (Slots et 
al., 2009). Nevertheless, a study comparing milk from 
different farms in Denmark (conventional or organic) 
and the United Kingdom (grazing, relying on pasture 
as almost the sole feed with 95 ± 4% DMI) found clear 
differences between the UK and Danish organic milk. 
The UK grass-based milk had higher concentrations of 
CLA, trans-11-vaccenic acid, MUFA, and antioxidants, 
namely α-tocopherol and β-carotene, than organic and 
conventional milks from Denmark (Slots et al., 2009).

Calcium and phosphorus are important elements in 
milk from both a nutritional and functional perspec-
tive, occurring in equilibrium between soluble and col-
loidal states (Tsioulpas et al., 2007; Fox et al., 2015). 
Calcium phosphate, playing a major role in tooth and 
bone health, is associated with the casein micelle and 

contributes toward its structural integrity (Gulati et 
al., 2018; Alothman et al., 2019). Gulati et al. (2018) 
demonstrated that milk from cows on pasture had a 
higher content of calcium and phosphorus. This can 
have implications for the dairy industry, affecting milk’s 
heat stability, sedimentation, cheese-making properties, 
and so on (Tsioulpas et al., 2007; de Kruif et al., 2012; 
Alothman et al., 2019).

Grass-based milk was also found to contain higher 
amounts of lutein, a xanthophyll which is considered 
a fat-soluble antioxidant (de la Torre et al., 2018). 
Other studies have reported higher concentrations of 
β-carotene in milk from cows offered grass, which was 
also linked to the distinctly yellower, creamier color 
of grass-based milk (Nozière et al., 2006; Butler et 
al., 2008; Faulkner et al., 2018; Clarke et al., 2019). 
Moreover, studies observed higher concentrations of 
toluene, arising from β-carotene degradation, in grass-
derived milk samples (Faulkner et al., 2018; Clarke et 
al., 2019). Differences were obtained between feeding 
systems in terms of the product volatile profile. Di-
methyl sulfone was identified in the pasture-derived 
samples, and highlighted as a potential volatile bio-
marker (Toso et al., 2002; Faulkner et al., 2018; Clarke 
et al., 2019), which was also identified in ruminal fluids 
of cows fed a pasture-based diet compared with TMR 
(O’Callaghan et al., 2018). Another potential volatile 
biomarker previously identified was p-cresol, which was 
higher in pasture-derived milk and associated with a 
barnyard aroma/flavor, whereas the TMR milk scored 
higher for hay-like flavor (Faulkner et al., 2018; Clarke 
et al., 2019). p-Cresol could be derived from β-carotene 
and isoflavones through microbiome metabolism in 
the rumen, which is supported by its presence in the 
ruminal fluid of grass-fed cows (Faulkner et al., 2018; 
O’Callaghan et al., 2018; Clarke et al., 2019). Hippuric 
acid was also highlighted by another study as a poten-
tial volatile marker for milk originating in pasture feed-
ing systems (O’Callaghan et al., 2018). Using sensory 
profiling of products, an Irish sensory panel preferred 
the pasture-based milk when compared with TMR milk 
(Faulkner et al., 2018; Clarke et al., 2019). Such a result 
is perhaps unsurprising given that pasture-derived dairy 
products are the prevailing form in Ireland. Cheng et 
al. (2020) carried out a cross-cultural sensory analysis 
of skim milk powder (SMP) from pasture and non-
pasture diets in Ireland, the United States, and China. 
The authors reported that differences in the sensory 
perception of SMP existed between US, Chinese, and 
Irish consumers. While Irish and US panelist prefer-
ences were aligned with their familiarity, the Chinese 
consumers were less discerning in relation to the cow 
diet.
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Grass-Fed Cheese

Different studies have evaluated the effect of pasture 
feeding on the properties of various cheeses. While nu-
merous processing parameters such as starter culture 
choice are known to affect cheese characteristics to a 
large extent (Coulon et al., 2004), most results and 
trends reported were in agreement across the cheeses 
examined. In this context, Verdier-Metz et al. (2005) 
hypothesized that milk characteristics influenced by 
diet had a greater effect on cheese final characteristics 
such as color and sensory attributes in Cantal cheese, 
whereby the ripening process occurs mainly inside the 
curd since the curd/rind ratio is higher than in Saint-
Nectaire cheese.

