
   

 

EXTENDED LACTATION IN DANISH 

DAIRY PRODUCTION 
  
 

PhD Thesis  

Jesper Overgård Lehmann 

 

  

 

 

Supervisor: Associate professor Lisbeth Mogensen, Aarhus University, Denmark 

Co-supervisor: Senior scientist Troels Kristensen, Aarhus University, Denmark 

  

Submitted: April 8th 2016 

  

 



   

Preface 

The main objective of this PhD was to investigate the potential of extended lactation as a 

management tool for dairy farmers to improve herd efficiency and farm profitability. This PhD 

formed a part of the larger project “Reprolac”, which aimed at developing a new strategy for 

milk production that significantly reduces environmental and climatic load while improving 

productivity, animal welfare and profitability.  

The Reprolac-project included experimental data from both the Danish Cattle Research 

Centre and four private dairy farms. These four farmers were known to have practiced an ex-

tended lactation management strategy for several years, and their data were used for the 

analyses reported in this thesis. 

This thesis first introduces the concept of extended lactation and the biology of milk pro-

duction as well as discusses milk production during lactation and how this may be quantified. 

Afterwards, the literature on extended lactation is reviewed, and the research carried out dur-

ing this PhD is placed in the context of what has already been published. Finally, the materi-

als and methods used are introduced before ending with a general discussion and perspec-

tives of the research carried out.  

The Graduate School of Science and Technology (GSST), Aarhus University, Denmark, and 

Innovation Fund Denmark funded this PhD. 

 

 

Jesper Overgård Lehmann 

Foulum, April 2016 
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Summary in English 

Extended lactation in dairy production breaks with the tradition of aiming for one-year 

calving intervals by deliberately delaying the start of the next reproductive cycle. One-year 

calving intervals have been the norm since the onset of domestication of cattle, and the con-

cept of extended lactation emerged in an attempt to alleviate fertility issues and problems 

with drying off high-yielding cows. Switching a herd to extended lactation management re-

duces the number of calvings per year, and this alters herd composition, feed use and pro-

duction. The main objective of this PhD was, therefore, to investigate the potential of extend-

ed lactation as a management tool for dairy farmers to improve herd efficiency and farm 

profitability. 

A determining factor for viability of extended lactation is its potential effect on milk pro-

duction. The present analysis showed that cows selected for extended lactation were able to 

produce similar daily milk yields as cows on a traditional lactation. However, randomly se-

lecting multiparous cows for extended lactation generally results in a reduction in milk pro-

duction, and thus there is potential for criteria to select the most suitable cows for extended 

lactation. The present analysis showed that particularly previous lactation and early lactation 

milk production variables are promising selection criteria, because there appears to be a 

high degree of repeatability in milk yield values across lactations of the same cow. In con-

trast, variables related to disease incidences, welfare state and previous reproductive per-

formance did not show the same potential.  

Another determining factor for a successful introduction of extended lactation is its effect 

on herd dynamics. Six different simulated extended lactation strategies all showed reductions 

in herd young stock as well as in sale of calves, heifers and cows. This reduced herd feed in-

take with the greatest reduction seen when either all or only multiparous cows were man-

aged for extended lactations. However, milk production per annual cow was also reduced 

across all scenarios, although a sensitivity analysis showed that this was greatly affected by 

milk yield persistency. Milk production per herd feed intake increased across all scenarios, 

and the derived economic effect showed that farm profit increased for all but one scenario 

with the greatest effect seen when only primiparous cows were managed for extended lac-

tations. The positive economic effect was a result of a reduction in feed and labour costs as 

well as reduced veterinary, reproduction and mortality expenses.  

In conclusion, extended lactation has potential as a tool to improve herd efficiency and 

farm profitability, but the effect depends on the specific strategy, achieved milk yield persis-

tency and the ability of the farmer to realise saved costs.  
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Sammendrag på dansk 

Forlænget laktation bryder med mælkeproduktionens traditionelle mål om etårige kælv-

ningsintervaller ved bevidst at udsætte starten af den efterfølgende reproduktionscyklus. Et-

årige kælvningsintervaller har været normen siden starten af kvægets domesticering, og for-

længet laktation udsprang som koncept af et ønske om at modvirke reproduktionsproblemer 

og problemer med goldning af højtydende køer. En indførsel af forlænget laktation reducerer 

besætningens antal af kælvninger per år, hvilket også påvirker besætningens sammensæt-

ning, foderforbrug og produktion. Hovedformålet med denne Ph.d. var derfor at undersøge, 

om forlænget laktation har potentiale til at kunne anvendes som et managementredskab til 

forbedring af besætningens effektivitet og gårdens økonomi.  

En afgørende faktor for anvendeligheden af forlænget laktation er effekten på mælke-

produktionen. Nærværende analyse viste, at køer, som er udvalgt til forlænget laktation, var i 

stand til at opretholde en tilsvarende daglig mælkeydelse som køer med et traditionelt 

kælvningsinterval. Samtidig kunne tilfældigt udvalgte køer ikke opretholde mælkeydelsen, 

og der er derfor potentiale for udvikling af kriterier, som kan bruges til at udvælge de køer, 

der er de bedst egnede til forlænget laktation. Analysen viste også, at især mælkeydelsen i 

forrige laktation og i den tidlige del af indeværende laktation var lovende kriterier, da der ser 

ud til at være en sammenhæng mellem mælkeydelserne på tværs af laktationer fra den 

samme ko. Omvendt viste sygdomsbehandlinger, velfærdstilstanden og tidligere reprodukti-

onsresultater mindre potentiale som kriterier.  

En succesful introduktion af forlænget laktation afhænger også af effekten på besæt-

ningsdynamikken, og her viste seks forskellige simulerede strategier for forlænget laktation, 

at både antallet af ungdyr samt salg af kalve, kvier og køer falder. Det reducerede besæt-

ningens samlede foderforbrug, hvor den største reduktion blev opnået, når enten alle køer el-

ler kun ældre køer gennemgik forlængede laktationer. Samtidig faldt mælkeydelsen per års-

ko på tværs af alle scenarier, selvom følsomhedsanalysen viste, at effekten i høj grad afhang 

af mælkeydelsens persistens. Omvendt blev der produceret mere mælk i forhold til besæt-

nings samlede foderoptagelse på tværs af alle scenarier, og den afledte effekt viste en posi-

tiv økonomisk effekt i alle undtaget ét scenarie, hvor den største effekt blev opnået, når kun 

førstekalvskøerne gennemgik en forlænget laktation. Den positive effekt på økonomien skyl-

des en reduktion i omkostninger til foder, arbejde, dyrlæge, avl og destruktion (dødelighed).  

Konklusionen er derfor, at forlænget laktation har potentiale til at forbedre besætningens 

effektivitet og gårdens økonomi, men effekten afhænger af den specifikke strategi, den op-

nåede persistens i mælkeydelsen samt landmandens muligheder for at realisere besparelser. 
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1 Introduction 

Yrsa the Jersey cow lived on the small Danish island Birkholm and was owned by farmer 

Gunnar Jensen, who acquired her at the age of 5 years. In 1993, 20 years later, Yrsa was still 

producing milk, and she had done so for the past 18 years during what is seemingly one con-

tinuous lactation without giving birth to a calf of her own (Hansen, 1993). Every year, Gunnar 

Jensen bought a new bull calf, which could drink the milk that he could not, and one year 

later he would slaughter this calf and immediately buy a new calf. 

In contrast, the cycle of the modern dairy cow includes lactation and a dry period with a 

cycle typically lasting for about one year. The predecessor of the modern dairy cow, the Au-

rochs (Bos primigenius), went through a similar cycle where calving coincided with peak 

feed availability in May and June, and hence mating occurred the preceding August and 

September (Vuure, 2005). Aurochs grazed the lower altitudes of Europe, Asia and North Afri-

ca, and its domestication, which began 8,000-11,000 years ago (Vuure, 2005; Beja-Pereira et 

al., 2006; Bollongino et al., 2012), resulted in two primary strains of cattle, the Taurine (Bos 

taurus) and the Zebu (Bos indicus). Local breeding and adaptation has led to around 480 

recognized cattle breeds in Europe alone (FAO, 2000), but the one-year cycle of the Aurochs 

has persisted through domestication and breeding up until today. 

Around the world, many pastoral farmers in countries such as New Zealand, Australia and 

Ireland practice a seasonal calving pattern resembling that of the Aurochs where calving is 

timed with peak grass availability. Even in the confinement systems, managing cows for one-

year cycles is common practice where the confinement system used in Denmark has led to 

the majority of Danish farmers distributing calvings throughout the year (Seges, 2015a), and 

peak grass availability, therefore, is of less importance. In fact, only 25% of dairy cows were 

 

  

 

 Figure 1.1. The Jersey cow Yrsa at the age of 25 years and after milking continuously for 18 years 

without giving birth to calf. Daily yield was 8-9 litres at the time (1993) of this photo (Hansen, 

1993). Photos: Niels Damsgaard Hansen. 
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grazing during the summer of 2013 (Seges, n.d.). Nevertheless, managing cows for one-year 

cycles still seems to be the widespread norm.  

Yrsa was likely a rare and extreme exception, but a few Danish dairy farmers have broken 

with the one-year norm, and hence also the natural cyclical behaviour of cows. Although 

they do not manage cows for continuous lactations, they do manage their cows for cyclical 

extended lactations of more than one year, and they extend the lactation simply by postpon-

ing time of first insemination while yet maintaining a dry period of roughly 7-8 weeks (See al-

so Figure 1.3). These farmers were interviewed by van Vliet (2012), and she described that 

each farm had their own approach to the concept of extended lactation where some of 

them selected individual cows and others managed all cows for extended lactation.  

This goes against the Danish recommendation, which in the fifties (Lauridsen et al., 1950: 

p. 315) and in the seventies (Hansen, 1979: p. 215 + 221) was to initiate insemination 40 days 

after calving. Today, the national Danish cattle advisory services still recommend initiating in-

semination 40 days after calving as the physiological optimum (Seges, 2015a). However, the 

literature is not conclusive when it comes to maximising profitability. Some recommend min-

imum days open (Louca and Legates, 1968; Olds et al., 1979; Schmidt, 1989; Jones, 2000) 

and others recommend various degrees of extended lactation (Holmann et al., 1984; Wassell 

et al., 2000; Sørensen and Østergaard, 2003; Malcolm, 2005; Browne et al., 2015).  

 The concept of extended lactation emerged in the eighties (Knight, 1984; Knight, 2008) 

as a new management strategy in response to effects believed to be a result of the tremen-

dous transformation that the modern dairy cow had gone through during the past several 

decades. These effects included reproductive issues that is believed to partly be caused by 

the continued selection for increased milk yield (Ancker et al., 2006; Walsh et al., 2011), and 

today it is not uncommon for cows to be dried off with very high milk yields. Also, the majority 

 

  

 

 Figure 1.2.  One-year calving intervals is generally the norm in both pastoral and confinement 

systems here exemplified by New Zealand (left) and Denmark (right). Photos: Thomas Maxwell 

(left) & Jesper O. Lehmann (right). 
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of diseases occur around the time of calving (Erb et al., 1984; Ingvartsen et al., 2003), and ex-

tended lactation would therefore increase the time between risk periods.  

Since the nineties, extended lactation has been at the centre of a number of experiments 

(Bertilsson et al., 1997; van Amburgh et al., 1997; Österman and Bertilsson, 2003; Christiansen 

et al., 2005; Auldist et al., 2007; Kolver et al., 2007; Sorensen et al., 2008) and one on-farm 

study (Arbel et al., 2001) where cows were deliberately managed to have insemination de-

layed. In contrast, other studies of extended lactation (e.g. Vargas et al., 2000; Dematawewa 

et al., 2007; Pollott, 2011) used database data where cows likely went through an extended 

lactation as a result of reproductive failure. Recently, focus has been on the potential impact 

that extended lactation may have on greenhouse house gas (GHG) emission from dairy pro-

duction and farm profitability (Wall et al., 2012; Browne et al., 2015), and it is also part of the 

objective of the current Danish research project: Reprolac, which this PhD forms a part of. 

This comes at a time where there is increased political focus on the reduction of global 

GHG emission, and here the contribution of the dairy sector is well recognised (FAO, 2006; 

2010). In Denmark, this also comes at a time where the dairy sector is facing economic chal-

lenges of historic dimensions (IFRO, 2015; Kaiser, 2015; Seges, 2015c), and it builds upon a 

time period of several decades where the sector has gone through tremendous structural 

changes and productivity increases. For example, the number of dairy farms has decreased 

81% while hectares per farm has increased 432% from 1982 to 2014 (Statistics Denmark, 

 

 

 

 

 Figure 1.3.  A comparison of a traditional one-year lactation cycle (a) with an example 

of an extended lactation cycle (b) with a calving interval of 18 months. Extended lacta-

tion reduces the proportion of a cycle where the cow is pregnant and dry. 
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n.d.). Likewise, from 1990 to 2013, the number of dairy cows decreased 23% while total milk 

production increased 8%, and this was achieved by increasing milk production per cow 38% 

(Statistics Denmark, n.d.).  

Extended lactation may be another tool in the toolbox of dairy farmers, which they can 

use to adapt their productions to the changing production conditions and maximise their utili-

sation of the increased milk production potential achieved through breeding. However, the 

complicated nature of the effect of moving from managing cows for one-year cycles to ex-

tended lactation makes it less clear what the aggregated effect will be at cow, herd and 

farm level, and farmers moving to extended lactation management may face conceptual 

challenges as this concept goes against the norm, nature, and likely what they have been 

taught.  

Managing cows for extended lactation alters herd composition as it results in fewer calv-

ings per year (Figures 1.3 and 1.4), and hence there will be fewer calves, heifers and dry 

cows if the number of lactating cows is maintained. This may reduce herd feed use, and it 

thereby should increase the forage to concentrate ratio given that a cow will spend a greater 

proportion of the year on the down-ward slope of the lactation curve. Also, there will be few-

er calves, heifers and culled cows for sale as well as fewer replacement heifers available per 

year. Thus, herd output of meat is reduced, and the effect on herd output of milk will depend 

on, how extended lactation affects milk production per feeding day (lactating days + days 

dry). In contrast, the number of calvings and hence meat output could be maintained while 

still utilising the milk production potential during the current lactation, if farmers omitted the 

dry period. Hence, cows would be milked from calving to calving, but this has been shown to 

reduce subsequent milk production by 12-32 % (Andersen et al., 2005; Steeneveld et al., 

2013) without reducing feed use (Steeneveld et al., 2013). 

Herd feed use is a major factor for herd GHG emission (Kristensen et al., 2011), but the ef-

fect of extended lactation on GHG emission per kg product produced also depends on the 

extent that extended lactation alters herd output of milk and meat. In turn, this translates to a 

parallel discussion of the impact of extended lactation on farm profitability as herd feed use 

also constitutes a major component of the total cost of running a dairy herd. The average 

proportion of variable costs and total costs constituted by feed costs were 85% and 49%, re-

spectively, between 2011 and 2014 in Danish dairy herds (Seges, 2015c). Hence, extended 

lactation affects four of the main determining factors for farm profitability: sale of milk and 

meat, as well as feed and labour costs through a reduced herd size.  
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The inherent complexity of changing from a traditional management system to extended 

lactation may be illustrated with Figures 1.3 and 1.4 as the first figure shows the cyclical 

changes, which alters herd composition, and the latter figure shows how the changing herd 

composition relates to changes in production and feed use. This complexity raises a number 

of research questions including: 

1) What are the inherent system dynamics at herd and farm level taking place when mov-

ing from managing cows for traditional to extended lactations? 

2) What is the effect of extended lactation on milk production? 

3) How may information on previous and current cow performance be used to select the 

most suitable cows for extended lactation? 

4) What is the effect of implementing different extended lactation strategies on herd com-

position, herd feed use, herd efficiency and farm profitability? 

Addressing these research questions should provide essential information for farmers, 

which they can use for an evaluation of whether or not the concept of extended lactation is a 

suitable tool in their herd.    

  

 

 

 

 Figure 1.4.  The dynamics of herd composition, production and feed use. From 

Lehmann et al. (2014b). 
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1.1 Objectives 

This PhD forms a part of the cross-department research project Reprolac at Aarhus Univer-

sity, which has the overall aim of developing a new strategy for milk production that signifi-

cantly reduces the environmental and climatic load. The central theme of this project is ex-

tended lactation, and it involves data from both a university based experimental herd and 

four private farms. This PhD is founded on data from the private herds. 

The main objective of this PhD was to investigate the potential of extended lactation as a 

management tool for dairy farmers to improve herd efficiency and farm profitability. Addi-

tional aims were to assess the impact of changing from traditional to extended lactation 

management on milk production and herd dynamics as well as investigate the potential of 

using cow specific early lactation information to select the most suitable cows for extended 

lactation. 

Four papers, of which two are published, one is submitted and one is drafted, support the 

main objective and aims of this PhD in order to pursue an elaboration of explanations to the 

four research questions. The following paragraphs describe the objectives of the individual 

papers where each addresses one research question.  

Research question 1 

The main objective of paper 1 was to introduce a Danish perspective of the concept of 

extended lactation as well as show some preliminary results from four farms managing either 

all or selected cows for extended lactation. Furthermore, the aim was to schematically repre-

sent the changes in system dynamics at herd and farm level involved in moving from a tradi-

tional to extended lactation management.  

Research question 2 

The main objective of paper 2 was to investigate the effect of managing cows for extend-

ed lactation on milk production on four commercial farms in Denmark known to deliberately 

manage selected cows for extended lactations. Furthermore, the aims were to estimate daily 

milk yield during lactations of different lengths from a mix of monthly and bimonthly milk re-

cordings as well as investigate the influence of previous calving interval length on current 

milk production.  
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Research question 3 

The main objective of paper 3 was to assess the association between cow specific infor-

mation available in early lactation and the following contribution towards herd milk produc-

tion of cows selected for extended lactation. Furthermore, the aim was to assess if this infor-

mation could be used to select the most suitable cows for extended lactation.  

Research question 4 

The main objective of paper 4 was to investigate the effect of implementing different ex-

tended lactation management strategies on herd composition, herd feed use, herd efficiency 

and farm profitability.  
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2 Milk production and extended lactation 

Milk production has historically been both an important and extensive part of Danish agri-

culture, and the growing interest of Danish dairy farmers to produce milk, and in particular 

butter, led to the founding of the world’s first cooperative dairy company in Hjedding in 1882 

(Bjørn et al., 2014). Shortly hereafter, the first experimental results were published from the 

Royal Veterinary and Agricultural College’s Laboratory on Agricultural Research, and, in co-

herence with the interest in butter production, one topic of the first report was feeding of re-

sidual skim milk to calves (Fjord, 1883). Searching Web of Science and Google Scholar show 

that the late 19th and early 20th centuries were indeed a time when research into milk pro-

duction began more intensively. This research changed the relation between the two primary 

output components of cattle production, milk and meat, and it thereby changed the relative 

economic importance of milk. Likely, this reflects a notion among farmers that increasing milk 

production per cow would increase their profit. 

Much has changed for both dairy farmers and dairy companies and even for the dairy 

cow since the publication of Fjord (1883). One underlying trait of the research carried out up 

until today has been the desire to fundamentally understand and manipulate the biology of 

the cow and the resulting milk production. However, the majority of this research has by far 

been within the both historical and natural framework of managing cows for calving intervals 

of approximately one year. The concept of extended lactation conflicts with this common no-

tion, but the underlying desire to understand and manipulate the biology of the cow and its 

milk production remain the same.  

The aims of this chapter are to define the concept of extended lactation and describe the 

basic biological concepts of lactation as a framework for milk production. Further aims are to 

describe what is commonly understood as the standard lactation curve, describe selected 

strategies for manipulating the trajectory of milk production after calving as well as review 

the available literature on extended lactation. 

2.1 Defining the concept of extended lactation 

Extended lactation is likely a familiar concept to many dairy farmers, but the majority of 

these farmers will likely associate extended lactation with cows that have either failed to 

conceive at insemination or not shown oestrus at all. Hence, extended lactation may be 

viewed as the result of reproductive failure rather than a deliberate decision. Extended lacta-

tions are  prevalent in herds in many countries including USA (Hare et al., 2006), UK (Pollott, 

2011), Italy (Steri et al., 2012), Poland (Sawa and Bogucki, 2009) and in herds in Costa Rica 

(Vargas et al., 2000). Generally, these extended lactations are considered a result of im-

paired fertility, which has been linked with the continued genetic selection for increased milk 
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yield and the resulting intensified negative energy balance after calving (Pryce et al., 2004; 

Walsh et al., 2011). 

Instead of viewing extended lactation as a result of failed management, the idea arose in 

the eighties that extended lactation could be a part of a deliberate management concept 

where cows would have their time of first insemination purposely delayed (Knight, 1984; 

Knight, 2008). It is, however, interesting to note that as early as in 1940, Johansson and 

Hansson (1940) concluded in their Swedish study of 13 herds over a 15-year period that op-

timum calving interval was 14 months for first parity cows and 13 months for older cows. 

Since then, several studies of extended lactation (See section 2.6) have been carried out in 

both pastoral and confinement systems around the world, and they have highlighted a range 

of aspects of what this change in management could mean for dairy production. Most of 

these studies define the length of traditional lactations to be 12 months, which may be what 

is normally strived for; especially, in pastoral systems. However, the current average calving 

interval of Danish Holstein cows are 397 days or 13.1 months (Seges, 2015a), and a lactation 

of this length or more will therefore be considered an extended lactation in this PhD. 

