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Abstract 

The objective of this thesis was to investigate the effects of supplementation strategies 

and dairy cow genotypes on milk production, composition and processability and 

nitrogen utilisation efficiency (NUE) in lactating dairy cows. In Chapter 3, higher milk 

genotype cows had an increased milk response to concentrate supplement (CS) 

compared to lower milk genotype cows. This result highlights the potential of genotype 

and CS to improve milk production where cows are pasture-based and are in late 

lactation. Chapter 4 investigated effects of CS and genotype on milk composition and 

processability in late lactation, spring calving grazing dairy cows. Results show that 

offering cows CS decreased milk fat and protein concentrations but increased milk 

ethanol stability. In summary, offering cows extra supplemental energy through CS 

may improve milk colloidal stability in late lactation. Chapter 5 found that decreasing 

the supplementary crude protein (CP) concentration offered to cows, from 18% to 

14%, had no negative impact on milk production over the main grazing season. 

However, NUE was reduced in cows that were offered the 14% CP CS due to the 

increased pasture dry matter intake in cows offered the 14% CP CS. These results are 

important considering the current European Union Nitrates Derogation rules limiting 

CS to a maximum of 15% CP. In Chapter 6, cows that were offered a 13% CP CS had 

decreased milk production and milk urea N concentration compared to cows offered a 

CS with 18% CP despite both CS having equal PDI (protein digestible in the small 

intestine). Decreasing the supplementary CP concentration had a positive impact on N 

partitioning. These results show that while milk production is decreased, N partitioning 

to urine can be reduced with lower supplementary CP, which is a positive result from 

an environmental viewpoint. Chapter 7 concluded that offering cows the decreased 

supplementary CP concentration of 13% did not affect milk fat or protein concentration 

or milk processability compared to cows offered the increased supplementary CP 

concentration of 18% CP. Under the conditions of this study, results show that on farm 

management strategies such as genetic selection for higher milk genotype and 

decreasing the supplementary CP concentration do not impact milk processability in 

late lactation. In conclusion, the research conducted in this thesis shows that milk 

production, composition and processability and N partitioning can all be influenced by 
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supplementation strategies, whilst milk production and composition can be influenced 

by dairy cow genotype.  
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1.1 Introduction 

With the human population predicted to increase to 10 billion people by the year 2050 

(Tomiyama et al., 2020), there is an increased demand for food, particularly animal 

protein found in beef, milk and poultry (Henchion et al., 2017). Much of this increased 

demand for foods of animal origin is seen in developing countries such as India and 

China (Popkin et al., 2012). Increased demand in these regions is propelled by socio-

economic changes like rising incomes and ageing populations whereby the contribution 

of animal protein to healthy ageing is well recognised (Popkin et al., 2012). Increased 

production of protein from animal origin can come with a negative environmental 

impact, with 14.5% of global anthropogenic greenhouse gas (GHG) emissions deriving 

from livestock production (Rojas-Downing et al., 2017). Other problems with 

increasing animal protein output include poor farm nitrogen (N) utilisation efficiency 

(NUE; Buckley et al., 2019), biodiversity loss (Eekeren et al., 2018), reduced water 

quality (EPA, 2021) and increased ammonia (NH3) production (Kelleghan et al., 2020). 

However, livestock production also holds potential to significantly reduce its emissions 

(Gerber et al., 2013). Therefore, challenges around GHG mitigation, NUE improvement 

and reduced NH3 production exist for many countries worldwide. 

Irish agri-food exports generated a revenue of €13 billion in 2020, and the dairy 

industry was responsible for €5.2 billion (40%) of this (Bord Bia, 2021). Some of the 

main export products include butter, skim milk powder and cheese (Bord Bia, 2021). 

The Irish dairy sector is a major contributor to the rural economy, supporting 60,000 

jobs from dairy farming, research, milk processing and export marketing. Furthermore, 

the sector purchases 90% of its inputs from within the Irish economy (Fitzgerald, 

2019). The European Union (EU) milk quota regime was a limiting factor in Ireland for 

farm expansion for a 30-year period until its abolition in 2015 (Kelly et al., 2013). Land 

is now considered to be the most limiting factor to dairy farmers who have considered 

expansion and business growth, while other limiting factors include labour, capital 

access and the possibility of farming without an EU Nitrates Derogation (O'Donnell et 

al., 2008; O'Donnell et al., 2011; An Taisce, 2019). The abolition of EU milk quota has 

allowed Irish farmers to increase milk production by 60% between 2010 and 2019 

(CSO, 2010; CSO, 2020), surpassing the target of 50% set out in the Government 

strategy document, Food Harvest 2020 (DAFF, 2010). While growth in the dairy 
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industry is largely seen as a positive development, expansion also brings about 

challenges (as a result of increased cow numbers and milk production), such as 

maintaining environmental and animal welfare standards (Shalloo et al., 2007; 

Hennessy et al., 2015). As milk production has increased post quota abolition, so too 

has milk produced in late lactation, with 86% more milk produced in December 2020 

compared to December 2014 (CSO, 2015; CSO, 2021), bringing with it challenges in 

terms of milk quality and processability (O'Keeffe, 1984; O'Brien et al., 2006). 

In Ireland, dairy production is mainly aimed at maximising milk production from grazed 

grassland during a season extending from February to November, primarily because 

pasture is the cheapest feed source available to cows (Kennedy et al., 2009; Finneran 

et al., 2010; O'Brien and Hennessy, 2017). As dairy farmers attempt to fully utilise 

pasture in Ireland, many operate a spring-calving milk production system so that these 

herds will match their peak milk yield with peak pasture growth (French et al., 2015). 

The grazing season is long and can last over 275 days (d; Läpple et al., 2012); 

however, early-spring and late-autumn are times when pasture growth cannot match 

herd feed demand and supplement is offered for a time to alleviate the challenge of 

decreased pasture growth and quality (Reid et al., 2015). Pasture-based dairy 

production systems offer milk producers competitive advantages, including a lower 

cost of milk production compared to indoor systems (Dillon et al., 2005; Finneran et 

al., 2010). Irish dairy farms typically grow 10 – 16 tonnes (T) of pasture dry matter 

(DM)/ hectare (ha) per annum and this is due to the cool temperate climate 

(O'Donovan et al., 2011). Despite this, the average Irish dairy farm is only utilising of 

7.8 T of pasture DM/ha per annum (Teagasc, 2020), so there is potential to increase 

pasture growth and utilisation, particularly through the development of grassland 

management decision support software (O’Donovan et al., 2016; Hanrahan et al., 

2017). Aside from the aforementioned economic advantages, pasture is a nutritious 

feed source for ruminants (Burke et al., 2008). Despite the numerous advantages of 

pasture-based dairy production systems, there are also disadvantages to this system, 

such as seasonality of pasture growth (Delahoy et al., 2003), with restricted availability 

and variable nutritional quality, particularly in the spring and autumn (Burke et al., 

2008). The energy value of pasture is lower in autumn compared to spring and summer 

as the sward contains dead material near the end of grazing and when winter 
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approaches (Beever et al., 1986; Hennessy et al., 2006). The reduction in pasture 

availability coupled with reduced quality in autumn (McCarthy et al., 2016) may result 

in a requirement for supplementation. 

Globally, improved genetic potential in dairy cows has been achieved through selective 

breeding; increasing feed efficiency and milk production (VandeHaar et al., 2016). In 

recent years, the Irish dairy industry has focussed on improving dairy cow genetics 

through implementing the Economic Breeding Index (EBI), which replaced the Relative 

Breeding Index (RBI) in 2001 (Veerkamp et al., 2002; Berry et al., 2004). Initially, the 

EBI was focussed on improving milk production and fertility. Today, the EBI focusses 

on seven subindices: milk production; fertility; calving; beef; maintenance; 

management; and health. Components of the subindices are as follows: milk 

production focuses on milk kg, fat kg and protein kg predicted transmitting abilities; 

fertility is based on calving interval and survival, calving is comprised of direct calving 

difficulty, maternal calving difficulty, gestation length and calving mortality; beef  

focuses on cull cow weight, carcass weight, carcass conformation and carcass fat; 

maintenance is based on cull cow weight; management is focused on milking time and 

milking temperament; and health is comprised of lameness, mastitis and somatic cell 

count (SCC; ICBF, 2017). The literature suggests that higher genetic merit dairy cows 

have increased potential to convert feedstuffs to milk production and less to urine and 

total N excretion (Cheng et al., 2014), while a more recent study has shown the 

superiority of high EBI cows in producing increased milk fat kg and protein kg 

compared to national average EBI cows (O'Sullivan et al., 2019). 

Nitrogen excretion from dairy cows can have a negative impact on our environment 

through pollution of air and waterways (Tamminga, 1992). Nitrogen utilisation 

efficiency in dairy cows is low, ranging from 25% in early and mid-lactation (Whelan 

et al., 2012; Condren et al., 2019) to 12% in late lactation (McKay et al., 2019). This 

issue is more problematic in grazing systems, as high-quality pasture is naturally high 

in crude protein (CP) and exceeds the animals demands (Ryan et al., 2011). 

Furthermore, urinary and faecal N excretion onto pasture can contribute to GHG 

emissions through the production of nitrous oxide via soil microbes (Ryden, 1986; 

Oenema et al., 1997). Countries regularly set targets to further reduce GHG emissions 
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(Paris Agreement), trans-boundary gases (Gothenburg Protocol, S.I.10, 2004), and for 

water protection (Good Agricultural Practice for the Protection of Waters, S.I.610, 

2010). Kempen et al. (2011) predicted that EU milk quota abolition would compound 

the challenge of complying with the Nitrates Directive (91/676/EEC), particularly where 

dairy herds would expand. A Nitrates Derogation allows farmers to operate at a higher 

herd stocking rate per unit of land than other farmers (> 170 kg N/ha but ≤ 250 kg 

N/ha) (DAFM, 2021a) with approximately 6,500 Irish farms availing of a Nitrates 

Derogation in 2020 (DAFM, 2021b). Every four years, EU member states that avail of 

a Nitrates Derogation are required to report on: nitrates concentrations in 

groundwaters and surface waters; eutrophication of surface waters; the effect of 

nitrates action programmes on agricultural practices and water quality; estimation of 

future trends in water quality; and revision of nitrate vulnerable zones and action 

programmes. Currently, the nitrate concentration limit for drinking water is 50 mg/L 

NO3 and in 2018-2020, 47% of all river water had an unsatisfactory nitrate 

concentration of > 8 mg/L NO3 (EPA, 2021). 

Late-lactation milk has limitations as a raw material due to issues with milk quality 

(Phelan et al., 1982; O'Brien et al., 2001), including decreased milk lactose 

concentration, decreased proportions of casein to total protein concentration (milk 

casein number) and elevated SCC (O'Brien et al., 1996; O'Connell et al., 2015). 

Challenges to milk processability include factors such as increased milk pH, extended 

rennet coagulation time (RCT) and reduced ethanol stability (ES; O'Keeffe et al., 1982; 

Donnelly and Horne, 1986). One consequence of decreased late-lactation milk quality 

and processability is inconsistencies in product quality throughout the year (Downey 

and Doyle, 2007). Changes in milk quality and processability occur naturally as 

lactation progresses (O'Brien et al., 1996); however, compact calving further 

exacerbates the issues of milk quality and processability in seasonal systems as most 

of the national herd move through different stages of lactation simultaneously (Phelan 

et al., 1982). Furthermore, previous studies that have investigated dairy cow nutrition 

and its effects on milk quality and processability in late lactation have shown variable 

results (O'Brien et al., 1996; O'Brien et al., 2006; Reid et al., 2015) which have possibly 

been due to differences in nutritional status. Elsewhere, O'Brien et al. (1999) showed 

that milk ES could be increased through offering an additional energy source 
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(concentrate supplement; CS). Therefore, potential exists to alter milk processability 

through supplementary feeding. 

Offering supplementation in the form of concentrates can aid in negating the impact 

of seasonality on dairy product quality (O'Brien et al., 1996). Benefits of offering CS to 

cows include increased total DM intake (DMI) and milk production along with no 

negative impact on milk protein concentration in late lactation (McKay et al., 2019), 

extended lactation length, improved body condition score (BCS; Kellaway and 

Harrington, 2004), and from a whole farm perspective, the ability to increase stocking 

rates (Kellaway and Harrington, 2004). Furthermore, utilisation of CS is improved 

substantially through improved milk response to CS in autumn, as the energy content 

of the base forage is usually decreased (Stockdale, 1999; Coffey et al., 2017). 

1.2 Objective of this thesis 

The overall objective of this thesis is to investigate the effects of concentrate 

supplementation strategies, dairy cow genotype with reference to the milk production 

sub-index of the EBI, and their potential interaction on milk production, composition 

and processability and NUE in lactating dairy cows, with a particular focus on late 

lactation.  
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2.1 Introduction 

The purpose of this chapter is to review the literature on dairy cow genotype and 

concentrate supplementation (CS) strategies, and their effects on milk production, milk 

composition and processability, dry matter (DM) intake (DMI) and nitrogen (N) 

excretion in grazing lactating dairy cows. 

The literature reported in this thesis is divided into four main sections. The first section 

(2.2) gives an overview of global, European Union (EU) and Irish dairy production 

systems. The abolition of EU milk quotas in 2015 is discussed, while opportunities and 

challenges of this for Irish dairy production are also reviewed. The first section also 

reviews Irish export markets and Ireland’s main export commodities. 

The second section (2.3) examines environmental implications of dairy production, the 

impact of agriculture on the environment, N losses, EU N derogation and N utilisation 

efficiency (NUE). 

The third section (2.4) reviews genetic and nutritional factors that can affect milk 

production and dairy cow performance. The evolution of the Irish Economic Breeding 

Index (EBI) system and how it impacts today’s dairy cow is discussed. Supplementation 

strategies and their effects on milk production are also reviewed. 

The fourth and final section (2.5) examines milk composition and processability 

parameters that can be altered by nutrition and/or genetics. Milk solids, fat, protein, 

casein and lactose concentrations are discussed, as well as milk composition 

parameters such as milk urea N (MUN), somatic cell count (SCC), rennet coagulation 

time (RCT), milk ethanol stability (ES), milk pH, milk fatty acids and milk mineral 

composition. 

2.2 Global, European Union and Irish dairy production 

2.2.1 Global dairy production 

Globally, 906 million tonnes (T) of milk was produced on 150 million farms in 2020 

(FAO, 2021). Of the total milk produced annually, Ireland produces 0.8%, while India 

is the world’s biggest milk producer and occupies 22% of the total market (FAO, 2019; 

FAO, 2021). The United States of America (USA), China, Pakistan and Brazil follow 

India as major global milk producers (Wang et al., 2018). Although Ireland only 



16 
 

produces 0.8% of the worlds’ milk supply, it is a country that produces one of the 

highest surpluses in the world along with New Zealand, the USA, France and Australia 

(Bai et al., 2018). 

In recent times, there has been a movement away from grazing dairy systems towards 

indoor systems where “high input/ high output” is practiced (Knaus, 2016; Van den 

Pol-van Dasselaar et al., 2020). Farmers seeking to increase utilisation of high quality 

conserved forages such as maize silage, grown in EU countries in recent years, is one 

explanatory factor for this movement (Pinxterhuis et al., 2015). Essentially, indoor 

dairy production systems maximise milk production and profit per cow through 

increasing concentrate-based total mixed rations (TMR) that are fed all year round, 

rather than allowing cows to feed on pasture (O'Brien et al., 2014). Such systems are 

popular in North America and parts of the EU (Knaus, 2016). In contrast to indoor milk 

production systems, pasture-based dairy producing regions like Ireland and New 

Zealand aim to maximise milk production and profit/hectare (ha; Shalloo et al., 2004). 

2.2.2 European Union dairy production 

In 1984, the introduction of EU milk quotas aimed at restricting milk supplies to 

stabilise markets (Huettel and Jongeneel, 2011). Milk quotas were introduced at the 

time because milk supply vastly outstripped demand for dairy products (European 

Commission, 2015). As well as having milk quotas, the EU also had import tariffs, 

export subsidies and intervention buying in place to help stabilise markets further. One 

consequence of a farmer exceeding their milk quota was a punitive “super levy” fine 

(Huettel and Jongeneel, 2011). Initially, when EU milk quotas were applied, milk quota 

allocations were related to land base, but with the Common Agricultural Policy (CAP) 

reforms in 1993, this policy was adjusted, and a more even distribution of milk quota 

was completed in most EU countries. However, the link to land base was maintained 

in Ireland. There were several ways in which milk quotas restricted improving technical 

efficiency; an important factor in on-farm cost reduction (Čechura et al., 2021). During 

the milk quota regime, improving on-farm technical efficiency was hindered by 

suboptimal scale, uncertainty in milk production, artificially high milk prices and 

disincentive to investment (Hennessy et al., 2008; Areal et al., 2012; Donnellan et al., 

2015; Pinxterhuis et al., 2015). One knock-on effect of EU milk quotas was that milk 
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supply to EU and foreign markets was fixed. This meant that EU milk price volatility 

was kept to a minimum compared to world milk price volatility (Bergmann et al., 2015). 

Therefore, the EU milk price remained artificially high due to intervention purchasing 

(Pinxterhuis et al., 2015). At a time when milk production stagnated in the EU, the 

opposite occurred in the southern hemisphere. New Zealand grew it’s milk production 

by 62% between the years of 1983 – 2003 (Dillon et al., 2005). 

Following the CAP health check of 2008, the decision was made to remove EU milk 

quotas in 2015 (Lelyon et al., 2011). This would allow many EU dairy farmers to expand 

their operations and produce more milk. Furthermore, McDonald et al. (2013) 

predicted that there would be major changes in the dairy sector between the years of 

2015 and 2016. Between 2013-2018, the Irish dairy herd grew by over 27% (CSO, 

2019b). In total, there were 22.6 million dairy cows in the EU-28 in 2019 (AHDB, 2019), 

and of this, approximately 1.4 million were Irish dairy cows (6.2%; CSO, 2021a). In 

addition, EU dairy cows produced 156 million T of milk in 2018 (Eurostat, 2019) and 

of this, 7.6 million T of milk were produced from Irish dairy cows (4.9% of EU milk 

pool; CSO, 2019a). The removal of EU milk quotas in 2015 led to dairy farm expansion 

across the EU, but the decrease in unit milk price meant that expansion was limited in 

many EU countries (European Commission, 2018). The milk price decrease acted as a 

braking mechanism for many EU countries, decreasing milk production. Along with the 

change in milk price paid to the producer, there was also a change in the profile of 

how milk was supplied throughout the season. In recent times, more milk is being 

supplied during the winter months, particularly where a favourable milk price exists. 

There was a 78% increase in the amount of December milk produced between the 

months of December 2014 and December 2019 in Ireland (CSO, 2015; CSO, 2020b). 
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Figure 2.1: Utilisation of milk EU-28, 2018 (Eurostat, 2019). 

In 2018, cheese was the main product produced in the EU from milk production (Figure 

2.1), while other significant products included butter, cream and drinking milk. 

Approximately 9.6 million T of cheese and 2.4 million T of butter were produced 

(Eurostat, 2019). 

2.2.3 Irish dairy production 

Ireland has a temperate climate and a moderate annual rainfall (O'Donovan et al., 

2011), meaning that Irish dairy farmers are currently utilising 7.8 T of pasture DM/ ha 

(Teagasc, 2020), while the most efficient dairy farmers are utilising 12–14 T of pasture 

DM/ ha over a 280 d (nine month) growing season with a stocking rate of over 3 

livestock units (LU)/ ha (Hanrahan et al., 2017). As Ireland’s system of milk production 

is predominantly a pasture-based production system, it poses an advantage to 

producers in terms of a highly sustainable production system which is environmentally 

(Dillon et al., 2005) and welfare friendly (Verkerk, 2003). Milk that is produced from 

Irish production systems is manufactured into a range of consumer products and dairy 

ingredients. These consumer dairy products include butter and protein derived 

products such as cheeses, yoghurts and dairy-based drinks (Pritchard, 2001). Infant 

formula is an important dairy export product from Ireland, with China being one of the 

largest importers of this product in the world (More, 2009). 
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2.2.3.1 Irish dairy production systems 

Ireland’s agricultural area under grassland is among the highest in Europe, with 73% 

(4.9 million ha) devoted to grassland (Peeters, 2009). Perennial ryegrass (Lolium 

perenne L.) is the most common grass species in Irish agricultural systems as it is the 

most responsive to high N fertiliser input levels (O'Donovan et al., 2011). Recently, 

white clover (Trifolium repens) and herbs including plantain (Plantago lanceolata) and 

chicory (Cichorium intybus) have been integrated into perennial ryegrass swards in 

Irish settings and Grace et al. (2019) demonstrated ruminant production benefits to 

this integration. The aforementioned factors influence how Irish dairy production 

systems operate, as most dairy production systems in Ireland are pasture-based and 

spring calving (Ryan et al., 2010; Läpple et al., 2012). The objective of the system is 

to have as large a proportion of the cows’ diet composed of grazed pasture as possible. 

This is a challenge in the spring and autumn when pasture growth is not as prominent 

(Hurtado-Uria et al., 2013) and when ground conditions are challenging (Kennedy et 

al., 2009). These challenges can be overcome using grazing methods such as “on-off 

grazing” or “zero grazing” (Kennedy et al., 2009). 

2.2.3.2 Spring calving dairy production systems 

Irish spring calving herds have a mean calving date in February (Scully et al., 2021) 

and these herds are then turned out to fresh grazed pasture immediately (Dillon et al., 

2008) thus ensuring that the cow’s milk yield peaks when pasture growth and quality 

peaks (Dillon et al., 1997; Keady et al., 2009; O'Brien and Hennessy, 2017). Over 75% 

of the manufacturing milk in Ireland is produced between March and October (CSO, 

2020a), while 95% of the annual pasture grown occurs in this period (Dillon et al., 

2005). This pasture-based system adds to Ireland’s competitiveness globally because 

producing milk from pasture is the cheapest method of milk production (Finneran et 

al., 2010; Hanrahan et al., 2018). Additionally, grazing systems represent a decreasing 

proportion of global milk production (Knaus, 2016), meaning that milk produced via 

this method is becoming increasingly unique (Horan and Roche, 2019). 

As grazed pasture is the cheapest feed for ruminants, it is important for farmers that 

it is fully utilised (Finneran et al., 2010). The study of Clark and Kanneganti (1998) 

states that pastures used for dairy cattle are based on temperate species and can be 

described as high quality or young and leafy pastures with 18 to 24% DM, 18 to 25% 
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crude protein (CP) and 40 to 50% neutral detergent fibre (NDF). Past studies have 

shown that it is possible to add supplementation to a cow’s diet while maximising 

pasture utilisation (Bargo et al., 2002). Figure 2.2 denotes the seasonality of pasture 

growth in Ireland. Supplementation is carried out on the sides of this graph or when 

pasture growth does not match demand (McEvoy et al., 2011). Supplementation could 

also be useful to producers who are restricted with their land base and seek an 

opportunity to expand. Dartt et al. (1999) defined grazing herds as consuming at least 

25% of annual forage as grazed pasture versus comparison herds, where greater than 

95% of forage was mechanically harvested and stored before feeding. 

 

Figure 2.2: National grass growth curve for 2018, 2019- and 5-year average 

(PastureBase Ireland, 2019). 

Aside from the economic benefits of grazing systems (Dillon et al., 2006), there is also 

a benefit to animal welfare (Charlton et al., 2011). A perception exists that animals 

that graze freely outdoors are more comfortable than animals that are housed or reside 

in intensive feedlots (Verkerk, 2003). Animals that graze outdoors are encouraged to 

express natural behaviour and have more space to roam and exercise freely (Krohn 

and Munksgaard, 1993). This perception can be advantageous to the producer when 

it comes to marketing produce from these systems (French et al., 2015). Cows that 

graze outdoors together have more social interaction and can develop a herd hierarchy 

(Hennessy et al., 2015). Another advantage to grazing is improved animal health. 
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Olmos et al. (2009) reported that grazing cows had reduced lameness, better 

locomotion and more uninterrupted lying time compared to housed cows. Despite the 

many advantages to the pasture-based spring calving system, challenges exist. Pasture 

is known to have a high variability of nutrient contents (Stergiadis et al., 2015) which 

may mean that nutrients can be under/oversupplied to the cow. Seasonality of pasture 

growth is most notably one of the biggest challenges, and is known to restrict pasture 

quality and availability in the spring and autumn (McEvoy et al., 2008). The lack of 

availability of a high quality feedstuff during these times can affect milk yields and alter 

milk composition which can affect dairy product supply (O'Brien and Guinee, 2016). 

2.2.3.3 Strategies to improve grazing efficiency 

Along with an increased focus on maximising efficiencies in pasture-based systems in 

recent times, the contribution of new grazing technologies is important to improve 

grazing efficiency (Hanrahan et al., 2017). Improved pasture utilisation is a key 

performance indicator in pasture-based systems and this can be achieved through new 

grazing technologies such as grassland management decision support technologies 

(Hanrahan et al., 2017), zero grazing (AgriSearch, 2018) and virtual fencing (Campbell 

et al., 2019). PastureBase Ireland (PBI) is a new grassland research database and 

allows for informative and accurate decision-making around supplementation at farm 

level through management of pasture surpluses and deficits (French et al., 2015; 

Hennessy et al., 2015; Hanrahan et al., 2017). Before PBI, the spring rotation planner 

and autumn budgeting plan were focused upon to improve pasture utilisation in the 

spring and autumn. These modern grazing techniques were then incorporated into PBI 

(Hanrahan et al., 2017). Pasture measurements are usually taken by visual assessment 

and/or plate meter (Jenquip, Feilding, NZ; O'Donovan et al., 2002a; O'Donovan et al., 

2002b). Research and commercial farms are incorporated into one on this system, 

allowing for farmers to compare pasture growth and DM production (both total and 

seasonal). 

Current grazing systems in Ireland are managed to optimise grass growth, with 

minimum focus on clover (O'Donovan et al., 2011). Despite this, in New Zealand, 

Woodfield (1999) reports that clover is an integral component of grass swards in dairy 

systems. One of the key benefits of clover is its ability to fix atmospheric N to the 
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plants roots, reducing the need to apply artificial N fertiliser to the ground (Woodfield, 

1999). The pasture profit index (PPI) is a total economic merit index of perennial 

ryegrass and clover varieties based on their economic potential for pasture-based 

production systems in Ireland. The PPI was developed by Teagasc to facilitate an 

informed decision-making process as to what seed varieties to use at farm level 

(O'Donovan et al., 2016). 

The efficiency of pasture utilisation can be improved through increasing the length of 

the grazing season (Läpple et al., 2012). The average grazing season length in Ireland 

is 241 d (Creighton et al., 2011), and can span from early spring to early winter 

(Hurtado-Uria et al., 2013; McDonnell et al., 2019). Based on research conducted in 

Ireland, the target grazing season length is 300 d (Kennedy et al., 2009), or 

approximately the same length as a cow’s lactation (305 d). However, primary 

constraints to extending the grazing season include low soil temperature in spring and 

poor solar radiation in autumn (Humphreys and Teagasc, 2007). 

2.2.3.4 Indoor dairy production systems 

There are few farmers operating indoor milk production systems in Ireland, but these 

systems are popular in North America (Lucy et al., 2004). In these systems, cows are 

housed all year round and offered a diet consisting of an ensiled forage e.g. maize 

and/or grass silage ad libitum plus concentrates (Charlton et al., 2011). Within these 

indoor milk production systems, cows do not maintain a seasonal calving pattern (Lucy 

et al., 2004). In summary, there is more flexibility with indoor milk production systems 

to respond to a higher milk price and a lower CS price, as these systems can 

economically increase milk production (Dillon et al., 2005). In contrast, low cost 

pasture-based milk production systems are inflexible in this regard, but do have lower 

milk production costs per kg of milk solids (Ramsbottom et al., 2015). 

2.2.3.5 Climate change impact on Irish dairy sector 

Climate change will affect pasture growth and dairy production in Ireland, as climate 

change brings increased rainfall, drought, increased temperatures and a changing of 

the growing season which are major influencers of pasture growth (Holden and 

Brereton, 2002). Due to Ireland’s geographical location, it is predicted that increased 

temperatures along with an increase in rainfall will make it possible to grow more 
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pasture in the north and west of Ireland while the east may need irrigation to maintain 

the viability of pasture production systems (Holden and Brereton, 2002). The study of 

Holden and Brereton (2002) states that by the year 2050, pasture production will 

become unviable for farmers in the south-east region of Ireland, whilst Chang et al. 

(2017) predicts a reduction in the length of the growing season in parts of Europe due 

to lower soil moisture. Increased drought stress will lead to a requirement for artificial 

irrigation, and it is predicted that farmers will become more reliant on alternative 

forage crops like forage maize to feed their livestock. Extreme climatic events will pose 

a significant challenge to the viability of pasture-based dairy systems (Chang-Fung-

Martel et al., 2017). 

2.2.3.5 Irish dairy exports 

Ireland exports 85% of its dairy produce (Heery et al., 2016), and in 2020, Ireland 

exported its dairy produce to 148 countries worldwide including the UK, the 

Netherlands, China, Germany and the USA. The total value of Irish agri-food exports 

was €13 billion in 2020 with dairy exports valued at €5.2 Billion (Bord Bia, 2021). Butter 

(€961 million) and cheese (€961 million) were some of Ireland’s top export 

commodities in 2020 (Bord Bia, 2021). Ireland accounts for 12% of global infant 

formula exports (Fenelon and Tobin, 2019) with multinational corporations like 

Danone, Abbott Nutrition and Wyeth all involved in infant formula production and 

having operations in Ireland (Heery et al., 2016). Approximately 40% of Irish agri-food 

produce was exported to the UK in 2014 (DAFM, 2015a) and this has since decreased 

to 33% in 2020 (Bord Bia, 2021). In 2019, Ireland has achieved an increase of 409% 

in food exports to Asia, 139% to North America, 97% to Africa and 45% to 

Central/South America, all on 2010 levels (Bord Bia, 2020). Meanwhile in 2020, 34% 

of Irish agri-food exports were destined for EU-27 countries while 33% of agri-food 

exports went to international markets (Bord Bia, 2021). As discussed in Section 2.2, 

cheese constitutes a large proportion of the total Irish agri-food exports and €381 

million worth of Irish cheese exports went to the UK in 2020. 
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2.3 Environmental implications of dairy production 

2.3.1 Impact of agriculture on the environment 

With global human population expected to increase by 100% between 2000 and 2050, 

the carbon footprint of extra food produced for human consumption must be reduced 

(Hume et al., 2011). Much of this extra food is to feed an increasing human population 

in developing countries such as India and China (Hume et al., 2011). Countries 

worldwide regularly set targets to help reduce GHG emissions (Paris Agreement), N 

excretion (Nitrates Directive) and to aid in water protection (Good Agricultural Practice 

for the Protection of Waters, S.I.610, 2010). The Paris Agreement is a legally binding 

international treaty on climate change and its main goal is to limit global warming to 

1.5 °C (United Nations, 2021). The Nitrates Directive aims to protect water quality 

across Europe by preventing nitrates from agriculture polluting ground and surface 

water (European Commission, 2020). Practices such as only allowing farmers to apply 

the correct amount of nutrients for each crop to avoid damaging the environment, 

applying nutrients under suitable climatic conditions and ensuring safe manure storage 

that prevents water pollution from run-off and leaching into ground and surface water 

all form part of the Nitrates Directive strategy. These agreements and Directives 

present challenges to increasing food production for human consumption. 

Since EU milk quotas were abolished in 2015, Irish milk production has increased by 

30% (CSO, 2016; CSO, 2021b) and this expansion has occurred through intensification 

of existing Irish dairy production systems and expansion of the Irish dairy herd (IFA, 

2020). A challenge of increased dairy cow numbers is to decrease total GHG emissions 

produced (Läpple et al., 2021). Although Irish milk producers have focused on 

expansion, Higgs et al. (2013) states that increased pressure exists to reduce the 

environmental impact of dairy production. 

Dairy production can degrade ecosystems services such as biodiversity, feed provision 

(Knudsen et al., 2017), nutrient cycling (De Vries et al., 2015) and water purification 

(Ogilvy, 2015) where strict environmental controls are not adhered to. According to 

O'Brien and Hennessy (2017), resources such as home-grown feedstuffs can be more 

efficiently utilised in pasture-based systems. Benefits of this include a lower 

requirement for purchased and imported feeds (O'Brien and Hennessy, 2017). Feeding 

less CS to dairy cows can reduce the carbon footprint of milk production (O'Brien et 
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al., 2015). Additionally, dairy farming plays an important role in landscape 

maintenance (O'Donoghue et al., 2015). Although strategies in GHG mitigation exist, 

two of the main issues with pasture-based dairy production systems is the high urinary 

and faecal N excretion from dairy cows to the external environment and chemical 

fertiliser use (Ryan et al., 2011). 

2.3.2 Nitrogen losses 

There are two sources of N pollution in dairy production (Tamminga, 1992). The first 

of these sources originates from chemical fertilisers containing N that are used by 

farmers. These fertilisers pose a threat to the environment (Rotz et al., 2005) where 

nitrate contamination of shallow groundwater can occur (Spalding and Exner, 1993). 

The second N source is from dairy cow excreta, and past studies have shown that dairy 

cows excrete large quantities of N (Ipharraguerre and Clark, 2005; Reid et al., 2015b). 

Smith and Frost (2000) reported that a 650 kg dairy cow will emit 116 kg N per year 

and the aforementioned study also reported that 12% of this emittance (13.9 kg) could 

be volatilised as ammonia (NH3). Ammonia is an air pollutant that is harmful to human 

health (Sutton et al., 2011a) and Irish agriculture is responsible for 98% of NH3 

emissions (Kelleghan et al., 2020). These problems are amplified in grazing systems, 

as pasture is a rich N source (Van Vuuren et al., 1990; Casey and Holden, 2005). The 

associated N loss from dairy cows can also lead to excessive amounts of N being 

leached from the soil into nearby rivers and waterways (Ledgard et al., 1999) and this 

can have a detrimental effect on water quality from nitrate pollution (Tamminga, 1992) 

and cause eutrophication (Sutton et al., 2011b). A requirement of the Nitrates Directive 

is that all member states must submit a Nitrates Action Plan (NAP) which highlights 

rules for management and application of animal slurry and chemical fertiliser. Ireland’s 

latest NAP was imposed during 2017 and runs to 2021 (Department of Housing, 2020). 

Aside from the NAP, the EU grants more intensively stocked Irish livestock farmers a 

Nitrates Derogation. 

2.3.2.1 European Union Nitrates Derogation 

In 2018, Ireland was granted a Nitrates Derogation which allows Irish farmers to 

operate a higher stocking rate of livestock manure. Granting farmers a Nitrates 

Derogation is subject to farmers complying with strict rules that are overseen by the 

Department of Agriculture, Food & the Marine (DAFM; DAFM, 2021). Essentially, these 
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farmers do not have to abide by the EU limit of 170 kg organic N/ha/year that farmers 

not operating under a Nitrates Derogation must adhere to. The limit for farmers 

operating under a Nitrates Derogation is currently 250 kg organic N/ha/year. This 

means that there will be an increased level of N excretion/ha compared to a farm 

stocked with less cattle. Currently, five states are operating under the Nitrates 

Derogation: The Republic of Ireland; the UK with regard to Northern Ireland; Denmark; 

Belgium, with regard to the Flanders region; and the Netherlands (European 

Commission, 2021). The Nitrates Derogation is important to the Irish dairy industry in 

meeting targets for milk production that were set out in the Foodwise 2025 document 

(DAFM, 2015b). The current Nitrates Derogation runs until the end of 2021 and will 

conclude the 4th programme before another programme is considered by the EU 

(Department of Housing, 2020). For Irish farmers to participate in the Nitrates 

Derogation programme, there are certain conditions that the farmers must satisfy. 

Aside from the limit of 250 kg N/ha/year, a nutrient management plan must be created 

once farm soil sample analysis results are obtained. All slurry must be applied by means 

of low emission slurry spreading equipment. This can include a dribble bar and the 

main reason for its use is the reduction in N lost to the atmosphere compared to using 

a conventional splash plate slurry spreader. Nitrates Derogation farmers are required 

to record forage production on an appropriate software technology such as PBI 

(Hanrahan et al., 2017). This software can aid in improving grassland management for 

the farmer. 

2.3.2.2 Nitrogen utilisation efficiency and partitioning 

A major challenge of pasture-based ruminant production systems is poor NUE, 

particularly in dairy cows (Castillo et al., 2000). Previous N partitioning studies 

conducted on grazing dairy cows, have shown that NUE can range from 25% in early 

and mid-lactation (Whelan et al., 2012b; Condren et al., 2019), to 12% in late lactation 

(McKay et al., 2019). The low NUE that is observed in these studies can be attributed 

to the high CP content of the basal forage (pasture; Totty et al., 2013). Young and 

leafy pasture is highly digestible and has a high metabolisable energy (ME) content 

(Coffey et al., 2017), making it a suitable feedstuff for milk production. The CP 

concentration of adequately-fertilised and well-managed pasture is usually in excess 

of the requirements of dairy cows (O'Donovan et al., 2011). Crude protein 
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concentration can remain greater than 200 g CP/ kg DM throughout the grazing season 

in pasture that is frequently fertilised and well managed (Wims et al., 2010). The RDP 

component of high quality pasture can range from 75% to 90%  whereas the ideal 

dietary RDP for efficient microbial protein (MCP) synthesis is 65% (DairyNZ). 

Therefore, it may be possible to reduce pasture intake and dietary RDP content 

through inclusion of CS in the diet. In TMR systems, cow NUE is often greater (Keim 

and Anrique, 2011) where it can exceed 30% (Rauch et al., 2021), whilst Chase (2011) 

reported that theoretically, cow NUE can reach up to 45%. Diets of cows offered TMR 

have a more balanced supply of nutrients like energy and protein (Brady et al., 2021); 

hence the increased NUE. Furthermore, perennial ryegrass (Lolium perenne L.) and 

white clover (Trifolium repens) have a higher protein: carbohydrate ratio than that 

considered optimal for milk solids production (Pacheco and Waghorn, 2008). A typical 

protein: carbohydrate ratio for perennial ryegrass would be 2.1:1 (McKay et al., 2019) 

whereas this ratio is increased in white clover which would be undesirable for 

optimising efficiency of rumen function (Germinal Ireland, 2015). A high dietary 

protein: carbohydrate ratio is one consequence of the application of N fertiliser to 

increase forage DM production (Pacheco and Waghorn, 2008). Therefore, modifying 

the botanical composition of the pasture to influence dietary N intake, urinary N 

excretion and milk solids production is possible (Dodd et al., 2019). Unlike excess ME, 

excess dietary N cannot be stored in the body of ruminants, so any feed N ingested 

that is not secreted in milk or absorbed into tissue, will be lost in urine and faeces 

(Pacheco and Waghorn, 2008). 

Studies have shown that urinary N excretion can be reduced and NUE can be 

simultaneously increased (Pakro and Dillon, 1995) by reducing the overall dietary CP 

content (Broderick, 2006) and the supplementary CP content (Burke et al., 2008) 

without significantly reducing milk production. Woodward et al. (2009) showed that 

urinary N could be reduced through offering increased rumen undegradable protein 

(RUP). Urinary N excretion is the most harmful route of N excretion (Pakro and Dillon, 

1995) and it is also the most easily manipulated with differing dietary strategies. 

Whelan et al. (2012b) found that altering the site of starch digestion successfully 

altered the site of N excretion. Ferris et al. (1999) concluded that high genetic merit 

cows could more efficiently utilise feed N intake through improved partitioning to milk 
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production and less to N excretion. However, limited research exists on differing dairy 

cow genetic merits with respect to the EBI and how they utilise N. 

Focusing on supplying sufficient dietary metabolisable protein (MP) instead of dietary 

CP in the dairy cow may be an option to reduce harmful N excretion to the 

environment. Providing sufficient dietary MP ensures that a balance is maintained 

between dietary energy and protein intake, which is important for MCP synthesis (Bach 

et al., 2005). The rumen is known to operate at maximum efficiency when 29 g MCP/kg 

of fermentable organic matter is produced and when N utilisation is 690 g/kg rumen 

fermentable N (Bach et al., 2005). For the rumen to maximise MCP yield, the non-

structural carbohydrate to rumen degradable protein ratio should be close to 2:1; 

however, this is difficult to achieve where high protein forages are consumed (Hoover 

and Stokes, 1991). Systems that focus on MP and are used internationally include the 

Cornell Net Carbohydrate and Protein System (Fox et al., 2004), the French PDI 

(protein digestible in the small intestine) system (Murphy et al., 2004) and the Dutch 

MP system (DVE OEB; Van Duinkerken et al., 2011). 

Most Irish ruminant production systems use the French PDI system (Olsson et al., 

2005) which estimates the quantity of amino acids (AA) absorbed in the small intestine 

from the dietary protein undegraded in the rumen and MCP synthesised in the rumen 

(Murphy et al., 2004). A principle of the PDI system is that protein and energy supplied 

to the rumen are balanced, thus leading to improved efficiency of feed N utilisation 

and a reduction in the level of dietary CP required by the ruminant. 

2.4 Factors influencing milk production and dairy cow performance 

2.4.1 Economic Breeding Index and its evolution 

The EBI is a single figure profit index used for Irish cattle breeding and is a weighted 

figure that is comprised of seven sub-indices (milk production, fertility, calving, beef, 

maintenance, management and health; Figure 2.3) (www.icbf.com; Carty et al., 2017). 

The EBI was introduced in 2001 to replace the RBI, which was composed of milk yield, 

fat yield, protein yield and protein concentration (Berry et al., 2007; McParland et al., 

2008). Additional traits were added to the EBI to allow for parameters such as fertility 

to be measured also. Initially, the EBI was composed of five sub-indices: milk yield; 

fat yield; protein yield; survival; and calving interval (CI; McParland et al., 2008). 
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In 2004, genetic parameters for CI, survival, milk production (first three lactations for 

milk yield) and type traits were re-estimated and included in the genetic evaluations. 

Economic weights had to be changed in 2004 following the Fischler Reform in 2003. 

FAPRI-Ireland predicted many cuts to dairy farmers’ “farmgate” prices. Cuts in milk 

price from 28 cent (c)/L to 22 c/L were expected, having a negative effect on EBI 

values. Many dairy calves and cull cow prices were also negatively impacted. Quota 

purchasing fell from 9.8 c/L to 4.8 c/L in line with price falls (Berry et al., 2007). The 

cost of rearing replacement heifers had risen from the year 2000 to 2003 and changes 

had to be made to the bio-economic model. Road transport costs increased by 17% in 

this period and the main components of transport were diesel, labour and insurance. 