Pasture feeding was found to increase fat content 
in Cantal, Saint-Nectaire (Verdier-Metz et al., 2005), 
and Montasio type cheeses (Lee et al., 2019). Similar 
to findings about the fatty acid composition in pasture-
derived milk, an effect on cheese fatty acid composi-
tion was also observed in several studies. Significantly 
higher concentrations of vaccenic acid and CLA were 
obtained in pasture-based cheeses (Lucas et al., 2006; 
O’Callaghan et al., 2017; Frétin et al., 2019). Others 
have also observed a significant increase in C18:1 cis-9 
and ALA (Lucas et al., 2006; Frétin et al., 2019; Lee 
et al., 2019). These modifications in fatty acid com-
position resulted in a more nutritionally beneficial fat 
composition in cheeses originating from pasture-based 
feeding systems, for example lower n -6: n -3 ratio and 
thrombogenicity index scores and reduced palmitic acid 
(C16:0) (O’Callaghan et al., 2017; Lee et al., 2019). 
Moreover, the different fatty acid composition altered 
cheese texture as a direct effect of the balance between 
SFA and UFA with low and high melting points. This 
resulted in lower hardness scores, and less firm, more 
elastic, smoother, and creamier texture of pasture-
derived cheeses (O’Callaghan et al., 2017; Frétin et al., 
2019; Panthi et al., 2019a).

Similarly to milk originating from pasture-based 
systems, pasture-derived cheese was more yellow in 
color compared with TMR samples due to a higher 
levels of β-carotene content (Verdier-Metz et al., 2005; 
Lucas et al., 2006; O’Callaghan et al., 2017; Frétin et 
al., 2019; Panthi et al., 2019a). Moreover, when cows 
were fed a pasture diet, subsequent cheese was found to 
be richer in antioxidants such as xanthophylls, retinol, 
α-tocopherol, as well as total antioxidant capacity (Lu-
cas et al., 2006). In terms of the volatile profile, several 
studies reported an increase in toluene, similarly to 
milk samples (O’Callaghan et al., 2017; Panthi et al., 
2019b). Cornu et al. (2009) highlighted a decrease in 
the odor of isopentanoic acid in Cantal cheese produced 
from pasture-based milk.

Grass-Fed Butter

Increasing the proportion of fresh grass in the diet has 
been demonstrated to result in lower solid fat content 
(Couvreur et al., 2006). Pasture-based feeding has been 
demonstrated to modify the fatty acid composition of 
butter, including a significant increase in the concen-
trations of CLA (O’Callaghan et al., 2016a; Pustjens et 
al., 2017), ALA (Pustjens et al., 2017), and C18:1 trans 
(Couvreur et al., 2006; Pustjens et al., 2017). Conse-
quently, pasture-derived butter had lower thromboge-
nicity index and atherogenicity index scores (Couvreur 
et al., 2006; O’Callaghan et al., 2016a). Changes in the 
fatty acid composition, particularly the spreadability 
index (C16: 0/ C18: 1), led to significant differences in 
thermal and textural properties, including a decrease in 
final melting temperatures and the onset of crystalliza-
tion occurring at lower temperatures, resulting in lower 
hardness scores for pasture-derived butter (Couvreur et 
al., 2006; O’Callaghan et al., 2016a). In accordance with 
results obtained for pasture-based milk and cheese, but-
ter originating from a pasture-based feeding system was 
yellower in color and richer in β-carotene (O’Callaghan 
et al., 2016a). Volatile profiling of butters indicated 
higher concentrations of toluene and β-pinene as well 
as a lower concentration of 2-butanone in grass-based 
butters compared with TMR samples (O’Callaghan et 
al., 2016a). Increasing the proportion of fresh grass in 
the cows’ diet resulted in lower firmness in the mouth 
during sensory evaluation (Couvreur et al., 2006), 
whereas Irish assessors gave higher scores to pasture-
derived butters for liking of appearance, flavor, and 
color (O’Callaghan et al., 2016a). Garvey et al. (2020) 
interestingly examined the cross-cultural preferences 
for salted butters from pasture and non-pasture-based 
feeding systems in Ireland, the United States, and 
Germany. The authors reported that sensory attribute 
differences based on cow diet were evident across the 3 
countries, which are likely influenced by familiarity and 
concluded that different feeding systems affect cross-
cultural perception of butter.