2.2 The biology of milk production 

The bovine mammary gland, mammae or just udder are different names for the milk pro-

duction unit of the dairy cow, which actually is nothing more than  a modified sweat gland 

(Frandson et al., 2003: p. 415). The white fluid, modified sweat or just milk being produced by 

the udder is the result of a combination of two processes, lactogenesis and galactopoiesis, 

taking place, but the foundation for milk production, more formally known as lactation, starts 

much earlier with mammogenesis. The following is a brief textbook (Frandson et al., 2003; 

Davidson and Stabenfeldt, 2007) summary of the anatomical and physiological develop-

ment of the udder from birth of the heifer calf until initiation of lactation by the delivery of its 

first newborn calf. 

The heifer calf is born with thickenings of the inguinal ectoderm called mammary ridges 

and from these, the duct systems of the udder start to develop at the onset of puberty. Oes-

trogen, growth hormone and adrenal steroids ensure the development of the ducts while two 

extra hormones, progesterone and prolactin, are required for the development of buds at the 

terminal ends of the duct system. However, udder development is not very visual before half 

way through the first gestation period.  
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 The terminal buds are called alveoli, and a group of adjacent alveoli form a larger struc-

ture called a lobule, and multiple lobules then form even larger structures called lobes. Milk is 

produced inside the alveoli by a lining of secretory cells from where it is drained through the 

ducts to the gland cistern before ending up in the teat cistern. Sucking by milking machines 

or suckling by the calf then removes milk stored in the cisterns and duct systems through the 

papillary duct. One papillary duct, teat and gland cisterns as well as a system of ducts, lob-

ules, lobes and finally alveoli form one full gland, and one udder comprises four completely 

separate glands also known as quarters. The two quarters of the left side and the two quar-

ters of the right side of the udder are almost completely independent from each other when 

it comes to blood and nerve supply as well as lymphatic drain and suspensory system.  

The primary production units of the udder are the epithelial cells lining the interior of the 

alveoli, which secretes fats, proteins, lactose and other substances into its lumen during a 

process known as lactogenesis. Galactopoiesis, on the other hand, is a process associated 

with the maintenance of milk synthesis where the key hormones oxytocin and prolactin are 

responsible for the passive and active release, respectively, of milk from the udder. Oxytocin 

mediates the passive flow of milk, whereas prolactin mediates the active contraction of my-

 

 

 

 Figure 2.1.  Anatomy of one udder quarter. From Frandson et al. 

(2003).  
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oepithelial cells surrounding the ducts and alveoli, which forces the release of milk. The final 

process not yet mentioned is involution; a process during which the alveoli regress to prepare 

for the following lactation, although involution already gradually begins after peak produc-

tion (Wilde et al., 1999). 

Milk production during lactation occurs in four phases where the first two are considered 

gain-off and the following two loss-off according to Hadsell et al. (2007), who further de-

scribed the first phase as the time where the secretory function of the alveoli is activated and 

the second phase as where milk synthesis increases at a diminishing rate up to peak yield.  

Furthermore, Hadsell et al. (2007) described the two final phases as where secretory cell 

death increases and the synthetic capacity of the remaining secretory cells reduces. In gen-

eral, the milk production capacity of the udder can be determined in part by the activity level 

of the secretory cells and in part by the number of secretory cells (Boutinaud et al., 2004). The 

number of secretory cells is determined in part by cell proliferation and in part by cell death 

by apoptosis. Thus, in a situation of sufficient nutrient availability, the milk production potential 

of the individual cow is only limited by the number of secretory cells, and the decline in num-

ber of secretory cells is the main responsible factor for the decline in milk yield after peak lac-

tation (Knight and Wilde, 1993; Knight, 2000; Sorensen et al., 2006). 

Milk production persistency basically represents the degree to which peak yield is main-

tained during lactation (Hadsell et al., 2007), and the declining production after peak yield is 

a result of a changing imbalance between cell proliferation and cell apoptosis (Stefanon et 

al., 2002). As reviewed by Boutinaud et al. (2004), the mechanism(s) governing this imbal-

ance is not yet fully understood and suggested that both nutrition, gestation and manage-

ment including milking frequency may play their parts, and they further concluded that it is 

not yet known whether cell loss is due to a loss of cells within alveoli or due to a loss of entire 

alveoli. However, it has been shown that oestrus affect milk secretion rates, and that gesta-

tion accelerates reduction in milk secretion (Hadsell et al., 2007) where gestation is thought 

to act through the sex steroids that maintain pregnancy (Stefanon et al., 2002).  

Furthermore, it is well-known that increased milking frequency increases milk production 

by 10 to 20 % (Stelwagen, 2001), and this may be partially mediated by altered cell apopto-

sis and the removal of “feedback inhibitor of lactation” (Knight et al., 1998; Stefanon et al., 

2002). “Feedback inhibitor of lactation” is a compound produced by the milk secreting cells 

within the alveoli, and the alveoli therefore produce the same compound that regulates its 

production. In fact, the secretory cell produces both stimulatory and inhibitory factors for 

growth (Knight and Wilde, 1993). However, the exact mode of action of  “feedback inhibitor 

of lactation” as a regulatory compound is not fully understood (Stelwagen, 2001), but it is like-
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ly that the proportion of milk stored in cisterns rather than the alveoli is a factor as “feedback 

inhibitor of lactation” is only active inside of the alveoli (Knight et al., 1998). This is substanti-

ated by the findings that milking three times instead of two times per day appears to increase 

milk yield more per day for cows storing a relatively small proportion of milk in the cistern 

compared with alveoli (Stelwagen, 2001), and that the effect of increased milking frequency 

only is seen in the half-udder which it is applied to (Knight and Wilde, 1993). Finally, treating 

cows with synthetic growth hormone has been shown to increase milk production; possibly, 

mediated through other hormones (Hadsell et al., 2007) or through limiting the decline in cell 

number (Boutinaud et al., 2004). However, it is not legal to administer synthetic growth hor-

mone to cattle in Europe and will thus not be considered any further. 

2.3 Change in milk production during lactation 

It is widely accepted that the trajectory of milk production during lactation, or what is 

commonly known as the standard lactation curve, follows an increasing curvature from calv-

ing to a peak followed by a decreasing curvature. Sturtevant (1887) probably published one 

of the first accounts of milk yield in relation to time after calving, and the works of Brody et al. 

(1923), Gaines (1926) and Gaines and Davidson (1926) were likely the first attempts to come 

up with a mathematical equation, which could describe this trajectory (See section 2.5). The 

trajectory of the lactation curve has been the centre of attention of farmers and breeding or-

ganisations for decades as they have worked on increasing milk yield by moving the lacta-

tion curve upwards through improved genetics and improved management routines.  

Figure 2.2 shows a collection of Danish and American data from a number of sources da-

ting as far back as 1889, and it illustrates both the development in milk yield, and the declin-

ing phase during lactation, which appears to have changed over time. The oldest data show 

quite persistent trends but at a markedly lower yield than today whereas the most recent da-

ta show very high yields but lower persistency. The data from 2002 (Landscentret, 2002) and 

from 2015 (Seges, 2015a) are from the annually issued handbook for dairy farmers, which is 

produced by the Danish agricultural advisory services. These data are representative of older 

cows in the Danish Holstein dairy cattle population, and they have been overlaid with a Wil-

mink-curve (Wilmink, 1987) where the limit of their derivatives equals -0.0663 and -0.0581, 

respectively. Older cows were therefore 12% more persistent (less negative slope) in 2015 

compared with 2002, and the corresponding per cent reduction in milk yield between 60 

and 305 DIM changed from 49.8 to 36.7%. 
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Figure 2.2. Historic milk yields during lactation exemplified with data from 1889 (Fjord, 1889), from 1911 (Hofman-Bang, 1917), from 1933 (Olesen et al., 1937) 

and from 1980 (Østergaard and Hindhede, 1981). Data from 2002 (Landscentret, 2002) and from 2015 (Seges, 2015a) have had a Wilmink-curve overlaid 

(Wilmink, 1987). Data from 1923 (Brody et al., 1923) and from 1967 (Wood, 1967) are from USA.  
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The fat and protein concentration also changes during lactation, and it is commonly ac-

cepted that they exhibit an inverse relationship as compared with milk yield where concen-

trations start high, declines, plateaus and then increases again. In fact, the average fat and 

protein concentration of American Holstein colostrum was as high as 6.7 and 14.9 %, respec-

tively (Kehoe et al., 2007). Figure 2.3 shows fat and protein concentration and production 

during the course of an extended lactation of around 450 days, which is equivalent to a calv-

ing interval of 16-17 months. This figure is based on data (Lehmann, J. O., unpublished results) 

from two Holstein herds practicing extended lactation (See section 3.1 for herd descriptions), 

and it shows that both fat and protein concentration falls from first to second milk recording 

and then linearly increases towards drying off. The linearity of these relationships is rather re-

markable given that they are based on 23,651 observations from 2,202 incomplete and 

completed lactations (calvings from 2007 to 2015), and it seems to fully continue beyond the 

standard lactation length. Although not quite as linear, the same trend was seen in the analy-

sis of extended lactations by Pollott (2011) and Steri et al. (2012). 

 

Figure 2.3. Fat and protein concentration and production at 1st through 13th milk recording in two 

Danish Holstein dairy herds practicing extended lactation (Lehmann, J. O., unpublished results). Preg-

nancy was assumed from 7th recording.  
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The fat per cent has also changed over time, and whereas data older than 2002 in Figure 

2.2 originate from single farms or single experiments, countrywide data are available from 

the Danish milk recording federation, which show the change over time in cumulated 305-

days lactation yield, fat and protein per cent (Hansen, n.d.). The Danish milk recording fed-

eration was founded in 1895 (Hansen, 2010), and data for the national herd is available from 

1903 until today. Figure 2.4 shows the change in kg milk per cow per 305-days lactation from 

1903 until 2014 along with the change in fat per cent. It is clear that milk yield has more than 

tripled since World War II, but the fat per cent has also increased, although it seems to have 

reached a plateau of approximately 4.3 % around the year 1960. Despite limited data, pro-

tein per cent does not seem to have changed much, but the overall picture shows that aver-

age milk yield per cow has not plateaued yet. In fact, the five highest yielding Danish Holstein 

herds ranged 13,688-14,530 kg ECM per annual cow in 2015 where the five highest yielding 

Holstein cows ranged 20,446-21,644 kg ECM per 305-days lactation (Hansen, 2015). That is 

a staggering 67-71 kg ECM per day! Similar trends in milk yield per cow have been seen in 

many other Western countries (Oltenacu and Broom, 2010), and it supports one of the argu-

ments for extended lactation as the increase in milk yield has caused cows to be dried off 

with high milk yields in order to maintain a minimum dry period. 

2.4 Factors affecting milk production during lactation 

Milk production is initiated by the delivery of the newborn calf, and an array of factors af-

fect what the level of milk yield will be during the following lactation. These factors include 

 

 

Figure 2.4. Historic change in milk yield, fat and protein content in the national Danish dairy cattle popu-

lation. Data was collected from annual reports that are available online (Hansen, n.d.).  
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breed and parity (Nielsen et al., 2003), age at first calving (Ettema and Santos, 2004), previ-

ous days dry (Funk et al., 1987; Steeneveld et al., 2013) and general management (Albarrán-

Portillo and Pollott, 2011) as well as the physiological factors described in section 2.2. In addi-

tion to these are a number of risks related to diseases and welfare that may have a negative 

impact on milk production. 

 Three relatively recent reviews (Fourichon et al., 1999; Roche et al., 2009; Bello et al., 

2012) dug through the literature on disease, welfare and reproduction, their interactions as 

well as their implications for the production of the dairy cow. One common conclusion of 

these reviews is that the areas of disease, welfare, reproduction and production are entan-

gled in a complicated system of interactions that makes it difficult to elucidate what causes 

what. It is straight-forward to think that diseases and welfare problems are no good for the 

cow, but milk fever has been associated with higher milk yield (Rajala-Schultz et al., 1999), 

and the data presented by (Lehmann et al., 2016b: paper 3) indicated that lameness was 

more prevalent in higher than in lower-yielding cows, although this is contradictory to Rajala-

Schultz et al. (1999). The general conclusion of Fourichon et al. (1999) is that diseases includ-

ing those related to hoofs and legs negatively affect milk yield. 

Farmers can minimize the risk of disease and welfare issues through their management, 

feeding and the organization of the interior of the barn, but neither diseases nor welfare is-

sues can be used to actively manage milk yield during lactation. The pregnancy itself, the 

supply of nutrients and the harvesting of milk are three factors of interest when managing 

milk yield during extended lactations, and they will be discussed after a section on the risk of 

disease during lactation. 

2.4.1 Prevalence of disease during lactation 

Around 2/3 of diseases occur around the time of calving (Erb et al., 1984; Ingvartsen et al., 

2003), and managing cows for extended lactation would therefore, in theory, reduce the risk 

of disease per year as there would be fever calvings per year. Figure 2.5 show that 51 % of all 

disease incidences treated by a veterinarian (n = 346) on the four farms practicing extended 

lactation occur within one month of calving (Lehmann, J. O., unpublished). Diseases related 

to the udder and the locomotor system such as mastitis and hoof and leg problems, respec-

tively, are the most prevalent in these herds, and both disease groups are most prevalent dur-

ing the first month after calving. In total, 80 % of disease treatments were done between two 

months before and six months after calvings. These figures are in line with what is reported by 

the national Danish advisory services (Seges, 2015a). Furthermore, somatic cell count, an in-

dicator for udder mastitis, is known to follow a similar trajectory during lactation as fat and 

protein (See Figure 2.3), and average somatic cell count has been shown to be both in-
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creased (Lacy-Hulbert et al., 2006) and unaffected (Österman et al., 2006) by extended lac-

tation, although the study by Lacy-Hulbert et al. (2006) also found that udder mastitis preva-

lence was reduced at the same time. 

2.4.2 Effect of pregnancy on milk yield 

Pregnancy is generally thought to significantly decrease milk yield when compared with 

non-pregnant cows, although it may not become evident before 1/2 to 2/3 into the gesta-

tion period. This effect becomes particularly relevant when considering extended lactation 

management, as this negative effect would, in theory, be postponed. Olori et al. (1997) 

showed that milk yield was lower for pregnant compared with non-pregnant cows from the 

beginning of gestation, although this was not significant before the fifth gestation month 

when the reduction was greater than 0.5 kg per day. Interestingly, they also found that the 

negative effect of gestation on milk yield was less pronounced as the DIM at conception in-

creased, and they further estimated that seven months of gestation resulted in an average 

cumulated loss of 122 kg milk in the 305-days lactation yield, which corresponds to 0.06 kg 

per day. The findings of Olori et al. (1997) is supported by Roche (2003) and Brotherstone et 

al. (2004), and it follows that delaying time of insemination and hence managing cows for 

extended lactation also delays the negative impact of gestation on milk yield. The following 

 

 

 

 Figure 2.5. Veterinary disease treatments as per cent per month in relation to calving for cows 

calving between January 2013 and December 2015 in four herds practicing extended lactation. 

See Lehmann et al. (2016b: paper 3) for data description and grouping of diseases.  
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two subsections look more closely into feeding and milking frequency as two other man-

agement related factors, which farmers can use to manipulate milk yield.  

2.4.3 Strategies for ensuring nutrient supply 

Feeding directly affects milk production by supplying either too little, too much or just the 

right amount of nutrients required by the secreting alveoli in order for this cow, with these ge-

netics, in this herd and at this stage of lactation to meet her production potential. Many stud-

ies have calculated nutrient requirements of cows based on American norms (NRC, 2001), 

and in Denmark farmers use the relatively new Norfor-system (Volden, 2011), which has re-

placed the old Scandinavian feed unit (SFU) system (Strudsholm et al., 1999). However, these 

requirements apply to the individual cow, and farmers rarely have the technology available 

to feed all cows individually, although many farmers do have technology that can partially 

feed individual cows through separate feeding of concentrates (discussed later). Hence, 

matching the needs of the individual cow inevitably means compromising and balancing 

the nutrient requirements of the individual cow with those of the herd. In Denmark, the ma-

jority of farmers feed a total mixed ration (TMR) to all cows, and it is generally allocated on an 

ad libitum basis. This TMR therefore have to match the nutrient requirements of all cows; ei-

ther alone or in combination with a concentrate supplement, and ad libitum feeding means 

that is has to be aligned with the feed intake capacity.  

The nutrient requirement of a cow changes during the course of lactation, and this is ex-

emplified with Figure 2.6. For simplicity, this figure is based on the former Scandinavian feed 

unit-system (Strudsholm et al., 1999) as the calculation of nutrient requirements in newer Nor-

for-system (Volden, 2011) involves a number of interactions between the cow itself, ration 

composition and feeding level. Figure 2.6 shows that the feed intake capacity of a multipa-

rous Holstein cow yielding 10,500 kg ECM per year declines with advancing lactation, and it 

shows that both the energy and protein requirement expressed per unit of feed intake ca-

pacity also declines with advancing lactation. The cow therefore requires a less nutrient 

dense feeding with advancing lactation.  

However, the equations behind Figure 2.6 (Strudsholm et al., 1999) are likely based on ex-

periments with cows managed for lactations of a traditional length, and it may be ques-

tioned if the feed intake capacity during the extended part of a lactation is described merely 

by extrapolation. Should the decline in intake capacity be less pronounced as shown in Fig-

ure 2.6, it would mean that the requirement for energy and protein per fill unit would be even 

lower, although this will be influenced by the level of milk yield as milk yield accounts for 50-

90% of the requirement for energy and protein during lactation. The milk yield used for the 
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calculations in Figure 2.6 is the same as the curve shown for multiparous cows in 2015 in Fig-

ure 2.2. 

It follows from the previous few paragraphs that switching to extended lactation man-

agement changes the nutrient requirement of the average cow through an increase in aver-

age lactation stage (i.e. DIM), although this will depend on which cows are managed for ex-

tended lactations, and how long these lactations are. Furthermore, switching to extended 

lactation management may make the herd more heterogeneous in terms of average lacta-

tion stage. Herd simulations presented by Lehmann et al. (2016c: paper 4) show that manag-

ing all cows for calving intervals of 17 rather than 13 months decrease the number of calv-

ings per annual cow from 1.12 to 0.84. In a herd with 100 annual cows, this means that in-

stead of having a calving every 3.3 days, this will now happen on average every 4.4 days. 

This increase in herd heterogeneity may complicate the nutrient compromise when balanc-

ing a TMR that can be fed ad libitum to the whole herd.  

Today, farmers have at least two options to deal with this heterogeneity, and there is no 

apparent property of these options suggesting that they should not be applicable for extend-

ed lactation. The first is feeding all or parts of the concentrates separately with the use auto-

matic feeders in either the barn or in the milking facility. In Denmark, there are two general 

principles for separate allocation of concentrate, strategy feeding and norm feeding, which 

recently have been described in a cattle feeding textbook for farmers (Martinussen et al., 

 

 

 

 

 Figure 2.6. Feed intake capacity of multiparous Holstein cows yielding 10,500 kg ECM per year 

measured in fill units. Feed intake, energy requirement in Scandinavian feed units (SFU) and 

protein requirement (AAT – amino acids absorbed in the intestines) have been calculated ac-

cording to Strudsholm et al. (1999).  
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2010). Both principles assume ad libitum amounts of a TMR where strategy feeding allocates 

concentrate based on stage of lactation, and norm feeding allocates concentrate based on 

daily milk yield, pregnancy and growth. Obviously, norm feeding requires frequent meas-

urements at cow level, in order for the information to be available to do the adjustments of 

concentrate level. Many newer milking robots are capable of conducting these measure-

ments, but there may be a limit to how little concentrate can be fed in the robot as the con-

centrate is also used to lure the cow into the robot to be milked. Too little concentrate allow-

ance may cause the cow not to be milked often enough, and there is a risk that this may ei-

ther reduce milk yield or even dry the cow off.  

The second is grouping of cows according to either age or lactation stage as this allows 

each group to have a separate ad libitum feed mix available. If combined with either of the 

two concentrate feeding principles, dividing the lactating cows in two or more groups makes 

it possible to much more closely match the nutrient requirements. This may especially be im-

portant for late lactation cows as the feed ration likely is optimized to sustain the higher milk 

yield of cows in earlier lactation, and there is therefore a risk that the late lactation cows may 

become obese. However, some farmers may be reluctant with either the grouping of cows 

because it is simply not logistically feasible in their barn, or with preparing multiple different 

feed mixes per day because of the extra work load involved. 

Grouping cows may affect social behaviour and feed intake through changes in domi-

nance hierarchy where particularly first parity cows may benefit from being reared separate-

ly, as they are both smaller and ingest feed at a slower rate (Grant and Albright, 2001). How-

ever, grouping cows according to stage of lactation may be more important due to differ-

ences in nutrient requirements (Purcell et al., 2016). Social behaviour is also affected by fre-

quent feed deliveries or frequent push-ins of feed, which reduce feed sorting, and hence en-

sures a more uniform feed supply across cows including the less dominant ones (Sova et al., 

2013).  

A recent review underlines the importance of at least grouping early lactation cows sepa-

rately as their feeding level, and in particular concentrate allowance, have short term and 

potential long term effects on milk production (Jørgensen et al., 2016), whereas the method 

of concentrate delivery is of less importance as long as the nutrient requirements are met 

(Purcell et al., 2016). However, this may be affected by the complicated nature and amount 

of information available about the individual cow, which all may or may not affect the re-

quirement of this cow at this particular stage of lactation. If future computer programs are 

capable of consolidating vast amounts of data from multiple on-farm sources and using 
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these for effective predictions, then individual concentrate allocation could be superior as al-

so described by Hills et al. (2015).  