By 2005, the EBI system was to change again, affecting how it is structured today. It 

included 13 traits from five previously and these were broken into four sub-indices: 

milk production; fertility/survival; calving; and beef performance. Today, the EBI 

consists of seven sub-indices: milk production; fertility; calving; beef; maintenance; 

management; and health (Figure 2.3). The sub-indices mentioned above are 

composed of 19 traits in total (O'Sullivan et al., 2019). A cow’s milk production sub-

index is influenced by milk predicted transmitting ability (PTA) values that were passed 

on from its parents (ICBF, 2020). Therefore, milk yield, protein yield and fat yield PTA 

can influence the milk sub-index of the EBI and the cow’s genetic potential for milk 

production. 
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Figure 2.3: Trait emphasis make-up in the EBI (Source: ICBF). 

2.4.1.1 Milk predicted transmitting ability (PTA) 

There is 33% weighting placed on the milk sub-index of the EBI with the remainder 

composed of fertility (33%), calving (10%), beef (8%), maintenance (8%), 

management (4%) and health (4%) (4%; ICBF, 2020). The milk sub-index is 

composed of milk, fat and protein kg PTA, with 10.6%, 3.4% and 18.9% emphasis 

placed on these parameters, respectively (ICBF, 2017). A cow’s PTA indicates the 

additive genetic component of a trait that the cow is expected to pass on to her 

progeny relative to the base population. For example, a cow that has a milk kg PTA of 

+150 kg will be expected to produce 300 kg of milk/305 d lactation (it’s breeding value) 

more than the base cow. If this cow is bred with a bull of a milk kg PTA of 100 kg, 

their offspring will have a milk kg PTA of 125 kg as a cow only passes on half of her 

genes. As of December 2017 the base population of Irish cows that were milk recorded, 

produced 6,044 kg of milk, 236 kg of fat and 208 kg of protein (ICBF, 2020). Average 

Irish milk, fat and protein kg PTA figures for 2019 were 42, 5 and 4 kg, respectively 

(www.icbf.com).  
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Research conducted by Shalloo et al. (2004) on milk kg PTA, showed that cows with a 

higher milk kg PTA were most profitable and reached their full genetic potential when 

offered a higher level of CS. In contrast, cows with a lower milk kg PTA were most 

profitable when offered a lower level of CS where a higher proportion of their diet was 

pasture or where margin per unit of input is maximised. For the higher milk kg PTA 

cows with higher concentrate feeding, margin per cow was maximised. The latter is 

more suited to a post-quota situation where milk production can be increased in times 

of low supplementation prices and high milk prices, through increased supplementation 

levels. Shalloo et al. (2004) also suggested that there was less risk taken on the 

farmers behalf with the low milk kg PTA cows that were offered lower levels of CS and 

higher levels of pasture during times of low milk price. Bargo et al. (2003) defined a 

high producing cow as producing more than 25 kg milk per d in early lactation or 20 

kg milk per d in late lactation and stated that high producing cows need to be 

supplemented at pasture to maximise genetic potential. What has been examined in 

the above study is the potential of different milk kg PTA cows with different levels of 

CS and their economic performance and profit. More recent research (O'Sullivan et al., 

2019) has focused on cows of divergent EBI and how this can affect milk production 

and composition; however, up-to-date studies that focus on milk kg PTA with respect 

to the EBI are lacking. This type of research would be beneficial to Irish farmers that 

want to focus on improving yields of milk, fat and protein while simultaneously aiming 

to reduce environmental impact. 

2.4.2 Supplementation 

2.4.2.1 Objectives of supplementation 

Where cows are pasture-based, the main objective of offering these cows 

supplementation is to increase total DMI and energy intake relative to that achieved 

with pasture-only (PO) diets (Stockdale, 2000). Benefits of this increased energy intake 

include: increased milk production per cow; the ability to increase stocking rate per 

unit of land; improved pasture utilisation through higher stocking rates; increased 

lactation length during periods of pasture shortage; increased milk solids production; 

and maintained or improved body condition score (BCS; Bargo et al., 2003; Kellaway 

and Harrington, 2004). The impact of offering cows CS on BCS can be dependent on 
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the stage of lactation (SOL; homeorhetic mechanisms) and the genetic merit of the 

cow (Roche et al., 2009). Studies show that cows will naturally lose body condition 

from 40 to 100 d post-partum, regardless of energy balance and supplementation 

(Pryce and Harris, 2006; Sumner and McNamara, 2007). However, late-lactation 

studies show that offering cows CS can improve BCS (Roche et al., 2006; McKay et al., 

2019). 

2.4.2.2 Concentrate supplementation 

Pasture-based dairy production systems utilise CS when pasture quality and quantity 

is reduced (Creighton et al., 2011; McCarthy et al., 2013). Substitution rate (SR) is the 

rate at which a cow reduces pasture intake for each kg of supplemental feed that it 

ingests (Kellaway and Harrington, 2004; Dillon et al., 2006). Many factors can impact 

SR including the amount of concentrate fed, composition of the concentrate, pasture 

allowance, pasture digestibility and SOL (Kellaway and Harrington, 2004). Substitution 

rate is known to be increased for forage supplementation compared to CS (Gibb et al., 

2002; Bargo et al., 2003); hence, why CS is more popular where pasture-based grazing 

milk production systems predominate. Another benefit of CS is that it can be offered 

in the milking parlour whereas forage supplementation requires extra labour and time 

housed for the cows. The relative cost of pasture as a feed source when compared 

with grass silage and CS is 1:1.8:2.4, respectively (Finneran et al., 2010). In 2020, CS 

costs accounted for 55% of total feed costs in Irish milk production systems (Teagasc, 

2021). 

Concentrate based diets are energy dense and are often used to bridge negative 

energy balance (NEB) in early lactation animals (McNamara et al., 2003). However, as 

the cow advances through lactation, NEB becomes less problematic and offering dairy 

cows CS can place them in a positive energy balance as BCS is increased (McKay et 

al., 2019). The use of CS can be an effective tool to increasing milk production and 

animal performance in pasture-based systems if they are used strategically (Coffey et 

al., 2004). One benefit of offering CS to lactating cows is that it increases milk lactose 

concentration levels (Looper, 2012). This is important as most Irish dairy processors 

require milk lactose to be greater than 4.2% for processability requirements (O'Brien, 

2008; Glanbia, 2016). Energy intake is the first limiting factor in milk production for 
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cows on pasture (Kolver, 2003). Therefore, an industry standard CS will have a high 

net energy value of one unité fourragère lait (UFL; unit of net energy) per kg of CS, 

whereas high quality grazed grass will have 0.96 UFL per kg DM (Patton et al., 2014). 

To achieve a high energy content, the CS will typically include cereals such as barley 

and oats, by-products like soya hulls and beet pulp and will be fully fortified to supply 

minerals and vitamins to the cow (Whelan et al., 2012a; Kavanagh, 2016; Brady et al., 

2021). 

2.4.2.3 Milk response to concentrate supplementation 

Milk response to CS can be defined as the increase in kg of milk yield per kg of CS DMI 

(Bargo et al., 2003). A negative relationship exists between SR and MR (Figure 2.4), 

with an increased SR leading to a decreased MR (Kellaway and Harrington, 2004; Reid 

et al., 2015b). Furthermore, Reid et al. (2015b) states that although it is more 

expensive, MR to CS is greater than MR to grass silage supplementation. Cows with a 

higher phenotypic potential for milk yield have an increased MR to CS compared to 

cows with a lower phenotypic potential for milk yield (McCarthy et al., 2007). This 

phenomenon can be attributed to greater nutrient partitioning to milk production in 

higher genetic merit cows compared with lower genetic merit cows (Ferris et al., 1999; 

Dillon et al., 2006). A cow’s MR is known to be increased in autumn, and this can be 

primarily attributed to a reduction in pasture ME (Stockdale, 1999). Therefore, it could 

be more economical to offer supplement in the autumn time, but this can also depend 

on the level of MR achieved and the prevailing milk price. Grainger and Mathews (1989) 

found that the MR to CS was 0.97, 0.69 and 0.28 kg/kg DM concentrate fed at 3.2 

kg/cow per d when 8, 17 and 33 kg DM of pasture was allocated/cow per d, 

respectively, highlighting the relationship between milk response to CS and pasture 

allowance. 
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Figure 2.4: Relationship between substitution rate and milk yield response to 

concentrate supplementation (Horan et al., 2006). 

2.4.2.4 Nutrient partitioning 

Nutrient partitioning can be defined as how nutrients that the animal ingests, are 

channelled or partitioned in varying proportions to different physiological functions 

including milk production, body reserves and reproduction (Friggens et al., 2013). 

Nutrient partitioning can change throughout the duration of lactation (Kirkland and 

Gordon, 2001; Friggens and Newbold, 2007) and can change differently according to 

genotype (Ferris et al., 1999). These changes are controlled by homeostatic and 

homeorhetic mechanisms (Roche et al., 2009). Homeostasis can be defined as the 

maintenance of physiological equilibrium or constant internal environmental conditions 

within the animal while external conditions fluctuate. Homeorhesis is the coordinated 

control in metabolism of body tissues to support a certain physiological state (Bauman 

and Currie, 1980). An example of homeostasis in ruminants would be an increase in 

DMI during cold and inclement weather to maintain core body temperature (Dash et 

al., 2016). An example of a homeorhetic mechanism is where a cow mobilises body 

tissue in early lactation to match energy supply to milk production, regardless of the 

richness of the diet in energy (Delaby et al., 2009). Stage of lactation is a major 
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determinant of the quality of dairy products. Milk heat stability (HS) and casein number 

are known to decrease, while SCC is known to increase where dairy cows are in late 

lactation and this decreases the suitability of milk for processing (O'Brien et al., 1996; 

O'Brien et al., 1999d). With this in mind, despite regulation of the body through 

homeorhetic means, Kefford et al. (1995) showed that adequate nutrition can 

counteract the negative effects of advancing lactation stage on milk quality to some 

extent. 

The effect of diet on excretion of nutrients has previously gained much attention 

(Whelan et al., 2012b; Reid et al., 2015b), particularly the effect of diet on 

environmental N excretion from the dairy cow. Elsewhere, Kebreab et al. (2004) 

explains how environmental phosphorus (P) excretion can be reduced by dietary 

manipulation and where feed nutrients are partitioned to in the lactating dairy cow. 

Examples of extreme external environments include extremely warm or cold weather 

and these can have effects on nutrient partitioning in lactating cows (University of 

Minnesota, 2019; University of Minnesota, 2020). For example, NUE is known to 

decrease with advancing SOL (Castillo, 2001). A common feature of pasture-based 

grazing systems is the oversupply of CP in the diet of dairy cows (Van Vuuren et al., 

1990). Whelan et al. (2012b) showed that if dietary CP is reduced where cows graze 

pasture, urinary N excretion is reduced which can reduce the environmental impact 

associated with pasture-based dairy production. Therefore, nutrient partitioning can 

be controlled by dietary means with the benefits mentioned above. 

2.4.3 Stage of lactation 

2.4.3.1 Early lactation 

Milk yield, composition and processability parameters are known to change with SOL 

(O'Brien et al., 1996; Auldist and Hubble, 1998; García et al., 2000). Early lactation 

studies in dairy cows range from parturition to 70 d post-partum (Whelan et al., 2012a; 

Al Ibrahim et al., 2013). Milk yield has been found to increase in early lactation (Whelan 

et al., 2012a), whilst peaking at 40 – 70 d post-partum (ICBF, 2018) and decreasing 

thereafter until the end of lactation (Olori et al., 1999). As milk yield increases in early 

lactation, concentrations of fat and protein decrease. Then, milk yield peaks at 40 -70 

d in milk (DIM) and starts to decrease thereafter (Figure 2.5). 
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Figure 2.5: The relationship between milk fat, protein and lactose over an entire 

lactation (Walker et al., 2004). 

In early lactation, dilution of components can decrease milk fat and protein 

concentrations, while ruminal biohydrogenation and negative energy balance can also 

decrease milk fat and protein concentrations, respectively (Bauman and Griinari, 2003; 

Gross et al., 2011). According to the study of Walker et al. (2004), nutrition, genetics 

and dairy manufacturing technologies can alter the composition and functional 

properties of milk. In early lactation, appropriate nutrition is important as an 
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insufficient DMI can reduce circulating blood glucose (Whelan et al., 2012a) which is 

important for AA absorption in the mammary gland and milk protein synthesis (Rius et 

al., 2010). Milk lactose concentration is an important constituent in the production of 

fermented dairy products as it is the principle carbohydrate in milk (Fox et al., 2015c). 

Milk lactose concentration is known to vary with SOL, fluctuating in line with milk yield 

(Figure 2.5). Furthermore, milk lactose concentration acts as an osmotic regulator of 

milk yield; when lactose is secreted, water is drawn down into the golgi vesicles diluting 

milk solids concentrations (Jenness and Holt, 1987). 

Milk that is produced in early lactation is characterised as having low ES and prolonged 

RCT (Phelan et al., 1982; Tsioulpas et al., 2007) as a result of decreased milk pH and 

milk casein concentration (Phelan et al., 1982). Furthermore, casein constitutes an 

important proportion of milk protein and varies from 70% to 80% (SOL dependent; 

O'Brien et al., 1996). The casein proportion of protein is more commonly known as 

casein number, is an important milk processability parameter and is known to increase 

throughout early lactation (O'Brien et al., 1996). The other proportion of milk protein 

is whey; however, casein is more desirable than whey as it can dictate how stable milk 

is to thermal processing (Wijayanti et al., 2014). When milk casein number is not at 

an optimum level, milk pH is usually low and RCT is extended. Milk casein number is 

low in early lactation milk due to an elevated level of milk immunoglobulin content 

(Andrews, 1978a; Andrews, 1978b). Therefore, early lactation milk is not desirable for 

processing (Phelan et al., 1982). The fatty acid profile of milk can vary by season 

where seasonal milk production systems are practiced (Fox, 1995). In early lactation, 

milk fat globules are of an increased size compared to fat globules in late-lactation milk 

and are therefore more desirable for processing (Fox and Guinee, 2000). 

2.4.3.2 Mid lactation 

Cows in mid lactation range from 105 to 147 DIM (Schingoethe et al., 2004; Cyriac et 

al., 2008; Condren et al., 2019) and mid lactation milk is known to possess superior 

milk processability properties when the base forage is pasture (O'Brien et al., 1996). 

While milk yield is decreasing, milk fat and protein concentrations are increasing with 

the advancement of mid lactation (Fig. 2.5; Walker et al., 2004; Downey and Doyle, 

2007). Milk lactose concentration is known to plateau in mid lactation and decrease 



38 
 

when the cow surpasses 180 DIM through gradual involution of the mammary gland 

(Fig. 2.5; Walker et al., 2004). The study of O'Brien et al. (1997) found that increasing 

daily herbage allowance from 16 to 24 kg DM increased milk protein, casein and lactose 

concentration in mid lactation. Similarly, the study of Delaby et al. (2001) found that 

increasing daily herbage allowance from 12 to 16 kg DM increased milk yield and 

protein concentration in mid lactation. 

2.4.3.3 Late lactation 

Cows in late lactation studies typically range from 185 to 230 DIM (Pérez-Prieto et al., 

2011; Reid et al., 2015b; Box et al., 2017; McKay et al., 2019), although cows do not 

reach complete mammary involution until 305 DIM in many milk production systems 

(ICBF, 2018). In a seasonal system, spring calving cows enter late lactation in the 

autumn and the nutritive characteristics of herbage grown in autumn are known to 

change, which can adversely affect milk composition of spring calved cows (Downey 

and Doyle, 2007). Despite the effect of seasonality on pasture quality, O'Brien et al. 

(1999a) found that offering cows CS maintained quality of the overall diet and 

increased milk total protein and casein concentration in autumn. 

Characteristics of late-lactation milk include high milk pH (O'Brien et al., 1996), 

extended RCT (Downey and Doyle, 2007), reduced HS (Donnelly and Horne, 1986) 

and reduced casein (Reid et al., 2015b), resulting in milk with a lower manufacturing 

potential (Auldist and Hubble, 1998). Compact calving that is practiced in seasonal milk 

production systems can result in cows entering late lactation simultaneously, further 

exacerbating issues associated with milk processability (Phelan et al., 1982). Increased 

milk pH can be attributed to a reduction in soluble P, which reduces the buffering 

capacity of milk (O'Brien et al., 1996). Reduced HS can result from either changes in 

milk pH in early lactation, or from an altered mineral profile in late lactation (Donnelly 

and Horne, 1986). Milk casein number is known to increase to 80% in mid lactation 

before decreasing to 70% with advancing SOL (O'Brien et al., 1996). Furthermore, 

late-lactation milk is known to have a lower casein number due to a poor quality diet 

being offered to cows (Kefford et al., 1995). Additionally, milk produced in this lactation 

stage produces undesirably hard butter with a poor alcohol stability (Phelan et al., 

1982). Low milk casein concentration is known to be associated with lowered milk ES 
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in previous studies like Chavez et al. (2004), where the ES test was used as a proxy 

for milk HS. 

2.5 Milk composition and processability parameters 

2.5.1 Somatic cell count 

Parameters that can be used to judge the quality of milk are total bacterial count 

(TBC), SCC and thermoduric bacteria (O'Connell et al., 2015). The SCC of milk can be 

a measure of quality; however, producers are not rewarded for a low SCC but rather 

penalised for a high SCC. Milk SCC is a measure of the white blood cells present in milk 

(Harmon, 2001). The white blood cells that are present, fight infection and upon 

infection, their presence in milk increase exponentially. Therefore, an increase in SCC 

is an indicator of potential mastitis infection in dairy cows (Djabri et al., 2002). A normal 

milk SCC equates to less than 200,000 cells/mL of milk. Milk with an excess of 200,000 

cells/mL indicates a potential subclinical and/or clinical mastitis problem within the 

herd, although the EU regulation number 853/2004 states that the SCC limit for milk 

exportation is 400,000 cells/mL. In Ireland, there has been a reduction in the national 

bulk SCC from 272,000 cells/mL in 2009 to 183,000 cells/mL in 2018 (Figure 2.6). 

 

Figure 2.6: National annual average bulk SCC 

(www.animalhealthireland.ie/programmes/cellcheck/). 

In late lactation, the undesirable changes in milk composition can be attributed to 

increases in SCC and/or in the concentration of proteins derived from blood serum 

(Lacy-Hulbert et al., 1999). Despite no mammary infection issues, the lactating cow 

may experience a natural increase in SCC, as volumes produced decrease and as the 

cow enters late lactation (O'Brien et al., 1999d). Schultz (1977) and Reneau (1986) 

have postulated that SCC in milk increases in late lactation in uninfected quarters due 
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to the dilution effect. The dilution effect occurs when milk composition is diluted with 

the volume component of milk (water). As greater volumes of milk are produced in 

early and mid lactation, the dilution effect is going to be greater (Miller et al., 2004). 

Therefore, as milk yield decreases, SCC will increase, regardless of best management 

practices (Kelly et al., 2000). Milk with an increased SCC can result in milk with a 

lowered cheese yield, altered manufacturing properties, extended RCT and poorer curd 

structure compared to cows with a decreased SCC (Looper, 2012). 

2.5.2 Milk protein 

Milk protein concentration can depend on a range of factors, including: feed intake; 

feed type; cow health; milking interval; season; breed type; genetics; and SOL (Nilson 

et al., 1979). In late lactation, an elevated milk protein concentration can be attributed 

to a decreased milk yield. Thus, the milk protein concentration becomes less diluted 

(Miller et al., 2004). Up to 80% of milk proteins are casein proteins, synthesised 

entirely from the mammary gland, while 20% of milk proteins are whey proteins which 

are synthesised from the blood (Bendtsen et al., 2013). In dairy cows, milk protein can 

be divided into 3 main fractions: casein (78%); whey (17%); and non-protein N (NPN; 

5%) (DePeters and Ferguson, 1992). Casein can be divided into four main fractions: 

αs1; αs2; β; and k casein (Rodney et al., 2016). All of these casein fractions are 

relatively heat-stable. Mackle et al. (1999) reported that cows offered PO had higher 

NPN and urea in their milk compared to cows on high levels of supplementation. It is 

desirable that milk NPN concentration is minimised as it does not belong to milk true 

protein (DePeters and Ferguson, 1992; Ruska and Jonkus, 2014). Varying dietary CP 

intake in dairy cows appears to have no consistent effect on milk CP concentration 

under a range of feeding systems (Murphy and O'Mara, 1993; Beever et al., 2001). In 

the study of Emery (1978), an analysis of seven published datasets reported an 

increase of 0.2 g CP/ kg milk for each 10 g/ kg incremental increase in dietary CP 

concentration, from 90 to 170 g/kg DM (Walker et al., 2004). Generally, research 

shows that milk protein concentration is less responsive to feeding and dietary changes 

than milk fat (Jenkins and McGuire, 2006). 
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2.5.3 Milk fat and fatty acid profile 

Principally, milk fat is composed of long chain fatty acids (LCFA; 50 – 70%) and short 

chain fatty acids (SCFA; 30 – 50%). The LCFA can only be derived from diet, while 

SCFA can be synthesised de novo from the mammary gland, utilising acetate and 

butyrate precursors (Santos, 2002). Short chain fatty acids are fatty acids with 4 – 14 

carbon atoms, whereas LCFA have 16+ carbon atoms (Morales-Almaráz et al., 2010; 

O'Callaghan et al., 2016). The study of King et al. (1990) found that supplementing 

dairy cows with LCFA could increase milk yield regardless of the base diet. Over 400 

different types of milk fatty acids exist (Ledoux et al., 2005) and 65% of these are 

saturated fats (Jenkins and McGuire, 2006). The study of Morales-Almaráz et al. (2010) 

states that SFA can total 70 – 75% of total FA, while UNSFA like PUFA can constitute 

2% of total FA (Elgersma et al., 2006). Saturated FA have been previously associated 

with heart disease while substituting them with MUFA and PUFA in human diets could 

help to reduce disease risk (Morales-Almaráz et al., 2010). Therefore, it is more 

desirable to reduce SFA synthesis in milk fat and increase milk PUFA concentrations. 

The fat content of grazed ryegrass contains over 60% PUFA (Dewhurst et al., 2002; 

Kay et al., 2004). Cows consuming grazed pasture are known to produce higher levels 

of the health benefiting cis-9, trans-11 conjugated linoleic acid (rumenic acid; PUFA 

derived) compared to cows consuming TMR diets (Kelly et al., 1998; O'Callaghan et 

al., 2016). Furthermore, cows consuming grazed grass are also shown to produce milk 

with increased levels of oleic acid (C18:1; Ledoux et al., 2005). Rumenic acid is known 

to have many putative health benefits (Belury, 2002). Griinari and Bauman (1999) 

stated that milk CLA can result from rumen microbial biohydrogenation of dietary 

linoleic acid (C18:2) and desaturation by mammary Δ9-desaturase of vaccenic acid. 

Other major fatty acids present in milk include palmitic acid (C16:0) and stearic acid 

(C18:0). The C16:0 and C18:0 fatty acids are SFA and C16:0 can cause increased 

plasma cholesterol in humans (Yu et al., 1995). 

Free Fatty acids (FFA) in milk are an indicator of raw milk quality (Hanuš et al., 2016). 

Decreased FFA levels in milk are more desirable (Hanuš et al., 2008). The maximum 

level of FFA in milk for churning is 1.3 mmol/100 g milk. An elevated level of FFA in 

milk could be an indicator of metabolic problems such as ketosis as well as an 

aggravation of milk technological properties and a deterioration of sensory milk 
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properties (Hanuš et al., 2016). Past studies have shown that milk FFA levels decreased 

as the cow’s plane of nutrition rose (Dillon et al., 1997). Studies have also shown the 

importance of superior quality grass in the diet for decreasing the FFA concentration 

in milk fat (Gander and Jensen, 1960). The study of O'Brien et al. (1999d) showed that 

the FFA content of milk increases during late lactation and that two of the reasons for 

this are because: 1) of the smaller quantity of feed; and 2) a poorer quality feed 

available to the cows. 

2.5.4 Casein 

Casein’s primary function is to act as a carrier of calcium (Ca) and P (Haug et al., 

2007). Milk casein is known to improve milk processability and can be increased 

through dietary means (Reid et al., 2015b). Milk casein number increases in early 

lactation due to decreasing immunoglobulin levels in milk (Andrews, 1978a; Andrews, 

1978b), whilst peaking at 80% in mid lactation and decreasing to 70% in late lactation 

(O'Brien et al., 1996). As milk casein number decreases, whey increases which is 

undesirable from a processing perspective (Mackle et al., 1999). As a result, issues 

with cheese quality arise in late lactation (O'Brien et al., 1999b). Cheese quality issues 

include cheese moisture and texture deficits (Lucy, 1996; Auldist et al., 1998; Auldist 

et al., 2009). Therefore, milk casein number is an important milk composition 

parameter as it influences cheese quality and yield, curd structure and curd firmness 

(Roupas, 2001; Jenkins and McGuire, 2006). Separately, the diet of dairy cows is 

known to influence milk casein number in late lactation. Sutton et al. (1996) 

demonstrated that milk casein concentration could be increased with additional dietary 

CP and energy. Walker et al. (2004) showed that a combination of late lactation and 

a low ME intake can interact by reducing milk casein number. Therefore, ME intake is 

important in late lactation. 

2.5.5 Lactose 

Milk lactose concentration is an important constituent in late lactation, as milk with a 

low lactose concentration can lead to a reduction in the processability of milk (O'Brien 

et al., 1996). O'Sullivan et al. (2019) has shown that offering cows CS can lead to an 

increase in milk lactose concentration. Glucose is the primary precursor of milk lactose 

(Lin et al., 2016) and this component can vary by SOL, level of udder infection and 
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individual cow, with highest levels found in early and mid-lactation, while a decrease 

is observed in late lactation, in line with a decrease in milk volumes (Fox et al., 2015a). 

The study of Stumpf et al. (2013) observed that a reduction in milk lactose 

concentration led to an increase in permeability of the mammary gland cell tight 

junction which could have implications on milk processability. 

2.5.6 Rennet coagulation time 

Rennet is an important cheese-making enzyme (O'Brien et al., 2001), which is found 

naturally in the forestomach of a neonate ruminant and is used to coagulate or clot 

the milk in the neonate’s stomach. Consequently, digestion rate of the milk is slowed 

and absorption of nutrients is possible (Jenkins et al., 1980). A similar principle can 

apply to cheese-making. A faster RCT is desirable so that cheese can be formed 

quickly. The study of Emmons and Lister (1976) reported that curd formation could be 

achieved quicker and firmer if stomach pH was between 5.6 and 6.6; the ideal stomach 

pH of a neonate ruminant. Changes to milk composition throughout lactation gives rise 

to rennet coagulation inconsistencies (Grandison et al., 1984) and it was shown by 

O'Keeffe et al. (1982) that RCT increased and curd firmness decreased as cows 

produced milk in late lactation. The study of O'Brien et al. (1999d), found that 

processed milk in a retailer took a longer time to coagulate, compared with raw, 

unprocessed milk. The authors attributed this outcome to the heat treatment of retailer 

milk (pasteurisation at 72 °C for 15 seconds). Elsewhere, the study of Guinee et al. 

(1997) showed that RCT can be affected by milk protein concentration. High protein 

levels augment the rate of casein aggregation and contribute to the formation of 

coarser gel networks, enhancing milk coagulating properties. 

2.5.7 Milk urea nitrogen 

High MUN concentration can be an indicator of excess protein the diet (Hof et al., 

1997); Therefore, MUN is used as a tool for monitoring feeding programmes and 

feeding management strategies (Cabrita et al., 2011). During spring, MUN 

concentrations can be as high as 70 mg/dL with 28% CP in pasture, while later in 

spring, CP can be as low as 22 mg/dL (Reid et al., 2015a). This would equate to a 

MUN concentration of 20 mg/dL. Autumn MUN concentrations are generally lower than 

spring concentrations, with levels of 38 - 41 mg/dL common during autumn (McKay et 
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al., 2019). This is primarily due to the lower N utilisation and N requirement of spring 

calving dairy cows in autumn (Whelan et al., 2011), as well as the lower CP 

concentration present in pasture (Roche et al., 2017). When MUN concentration is 

high, this milk is not suitable for processing cheese (Reid et al., 2015a). The MUN 

concentration is highly correlated with urinary N excretion (Jonker et al., 1998; 

Kauffman and St-Pierre, 2001) and is a good indicator of NH3-N emissions from dairy 

cow excreta (Burgos et al., 2007). The optimum MUN concentration for milk produced 

ranges from 12 to 17 mg/dL (Roseler et al., 1993; Baker et al., 1995; Hwang et al., 

2000). 

2.5.8 Milk ethanol stability 

Milk ES is used as an indicator test for milk HS (Chavez et al., 2004) as both ethanol 

and heat can cause the destabilisation of milk proteins (Horne and Muir, 1990). Ethanol 

stability is reported as the concentration of the ethanol solution that induces 

precipitation of the milk protein (Horne and Muir, 1990). Studies show that milk ES 

can range from 66% (McKay et al., 2019) to 80% (Lin et al., 2017) in the autumn, 

assuming that a pH of 6.6 is the natural pH of milk. A milk nutrient deficiency can 

reduce milk ES (Barbosa et al., 2012; Stumpf et al., 2013). During pasteurisation, milk 

is heated to sterilise the product ensuring it is safe for human consumption (Horne and 

Muir, 1990). One consequence of low milk HS includes fouling. Fouling occurs when 

the whey protein denatures and creates a gel, casein protein precipitates and there is 

an increase in viscosity (Hillier and Lyster, 1979). The dielectric repulsion between 

casein micelles is reduced, hence, why casein micelles precipitate quicker than whey 

(Barros et al., 1999). 

2.5.9 Minerals 

Bovine milk contains 8-9 g/L of minerals which includes Ca, magnesium (Mg), P, K and 

sodium (Na; Gaucheron, 2005). Milk mineral composition is variable, with season, SOL, 

nutritional status of the cow (type of feeding) and environment (nature of soil) all 

having effects on its content (Tiscornia, 1977; Varo et al., 1980; O'Brien et al., 1999c). 

O'Brien et al. (1999c) states that genetic and processing (pasteurisation and 

container/equipment contact) variables may also affect mineral concentrations in milk. 

Cow diseases are also known to have an effect on milk mineral composition with 
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increases in Ca, iron (Fe) and Na concentrations increased with mastitis incidence 

(Farré and Bayarri, 1984; Gaucheron, 2005). Minerals such as Mg, zinc (Zn) and Iodine 

(I) can be passed directly from diet to milk, whereas Ca seems to be unrelated to diet 

(O'Brien et al., 1999c), but more so related to SOL (Keogh et al., 1982). Concentrations 

of Ca and Na are known to increase, while K concentration is known to decrease in 

late lactation (Keogh et al., 1982; Fox et al., 2015b). The Na and lactose concentration 

of milk are inversely related, where a decrease in lactose constitutes an increase in Na 

in late lactation which can be detrimental for milk processability (Grandison et al., 

1984; Fox et al., 2015b). The Ca and P concentrations in milk are said to affect milk 

HS, where increases in Ca can negatively affect milk HS whilst increases in P can 

improve milk HS (Singh and Creamer, 1992). 

2.6 Conclusion and research objectives 

Ireland’s cool temperate oceanic climate means that pasture-based dairy farmers can 

grow large quantities of pasture over the growing season. As a result of this advantage, 

grazed pasture is an inexpensive feedstuff for lactating dairy cows; thereby, 

maintaining feed costs at a low level. Inadequate pasture growth in the early spring 

and late autumn results in the requirement for dietary supplementation and this review 

has shown that CS can improve DMI, milk production, milk processability and NUE. 

The literature shows that cow genotype can also affect milk production and NUE. In 

recent times, the environmental impact of dairy production has been a topical subject 

for discussion. The EU Nitrates Directive sets out rules and regulations for farmers that 

help to reduce the environmental impact of dairy production. With this in mind, there 

is no published literature that investigates the effects of supplementation strategies 

and their interaction with cow genotype (with specific focus on milk PTA within the 

EBI) on milk production, composition, processability and NUE in lactating dairy cows. 

With this context in mind, thesis research objectives were established. 

1. Research has not previously been conducted on effects of offering CS and how this 

can interact with a particular cow genotype within the EBI on milk production and on 

NUE. This research would be of interest in a post milk quota scenario and during a 

period of good milk price, where farmers look to increase milk production in late 

lactation. The aim of Chapter 3 was to investigate the effects of CS and cow genotype 
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on milk production and NUE in late-lactation spring-calving grazing dairy cows. It was 

hypothesised that higher milk genotype cows offered CS would have an increased MR 

compared to lower milk genotype cows and also that higher milk genotype cows would 

have reduced milk composition compared to lower milk genotype cows, but this would 

be negated by CS. 

2. Published literature shows that milk composition and processability can deteriorate 

in late lactation and the problem is amplified in regions where seasonal milk production 

systems are practiced. The literature shows that offering CS to cows can improve milk 

processability; however, this research is either outdated or does not focus on how cow 

genotype with respect to the EBI might impact milk processability. Chapter 4 aimed to 

investigate the effects of CS and cow genotype on milk composition and selected milk 

processability parameters in late-lactation spring-calving grazing dairy cows. The 

hypothesis was that higher milk genotype cows would have less favourable milk 

composition for cheese making and reduced milk processability but this would be 

negated by offering cows CS. 

3. Recent EU Nitrates Derogation legislation means that farmers cannot offer cows CS 

with greater than 15% CP during the main grazing season in Ireland. While studies 

have investigated how reducing the dietary CP concentration can impact milk 

production and NUE in confinement systems, no studies have investigated how 

reducing the supplementary CP concentration can impact milk production in a pasture-

based system and how cow genotype with respect to the EBI can interact with this. 

Chapter 5 aimed to investigate the effect of supplementary CP concentration on milk 

production over the main grazing season, and on N excretion in late-lactation spring-

calving grazing dairy cows. The study hypothesis was that lowering the reducing CP 

concentration would not impact milk production while NUE would be increased. 

4. In Ireland, cows that are in late lactation have a decreasing milk yield. Furthermore, 

late lactation coincides with autumn where the pasture CP concentration remains high. 

Therefore, it may be possible to reduce the supplementary CP concentration without 

negatively impacting on milk production. Chapter 6 aimed to investigate the effects of 

protein supplementation strategy (PSS) and cow genotype on milk production and NUE 

in late-lactation spring-calving grazing dairy cows. It was hypothesised that there 

would be no difference in milk production between cows offered a 13 or 18% CP 
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supplement due to equal PDI being supplied with both supplements. A further 

hypothesis was that the higher milk genotype cows would have a greater NUE 

compared to lower milk genotype cows. 

5. There is a paucity of published research on effects of offering dairy cows varying 

supplementary CP concentrations (but with equal PDI supply) on milk composition and 

milk processability in late lactation. Furthermore, there is no research that investigates 

how cow genotype within the EBI might interact with varying supplementary CP 

concentrations to influence milk composition and milk processability. The aim of 

Chapter 7 was to investigate the effects of PSS and cow genotype and on milk 

composition and selected milk processability parameters in late-lactation spring-calving 

grazing dairy cows. It was hypothesised that higher milk genotype cows would have 

less favourable milk composition and reduced milk processability; however, no 

differences in milk composition or milk processability would occur with varying 

supplementary CP concentrations. 

Chapter 8: 

Chapter 8 is a general discussion summarising main results and findings from the 

research conducted and identifies areas for further research. 

Chapter 9: 

Chapter 9 states thesis publications.  
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3.1 Abstract 

The study objectives were to evaluate the effects of 1) concentrate supplementation 

(CS), 2) cow genotype and 3) a potential interaction between CS and cow genotype 

on milk production, dry matter (DM) intake (DMI) and nitrogen (N) utilisation efficiency 

(NUE) in late-lactation (+208 ± 14.1 days in milk) grazing dairy cows. The experiment 

was a complete randomised block design with a 2 × 2 factorial arrangement of 

treatments and was conducted over a 52-day (d) period. There were two feeding 

strategies (pasture-only (PO) and pasture + 2.7 kg DM CS) and two genotype groups 

(lower milk genotype (LM; milk kg PTA = -48 ± 59.9, fat kg PTA = +7 ± 4.7 and 

protein kg PTA = +3 ± 3.2) and higher milk genotype (HM; milk kg PTA = +190 ± 

109.7, fat kg PTA = +12 ± 5.7 and protein kg PTA = +9 ± 3.6)). Cows in their 

respective genotype group were randomly assigned to one of two feeding strategies, 

resulting in four treatment groups (n=12). Cows grazed full time and were allocated 

17 kg DM pasture/cow per d. No interactions were observed for any parameters 

measured. Cows offered CS had increased yields of milk (+2.67 kg), fat (+0.08 kg), 

protein (+0.08 kg), casein (+0.08 kg), fat + protein (+0.18 kg), and lactose (+0.13 

kg) compared to cows offered PO. The HM cows had increased yields of milk (+2.13 

kg), protein (+0.07 kg), fat + protein (+0.13 kg), lactose (+0.1 kg), and milk response 

to concentrates (+0.62 kg milk/ kg of CS DM) compared to the LM cows. Cows offered 

CS had decreased protein (-0.14%), but increased lactose (+0.08%) concentration 

compared to cows offered PO. The HM cows had decreased fat (-0.2%), protein (-

0.16%), and casein (-0.07%) concentration compared to the LM cows. Cows offered 

CS had a reduced pasture DMI (-1.41 kg) but an increased total DMI (+1.29 kg) and 

feed N intake (+0.085 kg) compared to cows offered PO. Cows offered CS had 

decreased NUE (-0.1%) compared to cows offered PO. In conclusion, offering cows 

2.7 kg DM CS improved milk production in late lactation but resulted in a lower NUE. 

The lower NUE was due to no difference in milk N output and an increase in the 

partitioning of feed N to urine. The HM cows had a superior milk response to CS 

compared to the LM cows. Although these results demonstrate the propensity of HM 

cows to respond to CS, the environmental impact of offering cows CS in late lactation 

should be considered. 
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3.2 Introduction 

In Ireland, dairy production is mainly aimed at maximising milk production from grazed 

grassland during a season extending from February to November (Kennedy et al., 

2009; O'Brien and Hennessy, 2017). Within these seasonal pasture-based systems, 

late lactation milk production presents challenges of decreased milk yields (McKay et 

al., 2019), altered milk composition (O'Brien et al., 1996) and decreased cow level 

nitrogen (N) utilisation efficiency (NUE). Since European Union milk quota abolition in 

2015, Irish milk production has increased by 47% up to 2020. The peak: trough ratio 

(May milk supply: January milk supply) has increased to 6.5:1 (2020) from 6:1 (2015) 

(CSO, 2015; CSO, 2021), exacerbating seasonality challenges related to milk 

production cow level NUE. 

Challenges associated with late-lactation milk production may be alleviated through 

adequate nutrition (O'Neill et al., 2012; McKay, 2019). Pasture-based milk production 

systems utilise concentrate supplement (CS) when there is a reduced availability and 

quality of grazed pasture (Sairanen et al., 2006). One objective of offering CS to 

grazing dairy cows is to increase total dry matter (DM) intake (TDMI) and energy intake 

relative to that achieved with pasture-only (PO) diets (Bargo et al., 2003). Past 

research has shown that CS has increased milk yield and milk solids yield (Bargo et al., 

2003; Kennedy et al., 2003; McKay et al., 2019). Furthermore, Reid et al. (2015b) and 

McKay et al. (2019) found that NUE can be increased by offering cows CS in late 

lactation. Milk yield response (MR) to CS is improved when compared to the MR 

achieved with grass silage supplementation (Peyraud et al., 2004), with responses 

ranging from 1.21 kg milk/ kg CS DM (McKay et al., 2019) to 1.36 kg milk/ kg CS DM 

offered (Bargo et al., 2002) in the autumn. Cow MR to CS is known to be increased in 

autumn when pasture metabolisable energy content is reduced. However, MR to CS 

can also be dependent on cow genetic merit (Horan et al., 2005). 

Predicted transmitting ability (PTA) values indicate the additive genetic component of 

a trait that an animal is expected to transmit to its offspring relative to the base 

population (Wattiaux, 2011). Past research completed on effects of milk production 

PTA (Kennedy et al., 2003) suggested that higher milk production PTA cows that were 

supplemented had an increased MR to CS (Kennedy et al., 2003) and DMI (Horan et 
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al., 2006). Furthermore, higher milk production PTA cows are more capable of 

partitioning nutrients ingested from CS towards milk production and less towards N 

excretion and body tissue gain (Ferris et al., 1999; McCarthy et al., 2007; Cheng et al., 

2014). There is limited research; however, investigating the MR to concentrates in 

higher milk genotype cows during late lactation. 

Dairy cow NUE is an important topic because of the polluting effect that N has on air 

and waterways (Owens et al., 1994; EPA, 2017). The NUE of dairy cows is poor 

(Ipharraguerre and Clark, 2005), and can be compounded in grazing systems as high 

quality pasture is naturally high in crude protein (CP; Van Vuuren et al., 1990). Dairy 

cow NUE also reduces throughout lactation (Castillo, 2001). This reduction has been 

due to a naturally declining milk yield along with an increase in pasture N levels in 

autumn (Mulligan et al., 2004). The studies of Reid et al. (2015b) and McKay et al. 

(2019) show that cow NUE can be improved by offering CS. To our knowledge, no 

studies have investigated NUE of cows divergent in milk, fat and protein kg PTA within 

the Economic Breeding Index (EBI) or the potential interaction between genotype and 

CS. This research would be important for farmers who seek to improve milk production, 

while simultaneously reducing the environmental impact of dairy production through 

on-farm management strategies. 

The study objectives were to evaluate the effects of: 1) offering CS; 2) cow genotype; 

and 3) a potential interaction between CS and cow genotype on milk production and 

NUE in late-lactation spring-calving grazing dairy cows.  
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3.3 Materials and methods 

3.3.1 Animal ethics 

All procedures described in this experiment were approved by the Animal Research 

Ethics Committee at University College Dublin (UCD) and conducted under 

experimental licence from the Health Products Regulatory Authority (HPRA) under the 

European Directive 2010/63/EU and S.I. No. 543 of 2012. Each person who carried out 

procedures on experimental cows during this experiment, were authorised to do so by 

the HPRA. Procedures conducted on the experimental cows were deemed “mild” in 

severity banding. Hence, no pain, suffering or distress was observed in experimental 

cows, and no humane endpoints were required. This experiment was conducted at 

UCD Lyons Farm, Celbridge, Naas, Co. Kildare, Ireland, W23 ENY2 (530 17’ 56” N, 60 

32’ 18” W). 