Other Grass-fed Dairy Products

Magan et al. (2019) compared the effect of pasture 
feeding system versus TMR on compositional and func-
tional characteristics of whole milk powders (WMP). 
The authors reported that pasture-derived powder was 
significantly more yellow in color than TMR due to in-
creased β-carotene content in pasture-derived samples, 
in line with aforementioned studies demonstrating this 
effect in pasture-based milk, cheese, and butter. Fur-
thermore, yogurts produced from pasture-derived WMP 
had higher elastic moduli (G′), viscous modulus (G″), 
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and complex viscosity (η*) than TMR samples, which 
characterize a stronger gel. Pasture-based yogurts also 
resulted in a more cohesive gel. Such results indicate 
there can be technological considerations between milk 
source and final product properties.

Another study looked at low-heat SMP produced in 
mid and late lactation from milk derived from grazing 
cows or cows housed indoors offered TMR (Gulati et al., 
2019). Again, a yellower color was obtained for pasture-
derived samples. In addition, pasture-derived low-heat 
SMP contained a higher protein content, and lower 
lactose, iodine, and selenium content compared with 
the corresponding TMR powder. Reconstituted powder 
(at 10% wt/wt) originating from milk from pasture-
based cows had higher levels of protein, casein, and 
ionic calcium, and lower concentrations of lactose and 
NPN (% of total N). Moreover, pasture feeding resulted 
in rennet gels with a higher storage modulus (G′) than 
the TMR sample. Nevertheless, there was no significant 
effect on the properties of stirred yogurt produced from 
the reconstituted powder, based on starter-induced 
acidification. This highlighted that the application and 
processing conditions of the reconstituted powder also 
play a role in its functionality (Gulati et al., 2019).

Various compositional, sensory, techno-functional, 
and nutritionally beneficial effects have previously 
been reported for grass-fed milk and other such dairy 
products (Table 1). These results suggest that nutri-
tional benefits should be further supported with data 
from in vivo human trials, for example those comparing 
grass-fed with non-grass-fed dairy products, in addition 
to dose-response studies. Furthermore, studies to date 
have focused on milk, cheese, and butter with informa-
tion lacking on other dairy products such as milk pow-
ders and yogurts. Finally, it is important to highlight 
that seasonality, cow breed, and genetics also play a 
major role in dairy product composition and properties 
(Knowles et al., 2006; Alothman et al., 2019) and these 
factors should be taken into account when designing 
experiments, particularly feeding trials.

COW HEALTH, WELFARE, AND SUSTAINABILITY

Consumers typically perceive grass-fed or pasture-
based farming positively, in terms of cow welfare and 
environmental sustainability (Ellis et al., 2009; Heer-
wagen et al., 2013; Elgersma, 2015; Armbrecht et al., 
2019; Shortall, 2019). The importance of these 2 topics, 
cow welfare and sustainability, is predicted to continue 
rising in consumer acceptance of foods and in particular 
of dairy products (Britt et al., 2018). Therefore, aspects 
of pasture-based dairy systems could be harnessed and 
utilized for marketing purposes on the grounds of cows 

having freedom to roam in more sustainable systems 
(Shortall, 2019).