2.4.4 Strategies for ensuring milk removal 

Increasing milking frequency is a well-known method for increasing milk yield during lac-

tation, and it lines with the hypothesis described earlier that this effect is at least partially me-

diated through the removal of “feedback inhibitor of lactation”, and thereby also impacted 

the relative size of the gland cistern. A review by Stockdale (2006) showed that milking three 

times per day instead of 2 resulted in 4.1 to 5.3 kg milk more per day or the equivalent of 7 to 

15.7 %. Erdman and Varner (1995) showed that milking three instead of two times per day 

increased milk yield with 3.5 kg per day across 40 studies, and that this increase was inde-

pendent of initial milk production. This was also discussed by Stockdale (2006), who argued 

that this may be an effect of genetic merit through either a difference in udder capacity, or 

an inability of the high-genetic-merit cows to ingest sufficient extra nutrients to support an 

even higher milk production. Conversely, reducing milking frequency to once-a-day milking 

reduces milk yield with 7 to 40 % depending on stage of lactation, parity and breed 

(Stelwagen et al., 2013). The results of Rémond et al. (2009) support this as well as showed 

that shortening the day-time between two milkings also reduced milk yield by as much as 10 

to 15 %, although this depends on stage of lactation and how long the longest milking inter-

val is. Furthermore, the effect of milking three times per day in early lactation may be sus-

tained during the remaining lactation even if milking practice is switched back to twice-a-

day milking.  

The effect of milking frequency on milk yield during extended lactations has also been 

studied by a few researchers, and here Österman and Bertilsson (2003) found that milking 

three times per day during the whole lactation instead of two increased total lactation milk 

yield with 18.1 %, although this increase was lowered to 10.2 % when the reduction in fat and 

protein per cent were accounted for. In their study, cows were dried off when daily milk yield 

fell below 6 kg, and the increased milking frequency also reduced the proportion of cows be-

ing dried off early, which reduced the average dry period from 14 to 11.2 weeks. Thus, aver-

age ECM per feeding day (lactating plus dry days) was increased with 13.6 % in response to 

increased milking frequency. In contrast, Sorensen et al. (2008) found an increase of 16.8 to 

40.2 % in total lactation yield for those half udders that were switched to being milked three 

times per day in lactation week nine, and this was mainly achieved due to an improved per-

sistency during lactation weeks 9 through 33. Their calving intervals ranged from 537 to 640 

days. Finally, Rius et al. (2011) saw an increase in milk yield of 7.5 to 9.9 % depending on 

concentrate level when they switched to milking three timer per day at 328 DIM, but this in-
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crease disappeared once cows were switched back to being milked two times per day 68 

days later. This may be because a carry-over effect of increased milking frequency on milk 

yield later in lactation requires that this is initiated in early lactation (Stockdale, 2006). 

2.5 Quantifying milk production from farm data 

The International Committee for Animal Recording (ICAR) is an organisation of 60 West-

ern and Asian countries worldwide where they have agreed to a range of common stand-

ards for recordings of productivity and genetics from farm livestock. In Denmark, their official 

guidelines (ICAR, 2014) are used to calculate cumulated lactation yield from monthly and 

bimonthly farm milk recordings. This method takes the number of days between the current 

and the previous milk recording and assigns half of these days to the previous and half to the 

current recording. Afterwards the observed milk yield is multiplied by the number of days as-

signed to this recording to calculate cumulated yield for this period of time. Figure 2.7 exem-

plifies this with data from ICAR (2014) where the red dots are observed milk yields, and the 

green line shows the days where this observed milk yield value applies. The observed values 

have also been fitted with the function of Wilmink (1987), which has a R2 of 0.97 between 

observed and fitted values. R2 between the Wilmink-curve and the daily values with the 

method of ICAR (2014) is 0.96, and it shows that there is a reasonable coherence between 

the observed values and the Wilmink-curve as well as between the two lactation yield 

methods.  

However, two properties make the use of different lactation curve functions more relevant 

in a research perspective compared with the method of ICAR (2014). First, the method of 

ICAR (2014) is relatively more sensitive to the state of the cow on the day of milk recording. 

The cow may be sick, in heat or simply kick the milking machine off too many times and 

thereby not get milked properly. These factors would likely have less of an effect on lactation 

yield if this is calculated with a function. Second, using functions allow researchers to gain a 

better understanding of the trajectory of milk production during lactation. The exponential 

function of Wilmink (1987), 𝑦𝑡 = 𝑎 + 𝑏 ∗ 𝑒−0.05∗𝑡 + 𝑑 ∗ 𝑡, is easily differentiated to 𝑦𝑡
′ = 𝑏 ∗

(−0.05) ∗ 𝑒−0.05∗𝑡 + 𝑑 and further differentiated to 𝑦𝑡
′′ = 𝑏 ∗ (−0.05)2 ∗ 𝑒−0.05∗𝑡, which allows 

for studying the slope and the acceleration of the curve, respectively. Setting the first differen-

tial to zero, 𝑦𝑡
′ = 0, and isolating t results in 𝑡 =

𝑙𝑛(
𝑑

0.05∗𝑏
)

−0.05
, which can be used to calculate the 

time of peak yield. Using the coefficients of the curve in Figure 2.7 (a = 33.75, b = -9.51, c = -

0.101) shows that this curve peaked at 29 DIM with a corresponding milk yield of 28.3 kg. This 

function is also easily integrated to 𝑌𝑡 = 𝑎 ∗ 𝑡 + 𝑏 ∗
1

−0.05
∗ 𝑒−0.05∗𝑡 + 𝑑 ∗

1

2
∗ 𝑡2, and the area 

under the curve in Figure 2.7 for the full lactation length (284 days) is 4,935 kg where the 

method of ICAR (2014) results in 4,973 kg. The difference is thus only 38 kg.  
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Researchers have been developing and working with lactation curve functions for almost 

a century, and, as mentioned earlier, Brody et al. (1923) was probably one of the first to de-

velop a mathematical equation that could describe the trajectory of milk production during 

lactation. Since then, numerous studies have been conducted exploring a vast number of dif-

ferent approaches to statistically fit functions to observed milk yield, but the overall aim of 

these functions have always been to describe the underlying phenomena of milk production. 

Table 2.1 lists five popular functions used in the literature including the function of (Wilmink, 

1987) where the first four are empirical equations, and the last is mechanistic. Generally, the 

parameters of the empirical models do not have a direct biological interpretation, and the 

aim of the equation of Dijkstra et al. (1997) was therefore to model milk yield as a response to 

the number of secretory cells in the alveoli, which is a function of cell population, proliferation 

and apoptosis. As described earlier, the number of secretory cells is a determining factor for 

milk yield, although some of the underlying assumptions of the function of Dijkstra et al. 

(1997) have been criticized (Knight, 2000).  

  

 

 

 

 

 Figure 2.7. Quantifying lactation yield with the official farm milk recording-method of ICAR 

(2014) and with the lactation curve function of Wilmink (1987). R2 between observed and Wil-

mink-method is 0.97 and 0.96 between ICAR-method and Wilmink-method. Lactation yield is 

4,973 kg with the ICAR-method and 4,935 kg the Wilmink-method. Data from ICAR (2014).  
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Although the advent of robotic milking systems has increased the number of cows with 

daily milk yields available, most research where these and many other lactation curve func-

tions have been used, do rely on the monthly and bimonthly milk recordings from commer-

cial dairy farms. In Denmark, by far the majority of dairy farmers participate in the national 

milk recording scheme, and, currently, the milk recording federation handles data and milk 

samples from 2,937 herds (Lauritsen and Flagsted, 2015) in accordance with the principles of 

ICAR (2014). Monthly recordings are carried out in 88.6 % of the herds, and the remaining 

herds are recorded bimonthly. In Denmark, farmers borrow the digital recording equipment 

from the federation on a day that suits them, and they handle both data registration as well 

as milk sampling where the samples afterwards get send to a laboratory. 

Farm milk recording data, therefore, have a number of inherent characteristics that may 

influence the ability of lactation curve functions to accurately describe these data (See also 

Macciotta et al. (2011) for a review) including: 

 The time between milk recording dates vary both within and across farms. 

 The time from calving until first milk recording vary from cow to cow. 

 Farmers may use either afternoon or morning milking for sampling. 

 First and last milk recording may be influenced by lactation initiation and drying off pro-

cedures. 

 Interval between milkings may vary during the year. 

 Feeding intensity may vary during the year due to changing feedstuffs including home-

grown forages. 

Besides these more general management related factors, the number of available milk 

recordings per cow and hence individual lactation length is affected by several factors in-

cluding: 

 Cows constantly enter the lactating group as calving heifers, calving cows or purchased 

cows. 

Table 2.1. Popular functions used to model lactation curves.  

Function1 Parameters, no. Reference Citations2 

𝑦𝑡 = 𝑦0 ∗ 𝑒−𝑘∗𝑡 2 Brody et al. (1923) 53 

𝑦𝑡 = 𝑎 ∗ 𝑡𝑏 ∗ 𝑒−𝑐∗𝑡 3 Wood (1967) 613 

𝑦𝑡 = 𝑎 ∗ 𝑒−𝑏∗𝑡 − 𝑎 ∗ 𝑒𝑐∗𝑡 3 Cobby and Le Du (1978) 116 

𝑦𝑡 = 𝑎 + 𝑏 ∗ 𝑒−𝑘∗𝑡 + 𝑑 ∗ 𝑡 4 Wilmink (1987) 234 

𝑦𝑡 = 𝑦0 ∗ 𝑒
𝜇𝑇∗

1−𝑒−𝑘2∗𝑡

𝑘2
−𝜆∗𝑡

 4 Dijkstra et al. (1997) 81 

1yt: milk yield at time t; y0: theoretical initial milk yield; k, a, b, c and d are function coefficients; µT: spe-

cific rate of cell proliferation at parturition; k2: decay parameter; λ: specific rate of cell death. 
2Number of citations in all databases included in Web of Science as of March 2016. 
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 Cows constantly leave the lactating group as a result of voluntary or involuntary culling 

and as a result of standard drying off procedures to prepare for the following lactation. 

 Cows may be inseminated at any detected oestrus during lactation. 

Several studies (e.g. Macciotta et al., 2005; Bryant, 2007; Bebbington et al., 2009; 

Macciotta et al., 2010) have compared the ability of different lactation curve functions to fit to 

data. Often the goal is to fit curves to individual cows and determine characteristics such as 

peak yield and time of peak yield, and here the relatively rigid functions of Wood (1967) and 

Wilmink (1987) may be appropriate. At other times, more flexible functions may be needed 

such as different smoothing techniques (Codrea et al., 2011) for average curves rather than 

individual curves or Legendre polynomials for capturing in-lactation fluctuations, which par-

ticularly may be important in pastoral systems (Bryant, 2007). Lately, Legendre polynomials 

have become a popular set of functions for geneticists to use when fitting lactation curves 

(Schaeffer, 2004; Macciotta et al., 2005), although the complexity of Legendre polynomials 

make them much less suitable for differentiation and integration compared with both 

Wilmink (1987) and Wood (1967). Hence, another factor to take into account is whether or 

not the objectives of these lactation curves are to study the slope and acceleration of the 

curve as well as the area under curve for either a part or the full lactation. 

Several studies (Vargas et al., 2000; Dematawewa et al., 2007; Steri et al., 2009; Steri et al., 

2012) have also compared different lactation curve functions fitted to milk yield recordings 

from extended lactations, although the majority of these functions were developed for and 

applied to lactations of 305 days. Also, these studies were all conducted with database data, 

and these data most likely came from cows where the extended lactation was a result of 

conception difficulties rather than by choice. In many cases, the most complex models such 

as two different spline functions (Steri et al., 2012), a spline function and Legendre polynomi-

als (Steri et al., 2009), a biological compartment model and a multiphasic model 

(Dematawewa et al., 2007) as well as two different phase models (Vargas et al., 2000) were 

all shown to give the best fit to various degrees of extended lactations, but the simpler func-

tions of both Wilmink (1987) and Wood (1967) were in several cases shown to give  reason-

able fits to data (Dematawewa et al., 2007; Steri et al., 2009), and Steri et al. (2012) conclud-

ed that they may very well suffice to describe milk yield during extended lactations. 

Lehmann et al. (2016a: paper 2) used Legendre polynomials to fit individual extended 

lactation curves, but the fitting ability of the functions of Wood (1967), Wilmink (1987) and 

Dijkstra et al. (1997) were compared with Legendre polynomials (Schaeffer, 2004) as a part 

of the process of developing the analysis presented in this paper. Some of the results from this 

comparison were presented at the EAAP conference (Lehmann et al., 2014c), and the follow-
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ing is a brief account of what was presented there and unpublished results (See also Table 

2.2). Data was fitted separately for parity group one through three within herd, which allows 

Akaike’s Information Criterion (AIC) and root mean squared prediction error (RSMPE) (Bibby 

and Toutenburg, 1977) to be compared across functions as they were applied to the same 

subset of data.  

This created a total of 12 subsets of data, for which no convergence was achieved twice 

with the function of Dijkstra et al. (1997) and once with the function of Wilmink (1987). Le-

gendre polynomials gave the best fit all 12 subsets based on RMSPE, and seven times based 

on AIC. The RMSPE of the fit to the 25 % of observations counting from drying off towards 

calving were used as an indicator of the ability of these functions to fit the end of the lacta-

tion, and here Legendre polynomials gave the best fit for 11 out of 12 subsets. The difference 

between these two RMSPE values was used as an indicator of the ability of these functions to 

fit data evenly throughout the lactation, and here Legendre polynomials gave the best fit for 

eight subsets. The conclusion of this analysis was that Legendre polynomials in all cases gave 

the best fit to the highest proportion of subsets whereas the function of Wilmink (1987) was 

second. 

The review of Macciotta et al. (2011) highlighted a number of general concerns with fitting 

individual lactation curves and the functions used to do this. First, there is generally a com-

promise between ability to accurately describe data and interpretability, and thus between 

using a function with many versus few parameters. Second, there is generally a concern 

about rigidity of some functions, their ability to fit data at the beginning and at the end of lac-

tation as well as the correlation between the parameters within these functions. The correla-

Table 2.2. Ability of four lactation curve functions1 to fit2 to milk yield recordings from two Holstein 

herds3 practicing extended lactation4. 

 First parity cows 
 

Third parity and older 

 WD WL DJ LG 
 

WD WL DJ LG 

Herd 1          

AIC 7,205 7,191 7,214 7,046  3,424 3,410 3,426 3,356 

RMSPE 2.78 2.74 2.79 2.10  3.48 3.84 3.95 2.91 

Herd 2          

AIC 3,133 3,116 3,211 3,055  2,039 2,022 2,069 2,033 

RMSPE 2.67 2.89 3.67 2.21  4.36 3.91 5.00 3.15 

1WD: Wood (1967), WL: Wilmink (1987), DJ: Dijkstra et al. (1997), LG: Legendre polynomials according 

to Schaeffer (2004). 
2Individual curves were fitted using linear mixed models (Pinheiro et al., 2013) and evaluated with 

Akaike’s Information Criterion (AIC) and Root Mean Squared Prediction Error (RMSPE) according to 

Bibby and Toutenburg (1977). Data was fitted separately to parity groups 1-3 within herd. Thus, AIC 

and RMSPE can be compared across models within parity group. 
3See paper 2 (Lehmann et al., 2016a) and section 3.1 for herd descriptions. 
4Both unpublished (Lehmann, J. O.) and published data (Lehmann et al., 2014c) are shown. 
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tion between parameters is specifically addressed with Legendre polynomials as the time 

scale is transformed to vary between -1 and 1, which causes the polynomial functions to be 

orthogonal, and hence the parameters should be uncorrelated (Schaeffer, 2004). Third, the 

correlation structure in a dataset with commercial milk recordings should be addressed as it 

involves many levels including the likely correlation between two sequential observations 

from the same cow, the likely correlation between observations across parities from the same 

cow, and the likely correlation between observations from cows within the same herd. And 

fourth, extended lactations pose a particular challenge for modelling of lactation curves as 

most functions converge to a straight line, which complicates the fitting of an asymptotic 

phase as the lactation progresses beyond the standard 305 days.  

2.6 Performance of cow and herd during extended lactations 

Extended lactation as a part of a deliberate management strategy is a result of delayed 

rebreeding of the individual cow, which leads to an increased time between calvings, fewer 

calves and replacement heifers. This leads to fewer young stock in the herd and an altered 

proportion of young and older cows as well as a changed requirement for feed input from 

on-farm grown and purchased sources. Thus, switching to extended lactation management 

affects the production of milk and meat at cow, herd and farm level (See Figure 1.4) through 

impacts on the dynamics of the herd and the farm. 

After briefly reviewing the arguments for extended lactation, the following subsections re-

view the work carried out over the past 30-35 years with emphasis on these dynamics in the 

context of extended lactation, and how this affects production, reproduction, productivity and 

profitability as well as GHG emissions. 

2.6.1 Arguments for extended lactations 

Several reviews (see also chapter 1) have recently discussed extended lactation as a part 

of a deliberate management strategy in Australia (Borman et al., 2004; Abdelsayed et al., 

2015), Japan (Kadokawa and Martin, 2006) and Europe (Knight, 2005; Knight, 2008). The 

approach to extended lactation has, however, been different across these reviews. In the 

pastoral systems of Australia and New Zealand, dairy farmers mostly practice a seasonal 

calving system, and whereas extended lactations generally mean 24-month calving intervals 

in New Zealand, it could mean both two-year and 18-month intervals in Australia 

(Abdelsayed et al., 2015). Typically, the latter system is implemented in such a way that half 

of the herd calves in spring and the other half in autumn (split-calving). In contrast, the con-

finement systems are not necessarily reliant on pasture growth, and there are as such no 
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general guidelines for what extended lactation is, other than it means lactations longer than 

305 days. 

Nevertheless, these reviews all have common and similar arguments for why farmers and 

researchers should be interested in extended lactation. The most important of their argu-

ments are: 

 Extended lactation may alleviate the reproductive problems that have emerged over the 

years 

 Extended lactation would increase the time between calvings and hence increase the 

time between high-risk periods, and thereby should improve health (See section 2.4.1) 

 Extended lactation would increase the recovery time after the early lactation negative 

energy balance, which poses metabolic stress on the cow 

 Extended lactation should lead to lower dry off yields, which in turn should lessen the ab-

rupt physiological change occurring at dry off (See section 2.3) 

 Extended lactation should allow the average forage to concentrate ratio to increase as 

the cow would spend a greater proportion of time on the descending part of the lactation 

curve, which corresponds to lower energy requirements 

Thus, extended lactation may therefore be seen as a concept developed to counterbal-

ance some of the negative aspects that have emerged in modern-day milk production. Fi-

nally, these reviews mention the prospect of maintaining herd output of milk while reducing 

herd input of feed as well as the potentially derived effect on herd and farm economics, 

which was also discussed by Lehmann et al. (2014b: paper 1).  

2.6.2 Milk production 

The research in extended lactation and the effect of deliberately postponing time of first 

insemination on milk production can generally be divided in two groups: those experiments 

carried out in confinement systems in Sweden, Israel, USA, Canada, UK and Denmark, and 

those carried out in pastoral systems in New Zealand, Australia and Ireland. 

Effect of extended lactation on milk yield in confinement systems 

Several studies investigating extended lactations in confinement systems have been pub-

lished (Table 2.3) since 1981 with reports of milk production. These studies were conducted in 

seven different countries, used a range of different breeds, and they managed cows for a 

range of different calving intervals. 
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Six of these studies either directly or indirectly reported milk production values with a cor-

rection for fat and protein, which allows a direct comparison of milk energy output across 

treatments (See Table 2.4). If milk volume, fat and protein contents were given, then ECM was 

calculated with the equation of Sjaunja et al. (1991). Milk production per feeding day (lactat-

ing + dry days) was either maintained or increased for primiparous cows with increasing 

calving interval across studies whereas the trend was not as clear for multiparous cows. Arbel 

et al. (2001) selected the highest yielding cows in early lactation for their study, which may 

explain the small increase that they found, but it is less clear why Christiansen et al. (2005) 

found such a large increase. In the study by Lehmann et al. (2016a: paper 2), the farmers also 

selected cows for extended lactation, and here milk production was maintained whereas the 

remaining studies showed reductions in milk yield. This indicates that random selection of 

multiparous cows for extended lactation results in an average loss of milk whereas selecting 

the most suitable cows allows milk production to be maintained. This is even despite that the 

studies generally showed that the dry period was either maintained or slightly prolonged with 

extended lactation. 

  

Table 2.3. Studies of deliberate extended lactations in confinement systems where milk yield was re-

ported. 

Reference Country Year Herd Breed1 Lactation lengths 

Arbel et al. (2001) Israel 1997-

2000 

Private IH Voluntary waiting periods 

were either 90 or 150 days. 

Bertilsson et al. 

(1997) 

Sweden 1994 - 

1997 

Experimental SRB + 

SLB 

Calving interval of 12, 15 or 

18 months. 

Christiansen et al. 

(2005) 

Denmark 2000 - 

2004 

Experimental RD + DH Calving interval of 12 or 18 

months. 

Gaillard et al. 

(2016b) 

Denmark 2013 - 

2015 

Experimental DH + Jer 

+ Cross 

18 month calving interval. 