3.3.2 Cows, treatments and experimental design 

Thirty-six multiparous and 12 primiparous Holstein Friesian dairy cows were selected 

from the spring-calving herd at UCD Lyons Farm. A complete randomised block design 

experiment (2 × 2 factorial arrangement of the treatments), with two feeding 

strategies (PO and pasture + 2.7 kg DM CS) and two cow genotypes (Table 3.1; lower 

milk genotype (LM; milk kg PTA = -48.1 ± 59.88, fat kg PTA = +6.6 ± 4.67 and protein 

kg PTA = +3.2 ± 3.15) and higher milk genotype (HM; milk kg PTA = +190.3 ± 

109.75, fat kg PTA = +11.5 ± 5.73 and protein kg PTA = +8.9 ± 3.57)), was conducted 

over a 52-day (d) period from 10th September to 31st October 2018. Experimental cows 

were selected from a larger group of 80 cows. All cows were offered 100% of their 

energy requirements through PO, given their expected milk production at the start of 

the study. Additionally, half of the cows (n = 24) were offered 2.7 kg DM CS/cow per 

d; a level of CS that is similar to the industry standard where cows are pasture-based 

and are in late lactation. Cows were blocked on parity and balanced on d in milk (DIM; 

208 ± 14.1), BCS and overall EBI (within genotype groups), which is the Irish dairy 

total merit index (www.icbf.com). Cows within genotype groups were randomly 

assigned to one of two feeding strategies, resulting in four treatment groups (n=12): 

1) LM cows offered PO (LM-); 2) LM cows offered pasture + CS (LM+); 3) HM cows 

offered PO (HM-); and 4) HM cows offered pasture + CS (HM+). Cows grazed full time 

http://www.icbf.com/
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and were allocated 17 kg DM pasture/cow per d. Supplementary concentrates were 

manufactured by Gain Feeds, where all ingredients were ground to form a pellet (Table 

3.2). Concentrate supplementation was dispensed in the milking parlour using the 

Feedrite automatic system linked to cow electronic identification (Dairymaster, Kerry, 

IE). A supplementary magnesium (Mg) bolus (Opti Mag 3, Norbrook) was administered 

to cows offered PO on d 22 of the study due to a high risk of hypomagnesaemia. Each 

bolus had a release rate of 3 g Mg per d. 

3.3.3 Grassland management 

Cows grazed (to 4 cm) as a single group and were fed fresh allocations of pasture 

twice daily (8.5 kg DM per cow) post am and pm milking (17 kg DM per d, total). Pre-

grazing herbage mass was determined daily before cows entered a new allocation 

using the “quadrant and shears” method as described by Whelan et al. (2012a). The 

average pre-grazing herbage mass (> 4 cm) was 1,376 ± 204 kg DM per hectare. 

Post-grazing herbage mass was also measured daily, a total of 50 measurements were 

taken across each grazing area using a rising plate meter (diameter 355 mm and 3.2 

kg/m2; Jenquip, Feilding, NZ) by walking in a W-shape across the field. Post-grazing 

herbage mass (> 4 cm) was 382 ± 204 kg DM per hectare. 

3.3.4 Data and sample collection 

3.3.4.1 Pasture and concentrate 

On a daily basis, pasture samples were collected using the “quadrant and shears” 

method (Whelan et al., 2012a). Then, on a weekly basis, daily pasture samples were 

pooled for chemical analyses (DM, gross energy, ether extract, ash and CP), neutral 

detergent fibre, acid detergent fibre and water-soluble carbohydrates. Weekly changes 

in pasture quality over the experiment are shown in Figure 3.1. Cows had ad libitum 

access to fresh water. Concentrate supplement samples were collected weekly for DM 

and then ground for analyses. 

3.3.4.2 Milk 

Cows were milked twice daily at 0700 hours (h) and 1500 h. Milk output was recorded 

and milk sampling was facilitated using the Weighall milk metering and sampling 

system (Dairymaster, Kerry, IE). Milk samples for each individual cow were collected, 

stored at 4 °C in a preservative (Broad Spectrum Microtabs II) and analysed once per 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/pellets
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week (wk) on the same occasion for milk composition parameters; thereby controlling 

any time-related confounding effects. Test day milk fat, total protein and fat + protein 

kg were all then determined (Condren et al., 2019). 

3.3.4.3 Body weight and body condition score 

Individual cow body weights were measured twice daily using electronic scales as the 

cows exited the milking parlour through the automatic cow-drafting unit (Dairymaster, 

Kerry, IE), and then, a weekly average was calculated. Body condition score was 

assessed by two fully trained operators following morning milking once weekly using 

a scale of 1 to 5 with 0.25 increments according to Edmonson et al. (1989). 

3.3.4.4 Ruminal fluid 

A sample of ruminal fluid was collected using the Flora Rumen Scoop Oral Oesophageal 

Sampler (Prof-Products, Guelph, Ontario, CA) once per wk at 1600 h as cows left the 

milking parlour post evening milking. To avoid saliva contamination during ruminal 

fluid sampling, the rumen scoop sampling chamber was only opened after the scoop 

entered the rumen. Before removing the sampling chamber from the rumen, the 

sampling chamber was closed. The pH of the ruminal fluid was measured immediately 

(Phoenix Instrument EC-25 pH/ Conductivity Portable Meter). Once collected, samples 

were strained through four layers of cheesecloth, a 4-mL aliquot was collected using 

an automatic pipette, mixed with 1 mL of 500 g/L trichloroacetic acid and cooled on 

ice. These were stored (-20 °C) pending analysis for rumen volatile fatty acid (VFA) 

and ammonia (NH3-N) concentrations (Whelan et al., 2017). 

3.3.4.5 Nitrogen partitioning study 

A N partitioning study was conducted during wk 3 of the experiment (221 ± 14.1 DIM). 

Pasture DMI and N excretion were determined using the n-alkane technique of Dove 

and Mayes (2006) over a period of 6 d. Cows were dosed with a paper bolus 

impregnated with 500 mg of the n-alkane n-dotriacontane, for a period of 12 d 

following am and pm milking. From d 7 to d 12 (6 d), samples of the CS, pasture, milk 

and faeces were collected. Pasture samples were collected during the morning and 

evening using a quadrant and handheld shears (Gardena Accu 90, Gardena GmbH, 

Ulm, Germany). These samples were immediately dried at 55 °C for 48 h. Faecal 

samples were collected whenever possible, where cows naturally defecated, and, if 
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not, samples were collected per rectum and placed in a forced-air oven at 55 °C for 

72 h. Samples of milk were collected during am and pm milking each of the 6 d for 

each cow. Then, am and pm samples were pooled in proportion to am and pm milk 

yield so that a single cow’s milk sample was composed of am and pm milk sample; 

daily milk N output/cow was then determined. 

3.3.5 Sample analyses 

3.3.5.1 Pasture, concentrate and faeces sample analysis 

Pasture, CS and faecal samples were dried in a forced air oven at 55 °C and were 

ground in a hammer mill fitted with a 1-mm screen (Lab Mill, Christy Turner, Suffolk, 

UK). The DM content of samples was determined after drying overnight at 105 °C (16 

h; AOAC, 2005a). The ash content was determined following combustion in a muffle 

furnace (Nabertherm GmbH, Lilienthal, DE) at 550 °C for 5 h (AOAC, 2005b). The N 

content of samples was determined by combustion on LECO and CP content calculated 

(N × 6.25; FP 528 Analyzer, Leco Corp.) (AOAC, 2005c). Gross energy of feed was 

determined by bomb calorimetry (Parr 1281 Bomb Calorimeter, Parr Instrument 

Company, Moline, Illinois, US). The ether extract of feed samples was determined 

using Soxtex instruments and light petroleum ether. Neutral and acid detergent fibre 

were determined using the sodium sulphite method of Van Soest et al. (1991) adopted 

for use in the Ankom 220 Fiber Analyzer (Ankom™ Technology, NY, USA). This method 

included a thermostable α-amylase and 20 g of Na2S but residual ash was not 

determined. Starch content of feed samples was analysed using the Megazyme Total 

Starch Assay Procedure (product no: K-TSTA; Megazyme International Ireland Ltd., 

Wicklow, IE). The concentration of water-soluble carbohydrates was determined as 

described by Dubois et al. (1956). 

3.3.5.2 Milk analysis 

Concentrations of milk fat, CP, lactose, casein, milk urea N and somatic cell count 

(SCC) were determined in a commercial milk laboratory (National Milk Laboratories 

Ltd, Unit 26-29, Laches Close, Calibre Industrial Park, Four Ashes, Wolverhampton, 

UK, WV10 7DZ) using mid-infrared spectrometry (MilkoScan FT6000, Foss Analytical 

A/S DK; Soyeurt et al., 2006). The energy-corrected milk (ECM) yield was calculated 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/casein
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as follows: ECM = [(0.327 × milk yield kg) + (7.2 × milk protein kg) + (12.95 × milk 

fat kg)] (Eslamizad et al., 2010). 

3.3.5.3 Ruminal fluid sample analysis 

Ruminal fluid was given time to thaw in the refrigerator for 16 h at 4 °C and was 

centrifuged at 2,100 × gravity for 10 minutes (min) at 4 °C. One mL of supernatant 

was diluted 1 in 5 with distilled H2O and then centrifuged at 1,600 × gravity for 15 min 

at 4 °C. Next, 200 μL of supernatant was combined with three reagents and used to 

determine ruminal fluid NH3-N concentrations using a spectrophotometer (UVmini-

1240, Shimadzu). Ruminal fluid was prepared for VFA analysis by mixing 250 μL of 

ruminal fluid with 3.75 mL of distilled H2O; to this 1 mL of internal standard solution 

(0.5 g 3-methylvaleric acid in 1,000 mL of 0.15 molar mass oxalic acid) was added. 

The resulting solution was centrifuged at 1,600 × gravity and filtered through a 

syringe-tip filter (PTFE, 13-mm diameter, 0.45 μm) into 2-mL gas chromatography 

(GC) vials. Concentrations of VFA were determined using GC (Varian 3800 GCL, Varian 

Inc.) fitted with a 15-m capillary column with an internal diameter of 0.53 mm coated 

with 1.20 μm acid-modified polyethylene glycol (EC-1000, Grace Davison Discovery 

Sciences) (McKay et al., 2019). Volatile fatty acids were separated using programmed 

oven temperatures: the temperature was initially set to 45 °C for 2 minutes (min), 

then raised at a rate of 10 °C per min to 170 °C and held for 30 seconds; in the next 

phase the temperature was raised by 40 °C per min up to 220 °C and held for 2 min. 

Injector and detector temperature was 240 °C. Spitless injection was used. Hydrogen 

and air were used as the carrier gas, and N was used as the make-up gas. Methyl-

valeric acid was used for the internal standard, and VFA were identified based on 

retention time of standards. Peak areas were integrated using Compass CDS software 

(version 2.0). 

3.3.5.4 Nitrogen partitioning study 

Pasture DMI was determined by extracting n-alkanes from feed and faeces samples 

according to the method of Dove and Mayes (2006). Following extraction, samples 

were analysed for concentrations of n-alkanes by GC using a Scion 456-GC (Scion 

Instruments) fitted with a 30-m capillary column with an internal diameter of 0.53 mm 

coated with 1.5 μm of dimethyl polysiloxane (Agilent Technologies Ireland Ltd.). These 

https://www.sciencedirect.com/topics/food-science/milk-protein
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data were then applied to the following modified equation to calculate pasture DMI 

(PDMI)/cow per d (Mayes et al., 1986): PDMI = [(Fi/Fj)(Dj+IcCj)-IcCi]/[Hi-(Fi/FjHj)], 

where Fi and Fj are the concentrations of naturally occurring odd-chain (feed derived) 

and even-chain (dosed n-dotriacontane n-alkane in faeces, respectively (mg/kg); Hi 

and Hj are the concentrations of natural odd-chain and even-chain n-alkanes in 

pasture, respectively (mg/kg); Dj is the daily dose rate of the even-chain n-alkanes 

(mg/kg); Ic is the daily concentrate intake (kg/d); and Ci and Cj are the concentrations 

of natural odd-chain and even-chain n-alkanes in concentrate feed (mg/kg), 

respectively. Nitrogen partitioning was then calculated according to Whelan et al. 

(2012b) as follows: N intake (g) = [(kg of PDMI × g N/kg of DM pasture) + (kg of 

concentrate DMI × g of N/kg of DM concentrate)]; Faecal N (g) = (kg of faecal DM 

excretion × g of N/kg of DM faeces); Milk N = (kg of milk yield × g of N/kg milk); and 

Urinary N (g) = (N intake (g) – faecal N (g) – Milk N (g). 

3.3.6 Statistical analysis 

Residuals of data were checked for normality and homogeneity of variance by 

histograms, QQ-plots and formal statistical tests as part of the UNIVARIATE procedure 

of SAS (version 9.1.3; SAS Institute, 2013). Somatic cell count data were not normally 

distributed and were transformed by raising the variable to the power of lambda. The 

appropriate lambda value was obtained by conducting a Box-Cox transformation 

analysis using the TRANSREG procedure of SAS (Fahey et al., 2007). The transformed 

SCC data were used to calculate P-values. The corresponding least square means and 

SE of the non-transformed SCC data are presented in the results for clarity. The 

relationships between feed N intake, milk N output, urinary N excretion and faecal N 

excretion were tested for associations using the REG procedure of SAS. Milk 

production, milk composition, ruminal fermentation, BCS, DMI and N excretion 

parameters were analysed as a 2 × 2 factorial arrangement with repeated measures 

using the MIXED procedure of SAS. The fixed effects in the model were genotype (LM 

vs. HM), CS (PO vs. CS), wk and their interaction, and cow was considered the random 

effect. Week of experiment was the repeated unit. Heterogenous compound 

symmetry, unstructured, autoregressive, heterogeneous 1st order autoregressive, 

Toeplitz and heterogenous Toeplitz were (co)variance structures considered. The 

model with the lowest Bayesian information criterion value was selected. A Tukey 
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adjustment was used for multiple comparisons. A probability of P < 0.05 was selected 

as the level of significance and statistical tendencies were reported when P ≥ 0.05 but 

< 0.10.  
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3.4 Results 

Where CS × genotype interactions were not significant, results focused on main effects 

only. 

3.4.1 Dry matter intake, milk production and milk composition 

Effects of CS and genotype on DMI, BCS, milk production and milk composition are 

shown in Tables 3.3 (interactions) and 3.4 (main effects). Cows offered CS had a 

decreased daily PDMI (-1.41 kg; P < 0.01) but an increased daily TDMI (+1.29 kg; P 

< 0.01) compared to cows offered PO. Cows offered CS had increased yields of milk 

(+2.67 kg; P < 0.01), fat (+0.1 kg; P < 0.01), protein (+0.08 kg; P = 0.01), casein 

(+0.06 kg; P = 0.04), fat + protein (+0.18 kg; P = 0.01), and lactose (+0.13 kg; P < 

0.01) compared to cows offered PO. The HM cows had increased yields of milk (+2.13 

kg; P = 0.02) and lactose (+0.1 kg; P = 0.01) and tended to have increased yields of 

protein (+0.07 kg; P = 0.06) and fat + protein (+0.13 kg; P = 0.06) compared to the 

LM cows. Cows offered CS had a decreased daily milk protein concentration (-0.14%; 

P = 0.04) and tended to have decreased milk fat (-0.18%; P = 0.08) and casein (-

0.11%; P = 0.06) concentrations, but increased lactose concentration (+0.1%; P = 

0.01) compared to cows offered PO. The HM cows had decreased daily milk fat (-

0.2%; P = 0.04), protein (-0.16%; P = 0.02) and casein (-0.14%; P = 0.02) 

concentrations compared to LM cows. Cows offered CS had an increased daily ECM 

(+2.46 kg; P < 0.01) (Table 3.4). 

3.4.2 Ruminal fermentation 

Effects of CS and genotype on ruminal fermentation parameters are shown in Tables 

3.5 (interactions) and 3.6 (main effects). Cows offered CS tended to have a decreased 

ruminal pH (-0.06 pH; P = 0.07) at 1600 h compared to cows offered PO. Furthermore, 

cows offered CS had increased total VFA (+6.03 mmol/L; P < 0.01), acetic (+3.72 

mmol/L; P < 0.01), propionic (+1.04 mmol/L; P < 0.01) and butyric (+0.78 mmol/L; 

P < 0.01) acid concentrations compared to cows offered PO. The HM cows had 

increased propionic (+0.84 mmol/L; P = 0.02) and isovaleric (+0.32 mmol/L; P = 0.03) 

acid concentrations compared to the LM cows (Table 3.6). 
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3.4.3 Nitrogen partitioning 

Effects of CS and genotype on N partitioning parameters are shown in Tables 3.7 

(interactions) and 3.8 (main effects). Cows offered CS had an increased daily feed N 

intake (+0.085 kg; P < 0.01) compared to cows offered PO. Cows offered CS tended 

to have increased daily urinary N excretion (+0.003 kg; P = 0.08) compared to cows 

offered PO. Cows offered CS had an increased daily proportion of N partitioned to urine 

(+0.1; P = 0.04) compared to cows offered PO. Cows offered CS had an increased 

daily percentage of N excreted (+0.1%; P = 0.02) and a decreased (-0.09%; P = 0.02) 

NUE compared to cows offered PO. Genotype had no effect (P > 0.10) on daily N 

partitioning parameters (Table 3.8). We found linear relationships (Figures 3.2 and 

3.3) between daily feed N intake and estimated daily urinary N excretion (Eq. [1], P < 

0.01, R2 = 0.76) and between daily milk N output and estimated daily urinary N 

excretion (Eq. [2], P = 0.02, R2 = 0.12). 

[1] Estimated daily urinary N excretion (kg/d) = -0.1799 (±0.05982) + 0.937 

(±0.06732) × Daily feed N intake (kg/d), 

[2] Estimated daily urinary N excretion (kg/d) = 0.6362 (±0.03963) – 0.8814 

(±0.35165) × Daily milk N output (kg/d).  
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3.5 Discussion 

Offering CS to dairy cows is common during the autumn within grazing systems as 

pasture growth is reduced at this time (Patton et al., 2016). Concentrate 

supplementation aids in maintaining the quality of the diet and maximizing TDMI. 

Within grazing systems, fixed rate supplementation is most common as it simplifies 

the milk production system. 

3.5.1 Dry matter intake, substitution rate, milk production and milk 

composition 

In this study, cows that were offered CS had a decreased PDMI but an increased TDMI, 

concurring with Kellaway and Harrington (2004) and McKay et al. (2019). Substitution 

rate in our study was 0.52 kg pasture/kg CS DM offered, similar to the SR in the study 

of McKay et al. (2019), where pasture allowance was also 17 kg DM/cow per d. 

Substitution rate is known to have an inverse relationship with MR (calculated as the 

difference in milk produced between unsupplemented and supplemented treatments 

divided by the CS DM offered; Bargo et al., 2002). Our findings showed that the MR 

ranged from 0.69 kg in LM cows to 1.31 kg in HM cows. The latter MR is similar to the 

MR reported by Lovett et al. (2005) and McKay et al. (2019), and are higher than the 

MR observed in Bargo et al. (2003), and Sheahan et al. (2013). The increased MR in 

our findings may reflect advancements in genetic gain in our experiment since these 

previous studies were undertaken. Although there were no interactions observed 

between CS and genotype for TDMI or milk yield in this study, this result highlights 

the propensity of HM cows to respond to CS compared to LM cows. This is an important 

finding considering the emphasis that is placed on genetic improvement and increased 

feed efficiency within dairy herds. 

Offering 2.7 kg DM CS/cow per d increased milk yield, fat, protein, casein, fat + 

protein, and lactose kg, and is similar to the findings of Kennedy et al. (2003). The 

aforementioned study was conducted when cows were 200 DIM and are representative 

of cows advancing in lactation stage, which is similar to the cows used in our study 

(208 DIM). We can attribute the increase in milk production to the additional TDMI 

that was achieved through offering CS. Despite an increase in milk protein kg from 

offering CS to cows, milk protein concentration was decreased. This result is contrary 
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to the literature where offering CS to cows maintained milk protein concentration (Reid 

et al., 2015a; McKay et al., 2019). Reid et al. (2015a) and O'Brien et al. (1999) found 

that offering cows 3 kg FW of CS increased milk protein (+0.15%) and casein 

(+0.11%) concentration. The reduction in milk protein concentration observed with 

offering CS to cows may have been due to dilution (Lovett et al., 2005) due to the high 

level of MR that was achieved. While the study of O'Brien et al. (1999) did not observe 

any MR to CS, we found that offering cows CS resulted in an average MR of 1 kg 

milk/kg CS DM. However, while cows in O'Brien et al. (1999) achieved an increase in 

milk protein and casein concentration when offered CS, we achieved an increase in 

milk yield when offering cows CS. The latter could again reflect recent advancements 

in genetic gain of dairy cows, where both milk output and composition have improved 

substantially in recent years (Teagasc, 2019; CSO, 2021). Despite HM cows having an 

increased MR to CS (+0.62 kg milk/kg CS DM) compared to LM cows, milk fat and 

protein concentrations were simultaneously reduced. This result likely occurred 

because of dilution of components with increased milk yield; however, the reduction 

in milk fat and protein concentrations observed in HM cows did not reduce milk fat + 

protein kg in our study. In fact, HM cows tended to have increased milk fat + protein 

kg compared to LM cows. If this study had continued for a longer period, it is likely 

that HM cows may have had an increased milk fat + protein kg and an increased MR 

to CS compared to LM cows, warranting further research. 

The diet that is fed to dairy cows is unlikely to affect milk lactose concentration as milk 

lactose does not respond predictably to dietary changes, but it has been observed to 

increase as energy intake increases (Looper, 2012). The increased TDMI observed in 

cows offered CS supports the fact that cows offered CS had increased energy intakes 

and this was likely responsible for the increased milk lactose concentration. Offering 

CS increased milk lactose concentration to above the 4.2% threshold as is generally 

required by Irish milk processors (Glanbia, 2016). 

3.5.2 Ruminal fermentation 

Normally, ruminal pH is decreased with offering cows CS (Ørskov, 1986) and with 

increasing levels of concentrate inclusion (Condren et al., 2019) because of the 

additional starch digestion that results from grain ingestion. However, ruminal pH was 
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not significantly decreased by offering cows CS in our study. This result is in contrast 

to McKay et al. (2019). The starch content of the barley and maize-based supplements 

in McKay et al. (2019) were higher (34.9 and 41.3% respectively) than the starch 

content of our supplement (23.6%), likely explaining why no significant decrease in 

ruminal pH with CS was observed. Total VFA concentration was increased where cows 

were offered CS, corroborating the increased energy supply associated with offering 

CS to cows, and is consistent with Bargo et al. (2002). Cows that were offered CS had 

increased milk yield and lactose concentration. The increased milk yield and lactose 

concentration is supported by the increase in ruminal propionic acid concentration. 

3.5.3 Nitrogen partitioning 

Our findings show that feed N intake was increased when CS was offered to cows. The 

increase in feed N intake was due to the increased TDMI that was achieved when cows 

were offered CS and this finding and is consistent with Steinshamn et al. (2006). Cows 

that were offered CS had an increased proportion of N excreted in their urine compared 

to cows offered PO. Usually, increased urinary N excretion in dairy cows is the result 

of an oversupply of feed N (Colmenero and Broderick, 2006; Spek et al., 2013), and 

previously, urinary N and feed N intake parameters have been positively correlated 

with each other (Mulligan et al., 2004; Whelan et al., 2012b). Within the studies of 

Mulligan et al. (2004) and Whelan et al. (2012b), milk production was not increased 

with increasing feed N intake; however, urinary N excretion was increased. In this 

study, the increased proportion of N excreted in the urine occurred because of the 

increased total feed N intake that was associated with offering cows CS (Eq. [1]). 

Castillo (2001) reported that as DIM increases, NUE decreases, and this is due to a 

naturally decreasing milk yield and an increase in the proportion of N excreted in the 

urine and faeces. Approximately 25% of ingested N is retained in early lactation 

(Mulligan et al., 2004; Whelan et al., 2012b), decreasing to 17% in mid lactation 

(Whelan et al., 2017). Studies report NUE levels as low as 12% in late lactation (Reid 

et al., 2015b). Late lactation studies have shown that NUE can be improved by offering 

cows a low level of CS (3 and 2.65 kg DM/cow per d; Reid et al., 2015a and McKay et 

al., 2019, respectively). The study of McKay et al. (2019) found that the improvement 

in NUE with offering cows a barley based supplement was due to an increase in milk 



92 
 

N output. However, in the current study, there was no increase in NUE when cows 

were offered CS. This result was due to no difference in the proportion of feed N 

outputted in the milk and a concurrent increase in the proportion of N excreted in the 

urine when cows were offered a low level of CS. In the study of McKay et al. (2019), 

cows that were offered a barley based supplement outputted 14.1% of their total feed 

N intake in the milk. In comparison, we found that the proportion of feed N intake 

outputted in the milk of cows offered CS was 14.6%. Therefore, it may not be 

achievable to further increase this proportion with grazing dairy cows that are greater 

than 200 DIM. 

Previous studies have demonstrated the importance of cow genotype in improving NUE 

(Ferris et al., 1999; Cheng et al., 2014). In the aforementioned studies, higher genetic 

merit cows partitioned an increased proportion of feed N intake to milk, resulting in 

improved NUE. The HM cows in our study did not partition an increased proportion of 

feed N intake to milk production and consequently did not have increased NUE 

compared to LM cows. The LM cows in this study were in the top 5% nationally for 

milk protein concentration (Table 3.1), with the HM cows in the top 30%.  
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3.6 Conclusion 

The HM cows had increased MR, milk yield, and lactose kg, but decreased milk fat and 

protein concentrations compared to the LM cows. Although reductions in milk fat and 

protein concentrations were observed in HM cows, milk fat + protein kg tended to 

increase. Furthermore, cows that were offered CS had increased TDMI, milk yield and 

fat + protein kg compared to cows that were offered PO. However, cows that were 

offered CS had a decreased NUE compared to cows that were offered PO, likely due 

to no difference in the proportion of milk N output, in combination with an increase in 

the proportion of urinary N excretion in cows that were offered CS. This study 

demonstrates the potential of offering cows 2.7 kg DM CS to increase TDMI and milk 

production in late lactation. The study also demonstrates the propensity of higher milk 

production PTA cows (>200 DIM) to respond to CS in pasture-based grazing systems.  
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Table 3.1: Genotype profile of cows in the experiment 1 

 Lower milk 

genotype 

National 

percentile 

Higher milk 

genotype 

National 

percentile 

EBI (€) 150 Top 5% 139 Top 10% 

Milk sub-index (€) 37 Top 30% 59 Top 1% 

Fertility sub-index (€) 73 Top 5% 40 Bottom 50% 
     

Genetic parameter     
Milk kg -48.1 Bottom 20% 190.3 Top 10% 

Fat kg 6.6 Top 30% 11.5 Top 1% 
Protein kg 3.2 Bottom 50% 8.9 Top 1% 

Fat % 0.14 Top 5% 0.06 Top 30% 

Protein % 0.09 Top 5% 0.04 Top 30% 
1 National percentiles apply to the year 2018.  
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Table 3.2: Chemical composition of concentrate supplement (CS) and pasture, and ingredient inclusion 
level of CS offered 

 CS Pasture 

Chemical composition (g/kg DM unless 

stated) 

  

Dry matter (g/kg) 870 156 
Ash 68 89 

Crude protein 191 261 
Neutral detergent fibre 223 413 

Acid detergent fibre 107 189 
Water soluble carbohydrates - 64 

Ether extract 23 30 

Starch 236 - 
Gross energy (MJ/kg DM) 18 17 

   
Ingredient inclusion level of 

concentrates (g/kg DM) 1 

  

Barley 180  
Maize 180  

Maize distiller grain with solubles 150  
Sugar beet pulp pellets 8mm 95  

Soyabean meal 47% 200  
Soya hulls 95  

Soyabean oil 5  

Palm oil blend 10  
Monocalcium diphosphate 6  

Sugarcane molasses 45  
Calcium carbonate 8  

Sodium chloride 9  

Magnesium oxide 8  
Gain cattle premix 2 10  

1 All grains were ground. 
2 Gain cattle premix consisted of the following: 10 g/kg calcium; 5 g/kg phosphorus; 4 g/kg sodium; 
11 g/kg potassium; 7 g/kg chlorine; 6 g/kg magnesium; 0.1 g/kg copper; 0.3 g/kg zinc; 16,000 IU/kg 

vitamin A; 4,000 IU/kg vitamin D; and 20 IU/kg vitamin E.  
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Table 3.3: Effects of concentrate supplement (CS) and genotype (geno) on dry matter intake (DMI), 
body condition score (BCS), milk production and milk composition (interaction results) 

1 LM = lower milk genotype cows. 
2 HM = higher milk genotype cows. 
3 - = cows fed pasture-only 
4 + = cows fed pasture and 2.7 kg dry matter CS. 
5 ECM = Energy corrected milk. 
6 MUN = Milk urea nitrogen. 
7 SCC = Somatic cell count.  

Geno LM 1 HM 2  Significance 

CS  - 3 + 4 - + SEM Geno CS Interaction 

DMI         
Pasture 

(kg/d) 

17.44 16.21 17.75 16.16 0.372 0.70 < 0.01 0.56 

Total (kg/d) 17.44 18.91 17.75 18.86 0.372 0.70 < 0.01 0.56 

         
BCS 2.86 2.95 2.84 2.81 0.055 0.19 0.60 0.27 

         

Milk 
production 

(kg/d) 

        

Milk yield 13.86 15.68 15.13 18.66 0.877 0.02 < 0.01 0.33 

Fat 0.69 0.75 0.71 0.85 0.037 0.12 < 0.01 0.25 

Protein 0.57 0.62 0.61 0.72 0.033 0.06 0.01 0.41 
Casein 0.45 0.50 0.49 0.55 0.027 0.10 0.04 0.74 

Fat + 
protein 

1.26 1.37 1.32 1.57 0.068 0.06 0.01 0.29 

Lactose 0.58 0.67 0.64 0.81 0.039 0.01 < 0.01 0.40 
ECM 5 18.01 19.81 18.39 21.51 0.890 0.22 < 0.01 0.43 

         

Milk 
composition 

(%) 

        

Fat 4.98 4.77 4.75 4.60 0.101 0.04 0.08 0.78 

Protein 4.12 4.00 3.98 3.82 0.065 0.02 0.04 0.74 

Casein 3.28 3.19 3.16 3.03 0.058 0.02 0.06 0.70 
Lactose 4.17 4.27 4.20 4.27 0.031 0.62 0.01 0.58 

MUN 

(g/100mL 

milk) 6 

0.043 0.043 0.042 0.043 0.0012 0.81 0.88 0.48 

SCC (x103 

cells/mL) 7 

104 103 146 239 63.5 0.70 0.59 0.84 



103 
 

Table 3.4: Effects of concentrate supplement (CS) and genotype (geno) on dry matter intake (DMI), 
body condition score (BCS), milk production and milk composition (main effect results) 

 Feed strategy Geno 

 PO1 CS SEM P-value LM2 HM3 SEM P-value 

DMI         

Pasture 
(kg/d) 

17.59 16.19 0.295 < 0.01 16.82 16.96 0.302 0.70 

Total (kg/d) 17.59 18.89 0.295 < 0.01 18.17 18.31 0.302 0.70 
         

BCS 2.85 2.88 0.039 0.60 2.90 2.83 0.039 0.19 

         
Milk 

production 
(kg/d) 

        

Milk yield 14.49 17.17 0.623 < 0.01 14.77 16.90 0.623 0.02 

Fat 0.70 0.80 0.026 < 0.01 0.72 0.78 0.026 0.12 
Protein 0.59 0.67 0.023 0.01 0.60 0.66 0.024 0.06 

Casein 0.47 0.53 0.019 0.04 0.48 0.52 0.020 0.10 
Fat + 

protein 

1.29 1.47 0.048 0.01 1.31 1.45 0.049 0.06 

Lactose 0.61 0.74 0.027 < 0.01 0.62 0.72 0.027 0.01 

ECM 4 14.13 15.98 0.513 < 0.01 14.72 15.39 0.513 0.22 

         
Milk 

composition 
(%) 

        

Fat 4.88 4.67 0.071 0.08 4.87 4.68 0.072 0.04 

Protein 4.06 3.90 0.046 0.04 4.05 3.91 0.047 0.02 

Casein 3.24 3.10 0.041 0.06 3.22 3.11 0.042 0.02 

Lactose 4.22 4.23 0.022 0.01 4.19 4.27 0.022 0.62 

MUN 

(g/100mL 
milk) 5 

0.043 0.043 0.0009 0.88 0.043 0.043 0.0009 0.81 

SCC (x103 

cells/mL) 6 
104 193 44.9 0.59 126 171 44.9 0.70 

1 PO = pasture-only 
2 LM = lower milk genotype cows. 
3 HM = higher milk genotype cows. 
4 ECM = Energy corrected milk. 
5 MUN = Milk urea nitrogen. 
6 SCC = Somatic cell count.  
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Table 3.5: Effects of concentrate supplement (CS) and genotype (geno) on ruminal fermentation 
parameters (interaction results) 

1 LM = lower milk genotype cows. 
2 HM = higher milk genotype cows. 
3 - = cows fed pasture-only. 
4 + = cows fed pasture and 2.7 kg dry matter CS. 
5 VFA = volatile fatty acid.  

Geno LM 1 HM 2  Significance 

CS - 3 + 4 - + SEM Geno CS Interaction 

         
Ruminal pH 6.61 6.50 6.52 6.51 0.033 0.32 0.07 0.14 

Ruminal 
NH3-N 

(mmol/L) 

6.81 6.48 6.77 6.86 0.185 0.37 0.53 0.26 

         

VFA 

(mmol/L) 

        

Total VFA 124.75 132.11 129.14 133.84 1.930 0.14 < 0.01 0.45 

Acetate 88.72 93.11 91.28 94.32 1.430 0.23 < 0.01 0.60 
Propionate 16.88 17.98 17.78 18.76 0.356 0.02 < 0.01 0.87 

Acetate: 

propionate 

5.35 5.19 5.19 5.11 0.099 0.22 0.24 0.66 

Butyrate 11.55 12.41 11.53 12.22 0.268 0.69 < 0.01 0.76 

Isobutyrate 1.50 1.51 1.54 1.50 0.038 0.63 0.68 0.50 
Valerate 1.74 1.86 1.76 1.78 0.048 0.48 0.10 0.25 

Isovalerate 4.92 4.79 5.23 5.13 0.122 0.03 0.26 0.90 
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Table 3.6: Effects of concentrate supplement (CS) and genotype (geno) on ruminal fermentation 
parameters (main effect results) 

 Feed strategy Geno 

 PO1 CS SEM P-value LM2 HM3 SEM P-value 

         

Ruminal pH 6.57 6.50 0.024 0.07 6.55 6.52 0.024 0.32 
Ruminal 

NH3-N 

(mmol/L) 

6.79 6.67 0.131 0.53 6.65 6.81 0.131 0.37 

         

VFA 
(mmol/L) 

        

Total VFA 126.95 132.97 1.365 < 0.01 128.43 131.49 1.472 0.14 
Acetate: 

propionate 

5.27 5.15 0.070 0.24 5.27 5.15 0.070 0.22 

Acetate 90.00 93.72 1.011 < 0.01 90.91 92.80 1.010 0.23 
Propionate 17.33 18.37 0.252 < 0.01 17.43 18.27 0.252 0.03 

Butyrate 11.54 12.32 0.189 < 0.01 11.98 11.88 0.189 0.69 
Isobutyrate 1.52 1.51 0.029 0.68 1.51 1.52 0.029 0.63 

Valerate 1.75 1.82 0.038 0.10 1.80 1.77 0.038 0.48 
Isovalerate 5.07 4.96 0.086 0.26 4.85 5.18 0.100 0.03 

1 PO = pasture-only 
2 LM = lower milk genotype cows. 
3 HM = higher milk genotype cows. 
4 VFA = Volatile fatty acid.  
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Table 3.7: Effects of concentrate supplement (CS) and genotype (geno) on nitrogen (N) partitioning 
(interaction results) 

1 LM = lower milk genotype cows. 
2 HM = higher milk genotype cows. 
3 - = cows fed pasture-only. 
4 + = cows fed pasture and 2.7 kg dry matter CS. 
5 N proportions = N out [faeces, urine, milk (kg/d)]/N intake (kg/d). 
6 N excreted = N out [(faeces + urine output (kg/d))/ N intake (kg/d)] × 100. 
7 Nitrogen utilisation efficiency = N out [(milk output (kg/d))/ N intake (kg/d)] × 100.  

Geno LM 1 HM 2  Significance 

CS - 3 + 4 - + SEM Geno CS Interaction 

N intake 

(kg/d) 

        

Total Feed 

N 

0.724 0.809 0.724 0.809 0.00004 0.49 < 0.01 0.56 

         

N excreted 
(kg/d) 

        

Milk 0.111 0.111 0.111 0.110 0.0003 0.45 0.99 0.86 

Faeces 0.117 0.118 0.121 0.119 0.0033 0.33 0.91 0.69 
Urine 0.532 0.536 0.532 0.541 0.0036 0.38 0.08 0.49 

         
N 

proportions 
5 

        

Milk 0.145 0.144 0.147 0.145 0.0047 0.61 0.55 0.88 

Faeces 0.153 0.151 0.158 0.152 0.0047 0.45 0.42 0.65 
Urine 0.695 0.703 0.698 0.710 0.0046 0.27 0.04 0.63 

         

N excreted 
(%) 6 

85.36 85.46 85.38 85.47 0.040 0.70 0.02 0.88 

NUE (%) 7 14.64 14.54 14.62 13.53 0.040 0.70 0.02 0.88 
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Table 3.8: Effects of concentrate supplement (CS) and genotype (geno) on nitrogen (N) partitioning 
(main effect results) 

 Feed strategy Geno 

 PO1 CS SEM P-value LM2 HM3 SEM P-value 

N intake 

(kg/d) 

        

Total Feed 

N 

0.724 0.809 0.0000 < 0.01 0.767 0.767 0.0000 0.49 

         

N excreted 

(kg/d) 

        

Milk 0.111 0.111 0.0003 0.99 0.111 0.110 0.0003 0.45 

Faeces 0.119 0.119 0.0025 0.91 0.117 0.120 0.0025 0.33 

Urine 0.532 0.539 0.0026 0.08 0.534 0.537 0.0025 0.38 

         

N 

proportions 
4 

        

Milk 0.146 0.144 0.0019 0.55 0.144 0.146 0.0019 0.61 

Faeces 0.155 0.152 0.0034 0.42 0.152 0.155 0.0034 0.45 

Urine 0.697 0.706 0.0032 0.04 0.699 0.704 0.0032 0.27 

         

N excreted 

(%) 5 

85.37 85.47 0.028 0.02 85.41 85.43 0.028 0.70 

NUE (%) 6 14.63 14.53 0.028 0.02 14.59 14.57 0.028 0.70 
1 PO = pasture-only 
2 LM = lower milk genotype cows. 
3 HM = higher milk genotype cows. 
4 N proportions = N out [faeces, urine, milk (kg/d)]/N intake (kg/d). 
5 N excreted = N out [(faeces + urine output (kg/d))/ N intake (kg/d)] × 100. 
6 Nitrogen utilisation efficiency = N out [(milk output (kg/d))/ N intake (kg/d)] × 100.  
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Figure 3.1: Changes in autumn pasture quality offered to dairy cows during the 

experiment. Standard deviations across the 52-d study were; ± 21.4 g WSC (water 

soluble carbohydrate)/kg DM; ± 21.3 g NDF (neutral detergent fibre)/kg DM; ± 4.9 g 

ash/kg DM; ± 22.7 g CP (crude protein)/kg DM; ± 15.3 g DM/kg of fresh weight; and 

± 62.2 g ADF (acid detergent fibre)/kg DM.  



109 
 

 

Figure 3.2: Pattern of estimated urinary nitrogen (N) excretion plotted over the range 

of feed N intake observed for cows during the N partitioning study (urinary N excretion 

was measured by a difference calculation as stated in the text).  
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Figure 3.3: Pattern of estimated urinary nitrogen (N) excretion plotted over the range 

of milk N output observed for cows during the N partitioning study (urinary N excretion 

was measured by a difference calculation as stated in the text).
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4.1 Abstract 

A 2 × 2 factorial design experiment was conducted to investigate the effects of cow 

genotype and concentrate supplementation (CS) on milk composition and 

processability. Four treatment groups (n = 12) were as follows: 1) Lower milk genotype 

(LM) offered no CS (LM-); 2) LM + 2.7 kg dry matter (DM) CS (LM+); 3) Higher milk 

genotype (HM) offered no CS (HM-); and 4) HM + 2.7 kg DM CS (HM+). Cows were 

+208 days in milk, grazed full time, and were offered 17 kg DM pasture cow/day. 

Increased milk yield resulted from HM cows and offering CS. The HM cows had 

decreased fat, protein and casein concentrations while offering CS also decreased fat, 

protein and casein concentrations. Milk from cows offered CS had increased ethanol 

stability compared to cows offered pasture-only. In conclusion, HM cows and offering 

CS increased milk yield at the expense of components but offering CS increased milk 

colloidal stability. 

Keywords: dairy cow, supplementation, composition, processability, late-lactation, 

grazing  
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4.2 Introduction 

As the lactation cycle of the cow progresses into late lactation, milk composition 

changes and milk processability deteriorates. This natural process is further 

exacerbated when most of the herd enter late lactation simultaneously as a result of 

seasonally-concentrated calving patterns (Phelan et al., 1982; Kefford et al., 1995). 

Countries such as Ireland and New Zealand, and regions like southern Australia 

operate seasonal dairy production systems to match the peak nutrient requirements 

of the cow with the seasonal pasture growth pattern (Downey and Doyle, 2007). Since 

European Union milk quota abolition, the peak to trough ratio for milk supplied in 

Ireland has increased to 6.8:1 in 2019 from 6.1:1 in 2014 (CSO, 2020), exacerbating 

seasonality issues that exist, particularly for milk processors. High milk pH, extended 

rennet coagulation times (RCT), declining casein number and reduced heat stability 

(HS) are characteristics of late-lactation milk that result in raw material limitations 

(Donnelly and Horne, 1986; O'Brien et al., 1996; O'Brien et al., 1999b). Concentrations 

in milk of minerals such as calcium (Ca) and phosphorus (P) can be related to lactation 

stage (Williams, 2002); therefore, seasonality can influence concentrations and 

distribution in milk. Calcium and P modulate casein micelle structure (Holt and Jenness, 

1984) and can affect milk HS (Horne, 2016). 

Studies show that dairy cow nutrition can alleviate problems related to milk 

composition and milk processability (Downey and Doyle, 2007; Gulati et al., 2018), 

and that offering a low level of CS to grazing dairy cows in late lactation in particular, 

may improve milk composition and milk processability (O'Brien et al., 1999a; McKay, 

2019), although published research on this topic is outdated. One objective of offering 

CS to grazing cows is to increase total dry matter intake (DMI) and energy intake when 

the base forage is limited (Bargo et al., 2003). Dairy cows offered CS have had 

increased milk yield (Bargo et al., 2003; Kennedy et al., 2003; McKay et al., 2019), 

milk solids yield (O'Brien et al., 1996), and lactation length (Kellaway and Harrington, 

2004) where the base forage was grazed pasture. Offering CS has decreased fat 

concentration during late lactation (Mackle et al., 1999; McKay et al., 2019) but 

increased protein concentration (McEvoy et al., 2008) in grazing studies. Milk protein 

concentration was not affected by CS in studies by Mackle et al. (1999) and McKay et 

al. (2019). Therefore, results of CS on milk composition are variable and differences 
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may be due to pasture quality and/ or availability (Reid et al., 2015b), CS (McKay et 

al., 2019), stage of lactation (SOL; Auldist et al., 1995) or dairy cow genetics (Kennedy 

et al., 2003). 