Animal Health and Welfare

Animal welfare is defined not only as maintaining 
animals’ health, but also enabling animals to display 
natural behavior, such as mobility, lying down, and 
standing up motions and resting without restrictions 
(Dawkins, 2004; Armbrecht et al., 2019). Vasseur 
(2017) classified the indicators utilized in animal wel-
fare assessments into risk factors, either housing based 
(density, stall size) or management based (access to 
pasture); and outcome measures of welfare, which are 
essentially the results of how housing and manage-
ment affect the animal’s welfare status. A European 
Food Safety Authority report on the effects of different 
farming systems in the European Union on dairy cow 
welfare and disease emphasized the benefits of exposure 
to pasture, giving countries that practice pasture-based 
systems a clear welfare advantage over others (Euro-
pean Food Safety Authority, 2009). Grazing outdoors 
in groups has been shown to provide cows opportuni-
ties to further express normal behavior, including social 
contact and herd hierarchy taking place (Legrand et 
al., 2009). Grazing also reduces prevalence of health 
issues such as mastitis, integument alterations, and 
mortality (Washburn et al., 2002; Hernandez-Mendo et 
al., 2007; Olmos et al., 2009a,b; Burow et al., 2012). On 
the other hand, housing cows indoors in confined fa-
cilities has been shown to restrict natural behavior and 
contribute to the prevalence of diseases including mas-
titis, lower reproductive welfare, and lameness (Britt 
et al., 1986; Dobson and Smith, 2000; von Borell et al., 
2007; Armbrecht et al., 2019). Lameness in particular 
is generally considered a good measurement of welfare, 
as it can result from management factors (zero grazing, 
uncomfortable stalls, walking or standing on damaged 
surfaces, or more slurry), or from infectious disease or 
lesions (von Keyserlingk et al., 2009). In a recent study, 
incidence of lameness and dairy cow locomotion scores 
in pasture-based systems are shown to be lower than 
previously reported information from indoor systems 
(O’Connor et al., 2020). In addition, when cows are 
housed indoors in group housing, research has shown 
that this is more positive than individual housing in 
terms of social skills and some cognitive deficits (Costa 
et al., 2016).

Nevertheless, there are numerous challenges to cor-
rectly assess cow welfare in a holistic way and in real 
time; therefore, information is still lacking that assesses 
the effect of pasture feeding on cows’ health and well-
being (Armbrecht et al., 2019). Recently, a study evalu-
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ated cow welfare in German dairy farms combining the 
Welfare Quality Protocol for dairy cattle and routine 
data recordings. Pasture-based herds scored higher for 
comfort around resting, whereas the group housed in-
doors without any pasture access received poorer scores 
for lameness, lesions, and absence of injuries and hairless 
patches (Armbrecht et al., 2019). Another recent study 
linked cow mobility score and other parameters such 
as BCS, claw disorders (both type and severity), and 
cow parity, highlighting the need to routinely monitor 
cows even with slight deviations from optimal mobility 
pattern to avoid further deterioration (O’Connor et al., 
2019).

Previous concern has been expressed that farm ex-
pansion (Kelly et al., 2020) may risk animal welfare 
and health as farm sizes and herds increase (Britt et 
al., 2018; Shortall, 2019; Kelly et al., 2020). Moreover, 
intensification can be associated with genetic selection 
for higher milk yield, which has been identified as a 
major factor causing poor welfare and health prob-
lems, which have been correlated with the incidence 
of lameness, mastitis, fertility, and metabolic disorders 
(Miglior et al., 2017). However, Beggs et al. (2019), on 
examination of pasture-based dairy farms of varying 
sizes in Australia, did not find strong relationships be-
tween herd size and a series of animal welfare outcomes. 
Their study concluded that there was considerable 
variation in both risks to animal welfare and use of 
mitigating strategies across farms of all sizes. A study 
by O’Connor et al. (2020) showed that cows that had a 
higher economic breeding index had a lower locomotion 
score and reduced lameness issues.