Lehmann et al. 

(2016a) 

Denmark 2007 - 

2013 

Private DH + Jer 

+ Cross 

13 to 19 month calving inter-

vals. 

Rehn et al. (2000) Sweden 1994 - 

1998 

Experimental SRB + 

SLB 

Calving interval of 12 and 15 

months. 

Schneider et al. 

(1981) 

Canada 1977 - 

1979 

Experimental ? Voluntary waiting periods of 

50 or 80 days. 

Sorensen et al. 

(2008) 

UK 1996 - 

1999 

Experimental HF 18 month calving interval. 

van Amburgh et al. 

(1997)2 

USA ? Private ? Calving intervals of 13.2 or 

16.5 months. 

Österman and 

Bertilsson (2003) 

Sweden ? Experimental SRB Calving interval of 12 or 18 

months. 
1IH: Israeli Holsteins; SRB: Swedish red and white; SLB: Swedish Holsteins; RD: Red Danish; DH: Danish 

Holstein; Jer: Jersey; Cross: Cross of DH, RD and Jersey; HF: Holstein Friesian. 
2Cows in this study were treated with synthetic growth hormone. 
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Another characteristic across these studies is that they all used completed lactations, 

which means that only successful cows that calved again were included. In a commercial 

herd, cows are constantly culled for various reasons, but there appears not to be a direct ac-

count of the survivability of cows on extended lactations versus cows on traditional lactations 

as none of the listed studies have reported or studied it.  

Other studies have also reported milk production during extended lactations, but this was 

not done in a form that permitted a direct calculation of kg ECM per feeding day as in Table 

2.4. In the Swedish study by Bertilsson et al. (1997), they found that a small difference in milk 

production level started to appear from lactation week 24 between their 12 and 18-month 

groups. This difference substantially increased from week 32, which they attributed to the ef-

fect of gestation, but the effect on overall lactation performance was not given. Schneider et 

al. (1981) tested delaying breeding with 30 days to 80 DIM and concluded that there was no 

Table 2.4. Energy-corrected milk (ECM) yield1 per feeding day (lactating + dry days) of cows during 

extended lactations in confinement systems. 

Reference and aim2 

Primiparous  Multiparous 

Lactating 

days 

Dry 

days 

Kg ECM / 

feeding day 

 Lactating 

days 

Dry 

days 

Kg ECM / 

feeding day 

Arbel et al. (2001) 

Control 340 65 27.7  320 69 32.8 

Treatment 399 65 28.5 (+2.9 %)  369 67 33.0 (+0.6 %) 

Christiansen et al. (2005) 

CI: 12 mo. 319 43 20.3  302 63 21.4 

CI: 18 mo. 465 46 20.4 (+0.5 %)  486 51 22.9 (+7.0 %) 

Lehmann et al. (2016a: paper 2) 

CI ≤ 13 mo. 325 46 22.0  322 46 27.1 

13 < CI ≤ 15 mo. 380 49 22.5 (+2.3 %)  383 49 26.9 (-0.7 %) 

15 < CI ≤ 17 mo. 431 50 22.8 (+3.6 %))  431 50 27.4 (+1.1 %) 

17 < CI ≤ 19 mo. 493 51 23.2 (+5.5 %)  488 51 27.0 (-0.4 %) 

Rehn et al. (2000) 

CI: 12 mo., SRB 327 58 19.4  294 74 20.9 

CI: 15 mo., SRB 379 65 19.2 (-0.8 %)  356 96 20.3 (-2.9 %) 

CI: 12 mo., SLB 313 61 20.7  320 60 24.3 

CI: 15 mo., SLB 389 57 21.0 (+1.3 %)  367 66 22.9 (-5.7 %) 

van Amburgh et al. (1997) 

CI: 13.2 mo.     364 55 30.3 

CI: 16.5 mo.     492 55 29.9 (-1.3 %) 

Österman and Bertilsson (2003) 

CI: 12 mo. 312 55 22.6  293 85 23.8 

CI: 18 mo. 471 64 23.9 (+5.8 %)  419 116 22.8 (-4.2 %) 

1If the provided milk yield was not corrected for energy or content of fat and protein, then ECM was 

calculated with the equation of Sjaunja et al. (1991). 
2See Table 2.3 for a description of the different studies. CI: Calving interval; SRB: Swedish red and 

white; SLB: Swedish Holstein. 
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effect on production per day once the dry period was included, although they did find that 

extended lactation increased production with 2.3 kg per day (9.9 %) the first 305 days of lac-

tation.  

Milk production during extended lactations of 537 to 640 days were reported by Sorensen 

et al. (2008) to range from 13.1 to 21.5 kg per feeding day depending on level of nutrition, 

age of the cows and calving season, but they did not compare these with lactations of tradi-

tional length. In comparison, the study by Gaillard et al. (2016b), which also forms a part of 

the Reprolac-project, reported that primi- and multiparous cows produced 24.3 to 27.9 and 

30.0 to 31.4 kg ECM per feeding day, respectively, with calving intervals ranging 508 to 538 

days. The four herds in the study by Lehmann et al. (2016a: paper 2) were also analysed by 

Lehmann et al. (2016b: paper 3), and, in this study, primi- and multiparous cows yielded 21.1 

to 26.1 and 24.8 to 31.6 kg ECM per feeding day, respectively.  

The brief conclusion of the past few paragraphs may therefore be that it is certainly possi-

ble to achieve relatively high milk yields during extended lactations in confinement systems, 

and that it may be advantageous to only have selected multiparous cows undergo an ex-

tended lactation along with all primiparous cows.  

Effect of extended lactation on milk yield in pastoral systems 

Studies of extended lactation in pastoral seasonal calving systems in Ireland, Australia and 

New Zealand have been carried out, although three of the published studies selected cows 

that had failed to conceive during the standard lactation to produce during the extended 

lactation (Table 2.5). These pastoral systems are generally characterized by a seasonal calv-

ing pattern where all calvings occur within a limited timeframe to time peak production with 

peak feed availability. As reviewed by Abdelsayed et al. (2015) and mentioned earlier, this 

suggests farmers to practice either an annual or a biannual calving pattern, although dividing 

calvings between spring and autumn in combination with 18-month calving intervals has 

gained interest in Australia. Three studies (Table 2.6) have compared milk production of ex-

tended lactation with traditional lactations in pastoral systems, although the cows in one 

study (Kolver et al., 2007) were used as their own control by terminating pregnancies with a 

prostaglandin treatment, which allowed them to be bred again for the 24-month calving in-

terval. 
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The proportion of cows that complete the planned number of lactating days is reported by 

the three studies compared in Table 2.6, and it shows that not all cows are capable of com-

pleting an extended lactation, although only one study reported completion rate for 12-

month calving intervals. It is interesting to note that 96 % of cows completed the planned 

number of lactating days for the 18-month calving interval (Auldist et al., 2007), which is also 

reflected in a similar number of dry days as the shorter calving intervals. Also, these cows only 

produced 1 % less milk per feeding day as cows on the 12-month calving interval. However, 

the general trend across these three studies is that extended lactation reduces milk yield per 

feeding day. Although the results in Table 2.6 are averages of primi- and multiparous cows, it 

still confirms the trend from Table 2.4 that randomly allocating cows to extended lactation re-

sults in some degree of loss in milk yield per feeding day.  

In the Irish study by Butler et al. (2010), 87 % of cows were still lactating at 540 DIM, which 

is comparable to Auldist et al. (2007), although only 13-17 % were lactating at 660 DIM. Butler 

et al. (2010) showed that cows were able to produce 15.6-16.2 kg ECM per feeding day de-

pending on winter feeding treatment, and two studies from New Zealand showed that cows 

produced 13.2-14.1 kg ECM per day (Rius et al., 2011) during the middle (397-475 DIM) and 

15.2-17.4 kg ECM per day (Phyn et al., 2009) during the latter half (268-569 DIM) of a 24-

month calving interval. Finally, a companion proceeding (Phyn et al., 2008) to the study of 

Kolver et al. (2007) reported that feed conversion efficiency estimated as kg ECM per kg dry 

matter reduced from 1.38 to 1.23 (-11 %) and from 1.33 to 1.31 (-1.7 %) when comparing 24-

month with 12-month calving interval of New Zealand and North American Holsteins, re-

spectively (see Table 2.6 for milk production values). 

  

Table 2.5. Studies of extended lactation in pastoral systems with reported milk yields. 

Reference Country Year Breed1 Lactation lengths 

Butler et al. (2010)2 Ireland 2004 - 2005 Hol Calving interval of 24 

months. 

Auldist et al. (2007) Australia 2003 - 2005 Hol Calving interval from 12-24 

months. 

Grainger et al. (2009) Australia 2004 - 2006 Hol Calving interval of 12 and 

24 months. 

Kolver et al. (2007)3 New Zea-

land 

2003 - 2005 NZ HF + NA HF Calving interval 24 months 

with the first 12 as control. 

Phyn et al. (2009)2 New Zea-

land 

2007 - 2008 HF +  

F x Jer 

Calving interval of 24 

months. 

Rius et al. (2011)2 New Zea-

land 

2010 - 2011 HF Calving interval of 24 

months. 
1Hol: Holstein; NZ HF: New Zealand Holstein-Friesian; NA HF: North American Holstein-Friesian; HF: Hol-

stein-Friesian; Jer x F: Cross of Jersey and Friesian. 
2Cows that failed to conceive the ordinary lactation was selected for the extended lactation.  
3Partial results of this study was published in two proceedings (Kolver et al., 2006; Phyn et al., 2008). 
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Effect of extended lactation on subsequent lactation yield 

Managing first parity cows for extended lactations rather than lactations of traditional 

length means that they will be older at the time of their second calving. This also means that 

they will likely be more fully grown, and thus they will not need to grow as much during the 

second lactation, which should allow these cows to allocate a greater proportion of their nu-

trient intake towards milk production. A part of the objective of Lehmann et al. (2016a: paper 

2) was to investigate this carry-over effect of first parity calving interval on second lactation 

milk production, and the average effect of moving up one calving interval group during first 

parity was 1.7 % for ECM per feeding day and 4.1 % for ECM per day during the first 80 days 

of the second lactation. Dividing this by the average increase in calving interval during the 

first lactation shows that ECM per feeding day and ECM per day during the first 80 days of the 

second lactation increased 0.032 and 0.079 %, respectively, per one extra day of first lacta-

tion calving interval. 

Table 2.6. Energy-corrected milk (ECM)1 per feeding day (lactating + dry days) of cows during extend-

ed lactations in pastoral systems, and the per cent of cows reaching target lactating days. 

Reference and aim2 

  Milk production, all cows 

% of 

cows 

Lactating 

days 
Dry days 

 

Kg milk per 

lactation 

ECM per feeding 

day 

Auldist et al. (2007)3 

CI: 12 mo. 100 300 65  6,454 18.5 

CI: 15 mo. 100 393 63  7,902 18.4 (-0.4 %) 

CI: 18 mo. 96 485 63  9,420 18.3 (-0.9 %) 

CI: 21 mo. 83 561 78  10,316 17.4 (-5.7 %) 

CI: 24 mo. 42 643 87  11,549 17.0 (-7.9 %) 

Grainger et al. (2009)3,4 

CI: 12 mo.     5,807 16.2 

CI: 24 mo. 58 652 78  10,279 15.1 (-6.7 %) 

CI: 24 mo. + conc. 50 636 94  11,263 17.0 (+4.7 %) 

CI: 24 mo. + TMR 42 608 122  13,231 20.0 (+23.2 %) 

Kolver et al. (2007)3,5 

CI: 12 mo., NZ 3  295 70  6,911 20.2 

CI: 24 mo., NZ 3 22 608 122  10,929 16.5 (-18.4 %) 

CI: 12 mo., NA 3  282 83  7,481 20.5 

CI: 24 mo., NA 3 56 604 126  13,962 20.1 (-2.1 %) 

1If the provided milk yield was not corrected for fat and protein content, then ECM was calculated with 

the equation of Sjaunja et al. (1991). 
2See Table 2.3 for a description of the different studies.CI: Calving interval. 
3Dry period was calculated as the difference between target CI and lactating days. 
4Conc: Extra grain was supplemented during lactation; TMR: Total mixed ration was supplemented dur-

ing lactation. 
5NZ: New Zealand Holsteins; NA: North American Holsteins; 3: Three kg of concentrate was allocated. 

Cows were used as their own controls by estimating theoretical production during a 12-month CI. 
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In contrast, Schneider et al. (1981) found that milk yield increased 0.43 % per day during 

the first 50 days of the second lactation per one extra day of first parity calving interval, which 

is approximately five times the effect found by Lehmann et al. (2016a: paper 2). The results of 

Arbel et al. (2001) are more in agreement as they found that milk production increased 0.073 

% per day during the first 150 days of the subsequent lactation per one day extra of first parity 

calving interval. Similarly, milk production increased 0.03 % per day during the subsequent 

lactation per one extra day of calving interval for multiparous cows. Österman and Bertilsson 

(2003) did not report directly comparable values, but they did find that an 18-month calving 

interval yielded 1.4 % less milk per feeding day than a 12-month calving interval. However, 

cows yielded 2.1 % more per feeding day during their second 18-month calving interval 

compared with cows going through their second 12-month calving interval, although these 

results are averages of primi- and multiparous cows. 

What is the most suitable cow for producing milk during an extended lactation? 

Several studies reviewed during the past several paragraphs showed that there is a con-

siderable variation in individual milk production during lactation, and this was specifically 

noted by Bertilsson et al. (1997), Kolver et al. (2007) and by Lehmann et al. (2016a: paper 2). 

Based on this, it is straight-forward to ask if it is possible to know already in early lactation 

which of these cows will end up being among the higher- or the lower- yielding cows during 

the coming extended lactation. Perhaps the lower-yielding cows should never have been 

managed for an extended lactation.  

Lehmann et al. (2016b: paper 3) and Kay et al. (2007) investigated and discussed this 

more in depth, and the main conclusion of these two studies were that measures of milk pro-

duction during the previous and the early part of the current lactation could be used as indi-

cators of milk production level during the remaining part of the current lactation. Butler et al. 

(2010) and Kolver et al. (2007) underlined that the highest-yielding cows hold potential to 

perform well during extended lactations. Abdelsayed et al. (2015) noted this as well, and fur-

ther argued for using both genetic and phenotypic markers to select the most suitable cows 

for extended lactation as there seems to be a high degree of repeatability in milk production 

across lactations. This repeatability was also discussed by Lehmann et al. (2016b: paper 3). 

2.6.3 Reproduction and disease 

In Denmark, calvings, inseminations and pregnancy tests are routinely recorded by either 

a breeder from the breeding organisation or the farmer. More recently, the advent of in-line 

measurements of hormone levels in milk at every milking has allowed farmers to also obtain 

physiological measures of reproduction, although these systems are not yet widely used by 



   

 

 - 35 - 

farmers. This information is used to keep track of the reproduction and genetic heritage of 

dairy cows and calculate a range of reproductive efficiency measures including insemination 

percentage, conception percentage and days from calving until first oestrus as well as con-

ception percentage at first insemination, days from first insemination to conception and in-

seminations per conception (See also Pryce et al. (2004) for a review). The last four measures 

were the most commonly reported across a number of studies of extended lactation (Table 

2.7).  

These studies do not give a clear picture of whether or not cows have improved reproduc-

tive efficiency when managed for extended lactations, and many either did not test for sig-

nificance or did not find any. This is likely a reflection of a large individual variation in repro-

ductive performance, that reproduction, health, welfare and production are interconnected 

in a complicated pattern (See section 2.3.1), and that the quality of recordings could vary 

from farm to farm (Pryce et al., 2004). Based on the work listed in Table 2.7, it is not possible to 

argue that extended lactation improves or deteriorates reproductive efficiency. Also, a good 

Table 2.7.  Reproduction values of cows during short and extended lactations1. 

 Short lactation  Extended lactation 

Reference CI Preg., % 
Days to 

concep. 

Ins. per 

concep.  
CI Preg., % 

Days to 

concep. 

Ins. per 

concep. 

Larsson and 

Berglund (2000)2 

12 49 24 1.9  15 56 14 1.6 

12 46 19 1.8  15 58 11 1.6 

Schneider et al. 

(1981) 

12.3  16 1.5  13.3  26 2 

Knight and 

Sorensen (1998)3 

13.8 41.6 24 1.8  20.3 20.8 50 2.5 

Schindler et al. 

(1991)4 

13.4 66.6 85   17.9 69.2 136  

13.6 35.7 88   18.2 65.4 146  

Ratnayake et al. 

(1998)5 

12 44.4 26 1.6  15 72.7 10 1.2 

12 50.0 28 1.8  18 50 38 1.6 

12 45.5 8 1.1  15 14.3 14 2.3 

12 66.7 10 1.5  18 50 22 2 

Arbel et al. 

(2001)4 

13.3 40.3 35   15.3 43.5 35  

12.8 36.6 39   14.3 38.7 34  

van Amburgh et 

al. (1997) 

13.2  54 1.4  16.5  51 1.6 

Christiansen et al. 

(2005)4 

12  11 1.7  18  12 1.5 

12  22 2.4  18  20 2 

Kolver et al. 

(2007)3,6 

12 38    24 59   

12 19    24 48   

1CI: Calving interval in months; Preg.: Per cent pregnant at first insemination; Days to concept: Days from 

first insemination to conception; Ins. per concep.: Inseminations per conception. 
2First and second year, respectively. 
3Cows were treated for oestrus synchronisation. 
4Primi- and multiparous, respectively. 
5Primiparous herd 1 and herd 2 as well as multiparous herd 1 and herd2, respectively. 
6New Zealand and North American Holstein-Friesian, respectively. 
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reproductive efficiency could be measured as the ability of cows to conceive at the desired 

time, but this requires that farmers record what the desired time is for every cow in every lac-

tation. 

Ratnayake et al. (1998) noted that reproductive efficiency may be impaired with increas-

ing calving interval as an increased open period could cause ovarian dysfunctions such as 

cystic ovaries. In their study, one herd experienced an increase, and the other herd experi-

enced a decrease in cases of cystic ovaries, but the number of cases was never more than 

three in any parity group. Larsson and Berglund (2000) presented more data from the same 

study as Ratnayake et al. (1998), and they found that the prevalence of cystic ovaries was 

smaller for cows on extended lactation across herds. Knight and Sorensen (1998) treated two 

out of 24 cows for cystic ovaries, but they did not attribute these to either control or treatment 

cows.  

Inseminations per conception was in most cases below 2 across calving interval groups 

and herds in the study by Lehmann et al. (2016a: paper 2), although the longest calving in-

tervals did have the highest number of inseminations per conception. These farmers manage 

selected cows for extended lactations, but they may still have, as in most commercial herds, 

some cows that go through extended lactations due to failed conception. The completed ex-

tended lactations included in the analysis by Lehmann et al. (2016b: paper 3) were grouped 

by milk production potential, and the highest-yielding cows consistently required the most in-

seminations per conception (1.9 vs. 1.4), had the lowest conception rate at first insemination 

(50-54 vs. 67.2-70.6 %), had the highest number of days from first insemination to conception 

(63-73 vs. 48-54 days), and, as a result, they had the longest calving intervals (519-526 vs. 

483-488 days). This may reflect that the risk of conception difficulties increase with increasing 

milk yield, but nonetheless these farmers chose to not cull these cows; likely, due to the level 

of milk production.  

Increasing conception difficulties with increasing calving interval is perceived among 

Swedish farmers to be related to increasing difficulties in detecting an oestrus according to 

Ratnayake et al. (1998). This was investigated by Gaillard et al. (2016a) as a part of the 

Reprolac-project, and they found that the difference in activity level of cows in oestrus and 

cows in non-oestrus did not substantially change with increasing oestrus number after calv-

ing. In fact, activity due to mounting behaviour and the number of cows expressing mounting 

behaviour increased with increasing oestrus number. Furthermore, they found that the varia-

tion in time between consecutive estruses decreased with increasing oestrus number, which 

should allow farmers to better predict when the next oestrus will occur. 
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Effect of extended lactation on disease prevalence 

Records of dairy cow disease incidences in Denmark are kept in the national cattle data-

base, and they are primarily recorded by veterinarians, farmers and hoof trimmers. On aver-

age, a first parity cow is treated 0.87, a second parity cow is treated 1.01, and an older cow is 

treated 1.43 times per year (Seges, 2015a). Generally, testing for a difference in disease 

prevalence therefore requires a relatively large number of cows as diseases per cow are 

both infrequent and clustered around calving (Section 2.3.1, Figure 2.5). This is likely why dis-

ease treatment variables did not correlate well with milk production potential (Lehmann et 

al., 2016b: paper 3).  

Instead of using disease occurrences directly, it may be useful to use indicators such as 

body condition score (BCS) at calving, which is a well-known indicator of risk of disease and 

later welfare issues (Roche et al., 2009). In that respect, Roche et al. (2009) argued that opti-

mum BCS at calving is 3.0 to 3.5 on the five-point scale (Ferguson et al., 1994) whereas the 

Danish advisory services recommend 3.0 (Seges, 2015a). However, a common concern 

among dairy farmers, consultants and researchers appears to be that extended lactation 

leads to a higher BCS at the following calving. 