Numerous studies have shown that higher milk-producing dairy cows are genetically 

capable of producing increased yields of fat and protein. In addition, higher-producing 

cows have an improved milk yield response to CS (Bargo et al., 2002; Shalloo et al., 

2004), particularly in late lactation (Stockdale, 1999; Kennedy et al., 2002). Predicted 

transmitting ability (PTA) values indicate the amount of a trait an animal is expected 

to transmit to its offspring relative to the base population (Wattiaux, 2011). High milk 

production PTA cows are known to have decreased fat, protein and lactose 

concentrations through increased milk yields (Kennedy et al., 2003) which could lead 

to milk processability issues, particularly if the casein to whey proportion decreases 

(Chavez et al., 2004). 

Despite the above research, no studies have been conducted in an Irish setting that 

investigate the effects of differing Irish dairy cow milk, fat and protein kg PTA, CS, and 

their potential interaction, on milk composition and processability (RCT, ES and milk 

pH) parameters, mineral concentration and fatty acid composition in grazing systems 

where cows are in late lactation. It was hypothesised that cows genetically capable of 

producing increased yields of milk fat and protein would have reduced concentrations 

of milk fat, protein and casein, and reduced milk processability; however, this would 

be negated by offering CS.  



115 
 

4.3 Materials and methods 

4.3.1 Animal ethics 

All procedures described in this experiment were approved by the Animal Research 

Ethics Committee at University College Dublin (UCD) and conducted under 

experimental license from the Health Products Regulatory Authority (HPRA) under the 

European Directive 2010/63/EU and S.I. No. 543 of 2012. Each person who carried out 

procedures on experimental cows during this experiment, were authorised to do so by 

the HPRA. This experiment was conducted at UCD Lyons Research Farm, Celbridge, 

Naas, Co. Kildare, Ireland, W23 ENY2 (530 17’ 56” N, 60 32’ 18” W). 

4.3.2 Cows, treatments and experimental design 

Forty-eight Holstein Friesian dairy cows (Bos taurus strain Holstein Friesian) were 

selected from the spring-calving herd at UCD Lyons Research Farm. A 2 × 2 factorial 

experiment, with two genotype groups (LM (milk kg PTA = -48 ± 59.9 kg, fat kg PTA 

= +7 ± 4.7 kg and protein kg PTA = +3 ± 3.2 kg) and HM (milk kg PTA = +190 ± 

109.7 kg, fat kg PTA = +12 ± 5.7 kg and protein kg PTA = +9 ± 3.6 kg)) and two 

feeding strategies (pasture-only (PO) and 2.7 kg DM CS), was conducted over a 52-

day (d) period from 10th September to 31st October 2018. Experimental cows were 

selected from a larger group of 80 cows. Cows were blocked on parity and balanced 

on d in milk (DIM; +208 ± 14.1), body condition score (BCS) and overall Economic 

Breeding Index (EBI; within genotype) which is the Irish dairy total merit index 

(www.icbf.com) and is comprised of seven subindices (milk, fertility, calving, beef, 

maintenance, management and health). Lower milk genotype cows had an average 

EBI of €150 ± 51.8 (milk subindex = €37 ± 22.1 and calving interval (CI) = -3.8 ± 

2.16 d) and HM cows had an average EBI of €139 ± 43.3 (milk subindex = €59 ± 22.7 

and CI = -1.8 ± 1.66 d). Cows within genotype groups were randomly assigned to one 

of two feeding strategies, resulting in four treatment groups (n = 12): 1) LM cows 

offered no CS (LM-); 2) LM cows offered pasture + 2.7 kg DM CS (LM+); 3) HM cows 

offered no CS (HM-); and 4) HM cows offered pasture + 2.7 kg DM CS (HM+). Cows 

grazed full-time and were offered 17 kg DM pasture/cow/d. Supplementary 

concentrates were formulated to be isonitrogenous (190 g/kg DM CS crude protein 

(CP)). Concentrate supplementation was dispensed in the milking parlour using the 

http://www.icbf.com/
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Feedrite automatic system linked to cow electronic identification (Dairymaster, Kerry, 

IE) and were manufactured by Gain Feeds (Portlaoise, IE). A supplementary Mg bolus 

(Opti Mag 3®, Norbrook) was administered to PO cows on d 22 of the study due to a 

high risk of hypomagnesaemia. 

4.3.3 Data and sample collection 

4.3.3.1 Pasture and concentrate collection 

Cows grazed as a single group and were offered fresh allocations of pasture twice daily 

(8.5 kg DM/cow) post am and pm milking (17 kg DM/d, total). Pre-grazing herbage 

mass was determined daily before cows entered a new paddock using the “quadrant 

and shears method” as described by Whelan et al. (2012a). Briefly, an area (0.25 m2) 

was cut using a hand-held shears (Gardena Accu 90, Gardena GmbH, Ulm, Germany) 

to a height of 4 cm at six random locations throughout the paddock. Each 0.25 m2 of 

pasture was then collected and weighed, and a sample of pasture was taken for 

determination of DM and routine chemical analysis. The average pre-grazing herbage 

mass was 1,376 ± 204 kg DM/hectare (ha; above 4 cm). Post-grazing herbage mass 

was also measured daily, a total of 50 measurements were taken across each grazing 

area using a rising plate meter (diameter 355 mm and 3.2 kg m2, Jenquip, Feilding, 

NZ) by walking in a W-shape across the field. Post-grazing herbage mass was 382 ± 

204 kg DM/ha (above 4 cm). The pre-grazing herbage mass data shows that pasture 

covers were suitable for grazing dairy cows. The post-grazing herbage mass shows 

that cows were not under-fed; there was pasture left behind after cows were moved 

to fresh pasture. Pasture quality was determined using the “quadrant and shears 

method” as described by Whelan et al. (2012a). On a weekly basis, pasture samples 

were pooled for chemical analyses (DM, gross energy, ether extract, ash and CP), 

neutral detergent fibre (NDF), acid detergent fibre (ADF) and water-soluble 

carbohydrates (WSC). Weekly changes in pasture quality over the experimental period 

are shown in Figure 4.1. Cows had ad libitum access to fresh water. Concentrate 

samples were collected weekly for DM and then ground for analyses. 

4.3.3.2 Milk sample collection 

Cows were milked twice daily at 0700 hours (h) and 1500 h. Milk output and milk 

sampling was facilitated using the Weighall milk metering and sampling system 



117 
 

(Dairymaster, Kerry, IE). Milk samples were taken from a successive am and pm 

milking once per week (wk) for each cow. In total, 130 mL of milk was required for 

each cow for the sample analysis. For this 130 mL milk sample, the ratio of am milk to 

pm milk used was equal to the ratio of the cow’s am to pm milk yield. Within each 

treatment, cows were randomly assigned to one of three subgroups (n = 3) by 

randomly blocking on parity and balancing for DIM, EBI (within genotype groups), BCS 

and milk production parameters. Therefore, individual cow milk samples from each 

treatment (n = 12) were pooled into three subsamples (n = 3) per treatment each wk. 

The purpose of the subgroups was to facilitate milk composition and milk processability 

analysis. 

4.3.4 Sample analyses  

4.3.4.1 Pasture and concentrate sample analysis 

Pasture and concentrate samples were dried in a forced air oven at 55 °C and were 

ground in a hammer mill fitted with a 1-mm screen (Lab Mill; Christy Turner, Suffolk, 

UK). The DM content of samples was determined by drying at 105 °C overnight (16 h 

minimum; AOAC, 2005a). Ash was determined following combustion in a muffle 

furnace (Nabertherm GMBH, Lilienthal, DE) at 550 °C for 5 h (AOAC, 2005b). The NDF 

and ADF values were determined using the method of Van Soest et al. (1991) adopted 

for use in the Ankom™ 220 Fiber Analyzer (Ankom™ Technology, NY, USA). This 

method included a thermostable alpha-amylase and Na-sulfide, but residual ash was 

not determined. Gross energy was determined by bomb calorimetry (Parr 1281 bomb 

calorimeter, Parr Instrument Company, Moline, Illinois, US). Ether extract was 

determined using Soxtex instruments (Tecator, Hoganas, SE) and light 244 petroleum 

ether. The N content of samples was determined by combustion on LECO and CP 

content calculated (N × 6.25; FP 528 Analyzer, Leco Corp., St Joseph, Michigan, US; 

(AOAC, 2005c). Starch content of feed samples was analysed using the Megazyme 

Total Starch Assay Procedure (product no: K-TSTA; Megazyme International Ireland 

Ltd, Wicklow, IE). The concentration of WSC was determined as described by Dubois 

et al. (1956). 
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4.3.4.2 Milk sample analysis 

Concentrations of milk fat, total protein, lactose, casein, milk urea nitrogen (MUN), 

SCC and fatty acids over the 52-d study were determined in a commercial milk 

laboratory (National Milk Laboratories Ltd, Unit 26-29, Laches Close, Calibre Industrial 

Park, Four Ashes, Wolverhampton, UK, WV10 7DZ) using mid-infrared spectrometry 

(MilkoScan FT6000, Foss Analytical A/S, DK; Soyeurt et al., 2006). Milk samples were 

analysed immediately after morning and evening collection for pH (Phoenix Instrument 

EC-25 pH/ Conductivity Portable Meter) and a daily average was calculated for each 

subgroup. The RCT was determined by modification of the method by Berridge (1952). 

Approximately 5 mL of Hansen’s Naturen 145 rennet (Chr. Hansen Holding A/S, Boege 

Alle 10---12, 2970, Hoersholm, Denmark) was diluted with 100 mL of distilled water to 

give a 1/20 rennet dilution. For each milk sample, 5 mL was measured into a test tube 

and placed in a water bath to allow a 5-minute (min) equilibrium time to reach 30 °C. 

Once the samples had reached 30 °C, 0.5 mL of the rennet dilution was added and 

the timer started simultaneously. The sample was slowly inverted twice, attached to a 

rotating holder and immersed in the water bath at a 30 ° angle with rotation set to 

maximum speed (4 revolutions per min). The length of time taken for milk to coagulate 

was recorded. The milk ES test has previously been applied as a surrogate for milk HS 

(Chavez et al., 2004). The ES was determined using the method reported by Guo et 

al. (1998). Briefly, equal volumes of the milk were mixed with an ethanol solution 

(ranging in concentration from 62-84%, v/v) at room temperature. The ES of milk was 

determined at the maximum concentration of ethanol solution that did not cause milk 

coagulation. 

For elemental analysis, 25 mL of the whole milk samples were centrifuged at 4 °C for 

20 min at 3,200 × gravity. The sub natant skimmed milk phases of the samples were 

carefully decanted into another tube, leaving behind the lipid phase of the milk. A 3 

mL sample of this skimmed milk phase was then pipetted into an Eppendorf tube, 

labelled and frozen. For the sample digestion phase, milk samples were thawed 

overnight in a refrigerator at 4 °C. The samples were inverted prior to weighing to 

ensure a homogenous solution. Using a 4-decimal place weighing scales, 

approximately 1 g of milk sample was weighed accurately into each tube. An aliquot 

of 8 mL of concentrated 70% nitric acid and 2 mL of >30% w/v hydrogen peroxide 
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(H2O2) were added to each of these tubes. The tubes were placed in a carousel of the 

CEM MARS 6 Xpress Microwave Digestion System (CEM Microwave Technology, Sky 

Business Centre, 9a Plato Business Park, Dublin 15, Damastown) according to a specific 

pattern for even heating and the acid digestion setting was selected. This provided a 

temperature of 200 °C for 15 min ramp, 15 min hold at 800 psi and 900-1050 power. 

The process took 1 h in total, including cooling time. The tubes were cooled again in 

an ice bath for safe handling. All handling of nitric acid took place in a fume cupboard 

due to fumes created during the procedure. For the sample analysis, inductively 

coupled plasma atomic emission spectroscopy (ICP-AES) was used to determine the 

total levels of Ca, P, magnesium (Mg), sodium (Na) and potassium (K) in suitably 

diluted, digested milk samples (Licata et al., 2012). The overall dilution factor for the 

milk samples was 20 (1 g sample in 20 g solution). The dilutions were necessary to 

ensure mineral levels were within the threshold of the maximum range of the ICP-AES. 

4.3.5 Statistical analysis 

Residuals of data were assessed for normality and homogeneity of variance by 

histograms, QQ-plots and formal statistical tests as part of the UNIVARIATE procedure 

of SAS (version 9.1.3; SAS Institute, 2013). Somatic cell count data were not normally 

distributed and were transformed by raising the variable to the power of lambda. The 

appropriate lambda value was obtained by conducting a Box-Cox transformation 

analysis using the TRANSREG procedure of SAS (Fahey et al., 2007). The transformed 

data were used to calculate P - values. The corresponding least square means (LSM) 

and standard error of the non-transformed data are presented in the results for clarity. 

Milk composition, milk processability, mineral composition and fatty acid parameters 

were analysed using repeated measures ANOVA (MIXED procedure). The fixed effects 

in the model were genotype, CS, wk and their interactions, and subgroup (n = 3) was 

considered the random effect - with terms for genotype, CS and wk of experiment. 

Week of experiment was the repeated unit. Heterogeneous compound symmetry, 

unstructured, autoregressive, heterogeneous 1st order autoregressive, Toeplitz and 

heterogeneous Toeplitz were (co)variance structures considered. The model with the 

lowest Bayesian information criterion value was selected. Differences between means 

were determined by F-tests using Type III sums of squares. The PDIFF option and the 

Tukey test were applied as appropriate methods to evaluate pairwise comparisons. A 
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probability of P < 0.05 was selected as the level of significance and statistical 

tendencies were reported when P > 0.05 but P < 0.10. 

4.4 Results 

Where CS × genotype interactions were not significant, results focused on main effects 

only. 

4.4.1 Milk production and milk composition 

Effects of CS and genotype on milk production and composition are shown in Tables 

4.2 (interactions) and 4.3 (main effects). Higher milk genotype cows had increased 

milk yield (P = 0.02) and tended to have increased protein kg (P = 0.06) compared to 

LM cows, whilst genotype had no effect on fat kg (P = 0.12) or casein kg (P = 0.10). 

Furthermore, offering cows CS increased milk yield (P < 0.01), fat kg (P < 0.01), 

protein kg (P = 0.01) and casein kg (P = 0.04) compared to offering cows PO. Higher 

milk genotype cows had decreased concentrations of fat (P < 0.01), protein (P = 0.04) 

and casein (P < 0.01) in the milk compared to LM cows. Similarly, offering cows CS 

decreased concentrations of fat (P = 0.02), protein (P = 0.02) and casein (P < 0.01) 

compared to offering cows PO. Separately, HM cows had decreased milk casein 

number (P = 0.03) compared to LM cows. Otherwise, genotype had no effect on milk 

lactose concentration, SCC or MUN (P > 0.10). Additionally, CS had no effect on milk 

casein number, lactose concentration, SCC or MUN (P > 0.10) (Table 4.4). An 

interaction (P = 0.03) occurred for milk casein number. Cows in HM+ had a decreased 

milk casein number compared to cows in LM+ (P = 0.03) but not in LM- (P = 0.23) or 

HM- (P = 0.22). Cows in LM+ did not have a different milk casein number compared 

to cows in LM- (P = 0.45) or HM- (P = 0.47) (Table 4.3). 

4.4.2 Milk processability 

Effects of CS and genotype on milk processability are shown in Tables 4.4 (interactions) 

and 4.5 (main effects). Genotype had no effects on milk pH, ES or RCT (P > 0.10). 

Similarly, CS had no effects on milk pH or RCT (P > 0.10); however, offering cows CS 

increased milk ES (P = 0.04) compared to offering cows PO (Table 4.5). 

4.4.3 Milk mineral concentration 

Effects of CS and genotype on milk mineral concentration are shown in Tables 4.6 

(interactions) and 4.7 (main effects). There were no effects of genotype or CS on Ca, 



121 
 

K, Mg, Na or P (P > 0.10) (Table 4.7). There were interactions (P < 0.01) for milk P 

concentration where cows in LM+ had increased milk P concentration compared to 

cows in LM- (P = 0.04) but not in HM- (P = 1) and HM+ (P = 0.74), whilst cows in 

LM- had decreased P concentration compared to cows in LM+ (P = 0.04) but not in 

HM+ (P = 0.24) (Table 4.6). 

4.4.4 Milk fatty acids 

Effects of CS and genotype on milk fatty acids are shown in Tables 4.8 (interactions) 

and 4.9 (main effects). Genotype had no effects on milk monounsaturated fatty acids 

(MUFA), polyunsaturated fatty acids (PUFA), saturated fatty acids (SFA), unsaturated 

fatty acids (UNSFA), oleic (C18:1) or palmitic (C16:0) concentrations (P > 0.10); 

however, higher milk genotype cows tended to have decreased stearic (C18:0) 

concentrations (P = 0.09) compared to LM cows. Concentrate supplementation had no 

effect on any of the aforementioned parameters (P > 0.10) (Table 4.9). Furthermore, 

there were tendencies for interactions (P = 0.09, 0.07 and 0.07) for milk MUFA, SFA 

and C18.1 concentrations, respectively; however, no differences between treatments 

were observed (P > 0.10) (Table 4.8).  
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4.5 Discussion 

4.5.1 Milk production and milk composition 

In the present study, HM cows had higher milk, fat and protein kg PTA, and higher 

overall milk subindex compared to LM cows. Previous research has found that higher 

yielding cows have lower fertility (Pryce et al., 1997). Despite this, fertility differences 

between genotypes were not deemed to be significant in this study, as there was a 

difference of 2 ± 0.6 (standard deviation) days in the CI between genotypes; hence, 

the focus on milk production traits. Previous research has found that HM cows 

(Kennedy et al., 2003) and offering CS (Reid et al., 2015b; McKay et al., 2019) 

increased milk yield which concurs with our findings. In this study, although HM cows 

had higher milk fat kg PTA than LM cows, no differences in milk fat kg were observed 

between genotypes. The difference in PTA kg between the genotypes was not as high 

for milk fat as it was for milk yield and milk protein; hence, the fat kg PTA difference 

between the genotypes may have been a contributing factor to the lack of a milk fat 

kg difference between the genotypes in this study. Despite the positive influence of CS 

on milk yield, milk protein and milk casein concentrations were decreased by offering 

CS. Generally, studies show that the content of protein in milk is less responsive to 

feeding and dietary changes than milk fat (Jenkins and McGuire, 2006) and various 

studies have found that milk fat concentration can be decreased (Mackle et al., 1999; 

Bargo et al., 2002; McKay et al., 2019), while milk protein and casein concentration is 

not affected (Reid et al., 2015b; McKay et al., 2019) by offering CS. Despite this 

phenomenon, O'Brien et al. (1999a) found that offering cows CS (3 kg fresh 

weight/cow/d), with a standard grass supply, increased milk casein concentration in 

comparison to offering a standard grass supply only. Milk yield response in dairy cows 

is the extra response in milk yield to offering one kg of CS compared to offering cows 

PO (Bargo et al., 2002) and typical responses range from 0.8 (Gleeson, 1985) to 1.17 

kg milk/kg DM CS (McKay et al., 2019) in late lactation. The decreases in milk protein 

and casein concentration observed with offering CS in our study may have been due 

to the high milk yield response (1.31 kg milk/kg DM CS) to CS causing some dilution 

of protein and casein concentrations in HM cows in the current study. Previous studies 

examining milk yield response to CS in late lactation found that responses were not as 

high as those observed in the current study in late lactation; hence possible decreased 
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dilution of components, where milk protein concentration was maintained by the extra 

supplemental energy in those studies (O'Brien et al., 1999a; McKay et al., 2019). 

While milk casein concentration is important for milk composition and milk 

processability, it is often expressed as a percentage of total protein concentration 

(casein number). Milk casein number is positively related to the processing of milk into 

cheese (Jenkins and McGuire, 2006) and has been focussed upon as it can dictate how 

stable milk is to thermal processing. The whey part of milk is known to be unstable to 

thermal processing and results in denaturation, aggregation and gelation of milk 

(Wijayanti et al., 2014). Therefore, it is in the interests of the scientific community to 

investigate ways in which milk casein number is maximised. Past studies have shown 

that milk casein number can be as high as 80% in mid-lactation, decreasing to 70% 

in late lactation (O'Brien et al., 1996). Our findings showed that the milk casein number 

ranged between 79-80% for all treatments and would be indicative of excellent quality 

milk for manufacturing purposes, and higher than expected for the SOL (O'Brien et al., 

1996). The high quality basal diet may have been a contributing factor as Kefford et 

al. (1995) found a poor quality diet decreased milk casein number, although the above 

authors offered no explanation as to why a poor quality cow diet might have negatively 

impacted on milk casein number. It could be postulated that changes in milk casein 

number may occur as a result of increased leakage of blood serum derived whey 

proteins, such as bovine serum albumin, into the milk which can occur in late lactation 

or when there is mastitis infection present (Poutrel et al., 1983). Therefore, further 

research similar to the current study but examining bovine serum albumin levels may 

be required. Separately, milk lactose concentration is an essential constituent in the 

production of fermented dairy products; it being the principle carbohydrate in milk (Fox 

et al., 2015). Furthermore, the diet offered to dairy cows is unlikely to affect milk 

lactose concentration as it does not respond predictably to changes in dietary 

composition but it has been observed to increase as dietary energy intake increases 

(Looper, 2012). The current study found no effect of offering CS on increasing milk 

lactose concentration, which is known to naturally decline in late lactation (Fox et al., 

2015). Therefore, a greater level of supplementary energy than the level used in the 

current experiment may be required to help negate the effect of lactation stage on this 

parameter. 
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Previous studies have found that differing MUN values can result in differing levels of 

milk HS (Reid et al., 2015a). Offering CS did not decrease MUN levels in our study 

which is contrary to McKay et al. (2019) study. Whelan et al. (2012b) stated that 

offering CS at pasture could decrease MUN and N excretion, as high CP pasture was 

replaced by a lower CP CS, decreasing total N intake. An explanation for differences 

between McKay et al. (2019) study and our findings may be that the supplementary 

CP concentration used in the experiments differed, therefore supplying a greater 

amount of N. The CS used in McKay et al. (2019) study had 16% CP (supplying +68 g 

N from 2.65 kg DM CS), whereas the current experiment used a 19% CP (supplying 

+82 g N from 2.7 kg DM CS). Furthermore, the pasture in McKay et al. (2019) averaged 

236 g CP/kg DM whereas it averaged 261 g CP/kg DM in the current study. Therefore, 

the overall dietary CP in McKay et al. (2019) could be easier manipulate as the basal 

forage was lower in CP compared to the basal forage CP in this study. It would be 

expected that supplementing with a 19% CP concentrate would reduce the overall 

dietary CP intake compared to offering pasture only; however, perhaps offering a lower 

supplementary CP CS (< 19%) would be required to see significant decreases in the 

overall dietary CP intake and consequently MUN concentrations, since offering a 16% 

CP CS in McKay et al. (2019) reduced MUN concentrations. 

4.5.2 Milk processability 

Previous studies have documented decreased milk processability in late lactation 

(Lucey and Fox, 1992; Auldist et al., 1995). Milk HS and RCT can be altered by milk 

pH (Lucey and Fox, 1992; O'Brien et al., 1996; Williams, 2002), and this can range 

from 6.53 in January to 6.81 in November in spring calving systems (O'Keeffe et al., 

1982; Phelan et al., 1982). Although no differences between treatments were observed 

in the current experiment, milk pH increased from wk 1 to wk 8 of the study (Figure 

6.2), within the aforementioned range of O'Keeffe et al. (1982) and Phelan et al. 

(1982). This increase in milk pH as lactation progresses has been attributed to a 

decrease in soluble P, which reduces the buffering capacity of milk (O'Brien et al., 

1996). Furthermore, total milk P concentrations were measured for treatments in our 

study, and although main effects were not significant, numeric decreases in milk total 

P concentrations seemed to constitute numeric increases in milk pH between 

treatments. Singh (2004) showed that milk is most heat-stable at pH 6.7. Milk pH 
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results in our study indicates that the quality of milk was very good and did not display 

late-lactation extremes (pH > 6.8) observed by others (O'Keeffe et al., 1982; Lucey 

and Fox, 1992). 

Late-lactation milk is characterised as having an extended RCT (O'Keeffe et al., 1982; 

Lucey and Fox, 1992), with a faster RCT indicating a higher cheese yield (Troch et al., 

2017) which is more desirable. Different RCT can indicate different levels of milk HS 

(Hill et al., 1997). To our knowledge, no study has been published on investigating 

potential effects of cow genotype and offering CS on RCT. No differences were 

observed suggesting that nutrition and genetics do not affect this parameter. Lucey 

and Fox (1992) elucidated that altering milk pH also altered the renneting properties 

of milk. In the current study, no differences in milk pH were observed between 

treatments which could explain the lack of differences observed between treatment 

RCT values. In addition, past studies have demonstrated that increased milk casein 

concentrations have resulted in shorter RCT (Guinee et al., 2001). Casein is an 

important gel-forming protein and increases can enhance the rate of casein 

aggregation (Guinee et al., 1997). Despite the lack of differences observed for RCT 

between feeding strategies and cow genotype, offering CS and HM cows decreased 

milk casein concentration in the current study. However, longer RCT did not ensue 

which is unlike other studies. Elsewhere, Lucey and Fox (1992) showed that RCT was 

extended when milk casein number was decreased. In the current study, while HM 

cows had a decreased milk casein number, the practical significance of this could be 

questioned as treatment least square means all fell within the range of 79-80%. 

Therefore, it could be argued that milk casein numbers were similar between 

genotypes in the current study, and this may explain why RCT did not differ in the 

current authors findings. Furthermore, milk mineral composition can affect RCT 

(Tsioulpas et al., 2007), and similar to RCT, no effects of CS or milk genotype, and no 

differences between treatments were observed for Ca, K, Mg or Na in our findings. 

However, the additional dietary P offered to LM cows through CS may have been a 

contributing factor to increased milk P concentration, although this does not explain 

why the same increase did not occur in HM cows offered CS. A dilution of milk P 

concentration may have occurred in HM cows offered CS because of an increased milk 
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yield, and although not significant, similar numeric trends occurred for all other milk 

mineral concentrations. 

Chavez et al. (2004) defined heat-unstable cow’s milk as coagulating at 72% v/v EtOH 

or less while stable samples coagulate at EtOH concentrations of 78% v/v or greater. 

Similarly, Horne and Muir (1990) reported that milk was rejected if milk ES was 70% 

v/v or less. Our findings indicated that experimental treatments resulted in neither 

heat-unstable nor heat-stable milk as our results fell between Chavez et al. (2004) 

definitions for heat-unstable and heat-stable milk and higher than the rejection 

standard mentioned in Horne and Muir (1990) study. In our experiment, offering CS 

improved milk ES, similar to the findings of O'Brien et al. (1999a), who attributed an 

improvement in milk ES with offering CS to an increase in milk casein concentration, 

although no increases in milk casein concentration through offering CS were observed 

in our experiment. Elsewhere, Chavez et al. (2004) observed that ethanol unstable 

milk was affected by salt balance and had increased Na and K concentrations. 

However, differences in the concentrations of these minerals were not observed in the 

current study. Improving milk ES through an on farm-management strategy, such as 

offering a low level of CS where the cow’s basal diet consists of grazed pasture, would 

be important for milk processors in increasing efficiencies in regions where seasonal 

pasture-based dairy production systems operate. 

4.5.3 Milk fatty acids 

Offering a basal diet of grazed pasture in comparison to total mixed ration (TMR) can 

positively alter the milk fatty acid profile through increased milk UNSFA (Rego et al., 

2016). Wales et al. (2009) showed that offering CS increased milk SFA and decreased 

UNSFA concentrations. Our findings showed offering CS did not increase milk SFA 

which is contrary to Wales et al. (2009). Supplementation rates were greater in the 

aforementioned studies and differences in levels of CS may have played a role in the 

differences observed between the various studies. Although research in the area is 

limited, Kay et al. (2005) linked higher yielding cows to an altered milk fatty acid 

profile. Energy intakes were not measured in the above study but previous data using 

the same herd showed that the higher yielding cows consumed more feed than the 

lower yielding cows (Crooker et al., 2001) and this may serve as a potential explanation 
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for differences in the milk fatty acid profile. The authors found that higher yielding 

type cows in early lactation tended to produce lower milk MUFA concentrations 

compared to lower yielding type cows. Contrary to the above study, milk MUFA and 

UNSFA concentrations were not affected by genotype in our findings. In the study of 

Kay et al. (2005), the higher yielding type cows had a greater average milk yield 

(11,078 ± 329 kg/305 d lactation) when compared to the current study (7,596 ± 1,671 

kg/305 d lactation) and may have had an increased DMI as a result (Shalloo et al., 

2004). Increased feed passage rates can alter rumen microbial populations and milk 

fat synthesis (Van Soest, 2018) and may explain differences between this study and 

that of Kay et al. (2005). Our research examines milk fatty acid composition in an 

advanced SOL (+200 DIM) on grazing dairy cows, whereas the above study was 

conducted in early lactation. Hence, differences seen in the impact of genotype on milk 

fatty acids may also have been influenced by SOL.  
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4.6 Conclusion 

In summary, HM cows had increased milk yield but reduced fat, protein and casein 

concentrations compared to LM cows. Similarly, cows offered CS had increased milk 

yield, reduced fat, protein and casein concentrations but increased fat, protein and 

casein kg compared to cows offered PO. A positive effect of CS was observed on milk 

ES, suggesting that offering CS at levels similar to this study to grazing dairy cows in 

late lactation may improve the colloidal stability of milk.  



129 
 

4.7 Literature cited 

AOAC 2005a. Moisture in animal feed. Official methods of analysis. Method number 

960.15, Gaithersburg, MD, USA: AOAC International. 

AOAC 2005b. Ash in animal feed. Official methods of analysis Method number 942.05, 

Gaithersburg, MD, USA: AOAC International. 

AOAC 2005c. Crude protein in animal feed. Official methods of analysis. Method 

number 990.03, Gaithersburg, MD, USA: AOAC International. 

Auldist, M. J., Coats, S., Rogers, G. L. & McDowell, G. H. 1995. Changes in the 

composition of milk from healthy and mastitic dairy cows during the lactation 

cycle. Australian J.of Experimental Ag., 35, 427-436. 

Bargo, F., Muller, L. D., Delahoy, J. E. & Cassidy, T. W. 2002. Milk response to 

concentrate supplementation of high producing dairy cows grazing at two 

pasture allowances. J. Dairy Sci., 85, 1777-1792. 

Bargo, F., Muller, L. D., Kolver, E. S. & Delahoy, J. E. 2003. Invited Review: Production 

and Digestion of Supplemented Dairy Cows on Pasture. J. Dairy Sci., 86, 1-42. 

Berridge, N. J. 1952. Some observations on the determination of the activity of rennet. 

Analyst, 77, 57b-62. 

Chavez, M. S., Negri, L. M., Taverna, M. A. & Cuatrín, A. 2004. Bovine milk composition 

parameters affecting the ethanol stability. J. of Dairy Research, 71, 201-206. 

Crooker, B., Weber, W., Ma, L. & Lucy, M. Effect of energy balance and selection for 

milk yield on the somatotropic axis of the lactating Holstein cow: Endocrine 

profiles and hepatic gene expression.  15. Symposium on Energy Metabolism in 

Animals, Snekkersten (Denmark), 11-16 Sep 2000, 2001. Wageningen. 

CSO. 2020. Intake of Cows Milk by Creameries and Pasteurisers (Million Litres) by 

Month. [Online]. Available: 

https://statbank.cso.ie/px/pxeirestat/Statire/SelectVarVal/Define.asp?maintabl

e=AKM01&PLanguage=0 [Accessed 10/6/2020]. 

Donnelly, W. J. & Horne, D. S. 1986. Relationship between ethanol stability of bovine 

milk and natural variations in milk composition. J. of Dairy Research, 53, 23-33. 

Downey, L. & Doyle, P. T. 2007. Cow nutrition and dairy product manufacture-

Implications of seasonal pasture-based milk production systems. Australian J. 

of Dairy Tech., 62, 3. 

https://statbank.cso.ie/px/pxeirestat/Statire/SelectVarVal/Define.asp?maintable=AKM01&PLanguage=0
https://statbank.cso.ie/px/pxeirestat/Statire/SelectVarVal/Define.asp?maintable=AKM01&PLanguage=0


130 
 

Dubois, M., Gilles, K. A., Hamilton, J. K., Rebers, P. & Smith, F. 1956. Colorimetric 

method for determination of sugars and related substances. Analytical Chem., 

28, 350-356. 

Fahey, A. G., Marchant-Forde, R. M. & Cheng, H. W. 2007. Relationship between body 

weight and beak characteristics in one-day-old white leghorn chicks: its 

implications for beak trimming. Poultry Sci., 86, 1312-1315. 

Fox, P. F., Uniacke-Lowe, T., McSweeney, P. L. H. & O’Mahony, J. A. 2015. Lactose. 

Dairy Chem. and Biochem.: Springer. 

Gleeson, P. 1985. Responses of dairy cows to concentrate supplementation. Paper, 2, 

66-116. 

Guinee, T., Mulholland, E., O'Brien, B. & Murphy, J. 2001. Effect of diet quality on the 

suitability of mid-lactation bovine milk for cheddar cheese manufacture. 

Australian J. of Dairy Tech., 56, 3. 

Guinee, T. P., Gorry, C. B., O'Callaghan, D. J., O'Kennedy, B. T., O'Brie, N. & Fenelon, 

M. A. 1997. The effects of composition and some processing treatments on the 

rennet coagulation properties of milk. Int. J. of Dairy Tech., 50, 99-106. 

Gulati, A., Galvin, N., Lewis, E., Hennessy, D., O'Donovan, M., McManus, J. J., Fenelon, 

M. A. & Guinee, T. P. 2018. Outdoor grazing of dairy cows on pasture versus 

indoor feeding on total mixed ration: Effects on gross composition and mineral 

content of milk during lactation. J. Dairy Sci., 101, 2710-2723. 

Guo, M. R., Wang, S., Li, Z., Qu, J., Jin, L. & Kindsted, P. S. 1998. Ethanol stability of 

goat’s milk. Int. Dairy J., 8, 57-60. 

Hill, J. P., Boland, M. J. & Smith, A. F. The effect of beta-lactoglobulin variants on milk 

powder manufacture and properties.  Milk protein polymorphism, Palmerston 

North (New Zealand), Feb 1997, 1997. International Dairy Federation. 

Holt, C. & Jenness, R. 1984. Interrelationships of constituents and partition of salts in 

milk samples from eight species. Comparative Biochemistry and Physiology Part 

A: Physiology, 77, 275-282. 

Horne, D. S. 2016. Ethanol stability and milk composition. Adv. Dairy Chem.: Springer. 

Horne, D. S. & Muir, D. D. 1990. Alcohol and heat stability of milk protein. J. Dairy Sci., 

73, 3613-3626. 



131 
 

Jenkins, T. & McGuire, M. 2006. Major advances in nutrition: impact on milk 

composition. J. Dairy Sci., 89, 1302-1310. 

Kay, J. K., Weber, W. J., Moore, C. E., Bauman, D. E., Hansen, L. B., Chester-Jones, 

H., Crooker, B. A. & Baumgard, L. H. 2005. Effects of week of lactation and 

genetic selection for milk yield on milk fatty acid composition in Holstein cows. 

J. Dairy Sci., 88, 3886-3893. 

Kefford, B., Christian, M. P., Sutherland, B. J., Mayes, J. J. & Grainger, C. 1995. 

Seasonal influences on Cheddar cheese manufacture: influence of diet quality 

and stage of lactation. J. Dairy Research, 62, 529-537. 

Kellaway, R. & Harrington, T. 2004. Feeding concentrates: supplements for dairy cows, 

Landlinks Press. 

Kennedy, J., Dillon, P., Delaby, L., Faverdin, P. H., Stakelum, G. & Rath, M. 2003. 

Effect of Genetic Merit and Concentrate Supplementation on Grass Intake and 

Milk Production with Holstein Friesian Dairy Cows. J. Dairy Sci., 86, 610-621. 

Kennedy, J., Dillon, P., Faverdin, P., Delaby, L., Buckley, F. & Rath, M. 2002. The 

influence of cow genetic merit for milk production on response to level of 

concentrate supplementation in a grass-based system. Animal Sci., 75, 433-

445. 

Licata, P., Di Bella, G., Potortì, A. G., Lo Turco, V., Salvo, A. & Dugo, G. M. 2012. 

Determination of trace elements in goat and ovine milk from Calabria (Italy) by 

ICP-AES. Food Additives and Contaminants: Part B, 5, 268-271. 

Looper, M. L. 2012. Factors affecting milk composition of lactating cows. Cooperative 

Extension Service, University of Arkansas, U.S. Dept. of Agriculture, and County 

Governments Cooperating, 1-6. 

Lucey, J. A. & Fox, P. F. 1992. Rennet Coagulation Properties of Late-Lactation Milk: 

Effect of pH Adjustment, Addition of CaCl₂, Variation in Rennet Level and 

Blending with Mid-Lactation Milk. Irish J. Ag. and Food Research, 173-184. 

Mackle, T. R., Bryant, A. M., Petch, S. F., Hooper, R. J. & Auldist, M. J. 1999. Variation 

in the composition of milk protein from pasture‐fed dairy cows in late lactation 

and the effect of grain and silage supplementation. New Zealand J. Ag. 

Research, 42, 147-154. 



132 
 

McEvoy, M., Kennedy, E., Murphy, J. P., Boland, T. M., Delaby, L. & O’Donovan, M. 

2008. The effect of herbage allowance and concentrate supplementation on 

milk production performance and dry matter intake of spring-calving dairy cows 

in early lactation. J. Dairy Sci., 91, 1258-1269. 

McKay, Z. C. 2019. Nutritional strategies to influence milk production, composition, 

processability, and nitrogen excretion of lactating dairy cows. PhD thesis, 

University College Dublin. 

McKay, Z. C., Lynch, M. B., Mulligan, F. J., Rajauria, G., Miller, C. & Pierce, K. M. 2019. 

The effect of concentrate supplementation type on milk production, dry matter 

intake, rumen fermentation, and nitrogen excretion in late-lactation, spring-

calving grazing dairy cows. J. Dairy Sci., 102, 5042-5053. 

O'Brien, B., Crosse, S. & Dillon, P. 1996. Effects of offering a concentrate or silage 

supplement to grazing dairy cows in late lactation on animal performance and 

on milk processability. Irish J. Ag. and Food Research, 113-125. 

O'Brien, B., Dillon, P., Murphy, J. J., Mehra, R. K., Guinee, T. P., Connolly, J. F., Kelly, 

A. & Joyce, P. 1999a. Effects of stocking density and concentrate 

supplementation of grazing dairy cows on milk production, composition and 

processing characteristics. J. Dairy Research, 66, 165-176. 

O'Brien, B., Mehra, R., Connolly, J. F. & Harrington, D. 1999b. Seasonal variation in 

the composition of Irish manufacturing and retail milks: 1. Chemical composition 

and renneting properties. Irish J. of Ag. and Food Research, 53-64. 

O'Keeffe, A. M., Phelan, J. A., Keogh, K. & Kelly, P. 1982. Studies of milk composition 

and its relationship to some processing criteria: IV. Factors influencing the 

renneting properties of a seasonal milk supply. Irish J. of Food Sci. and Tech., 

39-47. 

Phelan, J. A., O'Keeffe, A. M., Keogh, M. K. & Kelly, P. M. 1982. Studies of milk 

composition and its relationship to some processing criteria: 1. Seasonal 

changes in the composition of Irish milk. Irish J. of Food Sci. and Tech., 1-11. 

Poutrel, B., Caffin, J. & Rainard, P. 1983. Physiological and pathological factors 

influencing bovine serum albumin content of milk. J. Dairy Sci., 66, 535-541. 



133 
 

Pryce, J., Veerkamp, R., Thompson, R., Hill, W. & Simm, G. 1997. Genetic aspects of 

common health disorders and measures of fertility in Holstein Friesian dairy 

cattle. Animal Sci., 65, 353-360. 

Rego, O. A., Cabrita, A. R., Rosa, H. J., Alves, S. P., Duarte, V., Fonseca, A. J., Vouzela, 

C. F., Pires, F. R. & Bessa, R. J. 2016. Changes in milk production and milk fatty 

acid composition of cows switched from pasture to a total mixed ration diet and 

back to pasture. Italian J. of Animal Sci., 15, 76-86. 

Reid, M., O’Donovan, M., Elliott, C., Bailey, J., Watson, C., Lalor, S., Corrigan, B., 

Fenelon, M. & Lewis, E. 2015a. The effect of dietary crude protein and 

phosphorus on grass-fed dairy cow production, nutrient status, and milk heat 

stability. J. Dairy Sci., 98, 517-531. 

Reid, M., O’Donovan, M., Murphy, J. P., Fleming, C., Kennedy, E. & Lewis, E. 2015b. 

The effect of high and low levels of supplementation on milk production, 

nitrogen utilization efficiency, and milk protein fractions in late-lactation dairy 

cows. J. Dairy Sci., 98, 5529-5544. 

Shalloo, L., Kennedy, J., Wallace, M., Rath, M. & Dillon, P. 2004. The economic impact 

of cow genetic potential for milk production and concentrate supplementation 

level on the profitability of pasture based systems under different EU milk quota 

scenarios. J. Ag. Sci, 142, 357-369. 

Singh, H. 2004. Heat stability of milk. Int. J. of Dairy Tech., 57, 111-119. 

Soyeurt, H., Dardenne, P., Dehareng, F., Lognay, G., Veselko, D., Marlier, M., Bertozzi, 

C., Mayeres, P. & Gengler, N. 2006. Estimating fatty acid content in cow milk 

using mid-infrared spectrometry. J. Dairy Sci., 89, 3690-3695. 

Stockdale, C. R. 1999. The nutritive characteristics of herbage consumed by grazing 

dairy cows affect milk yield responses obtained from concentrate 

supplementation. Australian J.of Experimental Ag., 39, 379-387. 

Troch, T., Lefébure, É., Baeten, V., Colinet, F., Gengler, N. & Sindic, M. 2017. Cow milk 

coagulation: process description, variation factors and evaluation 

methodologies. A review. Biotechnologie, Agronomie, Société et 

Environnement, 21. 

Tsioulpas, A., Lewis, M. J. & Grandison, A. S. 2007. Effect of minerals on casein micelle 

stability of cows' milk. J. of Dairy Research, 74, 167-173. 