Sustainability

Substantial challenges lie ahead for agriculture in 
the coming decades. Agriculture globally must pro-
duce more food for a growing, increasingly affluent 
population, while competing for access for increasingly 
scarce natural resources, preserving biodiversity and 
water quality, mitigating the effects of climate change, 
adapting to new plant and animal disease threats and 
addressing consumer concerns around issues such as 
animal welfare, while reducing feed: food competition.

In the United States the legal definition for sus-
tainable agriculture is “an integrated system of plant 
and animal production practices having a site-specific 
application that will, over the long-term; (A) satisfy 
human food and fiber needs; (B) enhance environmen-
tal quality and the natural resource base upon which 
the agricultural economy depends; (C) make the most 
efficient use of nonrenewable resources and on-farm 
resources and integrate, where appropriate, natural bio-
logical cycles and controls; (D) sustain the economic vi-

ability of farm operations; and (E) enhance the quality 
of life for farmers and society as a whole” (USC Title 
7, 2011). In general, globally, modern day farming has 
been associated with major sustainability challenges 
(Arvidsson Segerkvist et al., 2020); however, the indus-
try is striving to provide affordable and nutritious food 
items, cognizant of the need to optimize use of natural 
resources use and reduce environmental impacts (Miller 
and Auestad, 2013).

Dairy farm expansion may have an effect on green-
house gas and ammonia emissions as well as water qual-
ity (Ledgard et al., 1998; Clark et al., 2007; Wales and 
Kolver, 2017b; Shortall, 2019; Kelly et al., 2020). There 
is a predicted strong link between the profitability of 
dairy farms and their sustainability (Britt et al., 2018); 
thus, farmers have an incentive to improve the sus-
tainability of their farms. In particular, pasture-based 
systems were shown to consume less energy compared 
with indoor systems (O’Brien and Hennessy, 2017). 
Moreover, numerous studies have demonstrated how 
pasture feeding systems are environmentally sustain-
able. One study demonstrated that Irish milk emits the 
lowest greenhouse gas footprint in the European Union 
per unit of fat- and protein-corrected milk (Leip et al., 
2010). A comparative life cycle assessment between 
pasture-based and confinement dairy farms considered 
environmental impacts such as global warming, eutro-
phication, acidification, land use, and nonrenewable 
energy, in terms of on-farm, off-farm, and combined 
environmental impacts (O’Brien et al., 2012; O’Brien 
and Hennessy, 2017). This study indicated that for the 
metric of milk production per farmland area, the envi-
ronmental impact (in relation to potential resource uti-
lization and pollutants) was lower for the pasture-based 
system than the confinement system. Furthermore, the 
pasture-based system had a lower total environmental 
impact compared with the confinement system.

Murphy et al. (2017) demonstrated that the water 
footprint of milk, evaluated on 24 Irish dairy farms, was 
mainly comprised of growing grass with green water 
(i.e., the consumption of soil moisture due to evapo-
transpiration). Knowledge of water use on its own has 
less utility than knowledge of water use relative to wa-
ter availability/scarcity known as a water stress index. 
The stress-weighted water footprint method used by 
Pfister et al. (2009) provides a characterization factor 
for assessing the effects of water consumption at river 
basin or watershed level. Based on this method, the 
stressed weighted effect of the production of 1 kg of fat- 
and protein-corrected milk in Ireland was calculated to 
be 0.4 L H2O-equivalents (Murphy et al., 2017).

An Irish study on water quality showed that in spite 
of a 20% increase in stocking rate, there was a decline 
of nitrogen concentration in Irish groundwater over 11 
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yr (Huebsch et al., 2013). The authors established that 
to improve groundwater quality, steps such as improved 
grazing management, increased usage of organic ma-
nures, and methods for reduced cultivation reseeding 
should be taken. Ultimately, significant strides could be 
made to reduce nitrogen loss pathways through reduc-
ing the nitrogen surplus and increasing the efficiency of 
the systems evaluated.