Figure 2.8 shows the association (mean and 95 % prediction interval) between BCS at the 

future calving and calving interval in four commercial herds (Lehman, J. O., unpublished) 

 

 

 

 Figure 2.8. Body condition score (BCS) at calving (Five-point scale: Ferguson et al., 1994) in re-

lation to calving interval (mean and 95 % prediction interval) on four farms practicing extend-

ed lactation (Lehmann, J. O., unpublished). All completed short and extended lactations from 

Lehmann et al. (2016b: paper 3) were used for this figure. Parity did not affect BCS at calving 

(P = 0.36) whereas calving interval did (P < 0.01). 
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based on data from Lehmann et al. (2016b: paper 3). Parity did not (P = 0.36) whereas calv-

ing interval did (P < 0.01) affect BCS at calving, which increased with increasing calving in-

terval. From a calving interval of 15 months and greater, the average cow in three of the 

herds were at or above the Danish recommendation for calving BCS, although they are still 

within the recommendation of Roche et al. (2009). Herd 1 (high-yielding Holstein) appears 

distinctively different from the other herds. Average yield in this herd was 12,315 kg ECM per 

annual cow (Lehmann et al., 2016b: paper 3), and it will inevitably require a relatively nutri-

ent dense feeding to sustain this yield level, which may cause some cows to gain BCS as lac-

tation progresses. Thus, this may call for a differentiated feeding of late lactation cows in 

high-yielding herds (See also sections 2.3.1 and 2.3.3). However, this differentiated feeding 

may especially have to be targeted the lower-yielding cows within a high-yielding herd as a 

greater proportion of cows in the low milk performance group had a BCS of 3.5 or greater at 

calving compared with cows in the high milk performance group (Lehmann et al., 2016b: 

paper 3). There seems to be only one other study (Grainger et al., 2009) that can be used to 

compare BCS at calving from 24-month with 12-month calving intervals. They found a similar 

negative change in BCS from the start of the lactation to 300 DIM (end of lactation for 12-

month group) for both groups whereas cows in the 24-month group increased BCS from 300 

DIM until drying off with 50 % more than what they lost during the first part of the lactation.  

Finally, the effect of extended lactation on disease prevalence can be studied with simu-

lation models, although they do assume that the distribution of diseases during a lactation is 

unchanged (See section 2.3.1 and Figure 2.5). Allore and Erb (2000) simulated the effect of 

increasing the voluntary waiting period from 50 to 100 days with an American herd model, 

and they found that this reduced the average incidence rate of 12 different diseases with 

14.6 and 14.3 % for primi- and multiparous cows, respectively. Similarly, when simulated with 

the Danish herd model SimHerd (Lehmann et al., 2016c: paper 4), incidence rates decreased 

9.9 and 19.7 % when all cows were managed for a calving interval of 15 and 17 months, re-

spectively, in comparison with a calving interval of 13 months. 

2.6.4 Economics, productivity and GHG emission 

The production apparatus of a typical Danish dairy farm consists of two components; live-

stock and fields. The livestock yields two main products; milk and meat, where the latter can 

be a source of income (live animals sold) or a cost (dead animals for destruction). The fields 

supply the livestock with feed, and in some cases residual area is used for cash crops.  

The economic performance of the dairy farm depends, to a high degree, on the ability of 

the livestock to convert feed into milk and meat, the price of these products and the price of 

both home-grown and purchased feed. The following sections begin with some considera-
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tions on the cost structure of the average Holstein dairy farm in Denmark before discussing 

these considerations in the context of extended lactation and finishing off with a discussion of 

extended lactation in relation to productivity and GHG emission.  

Cost structure of the average Danish Holstein dairy farm 

The expenses involved with running a dairy farm may roughly be allocated to five groups: 

feed (1), veterinary and other costs (2), wages (3), buildings (4) and capital (5) costs, where 

feed and veterinary costs are classified as variable costs and thereby dependent on output, 

and wages, buildings and capital costs are classified as fixed costs. Additional costs not con-

sidered here include taxes and return on equity. In Denmark, fixed costs generally account for 

40-44 % of total costs, but feed costs alone account for 47-56 % of total costs (Figure 2.9). 

Costs associated with capital (17-19 %) and wages (13-15 %) accounted for the second and 

third largest proportions of total costs, respectively. These data come from the latest version 

(Seges, 2015c) of the annual report on production economy of Danish cattle production, and 

this figure clearly shows how important feed costs are for the overall economic performance, 

but it also shows how capital and labour intensive dairy farming is. 

This report (Seges, 2015c) also has a section where the 10 herds with the lowest require-

ment for contribution margin (low cost), the 10 herds with the highest revenue per cow (max 

yield) and the 10 herds with the highest operating profit (top 10) are compared with the av-

erage of all conventional Holstein herds. Wages accounted for 39, 36 and 30 % of fixed costs 

whereas stable associated costs accounted for 47, 55 and 60 % of fixed costs for low cost, 

 

 

 

 Figure 2.9. Total cost breakdown per annual cow of Danish conventional Holstein dairy produc-

tion over four years as well as contribution margin (CM) and operating profit (OP) in proportion of 

revenues. Data from Seges (2015c). 
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max yield and top 10 strategies, respectively. In comparison, wages and stable costs ac-

counted for 34 and 55 % of fixed costs, respectively, for the average herd.  

Switching to extended lactation management should reduce the number of livestock, and 

it may thereby reduce herd feed use and work hours as well as free up stable space 

(Lehmann et al., 2016c: paper 4). The economic effect of switching to extended lactation 

management will therefore depend on the ability of the farmer to realize these savings, and 

for some farmers utilising saved work hours or freed stable space may be more important 

than for others (discussed more later) depending on the relative importance of these costs. 

Economic effect of extended lactation 

Several studies have investigated the economic effect of switching to extended lactation 

management, and the main conclusions are summarized in Table 2.8. Both the studies of 

Arbel et al. (2001) and Browne et al. (2015) found positive economic effects of extended lac-

tation, but neither included young stock in their calculations or considered changed labour 

requirements and land use. Arbel et al. (2001) selected only high-yielding cows to be ex-

tended in a confinement system, whereas Browne et al. (2015) both took into account that a 

proportion of cows would have extended dry periods, and that autumn calving in a pastoral 

system requires feed to be carried over from spring.  

Sørensen and Østergaard (2003) used an earlier version of the same herd model (Sim-

Herd) used by Lehmann et al. (2016c: paper 4) and showed that extended lactation would 

cause a loss in profit per herd and per cow, but the difference in profit per kg ECM was either 

non-existent or very small. One main difference between Lehmann et al. (2016c: paper 4) 

and their study is that the latter included the possibility to save wages when switching to ex-

tended lactation management. However, this is a saving that can be argued to likely not be 

realized as the farmer may not choose to lay off labour. Also, the estimated reduction in la-

bour requirement is based on average time use per task per animal and not on marginal 

time use, which should be less. Removing the effect of changed labour costs in study by 

Lehmann et al. (2016c: paper 4) also removed the economic benefit of managing older 

cows for extended lactation, but it was still profitable to manage first parity cows for extend-

ed lactation. Both Danish studies included the cost of rearing replacements, and Figure 2.10 

illustrate the importance of including young stock in a herd evaluation of the economic effect 

of extended lactation. This figure shows that 54-75 % of saved expenses resulting from 

switching to extended lactation management is accounted for by the young stock. 
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Lehmann et al. (2016c: paper 4) also estimated that extended lactation would lead to a 

reduction in land use for feed production and a reduction in animal units, and the economic 

effect of extended lactation, therefore, also depends on what the farmer can and does 

choose to do with this extra land and animal units. Perhaps the reduced herd labour require-

ment could be used to grow cash crops or include extra animals in the herd. The latter point 

would be possible because land would be available to feed them, barn space would be 

available to house them, and labour would be available to care for them although all of this 

depends on the setup of the farm. This is an example of how changes in the management of 

the individual cow may propel through the herd and affect the whole farm.  

Table 2.8. The conclusion of studies that investigated the economic impact of switching to extended 

lactation management. 

Reference Country System Extended1 Conclusion2 

Arbel et al. (2001) Israel Confinement High-

yielding 

Positive effect on operating profit per 

cow. 

Browne et al. (2015) Australia Pastoral Simulation Positive effect on operating profit per 

herd and per cow. 

Butler et al. (2010) Ireland Pastoral Failed con-

ception 

Negative effect on operating profit 

per herd and per cow. 

Holmann et al. 

(1984) 

USA Confinement Simulation Positive effect on operating profit up 

to 13 mo per herd and per cow. 

Lehmann et al. 

(2016c) 

Denmark Confinement Simulation Positive effect on profit per cow and 

per herd. 

Malcolm (2005) Australia Pastoral Selected Positive effect on operating profit per 

herd. 

Schmidt (1989) USA Confinement Simulation Negative effect on operating profit 

per cow. 

Sørensen and 

Østergaard (2003) 

Denmark Confinement All Negative effect on operating profit 

per herd and per cow. 

Turner et al. (2008) New Zea-

land 

Pastoral All Positive effect on milk income for 

higher-yielding cows  

van Amburgh et al. 

(1997) 

USA Confinement Second 

parity 

Positive effect on operating profit per 

cow. 

Wassell et al. (2000) Scotland ? Older 

failed cows 

High-yielding cows may benefit from 

extended lactation. 
1Which cows were managed for extended lactation or if it was a simulation study. 
2Main conclusion. Most studies investigated several strategies for extended lactation. 
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These studies (Table 2.8), therefore, showed mixed results, but they also differed by coun-

try, system, type of study, milk production level, calculation method, extended lactation strat-

egy and spanned more than 30 years. The overall conclusion may therefore be that it is pos-

sible to implement an extended lactation strategy and obtain a positive economic effect of 

doing it. It does, however, require that any farmer or advisor wanting to implement extended 

lactation thoroughly evaluates both the technical changes and if the derived savings can be 

realised on this particular farm. Thus, two questions seem eminent in that respect. Will there 

be and if so, how large will the negative effect of extended lactation be on herd milk produc-

tion? Can the reductions caused by extended lactation in herd feed use and other produc-

tion associated costs actually be realized?  

Other studies did not look at extended lactation specifically, but investigated components 

of dairy production that may be related with extended lactation. De Vries (2006) analysed 

the economic value of the individual cow being pregnant, and he found that this value de-

pends on, among other things, the ability to estimate future milk production (See discussion 

by Lehmann et al. (2016b: paper 3)). Also, this value peaked later in lactation for high-

yielding and first parity cows, which indicates that it was economically optimal to breed them 

later than other cows. A similar conclusion was reached by Dekkers et al. (1998), who both 

showed that it was more profitable to delay breeding of persistent cows, and that the value 

of persistency increased with increasing calving interval. Persistency is also essential if some 

 

 

 

 Figure 2.10. Proportion of saved expenses at herd level accounted for by young stock when 

comparing different extended lactation management strategies with managing all cows for 

calving intervals of 13 months. Data from Lehmann et al. (2016c: paper 4). Either all (ALL15, 

ALL17), only first parity (FIRST15, FIRST17) or only older cows (OLDER15, OLDER17) were man-

aged for calving intervals of 15 and 17 months, respectively. 

 

00

10

20

30

40

50

60

70

80

90

100

ALL15 ALL17 FIRST15 FIRST17 OLDER15 OLDER17

Scenario

P
ro

p
o

rt
io

n
, %

Feed Mortality Disease Reproduction Working hours Other costs Total



   

 

 - 43 - 

farmers are to strive for a so-called “perennial cow farm” where cows are milked consecu-

tively for several years without calving (Rotz et al., 2005).  

These may be considered extreme lactations rather than just extended lactations, but the 

study of Rotz et al. (2005) is also related to the scope of two other studies (Lormore and 

Galligan; VanRaden et al., 2006), which focused on the productive life and thus production 

per day of being alive rather than production per lactation. The average lifespan of a cow in 

a herd is directly related to replacement rate where a reduction in replacement rate increas-

es lifespan, and thus the average cow becomes older. Switching to extended lactation re-

duces the replacement rate unless this is maintained by purchasing replacement heifers. Ex-

tended lactation, therefore, leads to a longer lifespan, which allows for a greater life produc-

tion and a greater production per day of life of the individual cow, as the proportion of un-

productive days per life decreases. These dynamics are accounted for when using a herd 

simulation model such as SimHerd, and it shows the necessity of evaluating the effect of 

management interventions such as extended lactation beyond the effect on milk production 

per cow per lactation. Recently, milk production per day of life was included as a benchmark 

measure in the software system used by dairy farmers and their advisors in Denmark. 

Productivity effect of extended lactation 

Increasing milk production per day of life through extended lactation is one way of in-

creasing cow productivity as the maintenance part a cow’s life is diluted. Thus, it is a way of 

minimizing the proportion of unproductive days. However, productivity of milk production falls 

into a parallel discussion of complexity and what measures to use as the discussion of the 

economic effect of extended lactation. This complexity arises because there are two primary 

products, milk and meat, and because there are a number of resources that may be consid-

ered the limiting factor depending on the farm setup at hand.  

In Denmark, input of feed per kg ECM produced used to be a common productivity meas-

ure because production was limited by a quota, and this quota was associated with a certain 

amount of bound capital. Since the abolishment of the milk quota (April 1st 2015), it is now 

more common to see ECM per input as a productivity measure, and three common measures 

are milk production per cow slot in the barn, milk production per animal unit, and milk pro-

duction per feed use. Likely, the most important measure will depend on the strategy of the 

individual farm as farms with much capital bound in technology to support each cow slot 

may be interested in maximizing output per slot. In contrast, farmers with a relatively little ex-

pensive technology and perhaps a greater focus on self-sufficiency may be more interested 

in maximizing production per feed use. Thus, there is a dependency on the farm strategy.  
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Other limiting resources may be the available hectares, work hours and cash flow, but the 

same question arises here as during the economics discussion: do you express these re-

sources per kg ECM yield, per cow, per herd or per farm? Lehmann et al. (2016c: paper 4) il-

lustrated some of these considerations and trade-offs (Figure 2.11) as managing all cows for 

extended lactations reduced ECM yield per cow and reduced ECM yield per kg feed used by 

the cows, whereas ECM per kg feed used by the entire herd increased as did ECM per hec-

tare of land. In contrast, ECM per hectare of land was lower when only first parity cows were 

managed for extended lactation compared with all cows, whereas ECM per herd feed use 

was the same. However, many of these increases in ECM output per input had a correspond-

ing decrease in meat production. One way of overcoming this is to estimate total energy 

output of products as a combination of milk and meat, and here it is evident that any extend-

ed lactation strategy reduced herd energy output while increasing herd energy output per 

herd feed input, which corresponded to an improved energy efficiency in terms of energy in 

milk and meat as a proportion of the energy ingested with the feed. 

Most of the studies of extended lactation have published technical results that allow for 

some comparisons of productivity. Browne et al. (2015) showed that milk production per an-

nual cow increased across four different herd types whereas herds with the lowest levels of 

 

 

 

 Figure 2.11. A comparison of six different productivity measures across six different extended 

lactation strategies and their association with managing the all cows for calving intervals of 13 

months (Base). Data from Lehmann et al. (2016c: paper 4).  Either all (ALL15, ALL17), only first 

parity (FIRST15, FIRST17) or only older cows (OLDER15, OLDER17) were managed for calving in-

tervals of 15 and 17 months, respectively. SFU: Scandinavian feed units. 
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concentrate feeding increased milk production per cow feed use more than herds with a 

higher concentrate use. Sørensen and Østergaard (2003) showed that extended lactation 

led to a reduction in milk yield per annual cow and a corresponding reduction in milk yield 

per cow feed use. They did not report feed use for heifers, but including the same feed use 

per annual heifer (1,546 SFU) as estimated by Lehmann et al. (2016c: paper 4) reveals that 

milk production per herd feed use increased. Hence, in that respect, their results are similar to 

those of Lehmann et al. (2016c: paper 4). Similarly, Phyn et al. (2008) showed that feed con-

version efficiency was lower during the extended part of the of the lactation, but their data 

do not allow inclusion of young stock feed use as is the case in most of the reports on ex-

tended lactation in pastoral systems (Auldist et al., 2007; Kolver et al., 2007; Grainger et al., 

2009). 

Finally, two points appear eminent based on the past few paragraphs. Many of the 

productivity measures are correlated in various ways within the same herd, and some of 

them have negative correlations. Second, as with the discussion on economics, whether you 

include or exclude young stock in the calculations will affect the final result.   

Extended lactation and effect on GHG emission 

There seems to be only two studies that have investigated the impact of switching to ex-

tended lactation management on GHG emissions, and they found contradicting results. 

Browne et al. (2015) found that managing cows for 18-month calving intervals instead of 12 

in a pastoral system resulted in a reduction of 5.9 to 6.5 % in GHG emission per unit of milk 

across four different farm types. However, they did not include contribution from young stock 

in their calculations, and this would likely have reduced GHG emission even further. In con-

trast, Wall et al. (2012) showed that lactations of 370 and 440 days resulted in a 5.9 and 12.9 

% higher total GHG emission, respectively, compared with lactations of 305 days. This is 

probably related to their assumption that total milk production should be unchanged with ex-

tended lactation, which caused the number of cows to increase and hence emissions also 

increased. It is, however, difficult to elucidate what exactly caused the increase in GHG emis-

sions, and why their results are different compared with Browne et al. (2015). Their milk pro-

duction levels were based on estimates by Pollott (2011). 

The majority of GHG emission resulting from the production of dairy products comes from 

on-farm sources (FAO, 2010), and the two main on-farm sources are the production and di-

gestion of feed (Kristensen et al., 2011). Thus, herd feed use may be an indicator of GHG 

emission. Furthermore, differences in production, yield, transport, processing and other factors 

mean that different feedstuffs results in different GHG emissions (Mogensen et al., 2014). Ex-

tended lactation leads to fewer young stock, altered herd composition and changes the pro-
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portion of different feedstuffs in the herd feed ration (Lehmann et al., 2016c: paper 4), and it 

therefore follows that extended lactation alters herd GHG emission. Extended lactation also 

results in both a higher milk production per herd feed use and higher milk and meat energy 

production per herd feed use (Lehmann et al., 2016c: paper 4), and this should lead to a low-

er GHG emission, but this have not yet been calculated. 

2.7 Summary 

The concept of extended lactation can be both a productive and profitable part of the 

management of a dairy herd. However, particularly primiparous cows are more suitable than 

multiparous cows to produce milk during an extended lactation, but selected multiparous 

cows may also perform well during an extended lactation. The optimal length of an extend-

ed lactation is not clear, but may very well depend on a range of factors including breed, 

parity and milk production level. The length may also depend on a number of more practical 

factors such as: 

 The ability to group cows and individually allocate concentrate in order to accommodate 

the nutrient requirements of a more heterogeneous herd 

 The ability to milk all or some of the cows more frequently as it may help to sustain a high 

level of milk production 

 The ability to utilise the saved costs resulting from switching to extended lactation man-

agement 

Thus, an extended lactation management strategy should be defined, developed and 

implemented for the individual dairy farm.  
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3 Introduction to own research 

The research carried out in this PhD on extended lactation in Danish dairy production rests 

on data from four Danish commercial dairy farms and simulations with a herd model. These 

four farms were selected because they were known to consistently have practiced extended 

lactations as a part of their herd management strategy for several years. The following two 

sections describe the farms, the available data and discuss some of the methods used.   

3.1 Materials 

The four farms are in many ways quite different (Table 3.1), but they are at the same time 

also reasonably representative of the average and the breadth of Danish dairy production as 

argued by Lehmann et al. (2016a: paper 2) and by Lehmann et al. (2016b: paper 3). By 

chance, three of the farmers are certified organic according to Danish regulations, and are 

thus required to ensure that pasture accounts for part of the dry matter intake during summer. 

The last herd is conventional, and here the farmer has chosen not to practice grazing.  

Table 3.1 show selected annual herd characteristics (Lehmann et al., 2016b: paper 3) 

based on data from 2013-2014, and comparative characteristics from 2007-2011 were re-

ported by Lehmann et al. (2016a: paper 2). Between these two accounts, herd 1 increased 

average milk production with 1,029 kg ECM per annual cow, herd 2 increased 124 kg ECM, 

herd 3 reduced 178 kg ECM and herd 4 increased 205 kg ECM. Replacement rate increased 

in all herds, and this increase was greatest in herd 1 due to selling of cows in early lactation. 

Table 3.1. Annual herd characteristics. 

 

Herd 

  1 2 3 4 

Annual cows1 157 93 154 132 

Breed Holstein Holstein Crosses2 Jersey 

System3 Conventional Organic Organic Organic 

Milking system Parlour Robot Parlour Robot 

Barn type Cubicles Cubicles Deep litter Deep litter 

Milk per annual cow, kg 12,358 10,479 7,083 6,151 

Mean fat, % 4.05 3.83 4.74 5.82 

Mean protein, % 3.29 3.34 3.62 4.11 

Milk per annual cow, kg ECM 12,315 10,209 7,842 7,849 

Replacement rate, % 52.0 32.4 38.8 29.4 

Age at first calving, mo. (SD) 24.9 (2.0) 25.3 (2.4) 25.8 (1.2) 26.9 (3.3) 

Calving interval primiparous, d (SD) 425 (59) 511 (77) 474 (45) 541 (111) 

Calving interval multiparous, d (SD) 422 (51) 503 (108) 483 (45) 519 (115) 

Planned short lactation length, mo. (d) 13 (395) 14 (426) 15 (456) 13 (395) 

Planned long lactation length, mo. (d) 16 (487) 17 (517) 18 (548) 16 (487) 
1One annual cow is an average cow fed for 365 d. 
2Crosses of Holstein, Red Danish and Jersey. 
3Organic certification according to Danish standards. 