134 
 

Van Soest, P. J. 2018. Nutritional ecology of the ruminant, Cornell university press. 

Van Soest, P. J., Robertson, J. B. & Lewis, B. A. 1991. Methods for dietary fiber, neutral 

detergent fiber, and nonstarch polysaccharides in relation to animal nutrition. 

J. Dairy Sci., 74, 3583-3597. 

Wales, W., Kolver, E., Egan, A. & Roche, R. 2009. Effects of strain of Holstein-Friesian 

and concentrate supplementation on the fatty acid composition of milk fat of 

dairy cows grazing pasture in early lactation. J. Dairy Sci., 92, 247-255. 

Wattiaux, M. A. 2011. Predicted transmitting ability and reliability. Babcock Institute 

for International Dairy Research and Development. Dairy Essentials, 61-64. 

Whelan, S. J., Pierce, K. M., Flynn, B. & Mulligan, F. J. 2012a. Effect of supplemental 

concentrate type on milk production and metabolic status in early-lactation dairy 

cows grazing perennial ryegrass-based pasture. J. Dairy Sci., 95, 4541-4549. 

Whelan, S. J., Pierce, K. M., McCarney, C., Flynn, B. & Mulligan, F. J. 2012b. Effect of 

supplementary concentrate type on nitrogen partitioning in early lactation dairy 

cows offered perennial ryegrass-based pasture. J. Dairy Sci., 95, 4468-4477. 

Wijayanti, H. B., Bansal, N. & Deeth, H. C. 2014. Stability of whey proteins during 

thermal processing: A review. Comprehensive Reviews in Food Sci. and Food 

Safety, 13, 1235-1251. 

Williams, R. P. W. 2002. The relationship between the composition of milk and the 

properties of bulk milk products. Australian J. of Dairy Tech., 57, 30. 

  



135 
 

Table 4.1: Chemical composition of concentrate supplement (CS) and pasture and ingredient inclusion 
level of CS offered 

 CS Pasture 

Chemical composition (g/kg DM unless 

stated) 

  

Dry matter (g/kg) 870 156 
Ash 68 89 

Crude protein 191 261 
Neutral detergent fibre 223 413 

Acid detergent fibre 107 189 
Water soluble carbohydrates - 64 

Ether extract 23 30 

Starch 236 - 
Gross energy (MJ/kg DM) 18 17 

   
Ingredient inclusion level of 

concentrates (g/kg DM) 1 

  

Barley 180  
Maize 180  

Maize distiller grain with solubles 150  
Sugar beet pulp pellets 8mm 95  

Soyabean meal 47% 200  
Soya hulls 95  

Soyabean oil 5  

Palm oil blend 10  
Monocalcium diphosphate 6  

Sugarcane molasses 45  
Calcium carbonate 8  

Sodium chloride 9  

Magnesium oxide 8  
Gain cattle premix 2 10  

1 All grains were ground. 
2 Gain cattle premix consisted of the following: 10 g/kg calcium; 5 g/kg phosphorus; 4 g/kg sodium; 
11 g/kg potassium; 7 g/kg chlorine; 6 g/kg magnesium; 0.1 g/kg copper; 0.3 g/kg zinc; 16,000 IU/kg 

vitamin A; 4,000 IU/kg vitamin D; and 20 IU/kg vitamin E. 
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Table 4.2: Effects of genotype (geno) and concentrate supplementation (CS) on milk production and 
milk composition (interaction results) 

Geno LM 1 HM 2  Significance 

CS - 3 + 4 - + SEM Geno CS Interaction 

Milk 

production 
(kg/d) 

        

Milk yield 13.86 15.68 15.13 18.66 0.877 0.02 < 0.01 0.33 
Fat 0.69 0.75 0.71 0.85 0.037 0.12 < 0.01 0.25 

Protein 0.57 0.62 0.61 0.72 0.033 0.06 0.01 0.41 

Casein 0.45 0.50 0.49 0.55 0.027 0.10 0.04 0.74 
         

Milk 
composition 

(%) 

        

Fat 4.93 4.76 4.72 4.54 0.056 0.003 0.02 1 
Protein 4.09 3.98 3.99 3.82 0.050 0.04 0.02 0.60 

Casein 3.25 3.18 3.18 3.03 0.030 < 0.01 < 0.01 0.25 
CN number5 79.55ab 79.91a 79.56ab 79.06b 0.165 0.03 0.70 0.03 

Lactose 4.18 4.28 4.23 4.27 0.042 0.66 0.15 0.53 
SCC (× 103 

cells/mL) 6 

85 98 137 224 60.4 0.18 0.43 0.56 

MUN (g/100 
mL) 7 

0.042 0.042 0.041 0.043 0.0009 0.97 0.34 0.25 

1 LM = Lower milk genotype cows. 
2 HM = Higher milk genotype cows. 
3 - = cows offered no CS. 
4 + = cows offered 2.7 kg dry matter CS. 
5 CN number = Casein as a proportion of total protein. 
6 SCC = somatic cell count. 
7 MUN = milk urea nitrogen. 
abc means with different superscripts differ significantly (P < 0.05).  
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Table 4.3: Effects of genotype (geno) and concentrate supplementation (CS) on milk production and 
milk composition (main effect results) 

 Feed strategy Geno 

 PO1 CS SEM P-value LM2 HM3 SEM P-value 

Milk 

production 

(kg/d) 

        

Milk yield 14.49 17.17 0.623 < 0.01 14.77 16.90 0.623 0.02 

Fat 0.70 0.80 0.026 < 0.01 0.72 0.78 0.026 0.12 
Protein 0.59 0.67 0.023 0.01 0.60 0.66 0.024 0.06 

Casein 0.47 0.53 0.019 0.04 0.48 0.52 0.020 0.10 

         
Milk 

composition 
(%) 

        

Fat 4.82 4.65 0.046 0.02 4.85 4.63 0.040 < 0.01 
Protein 4.04 3.90 0.035 0.02 4.03 3.91 0.035 0.04 

Casein 3.21 3.10 0.021 < 0.01 3.21 3.10 0.021 < 0.01 

CN number4 79.55 79.49 0.117 0.70 79.73 79.31 0.117 0.03 
Lactose 4.20 4.27 0.030 0.15 4.23 4.25 0.030 0.66 

SCC (× 103 

cells/mL) 5 
111 161 42.7 0.43 92 180 42.7 0.18 

MUN (g/100 

mL) 6 
0.042 0.043 0.0006 0.34 0.042 0.042 0.0007 0.97 

1 PO = pasture-only. 
2 LM = lower milk genotype cows. 
3 HM = higher milk genotype cows. 
4 CN number = Casein as a proportion of total protein. 
5 SCC = somatic cell count. 
6 MUN = milk urea nitrogen.  
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Table 4.4: Effects of genotype (geno) and concentrate supplementation (CS) on milk processability 
(interaction results) 

Geno LM 1 HM 2  Significance 

CS - 3 + 4 - + SEM Geno CS Interaction 

Processability         

Milk pH 6.60 6.58 6.58 6.59 0.017 0.73 0.98 0.39 

ES (%) 5 72.95 74.97 72.80 74.91 0.975 0.91 0.04 0.96 
RCT (% of 

lowest time) 6 

106 106 101 100 6.1 0.42 0.99 0.78 

1 LM = Lower milk genotype cows. 
2 HM = Higher milk genotype cows. 
3 - = cows offered no CS. 
4 + = cows offered 2.7 kg dry matter CS. 
5 ES = Ethanol stability. 
6 RCT = Rennet coagulation time. RCT is expressed as a percentage of lowest time ie. (HM+). 
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Table 4.5: Effects of genotype (geno) and concentrate supplementation (CS) on milk processability 
(main effect results) 

 Feed strategy Geno 

 PO1 CS SEM P-value LM2 HM3 SEM P-value 

Processability         

Milk pH 6.59 6.59 0.012 0.98 6.59 6.59 0.012 0.73 
ES (%) 4 72.88 74.94 0.634 0.04 73.96 73.85 0.634 0.91 

RCT (% of 
lowest time) 5 

106 101 6.1 0.99 104 103 6.1 0.42 

1 PO = pasture-only. 
2 LM = lower milk genotype cows. 
3 HM = higher milk genotype cows. 
4 ES = Ethanol stability. 
5 RCT = Rennet coagulation time. RCT is expressed as a percentage of lowest time.  
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Table 4.6: Effects of genotype (geno) and concentrate supplementation (CS) on milk mineral 
composition (interaction results) 

Geno LM 1 HM 2  Significance 

CS - 3 + 4 - + SEM Geno CS Interaction 

Minerals 

(mg/L) 

        

Calcium 1487 1548 1562 1445 52.9 0.80 0.61 0.13 

Potassium 1324 1432 1415 1379 57.0 0.75 0.53 0.22 
Magnesium 153 161 157 143 7.3 0.36 0.72 0.17 

Sodium 567 615 618 578 30.3 0.82 0.90 0.19 

Phosphorus 1249a 1449b 1456b 1381ab 47.4 0.16 0.20 < 0.01 
1 LM = Lower milk genotype cows. 
2 HM = Higher milk genotype cows. 
3 - = cows offered no CS. 
4 + = cows offered 2.7 kg dry matter CS. 
abc means with different superscripts differ significantly (P < 0.05).  



141 
 

Table 4.7: Effects of genotype (geno) and concentrate supplementation (CS) on milk mineral 
composition (main effect results) 

 Feed strategy Geno 

 PO1 CS SEM P-value LM2 HM3 SEM P-value 

Minerals 

(mg/L) 

        

Calcium 1525 1497 37.4 0.61 1518 1504 37.4 0.80 

Potassium 1369 1406 40.3 0.53 1378 1397 40.3 0.75 
Magnesium 155 152 5.2 0.72 157 150 5.2 0.36 

Sodium 593 597 21.4 0.90 591 598 21.4 0.82 

Phosphorus 1353 1415 33.5 0.20 1349 1419 33.5 0.16 
1 PO = pasture-only. 
2 LM = lower milk genotype cows. 
3 HM = higher milk genotype cows.  
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Table 4.8: Effects of genotype (geno) and concentrate supplementation (CS) on milk fatty acids 
(interaction results) 

Geno LM 1 HM 2  Significance 

CS - 3 + 4 - + SEM Geno CS Interaction 

Milk Fatty 

Acids (g/100 
g fat) 

        

MUFA 5 26.79 27.54 27.64 27.06 0.347 0.61 0.81 0.09 
PUFA 6 4.00 4.17 4.04 3.97 0.069 0.29 0.47 0.11 

SFA 7 59.97 58.97 59.13 59.69 0.378 0.87 0.58 0.07 
UNSFA 8 31.60 32.68 32.97 32.30 0.580 0.41 0.73 0.17 
C18:1 9 19.98 20.54 20.62 20.09 0.269 0.74 0.97 0.07 

C16:0 10 26.98 26.33 26.66 27.38 0.382 0.37 0.93 0.11 
C18:0 11 6.61 6.73 6.47 6.47 0.104 0.09 0.60 0.60 

1 LM = Lower milk genotype cows. 
2 HM = Higher milk genotype cows. 
3 - = cows offered no CS. 
4 + = cows offered 2.7 kg dry matter CS. 
5 MUFA = monounsaturated fatty acid. 
6 PUFA = polyunsaturated fatty acid. 
7 SFA = saturated fatty acid. 
8 UNSFA = unsaturated fatty acid. 
9 C18:1 = oleic acid. 
10 C16:0 = palmitic acid. 
11 C18:0 = stearic acid.  
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Table 4.9: Effects of genotype (geno) and concentrate supplementation (CS) on milk fatty acids (main 
effect results) 

 Feed strategy Geno 

 PO1 CS SEM P-value LM2 HM3 SEM P-value 

Milk Fatty 

Acids (g/100 
g fat) 

        

MUFA 4 27.22 27.30 0.245 0.81 27.17 27.35 0.245 0.61 
PUFA 5 4.02 4.07 0.049 0.47 4.09 4.01 0.049 0.29 

SFA 6 59.55 59.33 0.267 0.58 59.47 59.41 0.267 0.87 

UNSFA 7 32.28 32.49 0.422 0.73 32.14 32.64 0.422 0.41 
C18:1 8 20.30 20.31 0.195 0.97 20.26 20.35 0.195 0.74 

C16:0 9 26.82 26.86 0.270 0.93 26.66 27.02 0.270 0.37 
C18:0 10 6.54 6.6 0.073 0.60 6.67 6.47 0.073 0.09 

1 PO = pasture-only. 
2 LM = lower milk genotype cows. 
3 HM = higher milk genotype cows. 
4 MUFA = monounsaturated fatty acid. 
5 PUFA = polyunsaturated fatty acid. 
6 SFA = saturated fatty acid. 
7 UNSFA = unsaturated fatty acid. 
8 C18:1 = oleic acid. 
9 C16:0 = palmitic acid. 
10 C18:0 = stearic acid.  
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Figure 4.1: Effect of week of experiment on milk pH (n = 3; pooled). Sampling was 

conducted on a weekly basis from 10th September to 31st October 2018.  
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Figure 4.2: Changes in autumn pasture quality offered to dairy cows during the 

experiment (n = 8; samples were not pooled). Standard deviations across the 52-d 

study were; ± 21.4 g kg-1 WSC (water soluble carbohydrate); ± 21.3 g kg-1 NDF 

(neutral detergent fibre); ± 4.9 g kg-1 ash; ± 22.7 g kg-1 CP (crude protein); ± 15.3 g 

kg-1 FW (fresh weight); and ± 62.2 g kg-1 ADF (acid detergent fibre).
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5.1 Abstract 

The objectives of this study are to evaluate the effects of (1) a potential interaction 

between supplement CP concentration and differing cow genotypes on milk 

production, (2) differing cow genotypes on milk production and (3) decreasing the 

supplement CP concentration on milk production and nitrogen (N) excretion during the 

main grazing season within a spring calving herd. A 2 × 2 factorial arrangement 

experiment, with two feeding strategies [14%; n=30 (lower CP; LCP) and 18%; n=28 

(higher CP; HCP) CP concentrate supplements] offered at varying levels according to 

pasture availability and days in milk was conducted over the main grazing season from 

3rd April to 3rd September 2019 at University College Dublin Lyons Farm. Cows were 

also grouped into two genotype groups: lower milk genotype; n=30 (LM; milk kg 

predicted transmitting ability (PTA): 45 ± 68.6 (mean ± SD), fat kg PTA: 10 ± 4.9, 

and protein kg PTA: 7 ± 2.3) and higher milk genotype; n=28 (HM; milk kg PTA: 203 

± 55.0, fat kg PTA: 13 ± 3.8, and protein kg PTA: 10 ± 2.4). Forty-six multiparous 

and 12 primiparous (total; 58) Holstein Friesian dairy cows were blocked on parity, 

and balanced on days in milk, body condition score and Economic Breeding Index. 

Cows were offered a basal diet of grazed perennial ryegrass pasture. The N partitioning 

study took place from 25th to 30th August 2019 (187 ± 15.2 days in milk). No 

interactions were observed for any milk production or milk composition parameter. No 

effect of supplement CP concentration was observed for any total accumulated milk 

production, daily milk production or milk composition parameter measured. The HM 

cows had increased daily milk yield (+1.9 kg), fat + protein (+0.15 kg) and energy-

corrected milk (+1.7 kg) compared to the LM cows. Furthermore, HM cows had 

decreased milk protein concentration (-0.1%) compared to LM cows. For the N 

partitioning study, cows offered LCP had increased pasture DMI (PDMI; +0.9 kg/d), 

dietary N intake (+0.022 kg/d), faecal N excretion (+0.016 kg/d) and decreased N 

partitioning to milk (-2%) and N utilisation efficiency (-2.3%). In conclusion, offering 

cows LCP had no negative impact on milk production or milk composition over the 

main grazing season where high pasture quality was maintained. However, any 

potential negative impact of offering LCP on milk production may have been offset by 

the increased PDMI. Furthermore, offering cows LCP decreased N utilisation efficiency 
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due to the higher PDMI and feed N intake associated with cows on this treatment in 

our study. 

Keywords: dairy cow, genotype, supplement crude protein, milk production, nitrogen 

excretion  



149 
 

5.2 Introduction 

Nitrogen (N) losses can negatively impact on air (ammonia; NH3), and both 

groundwater and surface water (nitrates; NO3) quality (Tamminga, 1992; Owens et 

al., 1994; EPA, 2017). The European Union (EU) Nitrates Directive (91 676 EEC) has 

been in place since 1991 and aims to protect water quality from pollution originating 

from agricultural sources and promote the use of good farming practice. Nitrogen 

utilisation efficiency (NUE) is poor in dairy cows (Ipharraguerre and Clark, 2005) and 

can be exacerbated in grazing systems because high quality grazed pasture is naturally 

high in crude protein (CP; Van Vuuren et al., 1990) with a value of 18.5% CP being 

defined as high by Kopp et al. (2019). As a result, large amounts of N loss occur when 

dairy cows are grazing outside (Casey and Holden, 2005). Typically, NUE ranges from 

12 to 25% in Irish grazing studies and can be dependent on stage of lactation (SOL; 

Whelan et al., 2012; Reid et al., 2015b; McKay et al., 2019). Furthermore, it is known 

that urinary N is the most environmentally harmful route of N excretion in dairy cows 

(Pakro and Dillon, 1995) but it is also the most labile with differing dietary strategies 

(Burke et al., 2008; Whelan et al., 2012). It is of interest, therefore, to investigate 

options of reducing N excretion or altering the route of excretion in grazing dairy cows. 

There is some evidence (Cheng et al., 2014) to suggest an effect of genotype on milk 

N output, whilst Huhtanen et al. (2015) showed that dietary means have more of an 

effect. 

Irish milk production predominantly relies on a spring-calving grazing system, typically 

utilising concentrate supplementation (CS) when there is a reduced availability and 

quality of grazed pasture (Dillon et al., 2008; McEvoy et al., 2008). Past research has 

shown that CS has increased milk yield (Bargo et al., 2003; Kennedy et al., 2003; 

McKay et al., 2019), milk solids yield (O'Brien et al., 1996) and lactation length 

(Kellaway and Harrington, 2004). Additionally, when grazed pasture is the sole feed, 

the opportunity for dietary manipulation of N excretion is limited; however, offering 

cows CS allows the substitution of a proportion of the diet higher in CP (pasture) with 

a lower CP feed supplement (CS) (Reid et al., 2015b; McKay et al., 2019). Decreasing 

the supplement CP concentration has reduced urinary N excretion in recent past 

studies (Whelan et al., 2012; Hynes et al., 2016), thus, potentially reducing the 

environmental impact associated with pasture-based dairy production. However, 
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results of these studies that also investigate effects of supplement CP on milk 

production are variable, focus on a particular lactation stage only and do not provide 

results of total accumulated milk production over the main grazing season (Whelan et 

al., 2012; Hynes et al., 2016). Additionally, farmers that operate more intensive milk 

production systems within the European Union must now reduce feed N inputs to 

comply with Nitrates Derogation legislation (DAFM, 2021). 

Aside from differing dietary strategies, genetic improvement is a viable alternative 

strategy that can be utilised to improve milk production levels while simultaneously 

reducing the environmental footprint of dairy production systems (Berry, 2013; Lahart 

et al., 2021). For example, Cheng et al. (2014) showed that improvements in milk 

production through genetic selection (Breeding Worth; New Zealand) resulted in an 

associated increase in milk N output leading to a higher NUE. However, differences in 

milk production between cows that score highly on the grazing orientated economic 

breeding index (EBI; Ireland) but have divergent fat and protein kg PTA has not been 

evaluated. This research could be important for farmers who want more information 

on genotypes to improve milk production and simultaneously reduce environmental 

impact. 

The objectives of this study are to evaluate the effects of (1) a potential interaction 

between supplement CP concentration and differing cow genotypes on milk 

production, (2) differing cow genotypes on milk production and (3) decreasing the 

supplement CP concentration on milk production and N excretion during the main 

grazing season within a spring calving herd.  
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5.3 Materials and methods 

5.3.1 Animal ethics 

All procedures described in this experiment were approved by the Animal Research 

Ethics Committee at University College Dublin (UCD) and conducted under 

experimental license from the Health Products Regulatory Authority (HPRA) under the 

European Directive 2010/63/EU and S.I. No. 543 of 2012. Each person who carried out 

procedures on experimental cows, during this experiment, were authorised to do so 

by the HPRA. Procedures conducted on the experimental cows were deemed “mild” in 

severity banding. Hence, no pain, suffering or distress was observed in experimental 

cows, and no humane endpoints were required. This experiment was conducted at 

UCD Lyons Farm, Celbridge, Naas, Co. Kildare, IE, W23 ENY2 (530 17’ 56” N, 60 32’ 18” 

W). 

5.3.2 Cows, treatments and experimental design 

Forty-six multiparous and 12 primiparous (total; 58) Holstein Friesian pasture-based 

dairy cows were selected from the spring-calving dairy herd at UCD Lyons Farm. Cows 

were grouped into two genotype groups (Table 5.1): lower milk genotype; n=30 (LM; 

milk kg PTA: 45 ± 68.6, fat kg PTA: 10 ± 4.9, and protein kg PTA: 7 ± 2.3) and higher 

milk genotype; n=28 (HM; milk kg PTA: 203 ± 55.0, fat kg PTA: 13 ± 3.8, and protein 

kg PTA: 10 ± 2.4). The PTA values mentioned herein were a criterion for selection of 

the 58 cows from a larger herd and contribute to an Irish purpose-made breeding 

index (EBI; www.icbf.com). Two feeding strategies (14%; n=30 (LCP) and 18%; n=28 

(HCP) CP CS; Table 5.2) were offered at an equal quantity for all cows throughout the 

study but the quantity that was offered varied during the study. Levels ranged from 

7.9 kg dry matter (DM)/cow per day (d) at the beginning of the study, eventually 

decreasing to 3.1 kg DM/cow per d at the end of the study as DIM increased. The 

reason for the decrease in CS offered to cows as d in milk (DIM) increased was because 

of a decreasing average energy requirement for the herd as milk yields naturally 

decreased. Cows were randomly assigned to their treatment groups after being 

blocked on parity and balanced on DIM (42 ± 15.2), body condition score (BCS; at 24 

± 15.2 DIM) and overall EBI before commencement of the experiment. Individual cow 

was considered the experimental unit. For the milk production study, the experiment 

http://www.icbf.com/
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was a complete randomised block design with a 2 × 2 factorial arrangement of the 

treatments. The feeding strategies were fed over the main grazing season (3rd April to 

3rd September 2019). For the milk production study, cows within genotype groups 

were randomly assigned to one of two feeding strategies, resulting in four treatment 

groups: 1) LM cows fed pasture + LCP (n=15); 2) LM cows fed pasture + HCP (n=15); 

3) HM cows fed pasture + LCP (n=15); and 4) HM cows fed pasture + HCP (n=13). 

During the milk production study, a N partitioning study was conducted with 30 cows 

over a discreet period of one week (wk) to investigate differences in NUE between 

cows offered either LCP (n = 15) or HCP (n = 15). At the time of the N partitioning 

study (187 ± 15.2 DIM), cows were offered 3.1 kg CS DM/cow per d and this 

supplement aided in supplying 100% of the cows’ energy requirements. Cows grazed 

full time and were offered a basal diet of grazed perennial ryegrass (Lolium perenne 

L.) pasture (Table 5.3). Supplementary concentrates were manufactured by Gain 

Feeds, where all ingredients were ground to form a pellet. Concentrate supplement 

was dispensed in the milking parlour twice daily; 50% at am and 50% at pm milking 

using the Feedrite automatic system linked to cow electronic identification 

(Dairymaster, Kerry, IE). 

Sample sizes were determined by means of a power test using the CV of milk fat yield 

(AlZahal et al., 2010). Data points where somatic cell count (SCC) was greater than 

3,000,000 cells/mL (two data points) were removed from the analysis as these cows 

SCC values were deemed to be outliers. Sufficient blinding was ensured as the 

corresponding author was aware of group allocation during the allocation but not 

during the conduction of the experiment or during the outcome of the data analysis. 

This eliminated any unconscious bias which may have influenced results. 

5.3.3 Data and sample collection 

5.3.3.1 Pasture collection 

Cows grazed as a single group and were offered fresh allocations of pasture daily (14 

- 15 kg DM/cow total). As cows grazed (to 4 cm) together, this eliminated any potential 

confounding effects such as differences in pasture composition. Pre-grazing herbage 

mass was determined daily before cows entered a new paddock; a total of 50 

measurements were taken across each grazing area using a rising plate meter 
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(diameter 355 mm and 3.2 kg/m2; Jenquip, Feilding, NZ) by walking in a W-shape 

across the field. Pre-grazing herbage mass averaged 1,284 kg DM per hectare (ha; 

above 4 cm) for the duration of the study. Post-grazing herbage mass was also 

measured daily for the duration of the study using a rising plate meter and averaged 

127 kg DM per ha (above 4 cm). Pasture samples were taken pre-grazing using a 

pooled sample of three quadrant (0.25m2) cuts. On a weekly basis, daily pasture 

samples were pooled for chemical analyses (DM, ether extract, ash, and CP), neutral 

detergent fibre (NDF), acid detergent fibre (ADF) and water-soluble carbohydrates 

(WSC). Then, monthly changes in pasture quality over the experiment were 

determined and are shown in Figure 5.1. Cows had ad libitum access to fresh water. 

5.3.3.2 Milk sample collection 

Cows were milked twice daily at 0700 hours (h) and 1500 h. Milk output was recorded 

and milk sampling was facilitated using the Weighall milk metering and sampling 

system (Dairymaster, Kerry, IE). Milk samples for each individual cow were collected 

and analysed once per wk on the same occasion for milk composition parameters 

(Doran et al., 2020); thereby controlling any time-related confounding effects. Test 

day milk fat, total protein and fat + protein kg were all then determined (Condren et 

al., 2019). 

5.3.3.3 Body weight and body condition score 

Individual cow body weights were measured twice daily using electronic scales as the 

cows exited the milking parlour through the automatic cow-drafting unit (Dairymaster, 

Kerry, IE) and then a weekly average was calculated. Body condition score was 

assessed by the consensus of two trained operators following morning milking once 

every 14 days using a scale of 1 to 5 with 0.25 increments according to Edmonson et 

al. (1989). 

5.3.3.4 Determination of intake and N excretion 

A N partitioning study was conducted during wk 22 of the experiment (25th – 30th 

August 2019; 187 ± 15.2 DIM). Pasture DMI (PDMI) and N excretion were estimated 

over a period of 6 d and was determined using the n-alkane technique of Dove and 

Mayes (2006). Cows were dosed with a paper bolus impregnated with 500 mg of the 

n-alkane n-dotriacontane, for a period of 12 d following am and pm milking. From d 7 
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to d 12, samples of the CS, pasture, milk and faeces were collected. Pasture samples 

were collected in the morning and evening using a quadrant and handheld shears. 

These samples were immediately dried at 55 °C for 48 h. Faecal samples were collected 

whenever possible, when cows naturally defecated, and if not, samples were collected 

per rectum and placed in a forced-air oven at 55 °C for 72 h. Samples of milk were 

collected during am and pm milking and pooled according to milk yield daily. 

5.3.4 Sample analyses 

5.3.4.1 Pasture, concentrate and faecal sample analysis 

Pasture and concentrate sample analyses were conducted by FBA Laboratories. 

Pasture, concentrate and faecal samples were dried in a forced air oven at 55 °C for 

48 h and were ground in a hammer mill fitted with a 1- mm screen (Lab Mill, Christy 

Turner, Suffolk, UK). The DM content of samples was determined after drying 

overnight at 105 °C (16 h; AOAC, 2005a). The ash content was determined following 

combustion in a muffle furnace (Nabertherm GmbH, Lilienthal, DE) at 550 °C for 5 h 

(AOAC, 2005b). The N content of pasture and faecal samples were determined by 

combustion on LECO and CP content was calculated as N × 6.25 (FP 528 Analyzer, 

Leco Corp.; AOAC, 2005c). The ether extract of feed samples was determined using a 

Gerhardt Soxtherm Variostat extraction system. The NDF and ADF content of feed 

samples were determined using the method Van Soest et al. (1991) adapted for use 

in the AnkomTM 220 Fiber Analyzer (Ankom™ Technology, NY, USA). This method 

included a thermostable α-amylase and 20 g of sodium sulfide but residual ash was 

not determined. The WSC were measured by spectrophotometry using a Genesys 150 

UV-Visible Spectrophotometer. 

5.3.4.2 Milk sample analysis 

Concentrations of milk fat, total protein and SCC were determined in a commercial milk 

laboratory (National Milk Laboratories Ltd, Unit 26-29, Laches Close, Calibre Industrial 

Park, Four Ashes, Wolverhampton, UK, WV10 7DZ) using mid-infrared spectrometry 

(MilkoScan FT6000, Foss Analytical A/S, DK; Soyeurt et al., 2006). Values for ECM and 

FCM to 40 g/ kg were calculated as follows: ECM = ((0.327 × milk yield kg) + (7.2 

× milk protein kg) + (12.95 × milk fat kg)) (Eslamizad et al., 2010); and 40 g/kg of 

FCM = ((0.4 × milk yield kg) + (15 × fat yield kg)) (Gaines and Davidson, 1923). 
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5.3.4.3 Nitrogen partitioning study 

Pasture DMI was determined by extracting n-alkanes from feed and faeces samples 

according to the method of Dove and Mayes (2006). Following extraction, samples 

were analysed for concentrations of n-alkanes by gas chromatography using a Scion 

456-gas chromatography (GC; Scion Instruments) fitted with a 30-m capillary column 

with an internal diameter of 0.53 mm coated with 1.5 μm of dimethyl polysiloxane 

(Agilent Technologies Ireland Ltd.). These data were then applied to the following 

equation to calculate PDMI/cow per d (Mayes et al., 1986): PDMI = [(Fi/Fj)(Dj+IcCj)-

IcCi]/[Hi-(Fi/FjHj)], where Fi and Fj are the concentrations of naturally occurring odd-

chain (feed derived) and even-chain (dosed n-dotriacontane) n-alkane in faeces, 

respectively (mg/kg); Hi and Hj are the concentrations of natural odd-chain and even-

chain n-alkanes in pasture, respectively (mg/kg); Dj is the daily dose rate of the even-

chain n-alkanes (mg/kg); Ic is the daily concentrate intake (kg/d); and Ci and Cj are 

the concentrations of natural odd-chain and even-chain n-alkanes in concentrate feed 

(mg/kg), respectively. Nitrogen partitioning was then calculated according to Whelan 

et al. (2012) as follows: N intake (g) = [(kg of PDMI × g N/kg of DM pasture) + (kg 

of concentrate DMI × g of N/kg of DM concentrate)]; Faecal N (g) = (kg of faecal DM 

excretion × g of N/kg of DM faeces); Milk N = (kg of milk yield × g of N/kg milk); and 

Urinary N (g) = (N intake (g) – faecal N (g) – Milk N (g). Faecal output was determined 

according to the method of Dove and Mayes (2006). This data was then applied to the 

following equation to determine dry matter digestibility: dry matter digestibility = [(Aj-

Kb)/Aj], where Aj is the PDMI and Kb is faecal output (kg DM). 

5.3.5 Statistical analysis 

Data points for all parameters were closely observed during the analysis. If data points 

were deemed to be "biologically impossible" or “extreme outliers”, these data points 

were removed from the analysis. Residuals of data were assessed for normality and 

homogeneity of variance by histograms, QQ-plots and formal statistical tests as part 

of the UNIVARIATE procedure of SAS (version 9.4). Non-normal data were transformed 

by raising the variable to the power of lambda. The appropriate lambda value was 

obtained by conducting a Box-Cox transformation analysis using the TRANSREG 

procedure of SAS (Fahey et al., 2007). The transformed data was used to calculate P-

values. The corresponding least squares means, and standard error of the 
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untransformed data are presented in the results for clarity. The relationships between 

milk N output, urinary N excretion and faecal N excretion were tested for associations 

using the CORR procedure of SAS. Data were analysed using the repeated measures 

function MIXED procedure of SAS (milk production, milk composition, cow body 

weight, BCS, NUE and pasture quality). The fixed effects in the model included 

treatments [supplement CP concentration; LCP vs. HCP, genotype; LM vs. HM and 

time] and their interaction. Week of experiment was the repeated unit and cow was 

the random effect. Interactions were removed from fixed effects where P > 0.10. 

Heterogenous compound symmetry, unstructured, autoregressive, heterogeneous 1st 

order autoregressive, Toeplitz and heterogenous Toeplitz were (co)variance structures 

considered. The model with the lowest Bayesian information criterion value was 

selected. Differences between means were determined by F-tests using type III sums 

of squares. A probability of P < 0.05 was selected as the level of significance and 

statistical tendencies were reported when P ≥ 0.05 but < 0.10.  
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5.4 Results 

5.4.1 Milk production and milk composition 

No interaction (P > 0.10) was observed for any milk production or milk compositional 

parameter measured. Therefore, the results focused on the main effects of supplement 

CP concentration and cow genotype on milk production and milk composition. 

The effects of supplement CP concentration and cow genotype on milk production and 

milk composition are shown in Table 5.4. No differences were observed for milk yield, 

fat kg, protein kg and fat + protein kg (P > 0.10) between cows offered LCP and HCP. 

The HM cows tended (P = 0.08) to have increased trial accumulated milk protein kg 

compared to LM cows. Cows offered LCP tended to have increased daily milk protein 

kg (P = 0.09) and ECM (P = 0.05) compared to cows offered HCP. The HM cows had 

increased daily milk yield (P = 0.04), fat + protein kg (P = 0.04) and ECM yield (P = 

0.03) compared to LM cows, while HM cows tended (P = 0.06) to have increased daily 

milk fat kg compared to LM cows. No differences were observed for any milk 

composition parameter (milk fat, protein, fat: protein ratio and SCC; P > 0.10) 

measured between cows offered LCP and HCP. The HM cows had decreased (P = 0.02) 

milk protein concentration compared to LM cows. 

5.4.2 Dry matter intake and nitrogen partitioning 

The effect of supplement CP concentration on DMI and N partitioning is shown in Table 

5.5. Cows offered LCP had increased PDMI (P < 0.01) and total DMI (TDMI; P < 0.01) 

compared to cows offered HCP. No differences (P > 0.10) were observed for TDMI per 

kg of cow body weight or total body weight between cows offered LCP and HCP. Cows 

offered LCP had a decreased (P < 0.01) overall dietary CP content compared to cows 

offered HCP. Cows offered LCP had increased pasture N intake (P < 0.01) and total 

feed N intake (P < 0.01) compared to cows offered HCP. Furthermore, cows offered 

LCP had increased (P = 0.01) faecal N excretion compared to cows offered HCP. Cows 

offered LCP had a decreased (P = 0.03) proportion of N outputted in milk and tended 

(P = 0.09) to have an increased proportion of N excreted in the faeces compared to 

cows offered HCP. Furthermore, cows offered LCP excreted a greater proportion (P = 

0.03) of their total feed N intake compared to cows offered HCP, resulting in cows 

offered LCP having a decreased (P = 0.03) NUE compared to cows offered HCP. 
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We found negative linear relationships (Figures 5.2 and 5.3) between faecal N 

excretion and urinary N excretion (Eq. [1], P = 0.01, R2 = 0.21) and between milk N 

output and urinary N excretion (Eq. [2], P < 0.01, R2 = 0.59), respectively. 

[1] Urinary N excretion (kg/d) = -0.905 (±0.3298) × faecal N excretion (kg/d) + 0.416 

(±0.0370), 

[2] Urinary N excretion (kg/d) = -0.977 (±0.1494) × milk N output (kg/d) + 0.437 

(±0.0189).  
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5.5 Discussion 

There is a focus on decreasing the dietary N intake to reduce environmental N 

excretion due to the detrimental impact of N on water quality (Tamminga, 1992; EPA, 

2017). Both supplementary concentrates used in this study are typical of what is 

commonly used on commercial Irish dairy farms. 

5.5.1 Milk production and milk composition 

Despite the differences in PDMI and TDMI observed between cows offered different 

supplement CP concentrations during week 22 of the study, trial accumulated or daily 

average milk production were not affected by supplement CP concentration. It is 

important to note that PDMI and TDMI differences were representative of one week 

only when cows were in mid/ late lactation and may not accurately reflect daily intake 

predictions for the entire milk production study. Therefore, offering cows the 

decreased supplement CP level of 14% may have been sufficient to support similar 

levels of milk production to offering cows the increased level of 18% supplement CP 

during the main grazing season. Given the increasing focus on decreasing supplement 

CP levels because of environmental concerns (Tamminga, 1992), this would be an 

important finding. Compared to our findings, Hynes et al. (2016) showed that 

decreasing the supplement CP concentration from 181 to 141 g CP/kg DM did not 

decrease milk production where cows were fed pasture (183 g CP/kg DM, 461 g 

NDF/kg DM and 162 g WSC/kg DM). However, the pasture in our study had increased 

CP (236 g CP/kg DM), decreased NDF (434 g NDF/kg DM) and decreased WSC (134 g 

WSC/kg DM). Furthermore, in Hynes et al. (2016), decreasing the supplement CP did 

not affect voluntary DMI or milk production. This is compelling enough evidence to 

suggest that if DMI values remained similar in our study, milk production would still be 

similar between treatments. However, cows in the above study were housed and fed 

fresh cut pasture, whereas our cows grazed outdoors for the duration of the study. 

This difference is important, as the study of Dohme-Meier et al. (2014) found that 

grazing dairy cows expended energy differently to cows that were brought fresh cut 

pasture. Additionally, the study of Hynes et al. (2016) was not as long in duration as 

our study. While the overall dietary CP content of the treatments differed between 

cows offered LCP and HCP (197.30 versus 200.29 g CP/kg TDMI) during the N 

partitioning period in our study, cows offered LCP were still overfed dietary CP. 
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Broderick (2003) showed that increases in dietary CP above 167 g CP/kg TDMI had no 

positive effects on milk yield, fat kg or protein kg, hence, why we would not have 

observed decreases in milk production with offering LCP even if intakes were similar 

in our findings. However, an important caveat of using the study of Broderick (2003) 

as a benchmark for maximum dietary CP concentrations is that the above study was 

conducted on total mixed ration diets. Therefore, benchmarks in Broderick (2003) may 

or may not apply to studies where fresh forages are offered to cows. Elsewhere, 

Mulligan et al. (2004) and Burke et al. (2008) compared a 90 to a 240 g CP/kg DM CS 

and a 69 to a 194 g CP/kg DM CS in early and mid-lactation, respectively. Decreasing 

the supplement CP concentration did not decrease milk yield, fat kg or protein kg in 

these studies. However, these studies were shorter term studies than our study. 

Further research should focus on reducing the CS CP content below the levels offered 

in our study. This may provide more clarity on optimum lower levels of supplemental 

CP for grazing dairy cows over the main grazing season. 

No interaction was found between genotype and supplement CP for any milk 

production parameter; however, HM cows had increased daily milk yield, fat + protein 

kg and ECM yield, which is in agreement with Ferris et al. (1999) and Kennedy et al. 

(2003). An increased ECM yield could be the result of an increased feed efficiency, as 

these two variables have previously been positively correlated with each other (Gami 

et al., 2019). Furthermore, Coleman et al. (2010) showed that feed efficiencies could 

differ between differing cow genotypes within the Holstein Friesian breed, although 

milk PTA figures were not reported. Despite the observed increase in daily milk fat + 

protein kg with HM cows, there were no observed differences in trial accumulated milk 

fat + protein kg between cow genotypes in our study. This result is consistent with the 

findings of O'Sullivan et al. (2019), whose cows also differed in their milk production 

PTA. Elite cows had a milk kg PTA of -52.0 ± 132.6, a fat kg of 6.9 ± 5.08 and a 

protein kg PTA of 2.5 ± 3.73 while national average cows had a milk kg PTA of 0.6 ± 

127.4, a fat kg PTA of 3.4 ± 4.15 and a protein kg PTA of 0.5 ± 3.42 in the 

aforementioned study. The lack of a difference in trial accumulated milk fat + protein 

kg in our findings could be attributed to milk, fat and protein kg PTA differences 

between cow genotypes. Differences in PTA between genotypes may not have been 

sufficient to detect trial accumulated milk production differences during our 23-week 
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study. Alternatively, milk production PTA values for genotypes in our study were 305 

day predicted values, while the experiment was conducted for 161 day (42-203 DIM). 

Therefore, it is more likely that our experiment would have found differences in trial 

accumulated milk production between cow genotypes if whole-lactation milk 

production data were obtained (1-42 DIM and 203-305 DIM included). 

5.5.2 Dry matter intake and nitrogen partitioning 

When using the method of Whelan et al. (2012) to calculate N partitioning, it was 

assumed that negligible levels of N were retained in the cow. This is a valid assumption 

considering that cow body weight did not change from the start to the end of that 

experiment. As cow body weight did not change from the start to the end of our 

experiment (Figure 5.4), this assumption also applies to our experiment. Additionally, 

Steinshamn et al. (2006), Mulligan et al. (2004) and Whelan et al. (2012) calculated N 

intake and faecal N with n-alkane markers, while calculating urinary N by difference. 

Our N partitioning study was conducted once in 23 weeks and the aim of this was to 

provide a snapshot in time to investigate potential differences between treatments. 

Cows were on average 187 DIM at the start of the N partitioning study and this 

coincides with cows advancing in lactation stage. Castillo (2001) elucidated that dairy 

cow NUE decreases as DIM increases. Therefore, a N partitioning study was conducted 

later in the study (week 22) to investigate potential differences between treatments at 

a time when NUE becomes problematic in grazing herds. 

Previous studies show that altering the supplement CP concentration does not impact 

on PDMI or TDMI (Burke et al., 2008; Whelan et al., 2012; Hynes et al., 2016). Despite 

this phenomenon, cows in our study that were offered LCP had increased PDMI and 

consequently, TDMI; even though LCP and HCP supplements were supplied in equal 

quantities. Dry matter intake has previously been positively correlated with cow body 

weight (Vazquez and Smith, 2000). There was a numerical difference in cow body 

weight between cows offered LCP and HCP during the N partitioning period reported 

herein and this may have contributed to the PDMI difference between LCP and HCP 

treatments. Furthermore, when TDMI was expressed on a per kg of cow body weight 

basis, there were no differences in TDMI between cows offered LCP or HCP. The TDMI 

per kg of body weight LSM obtained for cows offered LCP and HCP in this study were 
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similar to the LSM obtained in the studies of Prendiville et al. (2010) and Coleman et 

al. (2010) where cows grazed pasture. 