Advanced technologies and sensors could potentially 
help improve emissions, water quality, soil, and crop 
health (Britt et al., 2018). For example, near-infrared 
sensors could determine mass and nutrient density of 
swards by measuring canopy spectral reflectance or us-
ing a variety of sensor types that will facilitate a better 
classification of cow’s ingestive behaviors (i.e., eating 
time and rate, bite size, and number of chews; Wales 
and Kolver, 2017b). The incorporation of diverse pas-
tures requires further studies to optimize their use and 
clearly demonstrate they do not adversely affect milk 
solids yield, animal nutrition and health, or both (Wales 
and Kolver, 2017b). Concentrate supplementation can 
also increase N partitioning into milk in a pasture feed-
ing system, as recently shown for late lactating cows 
(McKay et al., 2019). Another promising approach to 
reduce N loss, which targets the gaseous emissions of 
nitrous oxide and ammonia by slowing urea hydrolysis, 
is to use fertilizers containing urease inhibitors, such 
as N-(n-butyl) thiophosphoric triamide (de Klein and 
Eckard, 2008; Harty et al., 2016).

THE NEED FOR NATIONALLY ACCREDITED  
GRASS-FED STANDARDS

It is essential that a clear and well-regulated standard 
is developed for grass-fed dairy products. Consumers, 
who see various benefits in these products and may 
be willing to pay more for them (Shalloo et al., 2018), 
should have confidence that products advertised as 
grass-fed are indeed correctly labeled as such. This is 
becoming more important as more evidence supports 
compositional, functional, nutritional, and sustain-
ability advantages for grass-fed produce, as detailed 
earlier. Currently, this term is widely used on labels 
and company websites, with consumer confusion aris-
ing from numerous definitions and criteria of grass-fed 
in different countries and even by various companies in 
the same country. It is clear that there are numerous 
production methods for dairy practiced throughout the 
world for a variety of reasons including intensification 
to optimize milk yields, limited land and availability of 
natural resources or climatic conditions. As such the 
development of a universal grass-fed standard would be 
difficult but it should reflect the proportion of the diet 
that is grass based in the form of grazed grass or grass 

silage. This standard would equip the consumer with 
the information needed to make an informed decision.

Quantifying Pasture Levels

A key aspect that should be included within a grass-
fed claim is the quantity of pasture used in the diet 
of dairy cows, which could also offer an indication of 
how long cows spend outside grazing (Shalloo et al., 
2018). This will help guarantee a minimum requirement 
for pasture-based products but can also help differenti-
ate different levels of “grass-fed” and may facilitate an 
internationally recognized standard. In some countries 
in Europe, cows may spend only a few hours on grass 
a day and the product will be labeled as pasture based 
(Shortall, 2019). Currently, some milk suppliers may 
receive premium payments if they allow their cows to 
graze for a minimum period (Elgersma, 2015). In New 
Zealand, Fonterra uses a “Certified Grass Fed” claim, 
which is certified by AsureQuality, an independent 
conformity assessment body. The company states on 
their website that their cows “consume on average 85 
percent of their diet as grass.” Furthermore, cows spend 
at least 90% of their time outside grazing as a minimum 
requirement of the standard (Fonterra, 2020). Synlait, 
another New Zealand dairy company, offers farmers 
an extra premium price, on top of the company’s base 
price for “grass-fed milk,” if cows are exclusively fed 
pasture without imported feeds (Synlait, 2015).

Some US companies claim to be 100% grass fed, for 
example, a new Certified Grass-Fed Organic Livestock 
Program and Certification Mark, launched by Maple 
Hill and Organic Valley and launched in February 2019, 
called “grass-fed organic product.” Under the program, 
dairy cows must be exclusively fed a grass diet and given 
a sizable area of pasture for grazing with at least 60% 
of the cow’s food originating from pasture over a 150-d 
grazing season to qualify. The farms must already be 
USDA-certified organic, and once the milk leaves the 
farm, it has to stay segregated from conventional milk 
and organic milk to ensure integrity from farm to table. 
Cows have full access to pasture, 365 d a year (weather 
permitting). They eat only grass, except for hay and 
silage as a supplement when no grass is available.