From Lehmann et al. (2016b: paper 3). 
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The four farmers each have their own definition of how long a short lactation and how 

long an extended lactation is, and they actively selected which cows that should be man-

aged for a short and an extended lactation, respectively (Table 3.1 and discussed more lat-

er). This selection of some cows for a short and some cows for an extended lactation is likely 

a part of the explanation why the standard deviation of the calving intervals in Table 3.1 is 

much larger than the average in Denmark, which is approximately 30 days (Ancker, 2008). 

A better understanding of the motivation of these farmers to actively manage cows for ex-

tended lactation was sought by van Vliet (2012). For each herd, the inspiration and motiva-

tion to practice extended lactation primarily came from:  

 Herd 1: Too many cows being dried off with a high milk yield and insemination 40 days 

after calving is just too early. 

 Herd 2: Too many cows being dried off with a high milk yield and more heifers than 

needed for replacements. 

 Herd 3: Results from earlier Danish experiment (Christiansen et al., 2005) and a problem 

with too many heifers, which could not be sold at a price that would cover costs. 

 Herd 4: An article showing that first parity cows have a flatter lactation curve and more 

heifers than needed for replacements. 

van Vliet (2012) cites that all four farmers have had a few cows that were dried off earlier 

than expected, but neither viewed this to be a problem. Few cows became fat in late lacta-

tion; especially, in the herds with robotic milking, but neither viewed this to be a problem ei-

ther. Selected cows were inseminated earlier than planned if milk yield was lower than ex-

pected, or if a cow had a hoof problem (herd 1) in order to minimise mounting behaviour on 

this cow.  

All lactating cows are fed the same total mixed ration ad libitum on each farm, and herds 

2 and 4 allocate additional concentrate individually in the robot. Herd 1 does not allocate 

any concentrate in the parlour, whereas herd 3 allocates a small amount of dried grass pel-

lets. Herds 2, 3 and 4 have one group for all lactating cows, whereas herd 1 has two groups: 

one with early and late lactation cows, and one group with mid lactation cows. The group 

with early and late lactation cows is milked two times per day, and the other group is milked 

three times per day.  

Figure 3.1shows two photos (left and right) from each of the four farms (a, b, c and d, re-

spectively). All lactating and dry cows as well as pregnant heifers and calves are housed in 

one barn in herd 1, whereas heifers and dry cows are housed in a barn adjacent to the barn 

with lactating cows (built in 2010) in herd 2. Herd 3 has one barn (built in 2007) for all heifers, 
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lactating and dry cows, whereas herd 4 has separate barns for lactating and dry cows as 

well as for heifers.  

a) 

  

 

b) 

  

 

c) 

  

 

d) 

  

 

 Figure 3.1. Two photos (left and right) from each of the four farms supplying data for the analyses 

in this PhD. Descriptive statistics of herd 1 (a), herd 2 (b), herd 3 (c) and herd 4 (d) are in Table 3.1. 

All farms have free stall barns and feed one total mixed ration ad libitum to all lactating cows. Pho-

tos: Jesper O. Lehmann. 
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Individual cow decisions on lactation length 

The four farmers decide at a specific time in lactation, which cows should have time of first 

insemination delayed, and they filled out a questionnaire at this stage in lactation for every 

cow once a decision had been made. This questionnaire was designed to gain a better un-

derstanding of why some cows were selected for an extended lactation and some were not.  

 The farmer had to select and prioritise three-six of 22 given reasons that may best answer 

a question that depended on the decision: 

 Extended lactation: the question was (translated from Danish): “What do you think could 

cause this cow not to perform satisfactorily during the extended lactation?” 

 Short lactation: the question was (translated from Danish): “Why do you think that this cow 

cannot perform well during an extended lactation?” 

These 22 given reasons may, therefore, be considered as risk factors for an unsuccessful 

extended lactation. They were defined during consultations with the four farmers, and they 

further inspired the selection of variables to be included in the study by Lehmann et al. 

(2016b: paper 3). Eight of these risk factors were associated with the previous lactation and 

were not much used by the farmers (maximum 4 % as first priority), and nine of the most used 

risk factors from a current extended lactation are shown in Table 3.2 (Lehmann et al., 2016b: 

paper 3 + unpublished results). This table shows that by far the majority of cows are selected 

for an extended lactation in herds 1, 2 and 4, whereas herd 3 selected more for a short lacta-

tion. It also shows that risk factors associated with milk production were generally viewed as 

the most important. Deviations from this are herd 2 where disease and body condition score 

were important first priority risk factors, and herd 3 where cow size was important, which may 

be related to their practice of cross-breeding cows of different sizes. Important second priority 

risk factors in herd 4 were those related to diseases as well as milking frequency. 

Finally, this table also reveals two things. First, only around 50 % of all lactation length de-

cisions were accompanied by a set of prioritised risk factors, which primarily was due to miss-

ing information from the beginning of the study. Second, a large proportion of the initiated 

extended lactations were still lactating by December 2015 when the data for Table 3.2 was 

summarised. This situation arises when the data is extracted from commercial farms where 

cows calve continuously throughout the year. Both Lehmann et al. (2016a: paper 2) and 

Lehmann et al. (2016b: paper 3) selected data from completed lactations for their analyses, 

which means that their results are given that the cow succeeds and completes the lactation 

by producing another calf.  
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Data from the Danish Cattle Database 

Commercial dairy farm data is stored and was extracted from the central Danish Cattle 

Database where all data are linked with the individual animal through its unique identifica-

tion number. This number is a concatenation of the unique herd number where it was born 

and a unique animal number within this herd. The primary data used for the analyses in this 

PhD relate to the areas of milk production, disease and reproduction, and this data include in-

formation on (the list is not exhaustive): 

 Milk production: data of milk recording, milk yield, fat and protein content, somatic cell 

count and date of drying off 

Table 3.2. Farmers' choice of planned lactation length1, long lactation completion rate and selected 

risk factors2 for an unsuccessful long lactation for cows calving January 2013 to December 2015. 

 
Herd (Primiparous)  Herd (Multiparous) 

  1 2 3 4   1 2 3 4 

Planned lactation length decisions1 

Long lactation, no. 210 66 59 134  252 84 106 125 

Short lactation, no. 3 17 79 9  9 16 111 89 

To be culled, no. 17 5 5 2  50 15 18 11 

Unknown, no. 3 0 4 0  3 0 4 1 

Total lactations, no. 233 88 147 145  314 115 239 226 

Distribution of long lactations by December 2015 

Completed, % 45.2 37.9 50.8 41.8  44.8 33.3 37.7 28.0 

Culled, % 18.1 9.1 15.3 14.9  23.8 19.0 26.4 17.6 

Still lactating, % 36.7 53.0 33.9 43.3  31.3 47.6 35.8 54.4 

First and (second) priority risk factors for long lactations2 

Has a low yield, % 
2.8 

(2.8) 

27.1 

(1.7) 

2 (0) 9.1 

(19.7) 

 2.3 

(2.3) 

29 

(11.6) 

3.7 

(2.9) 

1.1 

(0) 

Has a quick yield drop, 

% 

96.5 

(3.5) 

6.8 

(37.3) 

90 

(11.4) 

77.3 

(15.2) 

 84.2 

(12.3) 

20.3 

(24.6) 

73.2 

(23.5) 

82.4 

(7.9) 

Is too fat or too skinny 

now, % 

0 (5) 20.3 

(27.1) 

0 

(4.5) 

0 (0)  1.2 

(3.5) 

8.7 

(1.4) 

0 (2.9) 1.1 

(1.1) 

Was too fat or skinny at 

calving, % 

0 (0.7) 0 (0) 0 

(2.3) 

4.5 (3)  0 (1.8) 4.3 (0) 0 (1.5) 0 (0) 

Was sick around calv-

ing, % 

0 (2.8) 8.5 (0) 2 (0) 0 (0)  2.3 

(2.3) 

1.4 

(8.7) 

0 (1.5) 0 (0) 

Has had a hoof or leg 

disorder, % 

0.7 

(78.7) 

16.9 

(30.5) 

0 

(2.3) 

0 (1.5)  3.5 

(50.9) 

1.4 

(17.4) 

0 (0) 0 (0) 

Has had another dis-

ease, % 

0 (5) 20.3 

(3.4) 

0 (0) 0 (0)  0 (2.9) 2.9 

(1.4) 

0 (2.9) 0 (0) 

Has low milking fre-

quency, % 

- 0 (0) - 7.6 

(56.1) 

 - 0 (0) - 2.2 

(70.8) 

Other matters (e.g. cow 

size), % 

0 (1.4) 0 (0) 6 

(79.5) 

1.5 

(1.5) 

 0 (0) 0 (0) 18.3 

(61.8) 

1.1 

(3.4) 

Total long lactations 

with answers, no. 

141 

(141) 

59 

(59) 

50 

(44) 

66 

(66) 

  171 

(171) 

69 

(69) 

82 

(68) 

91 

(89) 
1Farmers made the decision themselves, and each farm has their own definition of how long a short 

and a long lactation is. 
2Farmers selected and prioritised among a set of possible risk factors in response to: "What do you 

think could cause this cow not to perform satisfactorily during a long lactation?". 

From Lehmann et al. (2016b: paper 3) and unpublished results (Lehmann, J. O.). 
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 Disease: date of disease treatment, disease type and treater (veterinarian, farmer or hoof 

trimmer) 

 Reproduction: birth date, calving dates, parity, sex of calf, ID of calf, degree of calving dif-

ficulty, possible twins and possible stillbirths 

These data have four primary sources, who all contribute to the cattle database. Infor-

mation on milk production originate from the Danish Milk Recording Federation (See also 

section 2.5), whereas information on disease treatments primarily are reported by veterinari-

ans, farmers and hoof trimmers depending on who carries out the treatment. Information on 

reproduction is reported by both the farmer and the breeding organisations depending on 

who carries out the insemination and the pregnancy check. See also data descriptions in 

Lehmann et al. (2016a: paper 2) and Lehmann et al. (2016b: paper 3). 

Welfare observations 

Finally, several different welfare scores were recorded for all lactating cows between 1.5 

and 2.5 months after calving based on the protocol by Thomsen (2005). All welfare record-

ings during the project were carried out by the same trained technician, who therefore visited 

every farm every month. The three organic farms did not have a separate pen available 

where lactating cows could be let into after milking, and hence the selected cows had to be 

found and scored while they were among the remaining lactating cows. This also means that 

the selected cows often had to be scored while they were outside on pasture during the 

summer. Herd 1 did have a gate by the milking parlour where selected cows could be sepa-

rated from the remaining herd and let into a separate pen. Figure 3.2 illustrate a welfare re-

cording in herd 1 (left) and in herd 3 (right). Dry cows and late gestation heifers were kept to-

gether as one separate group on all farms. See Lehmann et al. (2016b: paper 3) for defini-

tions and descriptions of the welfare scores. 

 

  

 

 Figure 3.2. The same trained technician carried out all the welfare observations in the four herds. 

Cows were grazing during the summer in three herds, and some welfare observations therefore 

had to be recorded on the pasture. Photos: Jesper O. Lehmann. 
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3.2 Methods 

This section aims to discuss and complement the method descriptions from Lehmann et al. 

(2016a: paper 2), Lehmann et al. (2016b: paper 3) and Lehmann et al. (2016c: paper 4), and 

it includes a few aspects of milk yield quantification that will complement the discussions in 

sections 2.3 and 2.5. Other subsections discuss some preliminary methodology considerations 

related to particularly Lehmann et al. (2016b: paper 3) and Lehmann et al. (2016c: paper 4), 

while the first subsection puts forward considerations on data types. 

Using data from commercial farms for research 

Data used for research related to dairy production usually come from either research or 

commercial herds. A research herd may typically be characterised as very closely monitored 

by a number of specialised workers whereas commercial herds may be characterised as less 

closely monitored by fewer more generalised workers. The strengths of research herd data 

thereby include a highly controlled environment, a focus on the individual cow, and decisions 

about the individual cow that are detached from herd considerations. In contrast, strengths of 

commercial herd data include an environment resembling practice, a focus on the entire 

herd or farm, and decisions about the individual cow that may be attached to other herd and 

farm considerations. Causality may be inferred from experiments in both experimental and 

commercial herds as long as they apply randomisation, but the history of the cow is often less 

known in a commercial setting, and it may have been affected by cow, herd and farm level 

decisions. Thus, earlier events and decisions may play a role when analysing commercial 

herd data.  

The primary data used in this PhD come from four commercial dairy farms that differ in 

many respects (Section 3.1). These data should reflect typical commercial conditions, and 

any associations and effects detected from these data should thus be applicable in other 

similar commercial settings. However, the four farmers actively selected cows for extended 

lactation, and thus causality in the traditional sense is precluded because of missing random-

isation. This means that the overall results of Lehmann et al. (2016a: paper 2) and Lehmann 

et al. (2016b: paper 3) thus show that it is possible for farmers to achieve high milk yields dur-

ing extended lactations of selected cows.  

Do these results, therefore, just reflect that the four farmers know their cows well enough to 

select the ones that are truly capable of performing well during an extended lactation? Or 

can they be replicated in an experiment with randomisation? Discussions in section 2.6.2 

suggested that randomly or deliberately selecting cows for extended lactation seem to yield 

different results. Thus, one benefit of using commercial data is that it is closely connected with 
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practice, but two properties should always be considered. What were the conditions in which 

the data was produced? And, was the data a result of random allocation? 

Defining one or more success criteria for cows during extended lactations 

Persistency and the level of milk production can be argued to be two important criteria 

when determining if a cow was successful during the current extended lactation. However, 

these criteria may also include a range of other factors such as “low somatic cell count”, “no 

disease treatments”, “conceived at desired time” and “appropriate BCS” as well as factors 

that correlates with performance during the subsequent lactation. Another important factor 

could also be the ability of the cow to simply survive the current extended lactation and not 

be culled before the coming calving. 

Thus, defining a successful extended lactation likely involves a range of factors. Research 

can provide insight into cause and effect relationships between two or more of these factors 

as well as what may be optimal levels, but the strategy and focus of the individual farmer 

likely plays a role in how he or she weights these factors and views of what optimal levels 

are. Lehmann et al. (2016b: paper 3) selected completed extended lactations and grouped 

them according to their relative milk production within parity group within the herd before in-

vestigating associations between parity, milk production level and a range of factors that 

may describe the success of the individual cow.  

The starting point of this study was, therefore, that successful cows survived and produced 

high milk yields while the other factors were derived effects. This study may thus be seen as a 

first step in defining what a successful extended lactation is, and an obvious next step could 

be a survival analysis that included incomplete lactations. However, most survival analyses 

investigate survival from birth or from first calving until culling, but a decision to delay insemi-

nation is lactation based. A method has been developed to study survival of the individual 

lactation (Roxström et al., 2003). Another next step could also be to study conditional proba-

bilities between the many factors and thereby study their interactions.  

One finding of Lehmann et al. (2016b: paper 3) was that there was a high degree of cor-

relation between the achieved milk production per feeding day of the calving interval and 

milk production at second and third milk recording in early lactation. Figure 3.3 shows residu-

als of the following model that tested the association between early lactation milk yield and 

average milk yield per feeding day: 𝑦𝑖𝑗𝑘𝑙𝑚 = 𝛽0 + 𝛽1 ∗ 𝑥𝑖 + 𝛽2 ∗ 𝑧𝑗 + ℎ𝑒𝑟𝑑𝑘 + 𝑝𝑎𝑟𝑖𝑡𝑦𝑙(𝑘) +

𝑙𝑎𝑐𝑡𝑎𝑡𝑖𝑜𝑛𝑚(𝑙) + 𝜀𝑖𝑗𝑘𝑙𝑚 where yijklm is milk production per feeding day, xi is milk production at 

second milk recording, zj is milk production at third recording, herdk is the random intercept of 

herd (four levels), parityl(k) is the random intercept of parity (two levels) within herd, lacta-
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tionm(l) is the random intercept of lactation (422 levels) within parity and ε is the residual. The 

majority (95 %) of residuals were within -0.6 to 0.6 kg ECM or the equivalent of 2.2 % of the 

mean of milk production per feeding day. Model coefficients were 0.17 (SE = 0.028) and 0.33 

(SE = 0.032), respectively. 

It follows from the past discussion of success criteria for a cow during extended lactations 

that some cows may be more suitable for an extended lactation than others. This suitability 

has to rely on success criteria that can either be measured in early lactation or predicted from 

early lactation data as that is the time where the farmer has to choose whether or not to de-

lay insemination. The farmer thus has to have an idea of the chance of completion, the 

chance of producing a high milk yield and the risk of impairing potential performance in the 

subsequent lactation. Lehmann et al. (2016b: paper 3) showed that approaching some ele-

ments of this multifaceted issue requires the utilisation of an array of methods, and perhaps 

including both a survival analysis and a prediction method for future milk production can be 

a way forward. 

  

 

 

 

 Figure 3.3. Histogram of residuals with mean (solid line) and mean ± SD (dashed lines). 

Residuals were based on a model of milk production per feeding day (lactating + dry 

days) with milk production at second and third milk recording day as covariates. Data 

from Lehmann et al. (2016b: paper 3) were used. Unpublished results (Lehmann, J. O.). 

 



   

 

 - 56 - 

Quantifying lactation yield from milk recordings 

Individual lactation yield is often estimated to both compare herd average milk yield per 

annual cow across herds included in a study and for use in a subsequent analyses. Section 

2.5 discussed how this could be done with several lactation curve equations and the official 

milk recording method of ICAR (2014). Figure 3.4 elaborates on this discussion by comparing 

the difference in lactation yield estimated with either the equation of Wilmink (1987) or with 

Legendre polynomials (Schaeffer, 2004) and lactation yield estimated with the method of 

ICAR (2014). The completed lactation data from Lehmann et al. (2016b: paper 3) was used 

for these comparisons. This figure shows that the majority of lactation yields estimated with 

the two functions are within 200 kg ECM per annual cow of the official method, although 

there is a strong negative trend (both with P < 0.001) with increasing lactation yield. One 

could suspect this to be associated with lactation length, but the correlation between any of 

the two lactation yield differences and lactation length were relatively small (-0.04 and -0.06 

with P = 0.29 and P = 0.13 for the slopes, respectively), whereas the corresponding correla-

tions between lactation yields and lactation length were higher (0.31 and 0.31, respectively). 

Also, note that these correlations are across the four very different herds. 

This comparison does, however, assume that the lactation yield estimated with the official 

method is the most correct, but, as discussed in section 2.5, this method may be more suscep-

tible to measurement error because this error is multiplied by the number of days assigned to 

this recording. In that respect, it is interesting to note that the correlation between the lacta-

 

 

 

 Figure 3.4. Difference in lactation yield when estimated with either the equation of Wilmink 

(1987) or Legendre polynomials (Schaeffer, 2004) in relation to the lactation yield estimated 

with ICAR (2014). Data and Wilmink-yield from Lehmann et al. (2016b: paper 3) and Legendre-

method from Lehmann et al. (2016a: paper 2). Unpublished results (Lehmann, J. O.). 
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tion yields estimated with the two other methods in Figure 3.4 is 0.999 with a corresponding 

slope coefficient of 0.997-1.003 (95 % confidence interval). Either are these two methods, 

therefore, increasingly and equally underestimating higher lactation yields or the method of 

ICAR (2014) is increasingly overestimating lactation yields, although it should be noted that 

this comparison is based on a relatively small sample (569 lactations). 

The method of ICAR (2014) has, however, the advantage of being computationally simple 

(only multiplication and addition) and being applicable to even very small datasets (see also 

section 2.5). Furthermore, only one observation is needed to obtain an estimate of milk pro-

duction over a period of time, whereas a modelling approach would require more. In con-

trast, the model used by Lehmann et al. (2016a: paper 2) applied to the data from Lehmann 

et al. (2016b: paper 3) resulted in a total of 2,783 parameter estimates, which can be com-

pared with the 2,361 parameter estimates resulting from an adapted version of Wilmink 

(1987) applied to the same data. Even though there are only five parameters in both models, 

this large number of estimates arises because of the structure of the random effects, but these 

random effects are what allow the fitting of one lactation curve for each lactation for each 

cow under study.  

The random effects of the lactation curve model handle the correlation structure within a 

dataset (see section 2.5), and it includes two parts: random intercepts and random slopes. 

The random intercepts both specify the correlation structure and specifies that one curve 

should be fitted for each lactation, whereas the random slope effects specify which parame-

ters should have one value estimated for each level of random intercepts. Thus, random in-

tercepts specify the level of the curve, whereas random slope effects determine the flexibility 

and thereby the trajectory of the curve. The greater the number of random slope effects, the 

greater the flexibility of the curve is and thereby the greater the ability is to describe the tra-

jectory of the individual cow. However, the total number of parameter estimates increases 

exponentially with the number of random slope effects, and often this hinders convergence 

of the model when the equation is fitted to data. Three out of five and four out of five param-

eters could be included as random slope effects and still obtain convergence in Lehmann et 

al. (2016a: paper 2) and Lehmann et al. (2016b: paper 3), respectively.  

Effect of extended lactation on milk production 

Lehmann et al. (2016a: paper 2) studied the effect of extended lactation on milk yield per 

feeding day by estimating individual lactation curves, calculating lactation yields and com-

paring the average milk yield per feeding day of lactations grouped by their respective calv-

ing intervals. With this method, it is possible to investigate the variation in milk yield per feed-

ing day in relation to calving interval across a number of cows, although it does not, per se, 



   

 

 - 58 - 

investigate the uncertainty of the individually estimated lactation yield. This is, therefore, a 

two-step procedure. A similar analysis could be carried out with a one-step procedure where 

the parameter estimates of the fixed effects are used to estimate a common lactation curve, 

which is extrapolated to resemble a certain lactation length.  