Previous studies have demonstrated that increasing the supplement or dietary CP 

concentration has augmented levels of total dietary N intake in dairy cows (Mulligan 

et al., 2004; Whelan et al., 2012; Barros et al., 2017). Contradictory to these findings, 

cows offered LCP had an increased total dietary N intake compared to cows offered 

HCP in our study. We can attribute this result to the fact that cows offered LCP had an 

increased PDMI compared to cows offered HCP. Contrary to other research (Burke et 

al., 2008; Whelan et al., 2012; Reid et al., 2015a), the increase in total dietary N intake 

did not result in an increase in urinary N excretion but saw an increase in faecal N 

excretion. Despite this unusual result, it is important to note that these N partitioning 

and DMI results were representative of a single week only during the experimental 

period as cows were advancing in lactation stage and that these results may not reflect 

happenings of the entire experiment. This is so as OMD of the diet is known to be 

positively related to faecal N excretion (Lukas et al., 2005). Pasture OMD (in vitro) 

fluctuated with time in this experiment (Table 5.3 and Figure 5.1) which could mean 

that faecal N levels may also have fluctuated with time. Therefore, further research 

should focus on milk production over a similar period but also focus on N partitioning 

when cows are in early and mid-lactation. This would provide researchers with a 

broader picture of N partitioning across an entire lactation where cows are pasture-

based and would complement our research. 

Upon analysis, we found no linear relationship between dietary N intake and urinary N 

excretion which explains why urinary N excretion was not increased with increasing 

feed N intake in our findings. The aforementioned studies that have found increases 

in urinary N excretion with increasing total dietary N intake, had a larger range of total 

feed N intakes compared to the range in our findings (from 546 g to 568 g). Total feed 

N intakes ranged from 561 g to 654 g N in Burke et al. (2008), from 473 g to 545 g N 

in Whelan et al. (2012) and from 665 g to 744 g in Reid et al. (2015a). Therefore, the 

total dietary N intake range between treatments in our findings may not have been 

sufficient to detect a relationship between urinary N excretion and total dietary N 

intake. Additionally, cows offered LCP had decreased NUE. This result was supported 
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by the fact that cows in this treatment had no improvement in milk N output despite 

the increase in total dietary N intake that was associated with increased PDMI. It is 

important to consider that N partitioning results observed herein could be somewhat 

attributed to the PDMI difference between cows offered either LCP or HCP. 

Furthermore, NUE for treatments ranged from 20.9 to 23.2% in our findings. This 

range is lower than the range reported in the study of Hynes et al. (2016) (from 27.1 

to 27.4%). The lower cow level NUE range that was observed in our study may have 

been due to the higher overall dietary CP concentration in our study (198.8 g CP/kg 

TDMI) compared to Hynes et al. (2016) (results indicate <180 g CP/kg TDMI given the 

total N intake as a percentage of total DMI). Lee et al. (2011) showed that increasing 

dietary CP concentration corresponds to lower cow level NUE. Alternatively, the 

difference in reported NUE between our findings and the study of Hynes et al. (2016) 

may have been due to the differing ratio of pasture WSC:CP (Keim and Anrique, 2011; 

Parsons et al., 2011). The larger ratio for the N partitioning study in our findings 

(calculated as CP%/WSC%; 2.1) compared to the ratio in the findings of Hynes et al. 

(2016) (1.1) may explain why the NUE of cows in our study was lower than the NUE 

of cows in Hynes et al. (2016). The studies of Keim and Anrique (2011) and Parsons 

et al. (2011) highlight the importance of pasture nutrient interactions on dairy cow 

NUE. 

As demonstrated by Eq. [1], we found a negative linear relationship between faecal N 

excretion and urinary N excretion; where faecal N excretion was increased, urinary N 

excretion was simultaneously decreased. The literature shows that increasing the 

amount of ingested N excreted as faecal N, instead of urinary N, has environmental 

significance, primarily because of the reduction of N loss as N2O (Tamminga, 1992) 

and NH3 (Bussink and Oenema, 1998). Similarly, we observed a negative linear 

relationship between milk N output and urinary N excretion (Eq. [2]). An increase in 

milk N output simultaneously led to a decrease in urinary N excretion. This is an 

important result, not only in terms of environmental benefits, but also for the 

economics of milk production. The study of Cheng et al. (2014) showed that achieving 

an increase in milk N output through genetic improvement is possible, although only 

numerical decreases in urinary N excretion were concurrently observed in that study. 
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This strengthens the requirement for further research to be conducted on N 

partitioning where cows differ in their milk production PTA.  
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5.6 Conclusion 

This study shows that it may be possible to reduce supplement CP concentration 

without negatively impacting on accumulated milk fat + protein yield during the main 

grazing season. However, any potential negative impact of offering LCP on milk 

production may have been offset by the increased PDMI. Similarly, the decreased NUE 

associated with offering cows the lower CP supplement could be attributed to an 

increase in N intake while no such increases were observed for milk N output. The 

results of this experiment would be important for milk producers considering that lower 

protein concentrates are now a requirement for many grazing livestock farmers to 

comply with the EU Nitrates Directive. Further research should focus on investigating; 

1) if supplement CP concentration can be successfully reduced to levels lower than the 

levels investigated in this study without impacting on milk production; and 2) if 

improved milk production through selection for fat and protein kg PTA impacts on feed 

efficiency and NUE during the main grazing season where pasture-based systems are 

practiced.  
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Table 5.1: Genotype profile of cows in the experiment 1 

 Lower milk 

genotype 

National 

percentile 

Higher milk 

genotype 

National 

percentile 

EBI (€) 173 Top 1% 173 Top 1% 

Milk sub-index (€) 58 Top 5% 70 Top 1% 

Fertility sub-index (€) 68 Top 5% 55 Top 30% 
     

Genetic parameter     
Milk kg 45 Top 50% 203 Top 10% 

Fat kg 10 Top 5% 13 Top 1% 
Protein kg 7 Top 10% 10 Top 1% 

Fat % 0.16 Top 5% 0.09 Top 20% 

Protein % 0.09 Top 5% 0.06 Top 10% 
1 National percentiles apply to the year 2019.  
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Table 5.2: Chemical composition and ingredient inclusion level of concentrate supplements offered 

during the 23-week study 

 LCP1 HCP2 

Chemical composition (g/kg)   

DM 873 874 

Ash 81 83 

Crude protein 142 181 

Starch 261 257 

NDF 218 172 

UFL 3 0.99 1.00 

   

Ingredient inclusion level of concentrates (g/kg) 4   

Barley   225   217 

Maize   225   225 
Maize distiller grain with solubles   100   100 

Sugar beet pulp pellets 8 mm   150    90 

Soyabean meal 47%   105   210 

Soya hulls    87    50 

Palm oil (Mixer) 9 9 

Vegetable oil blend (Coater) 6 6 

Sugarcane molasses (Mixer) 45 45 

Monocalcium diphosphate 8 8 

Calcium carbonate 8 8 

Rumen buffer (AcidBuff) 5 10 10 

Sodium chloride 9 9 

Magnesium oxide 7.5 7.5 

Alltech Lifeforce MinPlex Pack 6 0.5 0.5 

Gain Vitamin E 5% Premix 0.5 0.5 

B group vitamin (Biotin 2% premix) 0.1 0.1 

Saccharomyces cerevisiae (Yea-Sacc TS 50% Premix) 6 0.3 0.3 

Gain cattle mineral premix 4 4 

  1 LCP = lower crude protein (14%). 
2 HCP = higher crude protein (18%). 
3 UFL = Unité fourragère du lait; unit of energy, where 1 UFL is the amount of energy 

contained in 1 kg of air-dried barley (87% DM, 11.2 MJ of ME). 
4 All grains were ground. 
5 Celtic Sea Minerals, Cork, IE. 
6 Alltech, Nicholasville, KY. 
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Table 5.3: Chemical composition of the pasture that cows grazed during the 23-week study 1 

 LSM SEM Month P - value 

Chemical composition (g/kg of DM unless stated)    

DM (g/kg fresh weight) 162 6.3 0.08 

Ash 99 3.8 0.43 
Crude protein 238 11.1 0.23 

Neutral detergent fibre 442 15.3 0.08 
Acid detergent fibre 227 4.6 0.24 

Water-soluble carbohydrates 135 11.4 0.08 

Ether extract 29 2.8 0.76 
OM digestibility 2 915 5.4 < 0.01 

PDIN 3 151 6.9 0.26 
PDIE 4 111 1.1 0.12 

PDIA 5 26 0.8 0.40 
1 All protein truly digested in the small intestine (PDI) values are estimates. 
2 OM digestibility is a predicted value. 
3 PDIN = PDI, where nitrogen is limiting microbial protein synthesis. 
4 PDIE = PDI, where energy is limiting microbial protein synthesis. 
5 PDIA = feed protein truly digested in the small intestine.  
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Table 5.4: Effects of supplement crude protein (CP) concentration and cow genotype on milk 

production and milk composition for the 23-week study 

1 Lower milk genotype cows. 
2 Higher milk genotype cows. 
3 Total accumulated milk production/cow from start to end of experiment. 
4 Average milk production/cow per d from start to end of experiment. 
5 ECM = Energy corrected milk yield. 
6 FCM = Fat corrected milk yield. 
7 SCC = Somatic cell count.  

 Supplement CP 

concentration 

Cow genotype 

 14% 18% SEM P - 
value 

LM1 HM2 SEM P - 
value 

Trial accumulated milk 

production (kg/cow) 3 

        

Milk yield 4322 4300 168.3 0.93 4208 4413 168.2 0.39 

Fat 185 184 5.9 0.87 180 189 6.0 0.26 

Protein 161 156 3.7 0.20 154 163 3.8 0.08 

Fat + protein 350 341 9.3 0.45 335 355 9.5 0.11 

         

Daily milk production (kg/d) 4         

Milk yield 28.5 27.8 0.66 0.34 27.2 29.1 0.67 0.04 

Fat 1.17 1.14 0.040 0.60 1.10 1.20 0.040 0.06 

Protein 1.02 0.96 0.024 0.09 0.97 1.01 0.024 0.25 

Fat + protein 2.21 2.12 0.054 0.20 2.09 2.24 0.055 0.04 

ECM 5 33.9 32.4 0.80 0.05 32.0 34.3 0.81 0.01 

4% FCM 6 28.7 28.4 0.84 0.77 27.7 29.4 0.85 0.11 

 
Milk composition (%, unless 

stated) 

        

Fat 4.04 4.10 0.087 0.58 4.13 4.11 0.089 0.32 

Protein 3.60 3.54 0.028 0.15 3.62 3.52 0.028 0.02 

SCC (× 103 cells/mL)7 64 69 9.1 0.69 62 72 9.1 0.61 
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Table 5.5: Effect of supplement crude protein (CP) concentration on dry matter intake and nitrogen 

(N) partitioning during week 22 of the study 

1 DMI = Dry matter intake. 
2 PDMI = Pasture dry matter intake. 
3 TDMI = Total dry matter intake. 
4 BW = Body weight. 
5 N partitioning = N out /N intake (kg/d). 
6 N excreted, % = N out [[faeces + urine output (kg/d)]/N intake (kg/d)] × 100. 
7 N utilisation efficiency = N out [[milk output (kg/d)]/N intake (kg/d)] × 100.  

 Supplement CP concentration 

 14% 18% SEM P - value 

DMI (kg/d) 1     

PDMI 2 14.9 14.0 0.13 < 0.01 
TDMI 3 18.0 17.1 0.13 < 0.01 

Total DMI/kg BW 4 0.029 0.029 0.0001 0.13 
     

BW 619 605 10.6 0.36 
     

Overall dietary CP content (g CP/kg TDMI) 197.30 200.29 0.001 < 0.01 

     
Intake (kg/d)     

Pasture N 0.493 0.462 0.0052 < 0.01 
Total feed N 0.568 0.546 0.0052 < 0.01 

     

N excreted (kg/d)     
Milk 0.118 0.124 0.0036 0.25 

Faeces 0.119 0.103 0.0040 0.01 
Urine 0.324 0.310 0.0077 0.22 

     
N partitioning 5     

Milk 0.209 0.232 0.0069 0.03 

Faeces 0.214 0.191 0.0086 0.07 
Urine 0.577 0.577 0.0122 0.95 

     
N excreted (%) 6 79.1 76.8 0.68 0.03 

NUE (%) 7 20.9 23.2 0.68 0.03 
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Figure 5.1: Changes in pasture quality offered to dairy cows during the experiment.  
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Figure 5.2: Pattern of estimated urinary nitrogen (N) excretion plotted over the range 

of faecal N excretion observed for cows. Urinary N was estimated by a difference 

calculation as stated in the text. LCP = cows offered the lower crude protein 

supplement ( ); and HCP = cows offered the higher crude protein supplement ( ).  
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Figure 5.3: Pattern of estimated urinary nitrogen (N) excretion plotted over the range 

of milk N output observed for cows. Urinary N was estimated by a difference calculation 

as stated in the text. LCP = cows offered the lower crude protein supplement ( ); and 

HCP = cows offered the higher crude protein supplement ( ).  
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Figure 5.4: Herd body weight change over the range of time (P = 0.16) 
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6.1 Abstract 

The objectives of this study are to evaluate the effects of (1) protein supplementation 

strategy (PSS), (2) cow genotype and (3) a potential interaction between PSS and cow 

genotype on milk production and nitrogen (N) utilisation efficiency (NUE) in late-

lactation spring-calving grazing dairy cows. A 2 × 2 factorial arrangement experiment, 

with two feeding strategies (13% (LCP) and 18% CP (HCP) supplements with equal 

metabolisable protein supply) offered at 3.6 kg DM/cow per day (d), and two cow 

genotype groups (lower milk genotype (LM) and higher milk genotype (HM)), was 

conducted over 53 d. Lignosulfonate-treated soybean meal (SoyPass®) and standard 

47% soybean meal were the protein sources for the 13 and 18% supplements, 

respectively and metabolisable protein values were 115 g metabolisable protein/kg of 

supplement for both supplements. Thirty-six multiparous and 12 primiparous Holstein 

Friesian (24 LM and 24 HM genotype) dairy cows were blocked on parity and balanced 

on d in milk, body condition score (BCS) and Economic Breeding Index and were 

assigned to one of the two feeding strategies. Cows grazed full time and were offered 

15 kg DM pasture/cow per d. Offering cows LCP increased pasture dry matter intake 

(DMI) and total DMI (+1.12 kg for both pasture DMI and total DMI) compared to 

offering cows HCP. There was an interaction for pasture DMI within cows offered HCP, 

where HM cows had increased pasture DMI (+0.58 kg) compared to LM cows. Offering 

cows LCP decreased yields of milk (-1.9 kg), protein (-0.07 kg), casein (-0.06 kg), fat 

+ protein (-0.12 kg), lactose (-0.08 kg), energy-corrected milk (-1.22 kg) and milk 

urea N concentration (-2 mg/dL) compared to offering cows HCP. The HM cows tended 

to have both increased yields of milk (+1.27 kg) and lactose (+0.05 kg) compared to 

LM cows. Offering cows LCP decreased the proportion of feed N recovered in the urine 

(-0.007 units) and increased the proportion of feed N recovered in the faeces (+0.008 

units) compared to offering cows HCP, whilst cow NUE was not affected by 

supplementary CP concentration or genotype. In conclusion, our study shows that 

reducing the supplementary CP concentration from 18% to 13% resulted in decreased 

milk production, maintained NUE and reduced partitioning of feed N to urine in late-

lactation grazing dairy cows. 

Keywords: milk production, nitrogen utilisation efficiency, concentrate 

supplementation, grazing  
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6.2 Introduction 

Pasture-based dairy systems within Ireland, New Zealand and southern Australia are 

seasonal and aim to maximise milk production from grazed pasture (Downey and 

Doyle, 2007). Typically, the grazing season spans from February to November in the 

northern hemisphere (Kennedy et al., 2009). Within these seasonal pasture-based 

systems, challenges associated with late lactation milk production include decreased 

milk yields, altered milk composition and poor nitrogen (N) utilisation efficiency (NUE; 

O'Brien et al., 1996; McKay et al., 2019). 

Appropriate nutrition can overcome challenges that are associated with late-lactation 

milk production (Mackle et al., 1999; O'Neill et al., 2012). Pasture-based milk 

production systems utilise concentrate supplement (CS) when there is a reduced 

availability of grazed pasture in the autumn (Patton et al., 2016). Pasture that is of 

high quality will have a high crude protein (CP) content (Van Vuuren et al., 1990) and 

research shows that protein is often fed in excess of cow requirements, particularly in 

late lactation (Law et al., 2009). Studies show that offering a high CP supplement does 

not result in improvements in milk production, however, it may result in an increase in 

harmful urinary N excretion where pasture is the basal forage in early and mid-lactation 

(Mulligan et al., 2004; Burke et al., 2008). Therefore, there may be an opportunity to 

reduce the cows’ supplementary CP intake without impacting milk production in late 

lactation. This research would be beneficial considering the current EU Nitrates 

Directive (91/676/EEC) which aims to protect water quality across the EU by preventing 

nitrates from agricultural sources polluting surface and ground waters (Department of 

Housing, 2020) and also the declining cow level NUE in late lactation. 

The NUE of dairy cows is an important topic because of the detrimental effect of N on 

the environment (Tamminga, 1992; EPA, 2021). Furthermore, cow level NUE is known 

to decrease as days in milk (DIM) increases (Castillo, 2001). This NUE reduction can 

be attributed to lower dietary protein requirements as milk yields naturally decrease in 

late lactation coupled with higher pasture N levels in the autumn (Mulligan et al., 

2004). Therefore, it may be possible to decrease the supplementary CP concentration 

that is offered to grazing dairy cows without impacting milk production whilst 

improving NUE in late lactation. Of the two primary N excretion methods in ruminants 
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(faecal N and urinary N), urinary N is the most polluting form of N excretion (Pakro 

and Dillon, 1995) but is also the most easily manipulated with differing dietary 

strategies (Whelan et al., 2012b). Therefore, potential exists to alter the partitioning 

of N from urine to faeces. However, the impact of reducing the supplementary CP 

concentration whilst maintaining similar metabolisable protein (MP) supply on N 

partitioning and NUE is unknown. 

The French PDI (protein digestible in the small intestine) system is based on the 

concept of MP and estimates the quantity of amino acids absorbed in the small intestine 

from dietary protein undegraded in the rumen and microbial protein synthesis (Das et 

al., 2014). This system can aid in more accurate balancing of dietary energy and 

protein requirements which results in improved dietary protein utilisation. Therefore, 

it is possible to reduce the supplementary CP supply whilst equalising supplementary 

MP supply (Murphy et al., 2004). However, knowledge of the impact of reducing the 

supplementary CP concentration whilst maintaining similar MP supply on milk 

production, N partitioning and NUE in late-lactation grazing dairy cows is limited. 

Cow predicted transmitting ability (PTA) values indicate the additive genetic 

component of a trait that a cow is expected to transmit to its offspring relative to the 

base population (Wattiaux, 2011). Past research completed on effects of milk 

production PTA have shown that higher milk production PTA cows that were offered 

CS had an increased milk response (MR) to CS (Kennedy et al., 2003) and increased 

dry matter intake (DMI; Horan et al., 2006). In the study of Cheng et al. (2014), higher 

Breeding Worth cows were more capable of partitioning nutrients ingested from 

concentrates towards milk production, subsequently improving NUE. Despite the body 

of published research available, there is a paucity of information on how cows of 

varying milk production PTA within the Economic Breeding Index (EBI) respond to 

differing supplement CP concentrations with equal MP. 

The objectives of this study are to evaluate the effects of (1) protein supplementation 

strategy (PSS), (2) cow genotype and (3) a potential interaction between PSS and cow 

genotype on milk production and NUE in late-lactation spring-calving grazing dairy 

cows.  
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6.3 Materials and methods 

6.3.1 Animal ethics 

All procedures described in this experiment were approved by the Animal Research 

Ethics Committee at University College Dublin (UCD) and conducted under 

experimental licence from the Health Products Regulatory Authority (HPRA) under the 

European Directive 2010/63/EU and S.I. No. 543 of 2012. Each person who performed 

procedures on experimental cows during this experiment, were authorised to do so by 

the HPRA. Procedures conducted on the experimental cows were deemed “mild” in 

severity banding. Hence, no pain, suffering, or distress was observed in experimental 

cows and no humane endpoints were required. This experiment was conducted at UCD 

Lyons Farm, Celbridge, Naas, Co. Kildare, IE, W23 ENY2 (530 17’ 56” N, 60 32’ 18” W). 

6.3.2 Cows, treatments and experimental design 

Thirty-six multiparous and 12 primiparous Holstein Friesian dairy cows were selected 

from the spring calving herd at UCD Lyons Farm. A complete randomised block design 

experiment (2 × 2 factorial arrangement of the treatments), with two PSS (n = 24; 

13% (LCP) and 18% CP (HCP) CS with equal MP supply in both) offered at 3.6 kg dry 

matter (DM)/cow per d and two cow genotypes (n = 24; Table 6.1; lower milk 

genotype (LM; milk kg PTA = -60 ± 71.5 kg, fat kg PTA = +6 ± 3.9 kg, and protein 

kg PTA = +3 ± 3.1 kg) and higher milk genotype (HM; milk kg PTA = +130 ± 118.8 

kg, fat kg PTA = +10 ± 4.5 kg, and protein kg PTA = +7 ± 3.3 kg)), was conducted 

over 53 d from 9th September to 31st October 2019. Experimental cows were selected 

from a larger group of 80 cows. Cows were blocked on parity and balanced on DIM 

(+198 ± 21.9), body condition score (BCS) and overall EBI (within genotype groups), 

which is the Irish dairy total merit index (www.icbf.com). Individual cow was 

considered the experimental unit. Cows grazed full time and were allocated 15 kg DM 

pasture/cow per d. The LCP and HCP CS were formulated to contain equal PDI. When 

formulating the LCP, soybean meal was eliminated compared to the HCP, and 

lignosulfonate-treated soybean meal (SoyPass®) was included. As PDIE (PDI when 

energy is limiting) was more limiting than PDIN (PDI when nitrogen is limiting), PDIE 

was assumed to be the true PDI value. The PDI values were 115 g/kg for both the LCP 

and HCP (see Table 6.2). Concentrate supplementation was dispensed in the milking 

http://www.icbf.com/
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parlour using the Feedrite automatic system linked to cow electronic identification 

(Dairymaster, Kerry, IE) and were manufactured by Gain Feeds (Portlaoise, IE). Cows 

had ad libitum access to fresh water. 

6.3.3 Grassland management 

Cows grazed (to 4 cm) as a single group and were offered fresh allocations of pasture 

twice daily (7.5 kg DM/cow) post am and pm milking (15 kg DM per d, total). Pre-

grazing herbage mass was determined daily before cows entered a new allocation 

using the “quadrant and shears” method as described by Whelan et al. (2012a). The 

average pre-grazing herbage mass (> 4 cm) was 1,378 ± 285.0 kg DM/hectare (ha). 

Post-grazing herbage mass was also measured daily; a total of 50 measurements were 

taken across each grazing area using a rising plate meter (diameter 355 mm and 3.2 

kg/m2; Jenquip, Feilding, NZ) by walking in a W-shape across the field. Post-grazing 

herbage mass (> 4 cm) was 371 ± 191.2 kg DM/ha. 

6.3.4 Data and sample collection 

6.3.4.1 Pasture and concentrate 

On a daily basis, pasture samples were collected using the “quadrant and shears” 

method (Whelan et al., 2012a). Then, on a weekly basis, daily pasture samples were 

pooled for chemical analyses (DM, ether extract, ash, and CP), neutral detergent fibre 

(NDF), acid detergent fibre (ADF) and water-soluble carbohydrates (WSC). Weekly 

changes in pasture quality over the experiment are shown in Figure 6.1. Cows had ad 

libitum access to fresh water. Concentrate samples were collected weekly for DM and 

then ground for analyses. 

6.3.4.2 Milk 

Cows were milked twice daily at 0700 hours (h) and 1500 h. Milk output was recorded 

and milk sampling was facilitated using the Weighall milk metering and sampling 

system (Dairymaster, Kerry, IE). Milk samples were taken from a successive am and 

pm milking once per week (wk) for each cow. The ratio of am milk to pm milk used in 

a cow’s milk sample was equal to the ratio of the cow’s am to pm milk yield. Milk 

samples were collected, stored at 4 °C in a preservative (Broad Spectrum Microtabs 

II), and analysed once per wk on the same occasion for milk composition parameters; 
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thereby controlling any time-related confounding effects. Test day milk fat, total 

protein and fat + protein kg were all then determined (Condren et al., 2019). 

6.3.4.2 Body weight and body condition score 

Individual cow body weights were measured twice daily using electronic scales as the 

cows exited the milking parlour through the automatic cow-drafting unit (Dairymaster, 

Kerry, IE), and then, a weekly average was calculated. Body condition score was 

assessed by two fully trained operators using a consensus score following morning 

milking once weekly according to Edmonson et al. (1989). 

6.3.4.3 Ruminal fluid 

A sample of ruminal fluid was collected using the Flora Rumen Scoop oral oesophageal 

sampler (Prof-Products, Guelph, Ontario, CA) once weekly following evening milking 

at 1600 h. To avoid saliva contamination during ruminal fluid sampling, the rumen 

scoop sampling chamber was only opened after the scoop entered the rumen. Before 

removing the sampling chamber from the rumen, the sampling chamber was closed. 

The ruminal pH was measured immediately (Mettler Toledo FiveGo Portable F2 

pH/mV). Once collected, samples were strained through four layers of cheesecloth, a 

4-mL aliquot was collected using an automatic pipette, mixed with 1 mL of 500 g/L 

trichloroacetic acid and cooled on ice. These were stored (-20 °C) pending analysis for 

ruminal volatile fatty acid (VFA) and NH3-N concentrations (Whelan et al., 2017). 

6.3.4.4 Nitrogen partitioning study 

A N partitioning study was conducted during wk 2 of the experiment (206 ± 21.9 DIM). 

Pasture DMI and NUE were estimated over a period of 6 d. Pasture DMI was 

determined using the n-alkane technique of Dove and Mayes (2006). Cows were dosed 

with a paper bolus impregnated with 500 mg of the n-alkane n-dotriacontane, for a 

period of 12 d following am and pm milking. From d 7 to 12, samples of the CS, 

pasture, milk and faeces were collected in the am and pm. Pasture samples were 

collected morning and evening using a quadrant and handheld shears (Gardena Accu 

90, Gardena GmbH, Ulm, Germany). These samples were immediately dried at 55 °C 

for 48 h. Faecal samples were collected whenever possible, when cows naturally 

defecated, and if not, samples were collected per rectum and placed in a forced-air 

oven at 55 °C for 72 h. Samples of milk were collected during am and pm milking each 
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of the 6 d for each cow. Then, am and pm samples were pooled in proportion to am 

and pm milk yield so that a single cow’s milk sample was composed of am and pm milk 

sample. 

6.3.5 Sample analyses 

6.3.5.1 Feed and faecal sample analysis 

Pasture, CS and faecal samples were dried in a forced air oven at 55 °C and were 

ground in a hammer mill fitted with a 1-mm screen (Lab Mill, Christy Turner, Suffolk, 

UK). The DM content of samples was determined after drying overnight at 105 °C (16 

h; AOAC, 2005a). The ash content was determined following combustion in a muffle 

furnace (Nabertherm GmbH, Lilienthal, Germany) at 550°C for 5 h (AOAC, 2005b). The 

N content of samples was determined by combustion on LECO and the CP content was 

calculated as N × 6.25 (FP 528 Analyzer, Leco Corp.; AOAC, 2005c). The ether extract 

of feed samples was determined using Soxtex instruments and light petroleum ether. 

Neutral detergent fibre and ADF were determined using the sodium sulphite method 

of Van Soest et al. (1991) adopted for use in the AnkomTM 220 Fiber Analyzer (Ankom™ 

Technology, NY, USA). This method included a thermostable α-amylase and 20 g of 

Na2S but residual ash was not determined. Starch content of feed samples was 

analysed using the Megazyme Total Starch Assay Procedure (product no: K-TSTA; 

Megazyme International Ireland Ltd., Wicklow, IE). A 100 mg feed sample was 

required for analysis, and reagents used in the procedure included: sodium acetate 

buffer (100 mM, pH 5.0) plus calcium chloride (5 mM); sodium acetate buffer (200 

mM, pH 4.5) plus calcium chloride (5 mM); sodium acetate buffer (600mM, pH3.8) 

plus calcium chloride (5 mM); sodium hydroxide solution (1.7 M); and MOPS buffer (50 

mM, pH 7) plus calcium chloride (5 mM) and sodium azide (0.02% w/v). The 

concentration of WSC was determined as described by Dubois et al. (1956). 

6.3.5.2 Milk analysis 

Concentrations of milk fat, protein, lactose, casein, milk urea N (MUN) and somatic cell 

count (SCC) were determined in a commercial milk laboratory (National Milk 

Laboratories Ltd, Unit 26-29, Laches Close, Calibre Industrial Park, Four Ashes, 

Wolverhampton, UK, WV10 7DZ) using mid-infrared spectrometry (MilkoScan FT6000, 

Foss Analytical A/S; Soyeurt et al., 2006). The ECM yield of cows was calculated as 
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follows: ECM = ((0.327 × milk yield kg) + (7.2 × milk protein kg) + (12.95 × milk fat 

kg)) (Eslamizad et al., 2010). 

6.3.5.3 Ruminal fluid analysis 

Ruminal fluid was allowed to thaw in the refrigerator overnight for 16 h at 4 °C and 

was then centrifuged at 2,100 × gravity for 10 min at 4 °C. One mL of supernatant 

was diluted 1 in 5 with distilled H2O and then centrifuged at 1,600 × gravity for 15 min 

at 4 °C. Next, 200 μL of supernatant was combined with three reagents and used to 

determine ruminal fluid NH3-N concentration using a spectrophotometer (UVmini-1240, 

Shimadzu). Ruminal fluid was prepared for VFA analysis by mixing 250 μL of ruminal 

fluid with 3.75 mL of distilled H2O; to this, 1 mL of internal standard solution (0.5 g 3-

methylvaleric acid in 1,000 mL of 0.15 M oxalic acid) was added. The resulting solution 

was centrifuged at 1,600 × gravity and filtered through a syringe-tip filter (PTFE, 22-

mm diameter, 0.45 μm) into 2-mL gas chromatography (GC) vials. Concentrations of 

VFA were determined using a Scion 456-GC (Scion Instruments) fitted with a DB-FFAP 

capillary column (15 m x 0.53 mm; 1.00 μm, Agilent Technologies Ireland Ltd.). Volatile 

fatty acids were separated using programmed oven temperatures: the temperature 

was initially set to 45 °C for 2 minutes (min), then raised at a rate of 10 °C per min to 

170 °C and held for 30 seconds; in the next phase the temperature was raised by 40 

°C per min up to 220 °C and held for 2 min. Injector and detector temperature was 

240 °C. Spitless injection was used. Hydrogen and air were used as the carrier gas, 

and N was used as the make-up gas. Methyl-valeric acid was used for the internal 

standard, and VFA were identified based on retention time of standards. Peak areas 

were integrated using Compass CDS software (version 2.0). 

6.3.5.4 Dry matter intake and nitrogen partitioning analysis 

Pasture DMI was determined by extracting n-alkanes from pasture, CS and faeces 

samples according to the method of Dove and Mayes (2006). Following extraction, 

samples were analysed for concentrations of n-alkanes by GC using a Scion 456-GC 

(Scion Instruments) fitted with a 30-m capillary column with an internal diameter of 

0.53 mm coated with 1.5 μm of dimethyl polysiloxane (Agilent Technologies Ireland 

Ltd.). These data were then applied to the following modified equation to calculate 

pasture DMI (PDMI)/cow per d (Mayes et al., 1986): PDMI = [(Fi/Fj)(Dj+IcCj)-
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IcCi]/[Hi-(Fi/FjHj)], where Fi and Fj are the concentrations of naturally occurring odd-

chain (feed derived) and even-chain (dosed n-dotriacontane n-alkane in faeces, 

respectively (mg/kg); Hi and Hj are the concentrations of natural odd-chain and even-

chain n-alkanes in pasture, respectively (mg/kg); Dj is the daily dose rate of the even-

chain n-alkanes (mg/kg); Ic is the daily concentrate intake (kg/d); and Ci and Cj are 

the concentrations of natural odd-chain and even-chain n-alkanes in concentrate feed 

(mg/kg), respectively. These data were used to calculate N partitioning according to 

Whelan et al. (2012b) as follows: N intake (kg/d) = [(PDMI (kg/d) × kg N/kg of DM 

pasture) + (kg of CS DMI × kg of N/kg of DM concentrate)]; Faecal N (kg) = (kg of 

faecal DM excretion × kg of N/kg of DM faeces); Milk N = (kg of milk yield × kg of 

N/kg milk); and Urinary N (kg) = (N intake (kg) – faecal N (kg) – Milk N (kg). Faecal 

N (kg) was determined by: 1,000 mg C32 (C32 dosed per d)/C32 concentration recovered 

in the faeces (Dove and Mayes, 2006). 

6.3.6 Statistical analysis 

Residuals of data were checked for normality and homogeneity of variance by 

histograms, QQ-plots and formal statistical tests as part of the UNIVARIATE procedure 

of SAS (version 9.4). Somatic cell count data were not normally distributed and were 

transformed by raising the variable to the power of lambda. The appropriate lambda 

value was obtained by conducting a Box-Cox transformation analysis using the 

TRANSREG procedure of SAS (Fahey et al., 2007). The transformed SCC data were 

used to calculate P-values. The corresponding least squares means and SE of the non-

transformed SCC data are presented in the results for clarity. The relationships 

between feed N intake, milk N output, urinary N excretion and faecal N excretion were 

tested for associations using the REG procedure of SAS. Milk production, milk 

composition, ruminal fermentation, BCS and N excretion parameters were analysed 

using repeated measures ANOVA (MIXED procedure). The fixed effects in the model 

were milk genotype (LM vs. HM), PSS (LCP vs. HCP), wk and their interaction, and cow 

was considered the random effect. Week of experiment was the repeated unit. 

Heterogenous compound symmetry, unstructured, autoregressive, heterogeneous 1st 

order autoregressive, Toeplitz and heterogenous Toeplitz were (co)variance structures 

considered. The model with the lowest Bayesian information criterion value was 

selected. A Tukey adjustment was used for multiple comparisons. A probability of P < 
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0.05 was selected as the level of significance and statistical tendencies were reported 

when P ≥ 0.05 but < 0.10.  
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6.4 Results 

Where PSS × genotype interactions were not significant, results focused on main 

effects only. 

6.4.1 Dry matter intake, milk production and milk composition 

Effects of PSS and genotype on DMI, milk production and milk composition are shown 

in Tables 6.3 (interactions) and 6.4 (main effects). Cows offered HCP had decreased 

PDMI (-1.12 kg; P < 0.01) and total DMI (TDMI; -1.12 kg; P < 0.01) compared to cows 

offered LCP. Cows offered HCP had increased yields of milk (+1.9 kg; P < 0.01), protein 

(+0.07 kg; P < 0.01), casein (+0.06 kg; P < 0.01), fat + protein (+0.12 kg; P = 0.02), 

lactose (+0.08 kg; P < 0.01), ECM (+1.22 kg; P = 0.03) and tended to have increased 

fat yield (+0.05 kg; P = 0.07) compared to cows offered LCP. Furthermore, the HM 

cows tended to have increased yields of milk (+1.28 kg; P = 0.07) and lactose (+0.05 

kg; P = 0.09) compared to the LM cows; however, genotype did not affect yields of 

milk fat, protein, casein or fat + protein (P > 0.10). Cows offered HCP had increased 

MUN concentration (+ 2 mg/dL; P = 0.04) and tended to have increased milk lactose 

concentration (+0.04%; P = 0.08) compared to cows offered LCP. Genotype had no 

effect on any milk composition parameter (P > 0.10) (Table 6.4). There was a PSS × 

genotype interaction (P < 0.01) observed for both PDMI and TDMI. The LM cows 

offered HCP had a decreased PDMI and TDMI compared to the HM cows offered HCP 

(P = 0.04) and the LM cows offered LCP (P < 0.01), whilst the LM cows offered LCP 

did not differ from HM cows offered LCP (P > 0.10). The HM cows offered LCP had 

increased (P = 0.01) PDMI and TDMI compared to the HM cows offered HCP (Table 

6.3). 

6.4.2 Ruminal fermentation 

Effects of PSS and genotype on ruminal fermentation are shown in Tables 6.5 

(interactions) and 6.6 (main effects). There was no effect of PSS or genotype on 

ruminal pH or NH3-N concentration (P > 0.10). Cows offered the HCP had a decreased 

ruminal acetic to propionic concentration ratio (-0.35 units; P < 0.01) but an increased 

ruminal propionic concentration (+2.15 mmol/L; P < 0.01) compared to cows offered 

LCP. The HM cows had a decreased ruminal acetic to propionic concentration ratio (-

0.16 units; P = 0.01) but an increased ruminal propionic concentration (+1.76 mmol/L; 
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P = 0.02) compared to the LM cows. Furthermore, the HM cows tended to have an 

increased ruminal butyric concentration (+0.8 mmol/L; P = 0.08) and ruminal 

isobutyric concentration (+0.07 mmol/L; P = 0.06) compared to the LM cows (Table 

6.6). There was a PSS × genotype interaction (P = 0.048) observed for ruminal valeric 

concentration. The HM cows offered HCP had an increased ruminal valeric 

concentration compared to the HM cows offered LCP (P < 0.01) and the LM cows 

offered HCP (P < 0.01), whilst the LM cows offered HCP did not differ from the LM 

cows offered LCP (P > 0.10) (Table 6.5). 

6.4.3 Nitrogen partitioning 

Effects of PSS and genotype on N partitioning are shown in Tables 6.7 (interactions) 

and 6.8 (main effects). Cows offered HCP had decreased feed N excreted in the faeces 

(-0.006 kg; P < 0.01) and increased feed N excreted in the urine (+0.005 kg; P = 

0.03) compared to cows offered LCP. Furthermore, cows offered HCP had a decreased 

proportion of feed N excreted in the faeces (-0.008 units; P < 0.01) and an increased 

proportion of feed N excreted in the urine (+0.007 units; P = 0.046) compared to cows 

offered LCP. Cows that were offered HCP had a decreased body weight (P < 0.01) 

compared to cows that were offered LCP (Table 6.8). There was a PSS × genotype 

interaction (P < 0.01) observed for feed N intake whereby the HM cows offered HCP 

did not differ from the HM cows offered LCP (P > 0.10). However, the LM cows offered 

HCP had decreased feed N intake (P < 0.01) compared to the LM cows offered LCP. 

The HM cows offered HCP had increased dietary N intake (P = 0.04) compared to the 

LM cows offered HCP, whilst the HM cows offered LCP did not differ from the LM cows 

offered LCP (P > 0.10) (Table 6.7). 

We found a significant positive linear relationship (Figure 6.2) between feed N intake 

and urinary N excretion (Eq. [1], P < 0.01, R2 = 0.14). 

[1] Urinary N excretion (kg/d) = 0.047 (±0.1667) + 0.675 (±0.2463) × feed N intake 

(kg/d).  



194 
 

6.5 Discussion 

A supplementation level of 3.6 kg DM/cow per d is common during autumn within 

grazing systems as pasture growth is reduced at this time of year (Patton et al., 2016). 

Furthermore, there has been an increasing focus placed on decreasing the supplement 

CP concentration within grazing systems in light of the current EU Nitrates Derogation 

(DAFM, 2021). 

6.5.1 Dry matter intake, milk production and milk composition 

Past research has shown that decreasing the supplement CP concentration does not 

impact a cows’ PDMI or TDMI (Mulligan et al., 2004; Hynes et al., 2016). Contrary to 

these studies, cows offered LCP had increased PDMI and TDMI in our study and is 

consistent with the study of Doran et al. (2021). In the aforementioned study, cows 

were offered 3.1 kg DM CS/cow per d which had either 140 or 180 g CP/kg CS DM. 

Cows in our experiment were offered 3.6 kg DM/cow per d which had either 130 or 

180 g CP/kg CS DM. Although, the exact value for herbage CP concentration during 

the intake estimation wk was not disclosed, data suggests that herbage averaged 

approximately 250 g CP/kg DM in Doran et al. (2021), whereas it averaged 225 g 

CP/kg DM during the intake estimation wk in our findings. Furthermore, within cows 

offered HCP, HM cows had increased PDMI, whereas within cows offered LCP, there 

was no difference in pasture intake. Diets that are higher in CP concentration usually 

have a lower NDF concentration, thus, both digestibility and intake potential can be 

increased (Vazquez and Smith, 2000). Diet digestibility was not measured in our study; 

however, as all cows grazed the same pasture and 80 - 81% of the cows’ diet consisted 

of grazed pasture, we would not have expected differences in digestibility of the overall 

diets. Cows in the study of Doran et al. (2021) had an increased PDMI when offered 

LCP. The authors attributed this result to a numerical increase in cow body weight. 

During our N partitioning study, cows that were offered LCP had an increased body 

weight compared to cows that were offered HCP and this result was responsible for 

the increased PDMI. It is unlikely that increased PDMI was responsible for the 

difference in cow body weight at the end of the N partitioning study, as Vazquez and 

Smith (2000) attributed variation in DMI to cow body weight, and not vice versa. 
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Despite the differences in PDMI and TDMI, cows that were offered LCP had decreased 

yields of milk, fat + protein and lactose. These results were unforeseen, as the CS 

constituted only a small proportion of the overall diet (19.7 – 20.3% on a DMI basis); 

therefore, we would not have expected differences in milk production through reducing 

the supplemental CP concentration by 50 g CP/kg CS. Furthermore, the authors 

focused on equalising MP supply between both supplements used in the study, as the 

PDI concept focuses on dietary energy to CP ratio which is important for microbial 

protein synthesis and milk production (Murphy et al., 2004).  

When equalising MP supply, standard soybean (65% RDP and 35% RUP; PennState 

Extension, 2016) inclusion was eliminated in LCP and was replaced by SoyPass® (26% 

RDP and 74% RUP; PennState Extension, 2016). This allowed the current authors to 

decrease the supplementary CP concentration without reducing the intestinal 

availability of methionine and lysine; 2 of the most limiting essential amino acids for 

milk production (National Research Council, 2001). The decreased milk protein yield in 

cows that were offered LCP may have been due to the decreased RDP: RUP ratio 

through SoyPass® inclusion in LCP and is similar to the findings of Savari et al. (2018). 

However, good quality herbage is a rich RDP source (70-90% RDP and 10-30% RUP; 

DairyNZ) and since herbage composed 81% of the cows’ diet, we would not have 

expected a reduction in supplemental RDP to negatively impact yields of milk protein. 

Alternatively, the reduction in milk protein yield could be attributed to an increased 

supplementary fibre content in LCP compared to HCP CS as Katongole and Yan (2020) 

found that decreased dietary NDF content led to increased milk production. In our 

study, sugar beet pulp pellet inclusion was increased by 187 g/kg CS in LCP compared 

to HCP CS. This was conducted to fill the void of standard soybean meal elimination in 

LCP CS. As the CS that was offered in our study constituted a small proportion of the 

overall diet (19%), we would not have expected a change in sugar beet pulp pellet 

inclusion level within the CS to impact milk production. The study of Hynes et al. (2016) 

also increased the by-product inclusion level in LCP CS but no reductions in milk 

production occurred. These results are relevant to the Irish and European dairy 

industry given recent restrictions regarding CP in supplementary feeds (DAFM, 2021). 