Ireland’s outdoor grass-based dairy production has 
been clearly presented as a differentiator for Irish 
dairy by Bord Bia or individual dairy companies. Fur-
thermore, the development of verifiable proof points 
is called for in the Bord Bia Statement of Strategy 
2019–2021 (Bord Bia, 2019) to assist in making verified 
claims around grass-fed dairy with robust data to sup-
port it. Overall, Shalloo et al. (2018) categorized the 
current claims internationally about the level of grass 
in the diet into 3 groups: 100% grass fed, a specific 
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percentage of grass stated, or a general “grass-fed” label 
without any further information. O’Brien et al. (2018) 
developed a methodology to quantify pasture levels in 
the diet of Irish dairy cows. This model quantifies the 
levels of grazed grass and grass silage in dairy cow diet 
on a monthly basis using milk production and livestock 
numbers, turnout and housing information, concentrate 
feeding information, and can be populated with data 
from the National Farm Survey or the Sustainable 
Dairy Assurance Scheme. Nevertheless, information in 
these databases is collected retrospectively; therefore, 
the current claims by Irish companies are accumulated 
over several years on a rolling average basis. Another 
widely used database is PastureBase Ireland for com-
mercial grassland farms operating since 2013, which 
contains more up to date information compared with 
National Farm Survey or Sustainable Dairy Assurance 
Scheme. Since farmers enter data in kilograms of grass 
DM per hectare or in centimeters, in real time, it is 
possible to evaluate the performance of individual pad-
docks both within and across years (Hanrahan et al., 
2018) and also to determine the diets of dairy cows 
on a live basis. In 2018, there were over 6,000 dairy 
farmers (out of 18,000 in Ireland) on the PastureBase 
Ireland system and nearly 1,400 farms that completed 
weekly farm covers. Shalloo et al. (2018, page 5) high-
lighted that a grass-fed standard “should be developed 
to an internationally recognized standard (ISO).” 
As such, one of the important aspects in a standard 
should be an independent and centralized body in each 
country collecting and overseeing the data used for the 
claim of grass-fed, which would then be overseen by 
an international regulatory body. An Irish grass-fed 
standard has been established accredited by the Irish 
National Accreditation Board and sets out the crite-
ria that must be adhered to for milk from individual 
farms, and for milk pooled for primary processing, to 
be classified as “grass-fed” (Bord Bia, 2020). Using the 
Grass-Fed quantification model developed in Teagasc 
and integrated web-based software (Grass-Fed Dairy 
Model; O’Brien et al., 2018), the numerical value of 
the “grass-fed figure” for individual farms assessed is 
assessed on a three year rolling average grass-fed figure 
for that farm; “the average Grass-Fed figure for a group 
of herds that constitute a pool of milk for primary or 
secondary processing must achieve a weighted average 
of 95% on a fresh weight basis,” while “the minimum 
acceptable grass-fed figure for an individual herd to 
qualify as Grass-Fed is 90% on a fresh weight basis” 
(Bord Bia, 2020). Cows must graze on pasture at least 
160 d (national average days at grass—i.e., 240 d—less 
80 d), and “for every product batch dispatched a corre-
sponding ‘Grazing Days Report’ will be generated and 

will be accessible online to the processor” (Bord Bia, 
2020, page 11).