Table 3.3 illustrates this procedure by taking the lactation curve model from Lehmann et 

al. (2016b: paper 3) and estimating three different lactation curves based on the same fixed 

effects (first line of table). The area under the curve divided by the sum of the lactation length 

and 49 dry days yields the average milk production per feeding day during these three calv-

ing intervals, and this shows that there is a small reduction (-0.4 %) from 13 to 17 months. 

However, this was based only on completed extended lactations, and it may be argued that 

including incomplete lactations would change the shape of the average lactation curve. The 

model was therefore run again with observations from incomplete and complete lactations 

from the two Holstein herds, and this common lactation curve showed that the reduction was 

doubled to -0.8 % from 13 to 17 months. This model was, however, run with a different ran-

dom intercept specification compared with Lehmann et al. (2016b: paper 3). This time, the 

random intercept was specified as lactation nested within herd nested within parity group (1-

3: first, second and older).  

Having parity group as the top level in the nested random intercepts includes the assump-

tion that lactations within each parity group are correlated in some way, and that the differ-

ence in milk yield level between the three parity groups is equal across the two herds. 

Lehmann et al. (2016b: paper 3) assumed instead that the difference between parity groups 

could be different across herds, and it may be argued that is more correct when the end goal 

is to utilise individual lactation curves. For Table 3.3, the end goal was to estimate a common 

parity group specific lactation curve, and therefore were two of the levels of the random in-

tercept specification exchanged. Table 3.3 shows the result of the extrapolation of these 

three lactation curves, and this revealed that milk yield per feeding day of first parity cows in-

creased whereas it decreased for second parity and older cows. Finally, it should be noted 

that this analysis does not investigate the variation in individual lactation yields, although that 

may be possible with simulation. 

Describing the potential asymptotic part of the extended lactation curve 

Individual dairy cow milk yield in the Danish herd simulation model SimHerd (Østergaard 

et al., 2010) is based on the equation of Wilmink (1987), and this herd model was used for 

the analyses reported by Lehmann et al. (2016c: paper 4). Preliminary work for these anal-

yses included a discussion of a possible difference in the trajectory of the lactation curve de-

pending on lactation length and how this could be implemented in SimHerd. Theoretically, 
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the equation of Wilmink (1987) would not be sufficient for extended lactations because it 

converges to a straight line, and often there is an asymptotic trend during extended lacta-

tions (Macciotta et al., 2011). This led to two obvious questions: is there an asymptotic trend in 

milk yield and if so, what is the effect of accounting for this trend? The following are brief, un-

published accounts of some of the approaches taken to answer these two questions. 

The first approach used data from 301 completed extended lactations (from January 

2013 and later) with a minimum calving interval of 13 months, and it tested if the mathemat-

ical limit of the slope of the curve, which is equal to the d-parameter of the function, was as-

sociated with calving interval. Likely, this slope is also associated with herd and parity, and a 

linear model was, therefore, set up that included three factor variables: herd (four levels), par-

ity group (three levels) and calving interval (five levels). Only the two-way interaction be-

tween herd and parity group was retained (P < 0.001), whereas all other interactions and the 

effect of calving interval was removed (P = 0.7 and greater). Changing the model to include 

calving interval as a continuous variable gave the same result. This suggests that calving in-

terval does not associate with the slope of the curve and thereby the persistency.  

The second approach used the same data and applied the lactation curve model from 

Lehmann et al. (2016b: paper 3) where a correction for pregnancy (Strandberg and 

Lundberg, 1991) and an extra component (e * DIM2) were added that allowed the mathe-

matical limit to be exponential and thus curved to reflect a potential asymptotic trend. This 

extra component significantly improved the ability of the model to describe data (P < 0.001) 

with the coefficient e equal to 2.17E-5, although it ranged from -1.073E-4 to 1.862E-4. If this co-

efficient is negative, it means that it accelerates the decreasing slope, and visual inspection 

of selected curves showed that some of these exhibited a rainbow shape. Similar to the pre-

vious approach, a linear model was set up, and it showed that this coefficient was not asso-

Table 3.3. Milk yield per feeding day1 (lactating + 49 dry days) during calving intervals (CI) of 13 

(short), 15 (medium) and 17 months (long). 

 

Short (346 days) 
 

Medium (407 days) 
 

Long (468 days) 

Group2 

Kg ECM / 

d of CI 

Kg ECM 

/d, dry  

Kg ECM /  

d of CI 

Kg ECM / 

d, dry  

Kg ECM /  

d of CI 

Kg ECM 

/ d, dry 

Long lactations 27.1 23.5 
 

27.1 22.5 
 

27.0 (-0.4 %) 21.5 

Holstein, all cows 35.4 25.5 
 

31.4 (-0.2 %) 24.0 
 

31.2 (-0.8 %) 22.9 

Holstein, 1st parity 28.6 27.6 
 

29.4 (+2.6 %) 28.1 
 

30.0 (+4.8 %) 28.8 

Holstein, 2nd parity 32.5 24.7 
 

32.1 (-1.1 %) 22.6 
 

31.6 (-2.6 %) 20.7 

Holstein, older 33.2 24.1 
 

32.7 (-1.7 %) 21.5 
 

31.9 (-3.9 %) 19.0 
1Estimated by extrapolating the curve and dividing the area under the curve with lactating + 49 dry 

days. 
2All data came from Lehmann et al. (2016b: paper 3), and lactation curves were fitted according to 

their method. For “long lactations” only completed extended lactations were modelled, whereas all 

data from incomplete and completed Holstein lactations were used for the remaining. A random 

nested intercept specified as lactation within herd within parity group allowed parity specific curves. 
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ciated with calving interval (P = 0.18 or greater). However, there was a modest correlation (-

0.68) between d (standard slope) and e (exponential slope), and including d in the test of the 

association between calving interval and e was significant (P < 0.001), and further caused 

the association between parity group and calving interval to become significant (P = 0.04). 

This indicates that there can be an asymptotic trend in milk yield, but it could also mean an 

accelerated decrease in milk yield depending on the size of d. 

The fixed effects of the two tested lactation curve models in the previous paragraph (with 

or without e * DIM2) showed that the extra component increased lactation yield with 9 (0.07 

%), 42 (0.31 %) and 60 kg ECM (0.4 %) over 350, 400 and 450 lactating days, respectively. The 

size of these increases questions if the impact of implementing this extra yield in SimHerd 

would be clouded by its inherent stochasticity as it only equals two-three days of milk pro-

duction for a high-yielding cow.  

These analyses showed that answering the two questions may not be so straight-forward 

with the available data, and they prompted a discussion of what should actually be the basis 

of the lactation curve in SimHerd. The intention with the simulations carried out with SimHerd 

in Lehmann et al. (2016c: paper 4) were to investigate the effect of extended lactation on the 

average Danish Holstein herd, and the starting point of the lactation curve should, therefore, 

be a curve that represents this average herd. The average Danish Holstein herd yields around 

10,500 kg ECM per annual cow (Lauritsen and Flagsted, 2015), and Seges (2015a) published 

standard milk production values for first parity, second parity and for older Holstein cows in a 

herd with this average yield. 

Figure 3.5 shows lactation curves modelled with the equation of Wilmink (1987) based on 

standard data and based on completed and incomplete Holstein lactations from Lehmann 

et al. (2016b: paper 3), where the curve for Holstein data had e * DIM2 added to the equation 

(See also Table 3.3). SimHerd calculates lactation curves based on peak milk yield and the 

percentage reduction in milk yield between 60 and 305 DIM. This reduction in milk yield was 

9.8, 29.2 and 35.7 % for standard first parity, second parity and older cows, respectively, 

whereas it was 3.6, 25.5 and 28.7 % for Holstein first parity, second parity and older cows, re-

spectively.  

This figure shows that there is a difference in persistency between the standard Holstein 

curves, and the curves based on the Holstein data (two herds) from Lehmann et al. (2016b: 

paper 3), and it also shows that it is possible to maintain a relatively high milk production for a 

long time during an extended lactation. Lehmann et al. (2016c: paper 4) chose to base all 

simulations on the standard curves described and simply extrapolate them for the extended 

lactation scenarios because these are, at present, the best estimates there are of standard 
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Holstein yields. Afterwards each scenario was re-run with the persistency values from Figure 

3.4 as sensitivity analyses to illustrate what the impact may be of combining extended lacta-

tion with this level of persistency. 

Feed intake capacity of cows during extended lactations 

Extended lactation may also result in an altered feed intake during lactation. The follow-

ing paragraphs complement previous discussions of methods used by Lehmann et al. (2016c: 

paper 4), which included economic implications of setting a different system boundary (Sec-

tion 2.6.4) and  persistency of milk production, by arguing for an adapted feed intake capaci-

ty curve. 

Figure 3.6 shows the traditional Danish feed intake capacity curves for primi- and multipa-

rous cows during a lactation with a calving interval of 13 months and 49 dry days (solid lines) 

and the corresponding adapted curves when the calving interval was 17 months instead 

(dashed lines) as they were used by Lehmann et al. (2016c: paper 4). For primiparous cows, 

the argument was that they would have more time to grow, which may lead their intake ca-

pacity to approach that of multiparous cows. The growth curve of France and Thornley 

(1984) is based on age, weight at calving (assumed to be 550 kg) and mature body weight 

(assumed to be 650 kg), and this function showed that primiparous cows should grow an ad-

ditional 9.5 kg of body weight. One kg of growth requires four Scandinavian feed units (SFU) 

according to Strudsholm et al. (1999), and the average SFU per ration fill unit was 2.8, which 

led to a required extra fill intake of 13.4 fill units. This extra fill intake was then added as a tri-

 

 

 

 Figure 3.5. Lactation curves for first parity, second parity and older cows based Danish standard 

data (Seges, 2015a) and Holstein data from Lehmann et al. (2016b: paper 3). All curves were fit-

ted with the equation of Wilmink (1987), and the model of Holstein data had e * DIM2 added. 
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angle on top of the extrapolated curve. In total, this increased the average fill intake from 

7.08 to 7.15 fill units per day or around 1 %. 

For multiparous cows, the shape of the curve is influenced by pregnancy (Kristensen and 

Ingvartsen, 2003), and the idea was that this needed adjustment in parallel to previous ar-

guments about the effect of pregnancy on milk yield (section 2.4.2). This adjustment was 

based on two assumptions: first, the final intake capacity at dry off should the same regard-

less of calving interval, and, second, the final 150 days of lactation should be the same re-

gardless of calving interval. Thus, the curve was broken 150 days before drying off, moved 

right, and a horizontal line was inserted of the same length as the resulting increase in calving 

interval from 13 months. This increased average feed intake capacity from 8.11 to 8.17 fill 

units per day or 0.7 %. 

In comparison, the American feed intake equations of NRC (2001) are based on present 

body weight and milk production, which may allow them to be extrapolated without adapta-

tion. Using the growth curve function of France and Thornley (1984) and the lactation curves 

(see Figure 3.4) based on Seges (2015a), it is possible to estimate that primi- and multiparous 

cows would consume 21.6 and 22.9 kg DM per day, respectively. The average fill was 2.8 fill 

units per kg DM of the ration used for the scenario with all lactations managed to have 17-

month calving intervals by Lehmann et al. (2016c: paper 4), which multiplied by the two 

curves from Figure 3.6 yields an average intake of 20.1 and 22.9 kg DM per day for primi- 

and multiparous cows, respectively. Thus, this is exactly the same for multiparous cows 

whereas it is 1.5 kg DM less per day for primiparous cows or a total of 689 kg DM for entire 

lactation.  

Economic importance of looking beyond one cow in one lactation 

Lehmann et al. (2016c: paper 4) discussed the impact of investigating the impact of ex-

tended lactation at cow, herd and farm level, and this discussion is supported by considera-

tions in section 2.6.4. These discussions illustrate the effect of setting different system bounda-

ries on the outcome of the analysis. However, they may further be expanded to include what 

the farmer may be able to do with the extra animal units or the extra land that has been 

made available by the consequential reduction in herd size.  

Table 3.4 shows the total number of herd animal units, land use in rotation for growing 

feed, profit per cow and herd profit, and it shows what the new herd profit may be if the 

farmer is able to utilise either extra animal units or the extra land. Likely, the farmer cannot do 

both as extra animals would require extra land to grow feed. In Denmark, the production 

permit of the farm is based on an allowed number of animal units, and the saved animal 
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units from fewer young stock equals one to eight extra cows including their young stock. Thus, 

total herd profit increases if the farmer logistically is able to both have these extra cows in the 

lactating group and achieve the same profit as with the remaining herd in that scenario. In-

terestingly, the most profitable scenario at farm level is now managing all cows for calving in-

tervals of 17 months rather than only primiparous cows.  

However, the farmer may not be able to expand the group of lactating cows, but instead use 

the saved land to grow a cash crop such as spring barley. The standard production budgets 

estimated by the national Danish advisory services (Seges, 2016) shows that conventional 

spring barley yields a contribution margin of 3,127 DKR per ha after all growing costs have 

been covered. Thus, using the saved land to grow spring barley for sale also changes the or-

der of the scenarios, and now managing all cows for calving intervals of 17 months is the 

most profitable. Finally, the farmer could also utilise the saved area from a reduced young 

stock herd to raise bulls or steers for beef. 

  

 

 

 

 Figure 3.6. Feed intake capacity of primi- and multiparous cows based on (Strudsholm et 

al., 1999) and with extra capacity added for extended lactations according to Lehmann 

et al. (2016c: paper 4). Calving intervals of 13 and 17 months with an assumed dry period 

of 49 days. 
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Table 3.4. Impact of using saved animal units (AU) for extra cows or saved land for growing a cash 

crop on herd profit (revenues – total costs). Data from Lehmann et al. (2016c: paper 4). 

 Scenario1 

 BASE ALL15 ALL17 FIRST15 FIRST17 OLD15 OLD17 

AU and profit 

Herd AU 182.8 175.4 169.0 180.5 178.2 177.4 171.9 

Land in rotation, ha 112.9 108.4 103.4 112.3 110.8 108.4 105.5 

DKR per annual cow 6,295 6,541 6,542 6,509 6,655 6,353 6,215 

Herd total, DKR 629,451 654,111 654,198 650,947 665,512 635,328 621,503 

Using extra AU for more cows 

Extra AU, no. 0.0 -7.4 -13.8 -2.3 -4.6 -5.4 -10.9 

Extra animals2, no. 0 4 8 1 2 3 6 

Extra herd profit, DKR3 
0 26,164 52,336 6,509 13,310 19,060 37,290 

New herd profit, DKR 629,451 680,276 706,534 657,456 678,822 654,388 658,793 

Using extra land in rotation to grow wheat for sale 

Extra land, ha 0.0 4.6 9.5 0.7 2.1 4.5 7.4 

Extra profit, DKR4 
0 14,233 29,808 2,056 6,527 14,162 23,092 

New herd profit, DKR 629,451 668,344 684,006 653,003 672,038 649,491 644,595 
1Scenarios defined the aim for calving interval of primi- (Prim) and multiparous (Mult) cows. BASE: 13 

mo. for Prim and Mult; ALL15: 15 mo. for Prim and Mult; ALL17: 17 mo. for Prim and Mult; FIRST15: 15 

mo. for Prim and 13 for Mult; FIRST17: 17 mo. for Prim and 13 for Mult; OLD15: 13 mo. for Prim and 15 for 

Mult; OLD17: 13 mo. for Prim and 17 for Mult. 
2Cows including heifers and calves. 
3Based on achieved profit per cow including heifers in that scenario. 
4Based on growing spring barley for sale. Profit is contribution margin including all costs of growing, 

and it is based on standard production budgets (Seges, 2016). 
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4 General discussion and perspectives 

The main objective of this PhD was to investigate the potential of extended lactation as a 

management tool for dairy farmers to improve herd efficiency and farm profitability, and the 

analyses undertaken to meet this objective showed that this potential depends on how it is 

analysed. The following sections discuss the implications of the systemic effects of extended 

lactation, upscaling to the Danish sector and the implications of extended lactation for pro-

duction planning as well as discuss some perspectives on implementation in practice.  

System dynamics and methodological considerations 

Danish dairy farms are predominantly integrated entities that both include livestock and 

crop production. The exchange between and the dynamics within these two elements of a 

dairy farm means that switching from traditional to extended lactation management affects 

the size and composition of both herd and land use for feed production. Thus, a main finding 

of this PhD is that the system level (cow → herd → farm) at which extended lactation is eval-

uated impacts the final assessment of its potential. This applies to both an evaluation of effi-

ciency and economic effects because of the chain of reactions resulting from merely chang-

ing the time of insemination.  

At farm level, switching to extended lactation results in new possibilities for the farmer as a 

result of saved land use for feed production and a reduction in animal units. The individual 

farmer may choose different ways of utilising these possibilities depending on factors such as 

the logistical setup of the farm, the farming strategy and the current relationship between 

prices and expenses. Methodologically, I chose the farm gate as the system boundary for my 

analyses, which includes the option to utilise these possibilities, and that led to considerations 

on how the biological and technical dynamics of extended lactation are accounted for with-

in and across the different levels of the system. The inherent complexity of including these 

three levels is straight forward, but I will argue that it is necessary because this merely reflects 

the considerations that the farmer may have when attempting to assess the implications of 

implementing an extended lactation strategy.  

Implications for the dairy sector 

Upscaling extended lactation to be widely applied in the Danish dairy production sector 

means adding another system level such that there now are four levels: cow → herd → farm 

→ sector. I found that six different extended lactation strategies all reduced herd production 

of milk and meat, and upscaling these results to sector level would thus mean that sector 

production of milk and meat would be reduced. This would further reduce total sector reve-

nues, although it presumes that the number of cows is unchanged. One could argue that a 
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changed relationship between market supply and demand would alter prices, but so may a 

reduction in supply to the processing facilities through a changed cost structure. In Denmark, 

the majority of milk and meat is processed by farmer-owned cooperatives. 

However, this line of thought does not account for what the farmer chooses to do with the 

saved animal units and saved land use for feed production. I found that farmers could in-

clude one to eight extra cows including young stock in their herds and not exceed their initial 

total number of animal units across the six extended lactation strategies. These extra cows 

would, in all cases, more than compensate for the reduction in milk yield per annual cow, 

and total herd production of milk would increase 0.9-3.4 %, which directly extends to sector 

level. These extra cows do not, however, compensate for the reduction in herd meat produc-

tion, which is still reduced with 4-19 %. 

Maintaining the same total number of animal units would also maintain herd and sector 

production of manure, whereas utilising the saved land use to grow cash crops instead of 

feed would reduce production of manure while maintaining or increasing requirement for 

manure. Thus, fertiliser may have to be imported. This shows that extended lactation may 

have an impact on the nutrient balance at both sector and herd level, although the extent of 

this impact will depend on the choice extended lactation strategy, and what farmer the 

chooses to do with the saved animal units and land use.  

I also found that extended lactation led to an increased herd production of milk and meat 

per herd DM intake, and this may indicate that nutrient use efficiency would be increased by 

extended lactation, although this have not been calculated yet. Similarly, this could indicate 

that GHG emission per kg product would be reduced by extended lactation. However, re-

gardless of extended lactation strategy and the potential compensation with extra cows, 

meat production will be reduced, and it may be argued that nutrient use of efficiency and 

GHG emission of producing compensatory meat should be included. 

Implications for production planning 

I chose to define extended lactation as lactations with a calving interval greater than 13 

months because 13 months is currently the average calving interval in Denmark. However, 

extended lactation has been defined in the literature as lactations with a calving interval of 

12.5-13 to 24 months. In addition, extended lactation has been implemented for all cows, 

primiparous cows, multiparous cows or a selection of cows, and extended lactation has been 

implemented in herds with a continuous calving pattern, a seasonal calving pattern and a 

semi-seasonal calving pattern, where cows calve at certain designated time slots during the 

year.  
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There are thus a vast number of possible extended lactation strategies, but three charac-

teristics seem pertinent: lactation length, choice of cows and choice of calving system. In es-

sence, an extended lactation strategy can be developed to match local conditions, and it 

can be developed in conjunction with current and possibly future feeding, grouping and 

milking strategies. Particularly, milking strategy may be important for maintaining a high milk 

production, and, in that respect, it is interesting to note that one herd in this study practiced 

milking of cows twice per day in early lactation before switching them to milking three times 

per day. Further work could look into if this is a viable milking strategy, or if other strategies 

have a greater or lesser impact on the ability of both primi- and multiparous to maintain milk 

production. 

Feeding, grouping, milking and reproduction strategies are important components of a 

farming strategy, and it is possible that an implementation of extended lactation requires a 

re-thinking of how they are designed to work together. I previously argued that extended lac-

tation may lead to a more heterogeneous herd (section 2.4.3), and that this may have impli-

cations for ensuring nutrient supply to lactating cows. Perhaps these implications could chal-

lenge the use of a continuous calving pattern in Denmark because a strategy with, for in-

stance, quarterly calvings would create more homogeneous groups within a herd and still al-

low a relatively stable milk production throughout the year. However, this may be mostly fea-

sible in larger herds where there are a sufficient number of cows to physically form separate 

groups. 