Further research should investigate if differing RDP: RUP ratios within low CP CS have 

an impact on milk production where cows are pasture-based and are in late lactation. 
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It is well-established that an increase in dietary CP concentration can equate to an 

increase in MUN, indicating an excess of dietary CP in dairy cows (Jonker et al., 1998; 

Nousiainen et al., 2004; Barros et al., 2017). Offering cows HCP increased MUN 

concentration in our findings and concurs with Burke et al. (2008). Despite this finding, 

milk fat + protein yield was still increased with HCP indicating that the extra dietary 

CP intake was not all in excess of the cows’ requirements. Previous autumn grazing 

studies conducted at this research facility show that pasture CP levels have ranged 

from 236–261 g CP/kg DM (McKay et al., 2019; Doran et al., 2020). Pasture CP 

concentration was lower in our study, averaging 201 g CP/kg DM. Despite this result, 

overall dietary CP concentrations for all treatments in our study were above the 

optimum threshold recommended by Katongole and Yan (2020) for maximum milk 

yield. However, a limitation of our study was that the N partitioning results mentioned 

herein are only representative of a single week in our experiment and pasture CP 

content can be variable as illustrated in Figure 6.1. Variable weekly pasture CP content 

could affect weekly overall dietary CP concentrations and subsequently milk 

production. 

Numerous studies have demonstrated the effect of dairy cow genotype on milk 

production (Coffey et al., 2017; O'Sullivan et al., 2019; Brady et al., 2021). Doran et 

al. (2020) found that HM cows had increased milk yield compared to LM cows where 

pasture was the basal forage and where cows were greater than 200 DIM. Milk yield 

only tended to increase in HM cows compared to LM cows, whilst milk fat + protein 

yield was not affected by genotype in our findings. Higher milk genotype cows were in 

the national top 20% for milk yield PTA whereas the LM cows placed in the bottom 

20% in our study. Therefore, for us to have observed a difference in milk yield, greater 

differences in milk yield PTA between genotypes may have been required. 

6.5.2 Ruminal fermentation 

Offering cows HCP increased ruminal propionic concentration compared to offering 

cows LCP. Consequently, the ruminal acetic to propionic concentration ratio was 

decreased with HCP in this study. Cows that were offered HCP also had increased 

yields of milk and lactose and tended to have increased lactose concentration. Ruminal 

propionic acid is a precursor of milk lactose; the main osmotic regulator of milk yield 
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(Aschenbach et al., 2010; Lin et al., 2016). Furthermore, the ruminal valeric 

concentration and valeric proportion were increased with HCP. The authors are not 

aware of any published research that investigates effects of supplemental CP on 

ruminal valeric concentration. However, increasing this isoacid is important for 

improving microbial fermentation and can have beneficial effects on milk production 

(Andries et al., 1987). 

6.5.3 Nitrogen partitioning 

Previous studies show that increasing the supplement CP increases total feed N intake 

(Hynes et al., 2016; Barros et al., 2017). Contrary to the above studies, results of our 

experiment show that where cows were offered HCP, total feed N intake was 

decreased, and this result was because cows that were offered HCP also had a 

decreased PDMI. Furthermore, cows that were offered HCP had decreased faecal N 

excretion and feed N proportion recovered in the faeces and increased urinary N 

excretion and feed N proportion recovered in the urine. Meanwhile, offering cows HCP 

did not increase milk N output or the proportion of feed N recovered in the milk. These 

results are consistent with Whelan et al. (2012b) and Burke et al. (2008) where 

increasing supplement CP concentration increased urinary N excretion in early and 

mid-lactation, respectively. Furthermore, feed N intake and urinary N excretion were 

positively correlated (Eq. 1) and is consistent with Mulligan et al. (2004). This result 

highlights how increasing dietary CP inclusion may impact on the partitioning of N in 

dairy cows. 

Unexpectedly, offering cows LCP did not increase cow level NUE as there was no 

increase in the proportion of feed N recovered in the milk. Cow level NUE was greater 

in our study (averaging 19.6%) compared to the study of McKay et al. (2019) 

(averaging 13.6%). While it is possible that this difference could be attributed to 

differences in DIM at the N partitioning study start point (220 DIM in McKay et al. 

(2019) versus 206 DIM in our study), it is unlikely that NUE decreased by 6% because 

cows in McKay et al. (2019) were 14 days further into lactation than cows in our study. 

Cows in the study of McKay et al. (2019) had an average total feed N intake of 0.786 

kg and a milk N output of 0.107 kg, whilst cows in our study had a lower total feed N 

intake (0.677 kg) and an increased milk N output (0.132 kg). The cow level NUE 
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differences mentioned herein may have been due to differing N intake and cow genetic 

merit. Cow NUE differences between this study and the study of McKay et al. (2019)  

could be due to important pasture nutrient interactions like the ratio of pasture WSC 

to CP (Keim and Anrique, 2011; Parsons et al., 2011). As pasture WSC and CP 

concentration varied over time, cow NUE may also have varied over time in our 

findings. Therefore, it is important to mention that cow NUE values reported in this 

study can only be used as an indicator for cow NUE across the entire study. 

There were no effects of genotype on N partitioning or cow level NUE in our findings, 

contrary to the New Zealand study of Cheng et al. (2014) where cows were also in late 

lactation and grazed autumn pasture. Our study investigated differences in NUE within 

the Irish dairy genetic merit indexing system (EBI) with a particular focus on the milk 

production sub-index, whereas the study of Cheng et al. (2014) investigated 

differences across the New Zealand genetic merit indexing system (Breeding Worth). 

Cows in our study all had a similar EBI whereas cows in the aforementioned study had 

different Breeding Worth values. Therefore, for us to have observed differences in NUE 

with respect to cow genotype, cows may have needed to differ in their overall EBI 

also. The current body of research on dairy cow NUE in late lactation is limited, where 

greater differences in genetic merit with respect to milk yield, fat yield, and protein 

yield PTA, exist.  
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6.6 Conclusion 

Despite supplying equal MP (but differing RDP: RUP) through both supplements, cows 

offered LCP had decreased yields of milk, fat + protein and lactose. Genotype had no 

effects on milk production or cow NUE. Cows offered LCP had lower MUN concentration 

and urinary N excretion. Subsequently, the proportion of total feed N intake recovered 

in the urine was reduced whilst the proportion of total feed N intake recovered in the 

faeces was increased. Offering cows LCP decreased milk production, maintained NUE 

and reduced urinary N excretion compared to offering cows HCP in late-lactation 

grazing dairy cows.  
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Table 6.1: Genotype profile of cows in the experiment 1 

 Lower milk 

genotype 

National 

percentile 

Higher milk 

genotype 

National 

percentile 

EBI (€) 160 Top 1% 147 Top 5% 

Milk sub-index (€) 33 Top 40% 54 Top 5% 
Fertility sub-index (€) 81 Top 1% 45 Top 50% 

     

Genetic parameter     
Milk kg -60 Bottom 20% 130 Top 20% 

Fat kg 6 Top 40% 10 Top 5% 
Protein kg 3 Bottom 40% 7 Top 10% 

Fat % 0.13 Top 5% 0.08 Top 20% 

Protein % 0.08 Top 5% 0.06 Top 10% 
1 National percentiles apply to the year 2019.  
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Table 6.2: Chemical composition of concentrate supplement (CS) and pasture, and ingredient 

inclusion level of CS offered 1 

 LCP2 HCP3 Pasture 

Chemical composition (g/kg DM unless stated)    
DM (g/kg) 4 866 869 150 

Ash 124 84 88 

Crude protein 137 188 201 
Neutral detergent fibre 212 192 498 

Acid detergent fibre 136 109 223 
Water soluble carbohydrates - - 83 

Ether extract 29 35 42 
Starch 260 269 - 

    

Ingredient inclusion level of concentrates (g/kg)    

Barley 221 225  

Maize 234 232  
Maize distiller grain with solubles - 100  

Sugar beet pulp pellets 8 mm 227 40  

Soybean meal  - 220  
Soybean hulls 50 50  

Soybean oil 9 9  
Soypass® 5 125 -  

Palm oil blend 6 6  
Monocalcium diphosphate 23 16  

Sugarcane molasses 45 45  

Calcium carbonate 13 16  
Sodium chloride 18 18  

Magnesium oxide 16 15  
Gain cattle premix 6 6  

1 Estimated protein digestible in the small intestine (PDI) when energy is limiting (PDIE) = 115 g/kg for 

both LCP and HCP respectively, and 85 g/kg for the pasture; estimated PDI when nitrogen limiting 
(PDIN) = 94 and 128 g/kg for LCP and HCP respectively, and 151 g/kg for the pasture; and estimated 

PDI when protein undegraded in the rumen but digestible in small intestine (PDIA) = 61 and 63 for LCP 
and HCP respectively, and 54 g/kg for the pasture. 

Gain cattle premix consisted of the following: 0.1 g/kg copper for LCP and HCP; 15 g/kg and 14 g/kg 

calcium for LCP and HCP respectively; 8 g/kg phosphorus for LCP and HCP; 8 g/kg and 7 g/kg sodium 
for LCP and HCP respectively; 10 g/kg and 9 g/kg magnesium for LCP and HCP respectively; 10,000 

IU/kg vitamin A; 2,500 IU/kg vitamin D; and 62.5 IU/kg vitamin E. 
2 LCP = Lower crude protein (13%) supplement. 
3 HCP = Higher crude protein (18%) supplement. 
4 DM = Dry matter. 
5 SoyPass® lignosulfonate-treated soybean meal was included in LCP to reduce RDP supply and 

increase RUP supply; therefore, equalising PDIE supply between LCP and HCP.  
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Table 6.3: Effects of protein supplementation strategy (PSS) genotype (geno) on dry matter intake, 
milk production and milk composition (interaction results) 

1 LM = Lower milk genotype cows. 
2 HM = Higher milk genotype cows. 
3 LCP = lower crude protein concentrate supplement of 13%. 
4 HCP = higher crude protein concentrate supplement of 18%. 
5 DMI = Dry matter intake. 
6 PDMI = Pasture dry matter intake. 
7 TDMI = Total dry matter intake. 
8 MUN = milk urea nitrogen. 
9 SCC = somatic cell count. 
10 Energy corrected milk. 
abc means with different superscripts differ (P < 0.05).  

Geno LM 1 HM 2  Significance 

PSS LCP 3 HCP 4 LCP HCP SEM Geno PSS Interaction 

DMI (kg/d)5         

PDMI6 15.67a 14.11b 15.37a 14.69c 0.148 0.33 < 0.01 < 0.01 

TDMI7 19.27a 17.71b 18.97a 18.29c 0.148 0.33 < 0.01 < 0.01 

         

Milk 

production 

(kg/d) 

        

Milk yield 17.19 18.4 17.78 20.36 0.690 0.07 < 0.01 0.33 

Fat 0.82 0.87 0.84 0.89 0.027 0.64 0.07 0.97 

Protein 0.7 0.75 0.71 0.79 0.023 0.21 < 0.01 0.63 

Casein 0.54 0.59 0.56 0.63 0.018 0.11 < 0.01 0.66 

Fat + 

protein 

1.52 1.62 1.54 1.68 0.048 0.38 0.02 0.73 

Lactose 0.74 0.79 0.76 0.87 0.030 0.09 < 0.01 0.30 

         

Milk 
composition 

(%) 

        

Fat 4.78 4.69 4.7 4.57 0.091 0.29 0.24 0.79 

Protein 4.03 4.08 4.04 4.05 0.037 0.87 0.40 0.66 

Casein 3.2 3.26 3.17 3.2 0.038 0.27 0.21 0.71 

Lactose 4.27 4.29 4.25 4.32 0.022 0.88 0.08 0.22 

MUN 

(g/100 mL 

milk) 8 

0.031 0.032 0.029 0.032 0.0009 0.38 0.04 0.35 

SCC (× 106 

cells/mL) 9 

82 70 83 77 9.4 0.92 0.21 0.44 

         

Other         

ECM kg 10 16.63 17.66 16.89 18.3 0.535 0.40 0.03 0.73 
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Table 6.4: Effects of protein supplementation strategy (PSS) genotype (geno) on dry matter intake, 
milk production and milk composition (main effect results) 

 

 PSS Geno 

 LCP 1 HCP 2 SEM P-value LM 3 HM 4 SEM P-value 

DMI (kg/d)5         

PDMI 6 15.52 14.40 0.105 < 0.01 14.89 15.03 0.105 0.33 
TDMI 7 19.12 18.00 0.105 < 0.01 18.49 18.63 0.105 0.33 

         
Milk 

production 

(kg/d) 

        

Milk yield 17.48 19.38 0.487 < 0.01 17.79 19.07 0.487 0.07 

Fat 0.83 0.88 0.019 0.07 0.85 0.86 0.019 0.64 
Protein 0.70 0.77 0.016 < 0.01 0.73 0.75 0.016 0.21 

Casein 0.55 0.61 0.013 < 0.01 0.57 0.60 0.013 0.11 
Fat + 

protein 

1.54 1.65 0.034 0.02 1.57 1.62 0.034 0.38 

Lactose 0.75 0.83 0.021 < 0.01 0.76 0.82 0.021 0.09 
ECM 8 16.76 17.98 0.378 0.03 17.14 17.59 0.378 0.40 

         
Milk 

composition 

(%) 

        

Fat 4.74 4.63 0.064 0.24 4.74 4.64 0.064 0.29 

Protein 4.04 4.07 0.027 0.40 4.05 4.05 0.028 0.87 
Casein 3.18 3.23 0.027 0.21 3.23 3.19 0.027 0.27 

Lactose 4.26 4.30 0.016 0.08 4.28 4.28 0.016 0.88 
MUN (g/100 

mL milk) 9 

0.030 0.032 0.0006 0.04 0.031 0.030 0.0006 0.38 

SCC (× 106 

cells/mL) 10 
83 73 7.4 0.21 76 80 7.4 0.92 

1 LCP = lower crude protein concentrate supplement of 13%. 
2 HCP = higher crude protein concentrate supplement of 18%. 
3 LM = Lower milk genotype cows. 
4 HM = Higher milk genotype cows. 
5 DMI = Dry matter intake. 
6 PDMI = Pasture dry matter intake. 
7 TDMI = Total dry matter intake. 
8 MUN = milk urea nitrogen. 
9 SCC = somatic cell count. 
10 Energy corrected milk.  
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Table 6.5: The effects of protein supplementation strategy (PSS) and genotype (geno) on ruminal 
fermentation parameters (interaction results) 

1 LM = Lower milk genotype cows. 
2 HM = Higher milk genotype cows. 
3 LCP = lower crude protein concentrate supplement of 13%. 
4 HCP = higher crude protein concentrate supplement of 18%. 

5 VFA = volatile fatty acids. 
abc means with different superscripts differ (P < 0.05).  

Geno LM 1 HM 2  Significance 

PSS LCP 3 HCP 4 LCP HCP SEM Geno PSS Interaction 

Ruminal pH 6.66 6.62 6.64 6.55 0.046 0.33 0.15 0.57 
Ruminal 

NH3-N 

(mmol/L) 

4.76 5.09 5.01 5.28 0.222 0.33 0.18 0.88 

         

VFA 
(mmol/L) 5 

        

Total VFA 111.21 113.07 114.52 118.41 4.301 0.22 0.41 0.78 

Acetate: 
propionate 

3.7 3.33 3.52 3.19 0.062 0.01 < 0.01 0.75 

Acetate 72.81 71.92 74.21 74.3 2.755 0.40 0.86 0.83 
Propionate 19.85 21.35 20.96 23.76 0.857 0.02 < 0.01 0.35 

Butyrate 14.48 15 15.22 15.85 0.548 0.08 0.21 0.91 
Isobutyrate 1.13 1.09 1.18 1.18 0.041 0.06 0.69 0.62 

Valerate 1.2a 1.27a 1.24a 1.54b 0.055 < 0.01 < 0.01 0.048 

Isovalerate 1.5 1.51 1.5 1.65 0.092 0.27 0.25 0.31 
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Table 6.6: The effects of protein supplementation strategy (PSS) and genotype (geno) on ruminal 
fermentation parameters (main effect results) 

 

 PSS Geno 

 LCP 1 HCP 2 SEM P-value LM 3 HM 4 SEM P-value 

Ruminal 

pH 

6.65 6.59 0.033 0.15 6.64 6.60 0.033 0.33 

Ruminal 

NH3-N 
(mmol/L) 

4.88 5.19 0.157 0.18 4.92 5.14 0.157 0.33 

         

VFA 
(mmol/L) 5 

        

Total VFA 112.87 115.74 3.516 0.41 112.14 116.46 3.524 0.22 
Acetate 73.51 73.11 2.253 < 0.01 72.37 74.25 2.258 0.01 

Propionate 20.40 22.56 0.704 0.86 20.60 22.36 0.706 0.40 
Acetate: 

propionate 

3.61 3.26 0.044 < 0.01 3.52 3.35 0.044 0.02 

Butyrate 14.85 15.43 0.451 0.21 14.74 15.54 0.449 0.08 
Isobutyrate 1.15 1.14 0.031 0.69 1.11 1.18 0.031 0.06 

Valerate 1.22 1.40 0.039 < 0.01 1.23 1.39 0.039 < 0.01 
Isovalerate 1.50 1.58 0.079 0.25 1.50 1.58 0.079 0.27 

1 LCP = lower crude protein concentrate supplement of 13%. 
2 HCP = higher crude protein concentrate supplement of 18%. 
3 LM = Lower milk genotype cows. 
4 HM = Higher milk genotype cows. 
5 VFA = volatile fatty acids.  
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Table 6.7: Effects of protein supplementation strategy (PSS) and genotype (geno) on nitrogen (N) 
partitioning (interaction results) 

1 LM = Lower milk genotype cows. 
2 HM = Higher milk genotype cows. 
3 LCP = lower crude protein concentrate supplement of 13%. 
4 HCP = higher crude protein concentrate supplement of 18%. 

5 N proportions = N out [faeces, urine, milk (kg/d)]/N intake (kg/d). 
6 N excreted = N out [(faeces + urine output (kg/d))/ N intake (kg/d)] × 100. 
7 Nitrogen utilisation efficiency = N out [(milk output (kg/d))/ N intake (kg/d)] × 100. 
abc means with different superscripts differ (P < 0.05).  

Geno LM 1 HM 2  Significance 

PSS LCP 3 HCP 4 LCP HCP SEM Geno PSS Interaction 

Intake (kg/d)         
Feed N 0.689a 0.658b 0.678ac 0.681ac 0.0058 0.33 0.02 < 0.01 

Overall dietary 

CP 
concentration 

(%) 

22.3 23.3 22.3 23.28 0.004 < 0.01 <0.01 0.25 

Cow body 

weight (kg) 

644 590 618 575 12.9 0.13 < 0.01 0.68 

         
N excreted 

(kg/d) 

        

Milk 0.131 0.131 0.132 0.132 0.0008 0.50 0.99 0.83 

Faeces 0.042 0.034 0.041 0.036 0.0023 0.86 < 0.01 0.44 
Urine 0.504 0.509 0.503 0.508 0.0027 0.84 0.03 0.95 

         

N excreted as 
a proportion of 

N intake (%) 5 

        

Milk 0.195 0.195 0.196 0.197 0.0015 0.46 0.68 0.81 

Faeces 0.061 0.052 0.061 0.053 0.0032 0.87 < 0.01 0.85 

Urine 0.744 0.751 0.743 0.75 0.0042 0.74 0.046 0.99 
         

N excreted 
(%) 6 

80.9 80.5 80.4 80.3 0.15 0.46 0.68 0.81 

NUE (%) 7 19.5 19.5 19.6 19.7 0.15 0.46 0.68 0.81 
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Table 6.8: Effects of protein supplementation strategy (PSS) and genotype (geno) on nitrogen (N) 
partitioning (main effect results) 

 PSS Geno 

 LCP 1 HCP 2 SEM P-value LM 3 HM 4 SEM P-value 

Intake (kg/d)         

Feed N 0.684 0.669 0.0041 0.02 0.674 0.679 0.0041 0.33 
Overall 

dietary CP 

concentration 
(%) 

22.30 23.29 0.0028 < 0.01 22.80 22.79 0.0022 < 0.01 

Cow body 
weight (kg) 

631 583 12.9 < 0.01 617 597 12.9 0.13 

         

N excreted 
(kg/d) 

        

Milk 0.132 0.132 0.0007 0.99 0.131 0.132 0.0007 0.50 
Faeces 0.041 0.035 0.0018 < 0.01 0.038 0.038 0.0018 0.86 

Urine 0.503 0.508 0.0022 0.03 0.506 0.506 0.0022 0.84 
         

N excreted 

as a 
proportion of 

N intake (%) 
5 

        

Milk 0.195 0.196 0.0012 0.68 0.195 0.196 0.0012 0.46 

Faeces 0.061 0.053 0.0026 < 0.01 0.057 0.057 0.0026 0.87 
Urine 0.743 0.750 0.0034 0.046 0.747 0.746 0.0034 0.74 

         
N excreted 

(%) 6 

80.5 80.4 0.12 0.68 80.5 80.4 0.12 0.46 

NUE (%) 7 19.5 19.6 0.12 0.68 19.5 19.6 0.12 0.46 
1 LCP = lower crude protein concentrate supplement of 13%. 
2 HCP = higher crude protein concentrate supplement of 18%. 
3 LM = Lower milk genotype cows. 
4 HM = Higher milk genotype cows. 
5 N proportions = N out [faeces, urine, milk (kg/d)]/N intake (kg/d). 
6 N excreted = N out [(faeces + urine output (kg/d))/ N intake (kg/d)] × 100. 
7 Nitrogen utilisation efficiency = N out [(milk output (kg/d))/ N intake (kg/d)] × 100.  
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Figure 6.1: Changes in autumn pasture quality offered to dairy cows during the 

experiment (week 1 = September 9 and week 8 = October 28). A nitrogen partitioning 

study was conducted during week 2. Standard deviations across the 8-week 

experimental period were: ± 6.5 g ash/kg DM; ± 15.4 g DM/kg of FW (fresh weight); 

± 10.0 g ADF (acid detergent fibre)/kg DM; ± 33.2 g WSC (water soluble 

carbohydrate)/kg DM; ± 38.3 g NDF (neutral detergent fibre)/kg DM; and ± 32.5 g CP 

(crude protein)/kg DM.  
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Figure 6.2: Pattern of estimated urinary nitrogen (N) excretion plotted over the range 

of feed N intake observed for cows (urinary N excretion was estimated by a difference 

calculation as stated in the text).
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7.1 Abstract 

The objectives of this experiment were to investigate if: 1) decreasing the supplement 

crude protein (CP) concentration whilst having equal PDI (protein digestible in the 

small intestine) would have an effect on milk composition and milk processability; and 

2) if cow genotype interacted with protein supplementation strategy (PSS) on 

parameters measured. A 2 × 2 factorial arrangement experiment was conducted when 

cows were 198 ± 21.6 days in milk. Cows grazed full time and were offered 15 kg DM 

pasture/cow/day. There was no PSS × genotype interaction observed for any milk 

production, composition or processability parameter. Milk yield, protein kg, casein kg, 

fat + protein kg and milk urea nitrogen (MUN) decreased in cows fed 13% CP 

compared to those fed 18% CP. Decreasing supplementary CP concentration may have 

environmental benefits through decreased MUN which could indicate a reduction in 

urinary nitrogen excretion, while maintaining milk composition and processability 

parameters in pasture-based systems. 

Keywords: dairy cow, protein supplementation, milk composition, processability, late-

lactation, grazing  
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7.2 Introduction 

Seasonal block-calving pasture-based milk production systems present challenges 

regarding milk composition and processability, particularly in late lactation (Lucey and 

Fox, 1992). Common issues reported with late-lactation milk produced in autumn and 

winter include elevated somatic cell count (SCC; O'Connell et al., 2015), reduced heat 

stability (HS; Donnelly and Horne, 1986), reduced casein number (Reid et al., 2015b), 

reduced lactose (O'Brien et al., 1996) and extended rennet coagulation time (RCT; 

Downey and Doyle, 2007). Consequences of these issues include reduced processing 

efficiencies (Auldist et al., 1996) and issues associated with product quality such as 

high moisture cheese (O'Keeffe, 1984). In response to the above issues, past studies 

have shown that concentrate supplementation (CS) has improved milk composition 

(O'Brien et al., 1999a) and processability parameters (Doran et al., 2020) in late 

lactation. 

Pasture-based milk production systems provide an inexpensive feed source (Hanrahan 

et al., 2018); however, pasture growth is seasonal and these systems of milk 

production generally utilise CS when pasture shortages occur (Holmes and Roche, 

2007). In addition, high quality pasture is naturally high in crude protein (CP; Van 

Vuuren et al., 1990). Therefore, there could be a benefit to decreasing the CP content 

of the CS that is offered, while maintaining dairy cow milk production where high 

quality pasture is available (Whelan et al., 2012b). Recently, decreasing the 

supplementary CP concentration of dairy cow feedstuffs in the European Union has 

received attention (DAFM, 2020) as it can help to reduce environmental nitrogen (N) 

excretion which can reduce the environmental impact of pasture-based dairy 

production (Whelan et al., 2012b). Pasture can be high in rumen degradable protein 

(RDP) and RDP wastages can occur through the production of ammonia (NH3) in 

ruminants (Tamminga, 2006). Furthermore, supplying less RDP and providing 

additional supplementary rumen undegradable protein (RUP) through CS allows us to 

supply similar amounts of PDI (protein digestible in the small intestine), while 

decreasing the overall supplementary CP concentration. Whilst decreasing the 

supplementary CP concentration has maintained milk solids concentrations in some 

studies (Whelan et al., 2012b), it has resulted in reduced milk solids concentrations in 

other studies (Burke et al., 2008), whereas decreasing the supplementary CP 
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concentration‘s effect on milk HS, RCT and casein number in late lactation has not 

received attention. This research would be important for milk producers and processors 

that aim to improve milk composition and processability through on-farm management 

strategies. 

Aside from changing CS strategies, dairy cow genetics have also evolved over time. 

Dairy cows that are genetically capable of producing increased yields of milk fat and 

protein have an improved milk yield response to CS (Horan et al., 2005). Predicted 

transmitting ability (PTA) values indicate the additive genetic component of a trait that 

an animal is expected to transmit to its offspring relative to the base population 

(Wattiaux, 2011). Higher milk producing dairy cows are reported to have a greater N 

utilisation efficiency (NUE; Ferris et al., 1999; Cheng et al., 2014). Therefore, it could 

be postulated that higher milk production PTA cows that have higher phenotypic levels 

of milk production have a greater ability to utilise higher levels of supplementary CP 

concentration even where equal PDI is maintained. This may have consequential 

effects on milk composition and processability; however, published literature on this 

topic is lacking. 

The objectives of this study were to: 1) investigate the effect of decreasing the 

supplementary CP concentration (while having equal PDI) on milk composition and 

processability parameters (RCT, ethanol stability (ES) and milk pH); and 2) investigate 

if cows that are different in their genetic potential for milk production responded 

differently to decreasing the supplementary CP concentration on parameters measured 

in late-lactation spring-calving grazing dairy cows.  
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7.3 Materials and methods 

7.3.1 Animal ethics 

All procedures described in this experiment were approved by the Animal Research 

Ethics Committee at University College Dublin (UCD) and conducted under 

experimental license from the Health Products Regulatory Authority (HPRA) under the 

European Directive 2010/63/EU and S.I. No. 543 of 2012. Each person who conducted 

procedures on experimental cows during this experiment, were authorised to do so by 

the HPRA. This experiment was conducted at UCD Lyons Research Farm, Celbridge, 

Naas, Co. Kildare, Ireland, W23 ENY2 (530 17’ 56” N, 60 32’ 18” W). 

7.3.2 Cows, treatments and experimental design 

Twelve primiparous and 36 multiparous dairy cows (Holstein-Friesian) were selected 

from the spring calving herd at UCD Lyons Research Farm. A 2 × 2 factorial 

experiment, with two protein supplementation strategies (PSS; lower CP (LCP; 13%) 

and higher CP (HCP; 18%) with equal PDI supply in both) offered at 3.6 kg dry matter 

(DM)/cow/day (d), and two cow genotypes (genotype with lower milk yield potential 

(LM; milk kg PTA = -60 ± 71.5 kg, fat kg PTA = +6 ± 3.9 kg and protein kg PTA = +3 

± 3.1 kg) and genotype with higher milk yield potential (HM; milk kg PTA = +130 ± 

118.8 kg, fat kg PTA = +10 ± 4.5 kg and protein kg PTA = +7 ± 3.3 kg)), was 

conducted over 53 d from 9th September to 31st October 2019. Experimental cows were 

selected from a larger group of 80 cows. Cows were blocked on parity and balanced 

on d in milk (DIM; +198 ± 21.6), body condition score (BCS) and overall Economic 

Breeding Index (EBI; within genotype). Both cow genotypes had similar genetic 

potential for the fertility trait, calving interval. Cows within genotype groups were 

randomly assigned to one of two feeding strategies, resulting in four treatment groups 

(n = 12): 1) LM cows + LCP (LM LCP); 2) LM cows + HCP (LM HCP); 3) HM cows + 

LCP (HM LCP); and 4) HM cows + HCP (HM HCP). Cows grazed full time in the same 

group and were offered 15 kg DM pasture/cow/d. The 13 and 18% CP supplements 

were formulated to contain equal PDI. When formulating the 13% CP CS, 

lignosulfonate-treated soybean meal (SoyPass®) was added (see Table 7.1) to supply 

additional RUP compared to the 18% CP CS. As PDIE (PDI when energy is limiting) 

was more limiting than PDIN (PDI when nitrogen is limiting), PDIE was assumed to be 
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the true PDI value; hence, the PDIE was equalised and values were 115 g PDIE/kg DM 

CS for both the 13 and 18% CP CS. Concentrate supplement were dispensed in the 

milking parlour using the Feedrite automatic system linked to cow electronic 

identification (Dairymaster, Kerry, IE) and were manufactured by Gain Feeds 

(Portlaoise, IE). Cows had ad libitum access to fresh water. 

7.3.3 Data and sample collection 

7.3.3.1 Pasture and concentrate collection 

Cows grazed as a single group and were offered fresh allocations (7.5 kg DM/cow) of 

perennial ryegrass-based pasture twice daily post am and pm milking (15 kg DM/d, 

total). Cows were offered CS twice daily (1.8 kg DM) during am and pm milking’s (3.6 

kg DM, total). Pre-grazing herbage mass was determined daily before cows entered a 

new paddock using the “quadrant and shears” method as described by Whelan et al. 

(2012a). Briefly, an area (0.25 m2) was cut using a hand-held shears (Gardena Accu 

90, Gardena GmbH, Ulm, Germany) to a height of 4 cm at six random locations 

throughout the paddock. Each 0.25 m2 of pasture was then collected and weighed, 

and a sample of pasture was taken for determination of DM and routine chemical 

analyses. The average pre-grazing herbage mass was 1,378 ± 285 kg DM/hectare (ha; 

above 4 cm). Post-grazing herbage mass was also measured daily; a total of 50 

measurements were taken across each grazing area using a rising plate meter 

(diameter 355 mm and 3.2 kg/m2; Jenquip, Feilding, NZ) by walking in a W-shape 

across the field. Post-grazing cover was 371 ± 191 kg DM/ha (above 4 cm). On a 

weekly basis, pasture samples were pooled for chemical analyses (DM, ether extract, 

ash and CP), neutral detergent fibre (NDF), acid detergent fibre (ADF) and water-

soluble carbohydrates (WSC). Weekly changes in pasture quality for the duration of 

the experiment are shown in Table 7.2. Cows had ad libitum access to fresh water. 

Concentrate samples were collected weekly for DM and then ground for chemical 

analyses. 

7.3.3.2 Milk sample collection 

Cows were milked twice daily at 0700 hours (h) and 1500 h. Milk output and milk 

sampling were facilitated using the Weighall milk metering and sampling system 

(Dairymaster, Kerry, IE). Milk samples were taken from a successive am and pm 
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milking once per week (wk) for each cow. In total, 130 mL of milk was required for 

each cow in analysis. For this 130 mL milk sample, the ratio of am milk to pm milk 

used was equal to the ratio of the cow’s am to pm milk yield. Within each treatment, 

cows were randomly assigned to one of three subgroups (n = 3) by randomly blocking 

on parity and balancing for DIM, BCS and milk production parameters. Therefore, 

individual cow milk samples from each treatment (n = 12) were pooled into three 

subsamples (n = 3) per treatment each wk. The purpose of the subgroups was to 

reduce the number of samples that needed to be analysed for milk processability. 

7.3.4 Sample analyses  

7.3.4.1 Pasture and concentrate analysis 

Pasture and concentrate samples were dried in a forced air oven at 55 °C and were 

ground in a hammer mill fitted with a 1-mm screen (Lab Mill; Christy Turner, Suffolk, 

UK). The DM content of samples was determined by drying at 105 °C overnight (16 h; 

AOAC, 2005a). Ash was determined following combustion in a muffle furnace 

(Nabertherm GMBH, Lilienthal, DE) at 550 °C for 5.5 h (AOAC, 2005b). The CP content 

of the pasture and concentrate samples were determined by combustion (FP 528 

Analyzer, Leco Corp., St Joseph, Michigan, US; AOAC, 2005c). The NDF and ADF values 

were determined using the method of Van Soest et al. (1991) adopted for use in the 

Ankom™ 220 Fiber Analyzer (Ankom™ Technology, NY, USA). This method included a 

thermostable alpha-amylase and Na-sulfide but residual ash was not determined. 

Starch content of feed samples was analysed using the Megazyme Total Starch Assay 

Procedure (product no: K-TSTA; Megazyme International Ireland Ltd, Wicklow, IE). 

The concentration of WSC was determined as described by Dubois et al. (1956). 

7.3.4.2 Milk analysis 

Concentrations of milk fat, total protein, lactose, casein, milk urea N (MUN), SCC and 

fatty acids over the 53-d study were determined in a commercial milk laboratory 

(National Milk Laboratories Ltd, Unit 26-29, Laches Close, Calibre Industrial Park, Four 

Ashes, Wolverhampton, UK, WV10 7DZ) using mid-infrared spectrometry (MilkoScan 

FT6000, Foss Analytical A/S, Hillerod, DK; Soyeurt et al., 2006). Milk samples were 

analysed for pH (Mettler Toledo FiveGo Portable F2 pH/mV). The RCT was determined 

by modification of the method by Berridge (1952). Five mL of Hansen’s Naturen 145 
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rennet (Chr. Hansen Holding A/S, Boege Alle 10---12, 2970, Hoersholm, Denmark) was 

diluted with 100 mL of DH2O to give a 1:20 rennet dilution. For each milk sample, 4.85 

mL was measured into a test tube and placed in a water bath to allow a 5-minute 

(min) equilibrium time to reach 30 °C. Once the samples had reached 30 °C, 0.15 mL 

of the rennet dilution was added and the timer started simultaneously. The sample 

was slowly inverted twice, attached to a rotating holder and immersed in the water 

bath at a 30 ° angle with rotation set to maximum speed (4 revolutions per min). The 

length of time taken for milk to coagulate was recorded. The milk ES test has previously 

been applied as a surrogate for milk HS (Chavez et al., 2004). The ES was determined 

using the method reported by Guo et al. (1998). Briefly, equal volumes of milk were 

mixed with an ethanol solution (ranging in concentration from 63-92%, v/v) at room 

temperature. The ES of milk was determined at the maximum concentration of ethanol 

solution that did not cause milk coagulation. For elemental analysis, milk samples were 

sent to ALS Life Sciences Ireland (Carrigeen Industrial Estate, Clonmel, Co. Tipperary, 

IE, E91 PF63). Analysis was conducted by inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) to determine total levels of calcium (Ca), phosphorus (P), 

magnesium (Mg), sodium (Na) and potassium (K; Licata et al., 2012). 

7.3.5 Statistical analysis 

Residuals of data were checked for normality and homogeneity of variance by 

histograms, QQ-plots and formal statistical tests as part of the UNIVARIATE procedure 

of SAS (version 9.4). Somatic cell count data were not normally distributed and were 

transformed by raising the variable to the power of lambda. The appropriate lambda 

value was obtained by conducting a Box-Cox transformation analysis using the 

TRANSREG procedure of SAS (Fahey et al., 2007). The transformed data were used to 

calculate P - values. The corresponding least square means and standard error of the 

non-transformed data are presented in the results for clarity. Milk composition, milk 

processability, minerals and fatty acid parameters were analysed using repeated 

measures ANOVA (MIXED procedure). The fixed effects in the model were genotype, 

PSS, wk and their interactions, and subgroup (n = 3) was considered the random 

effect. Week of experiment was the repeated unit. Heterogenous compound 

symmetry, unstructured, autoregressive, heterogeneous 1st order autoregressive, 

Toeplitz and heterogenous Toeplitz were (co)variance structures considered. The 
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model with the lowest Bayesian information criterion value was selected. Differences 

between means were determined by F-tests using Type III sums of squares. The PDIFF 

option and the Tukey test were applied as appropriate methods to evaluate multiple 

pairwise comparisons. A probability of P < 0.05 was selected as the level of significance 

and statistical tendencies were reported when P > 0.05 but P < 0.10.  
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7.4 Results 

Where PSS × genotype interactions were not significant, results focused on main 

effects only. 

7.4.1 Milk production and milk composition 

Effects of PSS and genotype on milk production and milk composition are shown in 

Tables 7.3 (interactions) and 7.4 (main effects). The HM cows tended to have 

increased milk yield (P = 0.07) compared to the LM cows; however, genotype did not 

affect milk fat kg, protein kg, casein kg or fat + protein kg (P > 0.10). Furthermore, 

cows fed HCP had increased milk yield (P < 0.01), protein kg (P < 0.01), casein kg (P 

< 0.01) and fat + protein kg (P = 0.02) and tended to increase fat kg (P = 0.07) 

compared to cows fed LCP. The HM cows tended to have milk with decreased fat 

concentrations (P = 0.06) compared to the LM cows. Additionally, cows fed HCP had 

increased MUN concentration (P = 0.04) and tended to increase milk casein 

concentration (P = 0.08) compared to cows fed LCP (Table 7.4). 

7.4.2 Milk processability 

Effects of PSS and genotype on milk processability are shown in Tables 7.5 

(interactions) and 7.6 (main effects). The HM cows had increased milk pH compared 

to the LM cows (P = 0.01). Protein supplementation strategy did not affect milk pH, 

ES or RCT (P > 0.10) (Table 7.6). 

7.4.3 Milk mineral concentration 

Effects of PSS and genotype on milk mineral concentrations are shown in Tables 7.7 

(interactions) and 7.8 (main effects). The HM cows had increased milk K 

concentrations compared to the LM cows (P = 0.03). Protein supplementation strategy 

had no effect on Ca, P, K, Mg or Na (P > 0.10) (Table 7.8). 

7.4.4 Milk fatty acids 

Effects of PSS and genotype on milk fatty acid concentrations are shown in Tables 7.9 

(interactions) and 7.10 (main effects). The HM cows tended to have decreased milk 

PUFA concentration (P < 0.10) compared to the LM cows. Furthermore, cows fed HCP 

had increased milk UNSFA concentrations (P < 0.01) and decreased milk palmitic acid 

concentration (P < 0.01) compared to cows fed LCP (Table 7.10). There was a PSS × 



226 
 

genotype interaction (P = 0.04) for milk palmitic acid concentration. Cows in LM LCP 

had increased milk palmitic acid concentration (P < 0.01) compared to cows in LM 

HCP, whilst milk from cows in HM LCP did not differ from those of cows assigned to 

other treatments (P > 0.10) (Table 7.9).  
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7.5 Discussion 

7.5.1 Milk production and milk composition 

Previous late-lactation studies have demonstrated that milk fat, protein and lactose 

concentrations could be impacted by cow genotype (Kennedy et al., 2003; Doran et 

al., 2020), while feeding CS to dairy cows altered milk fat, lactose and MUN 

concentrations (McKay et al., 2019) where the basal diet consisted of grazed pasture. 

Furthermore, decreasing the supplementary CP concentration maintained 

concentrations of milk solids in the study of Whelan et al. (2012b), while concentrations 

of milk solids were reduced in the study of Burke et al. (2008). However, it was 

unknown how cows of differing genotype for milk production traits would respond to 

consuming CS with varying CP concentrations that supply equal PDI in late lactation. 

Although both supplementary concentrates supplied equal PDI, results of this study 

found that feeding cows LCP had a negative impact on milk yield, protein kg, casein 

kg and fat + protein kg in late lactation. Coupled with this effect, autumn pasture CP 

levels were untypically low for the farm in this study (201 g CP/kg DM) when compared 

to autumn pasture CP levels on studies conducted at this location in the past (261 and 

236 g CP/kg DM; McKay et al., 2019; Doran et al., 2020). Consequently, cows offered 

LCP may have had a dietary protein deficiency. The aforementioned deficiency may 

have been reflected through a MUN reduction when offering cows LCP, although milk 

from cows offered both LCP and HCP had MUN levels greater than the recommended 

figure for optimum milk production (Hwang et al., 2000). Similar research to our study 

has shown that higher milk production PTA cows that have higher phenotypic levels of 

milk production have superior milk production performance compared to lower milk 

production PTA dairy cows (Kennedy et al., 2003; Shalloo et al., 2004; Doran et al., 

2019); however, genotype had no significant effects on milk production parameters in 

our findings. As milk kg, fat kg and protein kg PTA were based on 305-d milk 

production values, the current experiment’s length (53 d) may not have been sufficient 

to detect differences in milk production between LM and HM cows, necessitating 

further research on Irish milk production PTA and its effect on milk production 

performance. 
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Our study found that there were no effects of PSS on milk fat and protein 

concentrations despite the milk yield increase observed on offering cows HCP. 

Increasing milk yield is commonly known to cause dilution of components (Lovett et 

al., 2005). The results of this study suggest that there was no dilution effect as fat and 

protein concentrations were maintained with increasing milk yield. Additionally, 

offering cows LCP did not decrease milk protein concentration in the current findings, 

concurring with Mulligan et al. (2004), Broderick (2006) and (Reid et al., 2015a). 

Numerous studies have reported that energy intake regulates milk protein 

concentration more than dietary CP supply (Emery, 1978; Butler, 2000; Beever et al., 

2001; Walker et al., 2004). Given that all cows were offered a similar quantity and 

quality of feed, there was no difference in energy intake or milk protein concentration 

in this study. 