Authentication of Grass-fed Dairy

One of the key hurdles is to accurately verify and 
authenticate grass-fed dairy products as such. Follow-
ing a standard clearly defining what can be considered 
as grass fed and placing a regulatory system in place 
to verify the conditions are met, the next step is to be 
able to authenticate products from around the world. 
Methods to do so can help further support and back 
up a paper trail classifying a product as grass fed and, 
with the lack of an international grass-fed standard, 
enable the authentication of international products 
labeled grass fed, as such. Nevertheless, research in this 
area is still preliminary and requires more data. Numer-
ous studies have shown pasture-based dairy products 
could be differentiated from products originating in 
cows fed TMR by fatty acid profiling, even through-
out the entire lactation (Capuano et al., 2014; Coppa 
et al., 2015; O’Callaghan et al., 2016b). Therefore, it 
was suggested fatty acid profiling could be used as a 
verification tool for grass-derived products over TMR 
(O’Callaghan et al., 2016b). More recently, fatty acid 
profiling was shown to successfully distinguish even 
organic from pasture-based milk from the Netherlands 
(Liu et al., 2020). In addition, pasture-derived versus 
cereal-derived milk and cheese samples were shown 
to be successfully differentiated by their terpenes and 
carotenoids (Tornambé et al., 2006; Slots et al., 2009). 
Previous studies have indicated the possibility to har-
ness volatile profiling for authentication purposes, with 
p-cresol, a degradation product of β-carotene, specifi-
cally highlighted as a potential marker in milk, which is 
also linked to sensory attributes (Faulkner et al., 2018; 
Kilcawley et al., 2018; Clarke et al., 2019).

Advanced analytical methods such as quantita-
tive nuclear magnetic resonance (1H-NMR) were also 
shown to discriminate pasture fed from TMR products 
(O’Callaghan et al., 2018; Boiani et al., 2019; Panthi et 
al., 2019b). Quantitative nuclear magnetic resonance-
based metabolomics has numerous advantages; it is a 
nondestructive method with a detection capacity of 
all mobile hydrogen-containing molecules, and hence 
is considered a promising technique for the verifica-
tion of grass-based products (Sundekilde et al., 2013). 
Recently, O’Sullivan et al. (2021) have highlighted the 
potential for milk stable isotope profile to be used to 
authenticate milk source. Another possibly promis-
ing nondestructive and relatively cheap technique is 
near-infrared spectroscopy, which was demonstrated 
to distinguish no-pasture from pasture milk, even with 
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only 30% of pasture in the diet (Coppa et al., 2012; 
Valenti et al., 2013). Near-infrared spectroscopy was 
also shown to have the capacity to classify cheese sam-
ples (Abondance, Tomme de Savoie, and Cantal) from 
pasture versus preserved forage (Andueza et al., 2013). 
Moreover, it was previously used to predict carotenoid 
content and fatty acid profiles in dairy products (Lucas 
et al., 2008a,b; Coppa et al., 2010). Fourier-transform 
infrared spectroscopy analysis of milk samples was also 
suggested as a potential authentication method after 
it successfully discriminated milk from cows that had 
fresh grass in the daily ration and those that did not, 
as well as authenticated pasture grazing (Capuano et 
al., 2014). To this end, the challenge is to be able to 
correctly authenticate a wide range of pasture-based 
dairy products using simple, high-throughput, and low-
cost screening techniques (Bergamaschi et al., 2020). 
This will enable future verification that dairy products 
are indeed pasture-based and possess all the benefits 
associated with it.

CONCLUSIONS AND OUTLOOK

This review has demonstrated the significant poten-
tial pasture-based fresh grass feeding systems have for 
the future of milk and dairy products from different 
aspects. These include compositional and nutritional 
properties as summarized for the various dairy prod-
ucts, but also other considerable features that are gain-
ing increasing attention including sensory attributes, 
animal health and welfare, and sustainability. However, 
some gaps still exist that should be addressed in future 
research, including human trials examining the health 
benefits of consuming pasture versus non-pasture-based 
products, in light of the myriad of advantages and ben-
efits pasture-based products offer. There is a need for 
robust methods to verify grass fed in the form of a 
verifiable claim. With that, there is scope for future 
research to develop rapid high-throughput analysis 
methods to classify and authenticate grass-fed products 
as developing a live system would allow milk to be as-
sembled based on its grass-fed status throughout the 
year.
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