Increased MUN can be an indicator of excess protein in the diet (Hof et al., 1997) and 

previous studies have documented that differing MUN values can result in differing 

levels of milk HS (Muir and Sweetsur, 1977; Reid et al., 2015a). We found that MUN 

concentration increased with offering cows HCP, as was milk yield, protein kg, casein 

kg and fat + protein kg, suggesting that the HCP offered to cows was not all in excess 

of the cows’ requirements; there was a certain amount of milk response to the 

additional supplementary CP offered. Previous autumn grazing studies conducted at 

this location have shown that average pasture CP concentration has ranged from 236–

261 g CP/kg DM (McKay et al., 2019; Doran et al., 2020) and these results show that 

the average pasture CP concentration was lower in our study (201 g CP/kg DM). The 

unusually low pasture CP level may have obscured the expected outcome where a 

13% CP supplement should have been sufficient to support similar levels of milk 

production performance when compared to an 18% CP supplement. In contrast, Burke 

et al. (2008) found that increased supplementary CP concentration increased MUN, 

but milk production was not increased, indicating that the increased supplementary CP 

offered was surplus to the cows’ dietary requirements. Furthermore, in the study of 

Burke et al. (2008), cows averaged 140 DIM, the increased supplementary CP 

concentration was 194 g CP kg/DM and the decreased supplementary CP concentration 

was 69 g CP/kg DM. The basal diet, which consisted of perennial ryegrass (Lolium 

perenne L), averaged 225 g CP/kg DM in Burke et al. (2008), whereas it averaged 201 
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g CP/kg DM in our research. Consequently, there may have been a dietary CP 

deficiency in cows in our research, as previously stated. Pasture quality is known to be 

variable and differences can be due to soil, topography, weather conditions and species 

composition (Safari et al., 2016). 

Milk lactose is an essential carbohydrate used in the fermentation of dairy products 

and is a constituent that is known to decline in late lactation (Fox et al., 2015). Neither 

genotype nor PSS decreased milk lactose concentration in our findings, which is 

consistent with Doran et al. (2019) and Whelan et al. (2012a), and would be a positive 

from a milk processing perspective as no negative impacts were observed. 

Furthermore, milk lactose concentration is unlikely to respond to changes in dietary 

composition; however, offering a diet with an increased energy content is known to 

increase milk lactose concentration (Looper, 2012; Doran et al., 2019). 

7.5.2 Milk processability 

Previous studies have documented decreased milk processability in late lactation 

(Lucey and Fox, 1992; Auldist et al., 1995; Auldist and Hubble, 1998). Milk HS and 

RCT are strongly influenced by milk pH (Lucey and Fox, 1992; O'Brien et al., 1996; 

Williams, 2002) and this can range from 6.53 in January to 6.81 in November in spring 

calving systems (O'Keeffe et al., 1982; Phelan et al., 1982). The HM cows had an 

increased milk pH compared to the LM cows in our study. Poulsen et al. (2015) linked 

increased milk pH to mastitis; however, milk SCC in our study was not affected by 

genotype. Overall, milk pH fell within the range of 6.6–6.7 across the differing 

genotypes and PSS, and would indicate good quality milk for processing (Lucey and 

Fox, 1992). 

Late-lactation milk is characterised as having an extended RCT (O'Keeffe et al., 1982; 

Lucey and Fox, 1992). Shorter RCT have been previously associated with a higher 

cheese yield (Troch et al., 2017) which is more desirable. In addition, different RCT 

can indicate different levels of milk HS (Hill et al., 1997). Cow genotype or PSS did not 

affect milk RCT in our findings. Although Visentin et al. (2017) elucidated that genetic 

selection for increased milk yield indirectly deteriorated milk RCT, no such observation 

was made for differing genotype cows and RCT in our findings. Rennet coagulation 

times observed in the current study were comparable to that of RCT observed in Lucey 
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and Fox (1992) where least square means fell within the range of 5-15 min and where 

cows were in an advanced stage of lactation. 

Although no effects of PSS or genotype were observed for milk ES in our findings, 

values observed in Donnelly and Horne (1986), Lin et al. (2017) and O'Brien et al. 

(1999b) were lower than the values recorded in our findings. The aforementioned 

studies were conducted on cows in an advanced stage of lactation and were based in 

Irish settings, analogous to our research. Donnelly and Horne (1986) and O'Brien et 

al. (1999b) research was conducted 35 and 22 years ago respectively, and there have 

been improvements in nutritional and breeding strategies in dairy cows since then 

which may have been contributing factors to the overall increased milk ES values 

obtained in our findings. Milk mineral concentrations have also been reported to affect 

HS as reported by Horne (2016); however, differences in milk mineral concentrations 

were minimal in our findings. 

7.5.3 Milk fatty acids 

Offering cows HCP increased milk UNSFA concentrations in our study, while 

simultaneously decreasing milk palmitic acid concentrations. Contrary to our results, 

Rego et al. (2008) observed that increased dietary CP concentration through offering 

cows pasture-only did not alter concentrations of milk fatty acids important for human 

nutrition in comparison to offering cows pasture plus grass silage supplementation. 

However, the additional dietary CP offered in Rego et al. (2008) was present in pasture, 

whereas it was offered through CS in our study and the source of the additional dietary 

CP may have been a reason for differences between the above study and our findings. 

Elsewhere, Kay et al. (2005) found that higher yielding cows tended to have decreased 

milk MUFA concentration compared to lower yielding cows. Energy intakes were not 

measured in the above study but previous data using the same herd showed that the 

higher yielding cows consumed more feed than the lower yielding cows (Crooker et 

al., 2001) and this may serve as a potential explanation for differences in the milk fatty 

acid profile. Contrary to the Kay et al. (2005) study, the HM cows in our study did not 

have decreased milk MUFA concentration; however, they tended to have decreased 

milk PUFA concentration which was not observed by Kay et al. (2005). This observation 

made in our study may have been the result of a tendency for a decreased fat 
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concentration in milk from the HM cows as McKay (2019) and Bargo et al. (2006) 

showed that the fatty acid profile was altered once a change in milk fat concentration 

was observed. Milk MUFA and PUFA concentrations are similar to levels reported in 

Kay et al. (2005) and Hernández-Ortega et al. (2014), and are higher than levels 

observed where the basal diet is total mixed ration (Baltušnikienė et al., 2008; 

O'Callaghan et al., 2016).  
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7.6 Conclusion 

In conclusion, cow genotype had no effect on milk yield, fat kg, protein kg, casein kg 

or fat + protein kg. Similarly, cow genotype had no effect on concentrations of fat, 

protein, casein, casein number, lactose, MUN or SCC. Offering cows LCP while 

maintaining PDI decreased milk yield, protein kg, casein kg, fat + protein kg and MUN 

but did not impact on concentrations of milk fat, protein, casein, casein number, 

lactose or SCC. Cow genotype or PSS did not affect ES or RCT, suggesting that these 

main effects did not affect the colloidal stability of milk. In summary, despite supplying 

equal PDI, offering cows LCP decreased milk production but milk composition and 

processability were unaffected. The results obtained in this experiment show that 

reducing the supplementary CP concentration offered to cows in late-lactation has no 

negative impact on milk composition or processability which would be desirable to both 

milk processors and milk producers in pasture-based dairy-producing regions.  
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Table 7.1: Chemical composition of concentrate supplement (CS) and pasture, and ingredient 

inclusion level of CS offered 1 

 LCP 2 HCP 3 Pasture 

Chemical composition (g/kg DM, unless stated)    
DM (g/kg) 4 866 869 150 

Ash 124 84 88 

Crude protein 137 188 201 
Neutral detergent fibre 212 192 498 

Acid detergent fibre 136 109 223 
Water soluble carbohydrates - - 83 

Ether extract 29 35 42 
Starch 260 269 - 

    

Ingredient inclusion level of concentrates (g/kg)    

Barley 221 225  

Maize 234 232  
Maize distiller grain with solubles - 100  

Sugar beet pulp pellets 8 mm 227 40  

Soybean meal  - 220  
Soybean hulls 50 50  

Soybean oil 9 9  
Soypass® 5 125 -  

Palm oil blend 6 6  
Monocalcium diphosphate 23 16  

Sugarcane molasses 45 45  

Calcium carbonate 13 16  
Sodium chloride 18 18  

Magnesium oxide 16 15  
Gain cattle premix 6 6  

1 Estimated protein digestible in the small intestine (PDI) when energy is limiting (PDIE) = 115 g/kg for 

both LCP and HCP respectively, and 85 g/kg for the pasture; estimated PDI when nitrogen limiting 
(PDIN) = 94 and 128 g/kg for LCP and HCP respectively, and 151 g/kg for the pasture; and estimated 

PDI when protein undegraded in the rumen but digestible in small intestine (PDIA) = 61 and 63 for LCP 
and HCP respectively, and 54 g/kg for the pasture. 

Gain cattle premix consisted of the following: 0.1 g/kg copper for LCP and HCP; 15 g/kg and 14 g/kg 

calcium for LCP and HCP respectively; 8 g/kg phosphorus for LCP and HCP; 8 g/kg and 7 g/kg sodium 
for LCP and HCP respectively; 10 g/kg and 9 g/kg magnesium for LCP and HCP respectively; 10,000 

IU/kg vitamin A; 2,500 IU/kg vitamin D; and 62.5 IU/kg vitamin E. 
2 LCP = Lower crude protein (13%) supplement. 
3 HCP = Higher crude protein (18%) supplement. 
4 DM = Dry matter. 
5 SoyPass® heat treated soybean meal was included in LCP to reduce RDP supply and increase RUP 

supply; therefore, equalising PDIE supply between LCP and HCP.  
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Table 7.2: Changes in autumn pasture quality offered to dairy cows during the experiment (week 1 = 

September 9 and week 8 = October 28) 

 

Week 

 1 2 3 4 5 6 7 8 

Chemical composition (g/kg DM unless 
stated)         

DM (g/kg) 1 158 147 175 141 127 146 138 172 

Ash 90 84 81 87 103 83 83 88 

CP 2 132 211 121 193 195 187 197 173 

NDF 3 501 573 471 530 511 493 484 423 

ADF 4 238 200 221 243 243 226 212 198 

WSC 5 123 106 51 101 76 23 56 130 
1 DM = Dry matter. 
2 CP = Crude protein. 
3 NDF = Neutral detergent fibre. 
4 ADF = Acid detergent fibre. 
5 WSC = Water soluble carbohydrates.  
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Table 7.3: Effects of protein supplementation strategy (PSS) and genotype (geno) on milk production 

and milk composition (interaction results) 

Geno LM 1 HM 2  Significance 

PSS LCP3 HCP4 LCP HCP SEM Geno PSS Interaction 

Milk 

production 
(kg/d) 

        

Milk yield 17.19 18.40 17.78 20.36 0.690 0.07 < 0.01 0.33 

Fat 0.82 0.87 0.84 0.89 0.027 0.64 0.07 0.97 

Protein 0.70 0.75 0.71 0.79 0.023 0.21 < 0.01 0.63 

Casein 0.54 0.59 0.56 0.63 0.018 0.11 < 0.01 0.66 

Fat + 
protein 

1.52 1.62 1.55 1.68 0.048 0.38 0.02 0.74 

         

Milk 

composition 
(%) 

        

Fat 4.78 4.79 4.76 4.50 0.068 0.06 0.12 0.10 

Protein 4.04 4.11 4.02 4.08 0.038 0.49 0.12 0.87 

Casein 3.18 3.26 3.18 3.23 0.033 0.56 0.08 0.73 

Casein 
number 5 

78.86 79.46 79.05 79.16 0.191 0.79 0.10 0.23 

Lactose 4.26 4.30 4.29 4.33 0.022 0.18 0.10 0.97 

SCC (× 103 

cells/mL) 6 

78 73 72 71 5.6 0.29 0.49 0.55 

MUN (g/100 

mL milk) 7 

0.031 0.032 0.029 0.033 0.0009 0.53 0.04 0.19 

1 LM = Lower milk genotype cows. 
2 HM = Higher milk genotype cows. 
3 LCP = Cows offered the lower crude protein supplement (13%). 
4 HCP = Cows offered the higher crude protein supplement (18%). 
5 Casein number = Casein concentration as a proportion of total protein concentration. 
6 SCC = Somatic cell count. 
7 MUN = Milk urea nitrogen.  
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Table 7.4: Effects of protein supplementation strategy (PSS) and genotype (geno) on milk production 

and milk composition (main effect results) 

 PSS Geno 

 LCP 1 HCP 2 SEM P-value LM 3 HM 4 SEM P-value 

Milk 
production 

(kg/d) 

        

Milk yield 17.48 19.38 0.487 < 0.01 17.79 19.07 0.487 0.07 

Fat 0.83 0.88 0.019 0.07 0.85 0.86 0.019 0.64 
Protein 0.70 0.77 0.016 < 0.01 0.73 0.75 0.016 0.21 

Casein 0.55 0.61 0.013 < 0.01 0.57 0.60 0.013 0.11 

Fat + 
protein 

1.54 1.65 0.034 0.02 1.57 1.62 0.034 0.38 

         
Milk 

composition 

(%) 

        

Fat 4.77 4.64 0.047 0.12 4.78 4.63 0.046 0.06 

Protein 4.03 4.10 0.027 0.12 4.08 4.05 0.027 0.49 
Casein 3.18 3.25 0.023 0.08 3.22 3.20 0.023 0.56 

Casein 
number 5 

78.95 79.31 0.132 0.10 79.16 79.10 0.137 0.79 

Lactose 4.27 4.32 0.016 0.10 4.28 4.31 0.016 0.18 

SCC (× 103 

cells/mL) 6 
75 72 5.2 0.49 76 72 5.1 0.29 

MUN (g/100 
mL milk) 7 

0.030 0.032 0.0006 0.04 0.032 0.031 0.0006 0.53 

1 LCP = lower crude protein concentrate supplement of 13%. 
2 HCP = higher crude protein concentrate supplement of 18%. 
3 LM = Lower milk genotype cows. 
4 HM = Higher milk genotype cows. 
5 Casein number = Casein concentration as a proportion of total protein concentration. 
6 SCC = Somatic cell count. 
7 MUN = Milk urea nitrogen.  
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Table 7.5: Effects of protein supplementation strategy (PSS) and genotype (geno) on milk 
processability (interaction results) 

Geno LM 1 HM 2  Significance 

PSS LCP3 HCP4 LCP HCP SEM Geno PSS Interaction 

Milk 
processability 

        

Milk pH 6.62 6.66 6.68 6.68 0.014 0.01 0.35 0.18 

ES (%) 5 84.00 83.45 81.62 82.39 1.215 0.19 0.93 0.59 

RCT (minutes) 6 6.20 6.18 6.14 6.04 0.320 0.77 0.86 0.90 
1 LM = Lower milk genotype cows. 
2 HM = Higher milk genotype cows. 
3 LCP = Cows offered the lower crude protein supplement (13%). 
4 HCP = Cows offered the higher crude protein supplement (18%). 
5 ES = Ethanol stability. 
6 RCT = Rennet coagulation time.  



245 
 

Table 7.6: Effects of protein supplementation strategy (PSS) and genotype (geno) on milk 
processability (main effect results) 

 PSS Geno 

 LCP 1 HCP 2 SEM P-value LM 3 HM 4 SEM P-value 

Milk 

processability 

        

Milk pH 6.65 6.67 0.010 0.35 6.64 6.68 0.010 0.01 

ES (%) 5 82.81 82.92 0.876 0.93 83.73 82.00 0.859 0.19 
RCT 

(minutes) 6 

6.17 6.11 0.229 0.86 6.19 6.09 0.229 0.77 

1 LCP = lower crude protein concentrate supplement of 13%. 
2 HCP = higher crude protein concentrate supplement of 18%. 
3 LM = Lower milk genotype cows. 
4 HM = Higher milk genotype cows. 
5 ES = Ethanol stability. 
6 RCT = Rennet coagulation time.  
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Table 7.7: Effects of protein supplementation strategy (PSS) and genotype (geno) on milk mineral 
composition (interaction results) 

Geno LM 1 HM 2  Significance 

PSS LCP 3 HCP 4 LCP HCP SEM Geno PSS Interaction 

Milk minerals (mg/L)         

Calcium 1321 1367 1400 1377 32.5 0.21 0.72 0.32 
Potassium 1540 1551 1611 1626 27.2 0.03 0.65 0.93 

Magnesium 136 134 135 127 5.6 0.51 0.39 0.62 
Sodium 441 403 409 391 19.4 0.29 0.18 0.60 

Phosphorus 963 986 982 993 20.3 0.55 0.41 0.32 
1 LM = Lower milk genotype cows. 
2 HM = Higher milk genotype cows. 
3 LCP = Cows offered the lower crude protein supplement (13%). 
4 HCP = Cows offered the higher crude protein supplement (18%).  
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Table 7.8: Effects of protein supplementation strategy (PSS) and genotype (geno) on milk mineral 
composition (main effect results) 

 PSS Geno 

 LCP 1 HCP 2 SEM P-value LM 3 HM 4 SEM P-value 

Milk 

minerals 

(mg/L) 

        

Calcium 1360 1372 23.0 0.72 1344 1388 23.0 0.21 

Potassium 1575 1588 19.2 0.65 1545 1618 19.2 0.03 

Magnesium 135 130 3.9 0.39 135 131 3.9 0.51 

Sodium 425 397 13.7 0.18 422 400 13.7 0.29 

Phosphorus 972 990 14.4 0.41 974 987 14.4 0.55 
1 LM = Lower milk genotype cows. 
2 HM = Higher milk genotype cows. 
3 LCP = Cows offered the lower crude protein supplement (13%). 
4 HCP = Cows offered the higher crude protein supplement (18%).  
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Table 7.9: Effects of protein supplementation strategy (PSS) and genotype (geno) on milk fatty acids 

(interaction results) 

Geno LM 1 HM 2  Significance 

PSS LCP 3 HCP 4 LCP HCP SEM Geno PSS Interaction 

Milk Fatty Acids 
(g/100 g fat) 

        

MUFA 5 30.52 31.05 30.69 31.19 0.332 0.64 0.19 0.96 

PUFA 6 4.92 5.02 4.72 4.77 0.107 0.08 0.51 0.79 
SFA 7 61.65 61.01 61.54 60.89 0.336 0.76 0.10 0.10 

UNSFA 8 30.80 31.61 31.28 31.78 0.195 0.10 < 0.01 0.42 
Oleic 28.35 29.04 28.47 28.87 0.372 0.96 0.20 0.70 

Palmitic 26.41a 25.40b 25.96ab 25.81ab 0.212 0.93 < 0.01 0.04 

Stearic 9.81 10.08 9.87 9.71 0.288 0.60 0.87 0.46 
1 LM = Lower milk genotype cows. 
2 HM = Higher milk genotype cows. 
3 LCP = Cows offered the lower crude protein supplement (13%). 
4 HCP = Cows offered the higher crude protein supplement (18%). 
5 MUFA = monounsaturated fatty acid. 
6 PUFA = polyunsaturated fatty acid. 
7 SFA = saturated fatty acid. 
8 UNSFA = unsaturated fatty acid. 
abc means with different superscripts differ significantly (P < 0.05).
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Table 7.10: Effects of protein supplementation strategy (PSS) and genotype (geno) on milk fatty 
acids (main effect results) 

 PSS Geno 

 LCP 1 HCP 2 SEM P-value LM 3 HM 4 SEM P-value 

Milk Fatty Acids 

(g/100 g fat) 
        

MUFA 5 30.61 31.12 0.240 0.19 30.78 30.94 0.229 0.64 
PUFA 6 4.82 4.89 0.078 0.51 4.97 4.75 0.081 0.08 

SFA 7 61.59 60.95 0.237 0.10 61.33 61.22 0.238 0.76 
UNSFA 8 31.04 31.70 0.140 < 0.01 31.21 31.53 0.136 0.10 

Oleic 28.41 28.95 0.263 0.20 28.69 28.67 0.264 0.96 
Palmitic 26.19 25.60 0.149 < 0.01 25.91 25.89 0.149 0.93 

Stearic 9.84 9.89 0.213 0.87 9.94 9.79 0.203 0.60 
1 LM = Lower milk genotype cows. 
2 HM = Higher milk genotype cows. 
3 LCP = Cows offered the lower crude protein supplement (13%). 
4 HCP = Cows offered the higher crude protein supplement (18%). 
5 MUFA = monounsaturated fatty acid. 
6 PUFA = polyunsaturated fatty acid. 
7 SFA = saturated fatty acid. 
8 UNSFA = unsaturated fatty acid. 
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Chapter 8: Summary, Implications and Conclusions  
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8.1 Summary (Appendix 1) 

8.1.1 Objectives and experimental design 

The objective of the experiments reported in this thesis were to investigate effects of 

differing supplementation strategies and dairy cow genotypes on milk production, 

composition and processability and nitrogen (N) utilisation efficiency (NUE) in lactating, 

spring-calving grazing dairy cows. 

The experiments were conducted at University College Dublin Lyons Farm, Newcastle, 

Dublin, Ireland, W23 ENY2 (53° 17’ 56” N, 6° 32’ 18” W) during 2018 and 2019. In 

Chapters 3 and 4, 48 cows were used in a complete randomised block design (CRBD) 

experiment with a 2 × 2 factorial arrangement of the treatments. Cows were offered 

a basal diet of grazed pasture (17 kg DM/cow per day (d)). Cows were either lower 

milk (LM) or higher milk (HM) genotype and were fed pasture-only (PO) or pasture + 

concentrate supplementation (CS; 2.7 kg DM/cow per d). Effects of CS and genotype 

on 1) milk production and NUE (Chapter 3), and 2) milk composition and milk 

processability parameters (Chapter 4) were investigated in late-lactation spring calving 

grazing dairy cows. In Chapter 5, 58 cows were used in a CRBD experiment to 

determine the effects of supplement CP concentration and genotype on milk 

production over the main grazing season and on NUE in late-lactation grazing dairy 

cows. In Chapters 6 and 7, 48 cows were used in a CRBD experiment, also with a 2 × 

2 factorial arrangement of the treatments. Cows were fed a basal diet of grazed 

pasture (15 kg DM/cow per d) and were either LM or HM cows. Cows within genotype 

groups were offered 3.6 kg DM/cow per d of either a 13% or an 18% CP CS with equal 

PDI (protein digestible in the small intestine) supplied by both CS. Effects of protein 

supplementation strategy (PSS) and genotype on 1) milk production and NUE (Chapter 

6), and 2) milk composition and milk processability parameters (Chapter 7) were 

investigated in late-lactation spring calving grazing dairy cows. 

8.1.2 Chapter 2. Literature review 

A literature review was conducted that covers four sections. In the first section (2.2), 

the main differences between Irish, European Union (EU) and global dairy production 

systems are explored. The seasonality of Irish milk production, Irish dairy export 
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product profiles and the potential impact of climate change on Irish dairy production 

are discussed. 

The second section (2.3) details the environmental implications of dairy production. 

The various EU level legislations which aim to reduce the impact of agriculture on the 

environment and challenges of dairy expansion on the environment are discussed. The 

EU Nitrates Directive and Nitrates Derogation are examined. The section concludes by 

discussing current practices that can affect cow NUE and N partitioning. To the authors 

knowledge, there is no published research that investigates if reducing the 

supplemental CP concentration whilst maintaining equal supplemental PDI influences 

milk production, composition, processability and NUE in late-lactation dairy cows. 

Section 2.4 examines factors that can affect milk production in dairy cows; cow 

genotype, CS and stage of lactation. The section reviews the objectives of offering 

cows CS, milk response (MR) to CS and nutrient partitioning. However, components of 

the milk production sub-index (milk, fat and protein kg PTA) within the EBI are not 

well researched. The potential MR to CS in cows that differ in their milk production 

PTA within the EBI has not been investigated in late lactation. 

The fourth and final section (2.5) investigates milk composition and processability 

parameters that can be affected by cow genotype, nutrition and stage of lactation. 

Milk fat, protein, casein, lactose, somatic cell count, rennet coagulation time (RCT), 

ethanol stability (ES), milk urea N (MUN) and mineral composition and how they are 

influenced are described. Studies that have investigated effects of on-farm 

management strategies on milk composition and subsequently, milk processability, 

were completed over 20 years ago, thus warranting further research in this area. 

8.1.3 Chapter 3. Effects of concentrate supplementation and genotype on 

milk production and nitrogen utilisation efficiency in late-lactation spring-

calving grazing dairy cows 

In this experiment, offering cows a low level of CS decreased pasture DMI (PDMI; P < 

0.01) due to substitution (Heublein et al., 2017), but increased total DMI (TDMI; (P < 

0.01) compared to cows offered PO. This highlights the potential of offering cows a 

low level of CS to increase energy intakes at a time when pasture quality and quantity 
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is reduced. Offering cows CS increased yields of milk (P < 0.01), fat (P < 0.01), protein 

(P = 0.01), casein (P = 0.04), fat + protein (P < 0.01) and lactose (P < 0.01) compared 

to offering cows PO. The increased milk production can be attributed to the increased 

energy intakes associated with offering cows CS. Although no significant CS × 

genotype interactions were observed for milk production parameters, a scaling effect 

was observed for milk yield, where increases in milk yield were observed with offering 

cows CS in both genotype groups. The HM cows had an increased average MR to CS 

compared to the LM cows. There is no published literature that investigates MR to CS 

within the EBI with respect to cows of divergent milk, fat and protein kg PTA. Although 

Irish dairy farmers focus mostly on improving milk fat and protein yields through 

improving milk fat and protein concentrations, our research should encourage farmers 

to consider milk fat and protein yield PTA to achieve increases in milk fat and protein 

yields. This research may also be applicable to spring-calving grazing herds in other 

countries with similar climatic conditions to Ireland; however, research on other 

grazing-orientated genetic merit indexing systems is necessary. 

Offering cows CS increased total feed N intake (P < 0.01) but did not increase the 

proportion of feed N recovered in milk, resulting in reduced cow NUE (P = 0.02). 

Contrary to our findings, Steinshamn et al. (2006), Burke et al. (2008) and Reid et al. 

(2015) found that offering cows CS resulted in increased NUE. Although TDMI and 

energy intake was increased through offering cows CS, results indicate that the overall 

dietary CP content was not decreased as the CS constituted a small percentage of the 

overall diet (14.3%). A reduction in the overall dietary CP content along with an 

increase in energy intake through offering CS is required for an increase in cow NUE 

(Keim and Anrique, 2011), as improving this balance can increase microbial protein 

synthesis (Bach et al., 2005) that is important for milk production. Therefore, despite 

the increase in energy intake through offering cows CS, cow NUE was decreased in 

our findings. 

Results of this study show that offering cows 2.7 kg CS DM/cow/day can increase milk 

production at a time when pasture availability is reduced. However, the potential 

environmental impact of offering CS with a high CP concentration on reducing cow 

NUE should also be considered. This study highlights the importance of milk, fat and 
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protein kg PTA within the EBI and how it can impact MR when cows are in late lactation 

and are pasture-based. 

8.1.4 Chapter 4. Effects of concentrate supplementation and genotype on 

milk composition and selected milk processability parameters in late-

lactation spring-calving grazing dairy cows 

Milk processability is reduced in late lactation (Lucey and Fox, 1992), and can be 

positively impacted through nutritional means (Kefford et al. (1995). Furthermore, 

much of the published research that investigates if offering cows CS impacts on milk 

processability is over 20 years old (O'Brien et al., 1996; O'Brien et al., 1999) and 

advances in cow genetics have been significant over this time (Roche et al., 2017). 

Therefore, our study investigated effects of CS and cow genotype on milk composition 

and selected milk processability parameters (milk ES, RCT and milk pH) in late-lactation 

spring calving grazing dairy cows. 

In this experiment, feeding CS and HM cows reduced milk fat (P = 0.02), protein (P = 

0.02) and casein concentrations (P < 0.01) but offering cows CS increased milk ES (P 

= 0.04) compared to offering cows PO. The reductions in milk fat, protein and casein 

concentrations were due to a dilution effect (Lovett et al., 2005) with increasing milk 

yield (P < 0.01) where cows were offered CS. Our findings are contrary to O'Brien et 

al. (1999) who found that milk protein and casein concentrations were increased when 

cows were offered 3 kg fresh weight of CS. The increase in milk ES that was observed 

is consistent with O'Brien et al. (1999). However, O'Brien et al. (1999) attributed the 

increased milk ES to an increased milk casein concentration in cows that were offered 

CS. 

This study demonstrates the potential of an on-farm management strategy such as 

offering grazing dairy cows 2.7 kg DM CS/cow per d to improve milk colloidal stability 

when cows are in late lactation. This result would be of interest to milk producers and 

milk processors in pasture-based dairy-producing regions. As milk colloidal stability can 

be positively influenced on-farm through the practice of offering cows CS during late 

lactation, milk processors should encourage farmers to offer cows CS. This practice 

can improve milk processing efficiencies and increase the manufacturing potential of 
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milk before it even reaches the milk processor. Improved efficiencies can result in 

increased profit for both the milk processor and the farmer. 

8.1.5 Chapter 5. Effect of supplement crude protein concentration on milk 

production over the main grazing season and on nitrogen excretion in late-

lactation grazing dairy cows 

This experiment investigated the effect of lowering the supplement CP concentration 

on milk production over the main grazing season and on N excretion in late-lactation 

grazing dairy cows. Additionally, the study investigated if there was an interaction 

between cow genotype and supplement CP concentration on milk production. This 

research was conducted considering the current EU Nitrates Derogation, whereby 

farmers are required to reduce the supplement CP concentration to a maximum of 150 

g CP/kg CS for the main grazing season (DAFM, 2021). 

Offering cows the lower supplementary CP concentration (LCP) did not reduce milk 

production compared to cows offered the higher supplementary CP concentration 

(HCP) and this result is consistent with Mulligan et al. (2004), Burke et al. (2008) and 

Hynes et al. (2016). This result suggests that offering cows 180 g CP/kg CS does not 

have any benefit over offering 140 g CP/kg CS in pasture-based systems of milk 

production. Despite this, NUE was reduced (P = 0.03) where cows were offered LCP 

compared to cows that were offered HCP. This outcome was due to an increase in 

PDMI (P < 0.01) and total feed N intake (P < 0.01) but no increase in the proportion 

of feed N recovered in the milk of cows offered LCP. Our research shows that it is 

possible to offer cows LCP without impacting on milk production and is an important 

finding given the increased focus on reducing supplement CP in recent times. 

8.1.6 Chapter 6. Effects of protein supplementation strategy and genotype 

on milk production and nitrogen utilisation efficiency in late-lactation 

spring-calving grazing dairy cows 

Chapter 6 investigated if decreasing the supplementary CP concentration from 180 g 

CP/kg CS (HCP) to 130 g CP/kg CS (LCP), whilst equalising supplementary PDI content, 

would have an impact on milk production and cow NUE. Additionally, Chapter 6 

investigated if there was an interaction between cow genotype and PSS on milk 

production and cow NUE when cows were greater than 200 days in milk (DIM) and 
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pasture-based. This research is important given the current EU Nitrates Directive, 

where there is an emphasis on reducing the supplement CP concentration. 

This study found that offering cows LCP decreased yields of milk (P < 0.01), protein 

(P < 0.01), fat + protein (P = 0.02) and lactose (P < 0.01) despite equal PDI content 

in both CS. The increase in milk production in cows offered HCP indicates that cows 

may have responded to the increased RDP that was offered through soybean meal 

inclusion in HCP. However, pasture is a rich source of RDP (Van Vuuren et al., 1990; 

Van Vuuren et al., 1991) and therefore, a reduction in milk production would not have 

been expected as a result of the reduction in the supplemental RDP concentration 

(LCP), as 81% of the cows’ diet was composed of RDP-rich pasture. Offering cows LCP 

decreased MUN concentration (P = 0.04), whilst milk fat and protein concentrations 

were maintained. An increase in MUN concentration can be an indicator of an excessive 

level of dietary CP (Hof et al., 1997) and is positively correlated with urinary N excretion 

(Kauffman and St-Pierre, 2001). Consistent with the reduction in MUN concentration, 

there was a decrease in the proportion of feed N intake recovered in the urine (P = 

0.046) and an increase in the proportion of feed N intake recovered in the faeces (P = 

0.02) when cows were offered LCP. 

Results of this study show that milk production was decreased by decreasing the 

supplement CP concentration. Therefore, decreasing the supplement CP concentration 

raises questions about the sustainability of this practice for milk producers as farmer 

profit may be negatively impacted. 

8.1.7 Chapter 7. Effects of protein supplementation strategy and genotype 

on milk composition and selected milk processability parameters in late-

lactation spring-calving grazing dairy cows 

There has been an increasing focus on reducing the supplement CP concentration in 

dairy cow feeds (DAFM, 2021) in an effort to reduce N excretion and improve cow 

NUE. In late lactation, cow NUE decreases and milk processability deteriorates (Auldist 

et al., 1995). The aim of Chapter 7 was to investigate if decreasing the supplementary 

CP concentration from 180 g CP/kg CS (HCP) to 130 g CP/kg CS (LCP), whilst equalising 

supplementary PDI content, would have an impact on milk composition and milk 

processability parameters in late-lactation grazing dairy cows. A possible interaction 
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between cow genotype and PSS on milk composition and milk processability 

parameters was also investigated. 

Cows that were offered LCP had decreased milk yield (P < 0.01) and MUN 

concentration (P = 0.04) compared to cows offered HCP. However, milk fat, protein, 

casein number, lactose, somatic cell count, ES or RCT were not affected (P ≥ 10) by 

PSS. Additionally, genotype had no effect on milk processability parameters. 

In conclusion, milk fat, protein, ES and RCT were not affected by PSS where 

supplemental PDI content was maintained. This would be a positive outcome for Irish 

dairy farmers and milk processors as milk solids concentrations and milk colloidal 

stability were maintained even though supplement CP concentration was reduced. 

8.2 Implications 

There is increasing pressure placed on the dairy industry to reduce its environmental 

impact (Bryngelsson et al., 2016). Possible ways to achieve this include improving milk 

production efficiencies through genetics (Cheng et al., 2014) or through differing 

dietary strategies (Whelan et al., 2012). 

In late lactation, it has been established that milk production decreases and milk 

processability deteriorates and the problem can be exacerbated in seasonal systems. 

Evidence suggests that a management strategy such as offering cows CS will improve 

milk production, milk composition, DMI and milk processability (Kefford et al., 1995; 

O'Brien et al., 1999; Heublein et al., 2017). Genetic selection of dairy cows based off 

their milk production PTA can be a management strategy used by Irish dairy farmers 

to improve cow milk production. In Chapter 3, HM cows had an increased average MR 

to CS compared to LM cows (1.31 kg versus 0.69 kg). This result indicates that it may 

be more economical to offer CS to cows with a higher genetic merit for milk production, 

but this would depend on CS cost and the milk price paid to the farmer (Appendix 2). 

These results should encourage all farmers to consider milk production PTA more so 

than just focusing on overall EBI, milk sub-index and fertility sub-index figures. In 

Chapter 4, offering cows CS also improved milk ES from borderline rejection standard 

(Horne, 2016) to within the acceptance standard. This information is useful to milk 

processors that subject milk to heat treatment for UHT milk manufacture. 
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There is an increasing focus on reducing dietary CP offered to dairy cows (DAFM, 2021) 

due to the environmental impact of N excretion. Despite this, many milk producers 

that are not operating in the EU Nitrates Derogation continue to feed higher CP 

supplements than are necessary to sustain milk production levels. The results of 

Chapter 5 demonstrate that decreasing the supplementary CP concentration from 180 

to 140 g CP/kg CS does not result in a decrease in milk production over the main 

grazing season, where cows are 42-203 DIM, are of high EBI and where the basal 

forage is perennial ryegrass (Lolium perenne L.). This is a positive result considering 

current EU Nitrates Derogation legislation whereby farmers are required to feed CS 

with a maximum CP concentration of 15% during the main grazing season for 2021. 

Despite no effect of supplementary CP concentration on milk production over the main 

grazing season (Chapter 5), Chapter 6 found that cows still utilised the increased 

supplementary CP concentration in late lactation, through increased milk production, 

despite both supplements offered supplying equal PDI content. Higher milk genotype 

cows had a greater MR to the additional CP supplementation (+15%) compared to LM 

cows (+7%), although this potential interaction was not significant. Offering cows the 

decreased supplementary CP resulted in an increased proportion of dietary N recovered 

in the faeces and a decreased proportion of dietary N recovered in the urine, which 

would be more desirable from an environmental perspective (Pakro and Dillon, 1995). 

This result may create a potential dilemma for milk producers in the future who want 

to maintain high levels of milk production but simultaneously recognise the importance 

of reducing the environmental impact of their milk production system. Therefore, 

incentivising the reduction in supplementary CP through monetary means may be 

required, particularly where a loss in milk production is observed. This would mean a 

shift from paying farmers for milk production to paying them for reducing 

environmental impact would be required. Additionally, decreasing the supplementary 

CP concentration had no negative impact on milk processability in late lactation 

(Chapter 7) which would be a positive outcome for the Irish dairy industry. 

Overall, this thesis has shown that milk production, milk composition, milk 

processability and N partitioning can be influenced by supplementation strategies, 

whilst milk production and composition can also be influenced by dairy cow genotypes 
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with a particular focus on milk production PTA within the milk production sub-index of 

the EBI. 

8.3 Conclusions and future research 

Chapter 3 demonstrates that higher milk production PTA cows have an increased MR 

to CS (+1.31 kg milk/kg CS DM) compared to lower milk production PTA cows (+0.69 

kg milk/kg CS DM) where milk, fat and protein kg PTA are considered and where 

pasture allowance is 17 kg DM pasture/cow per d. However, to achieve an increase in 

cow NUE through offering cows 2.7 kg DM CS, research should focus on offering cows 

CS with lower CP concentrations (<13% CP) and increased CS levels (>3.6 kg CS/cow 

per d) than those investigated in this thesis. Research should also investigate MR to 

CS across varying feed cost and milk price scenarios that are likely in the future. 

Chapter 4 shows that offering cows 2.7 kg DM CS in late lactation can increase milk 

ES by 2.06% in autumn. 

Decreasing the supplementary CP concentration from 180 to 140 g CP/kg CS does not 

negatively impact milk production over the main grazing season (2nd grazing rotation 

to the 2nd last grazing rotation). Despite this research, further research needs to 

establish if the supplement CP concentration can be reduced to levels lower than 140 

g CP/kg CS without negatively impacting on milk production or cow NUE as it is likely 

that the EU will further decrease the limit of 15% CP in the future. Future research is 

also required to determine the lowest possible supplementary CP concentration that 

can be offered to grazing dairy cows across varying stages of lactation and where 

genetic merits differ, without impacting milk production. 

Decreasing the supplementary CP concentration from 180 to 130 g CP/kg CS decreases 

milk production despite equal PDI content in both supplements when cows are in late 

lactation. A study focusing on differing supplement RDP concentrations (increments 

ranging from 26-65%) and their effects on milk production would complement the 

findings of Chapter 6. The reason for the incremental levels suggested are because 

lignosulfonate-treated soybean meal is 26% RDP whilst standard soybean meal is 65% 

RDP (PennState Extension, 2016). Incremental levels would depend on the number of 

cows that are available for experimental purposes. Conditions of this future research 
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should be exact to the conditions of the research reported in Chapter 6 where cows 

are in late-lactation (+200 DIM), are grazing perennial ryegrass and are Holstein 

Friesian with similar genotype and phenotype. 

Higher milk production PTA cows have a higher MR to the additional supplementary 

CP concentration (+15%) compared to lower milk production PTA cows (7%) in late 

lactation. Decreasing the supplementary CP concentration from 180 to 130 g CP/kg CS 

reduces the partitioning of feed N to urine (-0.9%) and increases the partitioning of 

feed N to faeces (+14%) which is more desirable from an environmental perspective. 

However, overall assessments to investigate if this benefit is offset by the 

environmental footprint of reducing milk production per cow would be necessary. 

Decreasing the supplement CP concentration has no negative impact on milk 

processability where cows are in late lactation. 

Finally, the body of research conducted on cow genotype within this thesis would 

benefit from more research on differing milk protein kg PTA genotypes and how this 

may affect milk production, milk processability and cow NUE. Cows that produce 

increased milk protein output may have an increased NUE. Furthermore, milk protein 

output is substantially more valuable than milk fat output on a per weight basis to Irish 

dairy farmers (€8.44/kg of protein versus €4.22/kg of fat; Glanbia Ireland, January 

2022 milk price), hence, why more emphasis should be placed on this trait in future 

research.  
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Appendix 1 

Chapter 8: A summary of key experimental findings 1 

Chapter Factors Days in milk Key results 

3 • CS 

• Genotype 

208-260 • Higher milk genotype cows 

had an improved MR to CS 

• Offering cows CS 
increased milk production 

• Offering cows CS 

decreased cow NUE 

4 • CS 

• Genotype 

208-260 • Offering cows CS 

decreased milk fat, protein 
and casein concentrations 

• Offering cows CS improved 

milk ES 

5 • Supplement CP 
concentration 

• Genotype 

42-203 • Offering cows LCP did not 
affect total accumulated or 

daily milk production but 

increased daily PDMI 

• Offering cows LCP 
decreased cow NUE 

• Higher milk genotype cows 

had increased daily milk 
yield and ECM yield 

6 • Protein 

supplementation 
strategy 

• Genotype 

198-251 • Offering cows LCP 

decreased milk production, 
MUN concentration and 

the proportion of feed N 

excreted in the urine 

• Offering cows LCP 
increased the proportion of 

feed N excreted in the 
faeces 

7 • Protein 

supplementation 

strategy 

• Genotype 

198-251 • Offering cows LCP did not 

affect milk fat, protein or 

casein concentrations 

• Offering cows LCP did not 
affect milk ES or RCT 

1 CS = concentrate supplementation 
MR = milk response 

NUE = nitrogen utilisation effciency 

ES = ethanol stability 
CP = crude protein 

LCP = lower crude protein 
ECM = energy-corrected milk 

MUN = milk urea nitrogen 

PDMI = pasture dry matter intake 
N = nitrogen 

RCT= rennet coagulation time  
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Appendix 2 

Chapter 3: Economics of feeding 3 kg fresh weight (FW) of concentrate supplement (CS): 

a comparison of cow genotypes 1 

 Lower milk genotype 2 Higher milk genotype 3 

Cost of CS (€/tonne) 320 320 

Cost of CS (€/kg) 0.32 0.32 

Cost to feed 3 kg CS (€) 0.96 0.96 

Average milk price 

€/L(autumn 2018) 

0.3036 0.3036 

Milk yield response (kg 

milk/kg CS 

0.69 1.31 

Value of milk yield 

response/ 3 kg of CS (€) 

0.57 1.07 

Profit/cow/day(income-

cost of CS feed; €) 

-0.39 0.11 

1 Genotypes are based off 2018 PTA values. 
2 Lower milk genotype; milk kg PTA = -48.1 ± 59.88, fat kg PTA = +6.6 ± 4.67 and protein kg PTA = 

+3.2 ± 3.15. 
3 Higher milk genotype; milk kg PTA = +190.3 ± 109.75, fat kg PTA = +11.5 ± 5.73 and protein kg 

PTA = +8.9 ± 3.57. 