Perspectives on implementation in practice 

New and different production strategies that both illustrate how extended lactation can 

work in practice, and illustrate what the implications may be for production planning, pattern 

and economy are probably going to be vital for a more widespread implementation of ex-

tended lactation. Extended lactation might be seen as a fundamental change by farmers 

because it breaks with both common practice and the natural cycles of a dairy cow, and an 

array of new strategies would help shed light on the practical workability of extended lacta-

tion.  

This traditional thinking is likely a part of the root of common benchmark figures such as 

herd average days open and herd average days pregnant, which are sought optimised by 

minimising the first and maximising the latter. Also, extended lactation may lead to a re-

duced herd average milk yield; another important benchmark. The implication of this is, 

therefore, that farmers may need alternative benchmark figures to be used for extended lac-

tation, although it is possible that traditional benchmark such as 305-days lactation yield, 

peak yield and time of peak yield also are important for extended lactations. 
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Furthermore, there are, as discussed earlier, potential in selecting certain cows for extend-

ed lactation rather than all cows, and this especially applies to multiparous cows. A key factor 

is likely that farmers are able to obtain some sort of processed information that can assist in 

assessing whether a particular cow should be inseminated now or possibly at the following 

oestrus. One way forward is, therefore, that both the concept and flexibility of extended lac-

tation strategies are included in existing decision support software used on dairy farms. 

  



   

 

 - 69 - 

5 General conclusions 

Extended lactation is a viable herd management tool to increase herd efficiency and farm 

profitability, although the extent of the change in herd efficiency and farm profitability de-

pends on the implemented extended lactation strategy. Implementing an extended lactation 

strategy involves a number of system dynamics including within herd fluxes and sale of live-

stock as well as feed supply, which both includes the size and proportion of home-grown and 

purchased feeds. 

A major determining factor for the viability of the concept of extended lactation is its effect 

on milk production, and this effect depends on parity where primiparous cows appear to ei-

ther maintain or increase milk production per feeding day during a completed extended lac-

tation. In contrast, randomly selected multiparous cows appear to reduce milk production per 

feeding day whereas deliberately selected multiparous cows appear to be able to maintain 

milk production per feeding day. One important finding is that second parity cows produced 

more milk during the early part of the lactation if their first lactation was extended.  

Hence, selecting multiparous cows that are capable of maintaining a high milk production 

will become an important part of extended lactation management. In that respect, both pre-

vious lactation and current early lactation milk production values are good potential selec-

tion criteria because there appears to be a marked repeatability in milk production values 

across lactations of the same cow. However, other potential selection criteria such as disease 

incidences, welfare status and reproduction showed less potential. 

This means that there at present exist three extended lactation management strategies 

where a selection of individual cows for extended lactation would add a fourth. These three 

strategies are managing primiparous, multiparous or all cows for extended lactation, and the 

analysis showed that they all affected herd composition where managing all cows for calv-

ing intervals of 17 months reduced herd young stock the most. All three extended lactation 

management strategies positively influenced several herd efficiency measures with the least 

effect seen when only multiparous cows were extended. In contrast, multiparous cows man-

aged for extended lactations sometimes resulted in an economic loss whereas managing 

only primiparous cows for extended lactation showed the greatest positive economic effect 

at farm level.  

However, increased milk yield persistency always increased profit with the greatest effect 

seen for multiparous cows. An increase in milk price decreased the economic effect whereas 

a decrease in milk price increased the economic effect of extended lactation. Primiparous 

cows were always the least sensitive to changes in persistency and prices.  
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6 Papers 

Note: All tables and figures have re-numbered to fit the order in the thesis. 

6.1 Paper 1 

Status: Published in 2014 by Organic Agriculture 4(4): 295-299. DOI: 10.1007/s13165-014-

0070-6. 

Extended lactations may improve cow health, productivity and reduce greenhouse 

gas emissions from organic dairy production 

J. O. Lehmann, L. Mogensen & T. Kristensen 

Department of Agroecology, Aarhus University, Blichers Allé 20, DK-8830 Tjele, Denmark 

Abstract 

The concept of extended lactation is a break with the tradition of getting one calf per cow 

per year that should improve cow health, increase productivity and reduce greenhouse gas 

(GHG) emission per kg milk produced in high-yield organic dairy herds. These effects are 

achieved through fewer calvings per year and hence a production of fewer replacement 

heifers, which, in combination with fewer days dry per cow per year, will reduce the annual 

herd requirement for feed. Total herd feed use is a major determinant of GHG emission at farm 

gate. However, these effects also rely on the assumption of an unchanged milk production 

per feeding day (days lactating plus days dry) when changing from lactations of traditional 

length to extended lactations. Thus, milk yield per feeding day becomes a primary determi-

nant of the success of using extended lactations at farm level. Cows undergoing an extend-

ed lactation will be able to produce milk for the same number of lactations and thus have 

longer, more productive lives. Additionally, cow health may be improved as the majority of 

diseases occur around calving. Increased productivity and improved cow health should also 

improve farm profitability, although fewer bull calves and fewer culled cows will be available 

for sale. An on-going project at Aarhus University aims at characterising those cows that can 

maintain milk production through an extended lactation, and it aims at estimating the overall 

herd effect of this concept on farm profitability and GHG emission per kg of milk produced. 

Introduction 

Extended lactation is a break with the tradition in intensive dairy production of getting one 

calf per cow per year. Today, several cows are being dried off at a relatively high milk yield, 

and reproductive problems with low conception rates are becoming more and more preva-

lent (Knight, 2008). One cause may be the genetic selection for increased milk yield over 
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time as this has had a detrimental effect on reproduction (Ancker et al., 2006), which partly is 

due to an increased negative energy balance (Walsh et al., 2011). In addition, a calving is a 

stressful event for the cow, and 65 % of all disease incidences in the dairy herd occur around 

the time of calving (Erb et al., 1984; Ingvartsen et al., 2003). Hence, fewer calvings per cow 

per year should improve animal welfare and support an improved longevity. 

Extending the time between calvings will lead to fewer calvings per cow per year and 

thereby reduce the number of days dry per cow per year. Fewer calvings result in fewer re-

placement heifers needed if same re- placement rate per lactation is maintained, and thus, 

feed use for young stock is reduced. Altogether, extended lactation leads to a reduced feed 

use per unit of milk produced, and hence, GHG emission per unit of milk is reduced. Likely, 

extended lactations also have a positive effect on the profitability of the farm, although fewer 

bull calves and fewer culled cows will be available for sale. 

GHG emission from the Danish organic dairy production has been estimated with a life cy-

cle assessment (LCA) perspective to be 1.27 kg CO2-equivalents per kg of energy corrected 

milk (ECM) at farm gate (Kristensen et al., 2011). Approximately, 54 % of this is caused by en-

teric methane production, and approximately 28 % is caused by nitrous oxide being emitted 

during feed production. FAO (2010) estimated an emission of 0.155 kg CO2-equivalents per 

kg milk post farm gate as an average for Europe. Therefore, the majority of GHG emission from 

dairy production is related to the production and consumption of feed, which is in agreement 

with Kristensen et al. (2011), who concluded that herd level feed use is a major determinant 

for GHG emission per kg ECM. 

However, these effects implies that average milk yield per feeding day (days lactating 

plus days dry) is unchanged in a system with extended lactation com- pared with a system 

with a traditional calving interval. Milk yield per feeding day therefore becomes a major de-

terminant for the success of the use of extended lactation. At the same time, using extended 

lactation may alleviate the effect of the negative energy balance on reproduction as time of 

desired conception occur after the main period of mobilisation, which may have a positive 

effect on reproduction. 

Using extended lactation allow the farmer to wait and dry the cow off at a lower daily milk 

yield and thereby allow for utilising the fact that milk yield potential has increased substan-

tially during the past decades, and yet the farmer can still maintain an optimal dry period 

length. 

The objective of this paper is to introduce the concept of extended lactation and show pre-

liminary results of an on-going investigation.  
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Materials & Methods 

The use of extended lactation has been practiced for several years by some private farm-

ers in Denmark, and a number of these are certified organic. Six of these have previously 

been interviewed by van Vliet (2012) about their experiences as well as advantages and 

disadvantages with using extended lactation. Four of them have been selected to be a part 

of an on-going investigation – the “Reprolac”-project (http://agro.au.dk/en/ research/ pro-

jects/reprolac/) – conducted by Aarhus University in Denmark. 

The overall project aims at developing the concept of extended lactation as a reproduc-

tion strategy that significantly reduces the environmental load from milk production while in-

creasing productivity and improving animal welfare without compromising milk quality and 

profitability. One specific objective is to develop a management strategy for extended lacta-

tion as some cows are expected to be more suitable for undergoing an extended lactation 

than others. 

Three of the four private dairy farms are certified organic, and they all serve as case herds 

for the investigation of extended lactation as a management practice. Selected farm de-

scriptive statistics are shown in Table 6.1. Data used for analysing the effect of extended lac-

tation were derived for each herd from the Danish milk recording database from cows that 

calved during 2009. Only lactations that had been completed by May 1st  2012, which means 

that the cow had had another calf, were included. This paper reports some preliminary results 

as well as references some results by van Vliet (2012). 

Results & Discussion 

Preliminary results for calving interval (CI) and milk yield in the four herds (Table 6.2) are 

based upon a total of 282 completed lactations (63 %). Mean CI varied from 14.2–17.0 

months with a standard deviation of 1.5–3.5 months (43–109 days). Cows were able to pro-

duce 10,099–15,191 kg ECM per lactation, which is equivalent to 20.8–31.3 kg ECM per feed-

Table 6.1. Herd descriptive statistics of involved private dairy farms, 2009. 

Herd 1 2 3 4 

System Conventional Organic Organic Organic 

No. of annual cowsa 162 158 112 93 

Breedb Holstein Cross Jersey Holstein 

Kg ECM / annual cowc 11,274 7,667 7,090 10,099 

Replacement rate, % of annu-

al cows 
40 42 23 25 

4th parity or older cows, % 12 19 22 13 
aAnnual cow – a cow fed for 365 days, which includes both lactation and dry period. 
bThe cross is between Jersey, Holstein and Red Danish. 
cAverage yield in kg energy corrected milk (ECM) per annual cow. 

http://agro.au.dk/en/
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ing day. Milk yield at the last recording before drying off varied from 17.0–27.3 kg ECM with a 

standard deviation varying from 4.4–7.3 kg ECM. 

This indicate that it is possible to extend the calving interval and maintain milk production, 

which is in agreement with recent experiments with extended lactation in New Zealand 

(Kolver et al., 2007) and in Australia (Grainger et al., 2009) where the calving interval was ex-

tended to as much as two years. However, not all the cows in these two experiments were 

able to produce milk for such long periods of time, which was also indicated in a British ex-

periment by Sorensen et al. (2008). Two major aims of our project is therefore to estimate 

how much milk these dairy cows in practice produce per feeding day relative to their length 

of CI as well as characterise those cows, which can maintain milk production per feeding 

day for an extended period of time. These are two determining factors for the success of ex-

tended lactation in practice. 

Evaluating the use of extended lactations 

We plan to evaluate the success of the use of extended lactations through primarily the 

effect on GHG emission per kg of milk and profitability where both are viewed at farm level. 

We propose to conduct this evaluation by setting a system boundary at the farm gate (Figure 

6.1) where interactions and relations between the elements within the system boundary and 

the exchanges across the boundary are investigated by modelling. 

Extending the lactation and hence extending the time between two calvings reduce the 

proportion of time per year that a cow spends being dry and thus being unproductive. It also 

reduces the number of cows giving birth every year, which reduces the number of calves, 

and hence, fewer bull calves will be sold from the farm. Fewer calves mean fewer heifers, 

and hence, fewer heifers will be giving birth every year, which again reduces the number of 

Table 6.2. Calving interval (CI) and milk yield of completed lactations in the four herd. 

Herd 1 2 3 4 

No of calvings 155 144 86 61 

No of completed lactations (%) 95 (61) 94 (65) 56 (65) 37 (61) 

Mean CIa, months 14.2 15.4 15.9 17.0 

SDb of CI, days 84 43 109 95 

Days milking / lactation 374 422 444 466 

Days dry / lactation 60 48 42 52 

Kg ECMc / lactation 13,579 10,387 10,099 15,191 

Kg ECM / lactation day 36.3 24.6 22.7 32.6 

Kg ECM / feeding dayd 31.3 22.1 20.8 29.4 

Yield at drying offe, mean 27.3 17.0 19.5 22.0 

Yield at drying off, SD 7.3 5.1 4.4 5.9 
aCalving interval 
bStandard deviation 
cEnergy corrected milk 
dFeeding day = lactation + dry period 
eLast milk recording before drying off day 
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calves. Fewer heifers will there- fore be available as replacement heifers for the lactating 

herd, and hence, fewer culled cows will be available for sale. 

The decision to change the length of the lactation therefore alters the composition of the 

herd, and it reduces the total number of animals. This will reduce total feed requirement for 

the herd, and hence the use of forages and concentrates as a smaller proportion of the cows 

are in early lactation with a higher requirement for a concentrated ration. This may again 

change the type and amount of feed produced on farm relative to feed purchased from out-

side the farm as it will be possible to feed a ration with a higher proportion of roughage, 

which might also have an impact on on-farm energy use. 

These internal system dynamics are vital for deter- mining the exchange across the farm 

gate (i.e. the system boundary). We assume an unchanged milk yield per feeding day, and 

our preliminary results here and reported by Lehmann et al. (2014a) suggest that this is possi-

ble. The reduced GHG emission per kg ECM is therefore mainly a result of fewer animals pro-

ducing enteric methane and a smaller herd feed use, which causes less nitrous oxide to be 

emitted. Methane from the herd and nitrous oxide from feed production are two primary de-

terminants of GHG emission at the farm gate (Kristensen et al., 2011). 

 

Figure 6.1. A schematic representation of within farm gate system dynamics and exchanges across 

the farm gate for analysing the effect of using extended lactation on greenhouse gas emission per kg 

of milk produced and farm profitability. 
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Extended lactation therefore increases productivity through an improved utilisation of 

available resources, which also has a potential positive effect on farm profitability. However, 

this positive effect is to some extent counteracted by fewer bull calves and fewer cull cows 

for sale. 

Wall et al. (2012) concluded, based on database data, that extended lactation would 

likely lead to increased GHG emission per kg milk. However, in that case, those cows that un-

derwent a long lactation were likely to have done so because of reproductive failure rather 

than a deliberate management decision. The same is likely true for the data used by 

Dematawewa et al. (2007) and Steri et al. (2012) to model the lactation curve of cows un-

dergoing an extended lactation. This is in contrast to the Reprolac-project where we use data 

from private farms that deliberately manage cows for extended lactation. 

Cow life time 

As discussed, the use of extended lactation will lead to fewer replacement heifers being 

produced per year and therefore a lower replacement rate calculated per cow per year. 

However, it is possible to maintain same re- placement rate per lactation, but it inevitably im-

ply that cows have to last longer in the herd. We hypothesize that this will be possible as the 

majority of diseases occur around the time of calving (Erb et al., 1984; Ingvartsen et al., 2003), 

and therefore there will be fewer cases of disease per cow per year. Horn et al. (2012) 

showed that increased cow life time, or longevity, is a precursor for increased profitability for 

Austrian organic Simmental cows. Logically, a prolonged cow life allows the cow more time 

to pay off the cost of raising herself as a heifer, and this may be extended to GHG emission as 

the proportion of unproductive life relative to productive life is reduced. 

Challenges for the farmer 

The farmers involved in the Reprolac-project were interviewed by van Vliet (2012). One 

farmer noted in her interview that (translated from Danish): “There is a greater chance that 

we will see a cow in heat, because the cow will have multiple oestrus before it is inseminat-

ed”.  Another believes that “to start inseminating 40 days after calving is way too early” and 

further stated that “those cows that can, will get to wait with being inseminated”.  van Vliet 

(2012) states that “all the interviewed farmers believe that a strategy with extended lactation 

gives several advantages, and therefore they will continue to practice it”. 

According to van van Vliet (2012) some of the farmers did experience that multiple cows 

in heat at the same time could cause some disturbances, unrest and noise in the barn, which 

did cause some cows to sustain minor injuries. The use of extended lactations may therefore 

pose a challenge for barn design and herd management. 
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Conclusions 

Using extended lactation in the management of dairy cows may reduce GHG emission 

per kg milk from high-yielding organic dairy production, and, at the same time, increase prof-

itability and improve cow welfare. One vital factor for the success of extended lactation is the 

ability to maintain milk yield per feeding day, and our preliminary results suggest that this will 

be possible. We know from the literature that not all cows can produce milk for an extended 

period of time, and our results support this. The ability of a given cow to produce milk for an 

extended period of time therefore becomes another vital factor that is investigated in the 

project. Finally, assessing the effect of implementing the concept of extended lactation at 

farm level requires a systems approach where herd dynamics and effects on herd feed re-

quirement as well as feed production are taken into account. This is essential to evaluate the 

overall GHG mitigation and farm profitability potential of managing high-yielding dairy cows 

for extended lactation. 
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Abstract 

The idea of managing cows for extended lactations rather than lactations of the tradition-

al length of 1 yr primarily arose from observations of increasing problems with infertility and 

cows being dried off with high milk yields. However, it is vital for the success of extended lac-

tation practices that cows are able to maintain milk yield per feeding day when the length of 

the calving interval (CInt) is increased. Milk yield per feeding day is defined as the cumulated 

lactation milk yield divided by the sum of days between 2 consecutive calvings. The main 

objective of this study was to investigate the milk production of cows managed for lactations 

of different lengths, and the primary aim was to investigate the relationship between CInt, 

parity, and milk yield. Five measurements of milk yield were used: energy-corrected milk 

(ECM) yield per feeding day, ECM yield per lactating day, cumulative ECM yield during the 

first305 d of lactation, as well as ECM yield per day during early and late lactation. The anal-

yses were based on a total of 1,379 completed lactations from cows calving between Janu-

ary 2007 and May 2013 in 4 Danish commercial dairy herds managed for extended lactation 

for several years. Herd average CInt length ranged from 414 to 521 d. The herds had Hol-

stein, Jersey, or crosses between Holstein, Jersey, and Red Danish cows with average milk 

yields ranging from 7,644 to 11,286 kg of ECM per cow per year. A significant effect of the 

CInt was noted on all 5 measurements of milk yield, and this effect interacted with parity for 

ECM per feeding day, ECM per lactating day and ECM per day during late lactation. The re-

sults showed that cows were at least able to produce equivalent ECM per feeding day with 

increasing CInt, and that first and second parity cows maintained ECM per lactating day. 
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Cows with a CInt between 17 and 19 mo produced 476 kg of ECM more during the first 305 

d compared with cows with a CInt of less than 13 mo. Furthermore, early lactation ECM yield 

was greater for all cows and late lactation ECM yield was less for second parity and older 

cows when undergoing an extended compared with a shorter lactation. Increasing CInt in-

creased the dry period length with 3 to 5 d. In conclusion, the group of cows with longer CInt 

was able to produce at least equivalent amounts of ECM per feeding day when the CInt was 

up to 17 to 19 mo on these 4 commercial dairy farms. 

Introduction 

Dairy production is characterized by cycles of calving, lactation including gestation, and a 

dry period followed by the next calving. Originally, these cycles were driven solely by annual 

changes in daylight and feed availability, but, in modern intensive dairy systems, these cycles 

are mostly driven by decisions of the farmer. Seasonality may still play a major role in modern 

dairy systems, such as the grassland-based production in New Zealand, where the average 

calving interval (CInt) is 368 d (LIC and DairyNZ, 2013). In contrast, the average CInt in the 

confinement systems in Denmark has increased to around 395 d (Danish Cattle, 2014a). The 

dry period length is likely unchanged, and therefore the extended CInt results in an extended 

lactation. Both planned and unplanned effects such as reduced fertility may have contribut-

ed to this increase in CInt. 

Reduced fertility in intensive dairy systems has been linked to the continued genetic selec-

tion for increased milk yield through a more severe negative energy balance around the time 

of calving (Ancker et al., 2006). Managing cows for extended lactation means that cows are 

likely inseminated after the cows have passed the most severe negative energy balance. 

Hence, extended lactation may be a way of alleviating this issue as well as reduce the num-

ber of cows being dried off with high milk yields (Knight, 2008). Also, extended lactation re-

duces the required supply of replacement heifers per year. 

Furthermore, extended lactation could potentially reduce greenhouse gas (GHG) emission 

per kilogram of milk produced through a reduction in herd feed use per kilogram of milk pro-

duced and, thereby, also improve farm profitability in commercial herds (Knight, 2008; 

Eckard et al., 2010; Lehmann et al., 2014b). However, total meat production will be reduced 

in a system with extended lactation as a result of fewer calvings and hence fewer culled 

cows and bull calves for sale. In addition, genetic progress may slow down as a result of 

longer generation intervals. 

The success of using extended lactation as a management system is highly dependent on 

the ability of a cow to maintain milk yield per feeding day. This yield measure encompasses 
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the whole lactation and the length of the dry period, which is in contrast to traditional figures 

such as 305-d lactation yield. 

Milk yield per feeding day was shown to be maintained during extended lactations in ex-

perimental herds in Sweden (Österman and Bertilsson, 2003) and Denmark (Christiansen et 

al., 2005), as well as commercial herds in Israel (Arbel et al., 2001). On the other hand, Auldist 

et al. (2007) showed a small negative effect and Kolver et al. (2007) showed some gains and 

some losses in milk yield of cows, which had their lactations extended to up to 2 yr in a pasto-

ral system. Furthermore, 2 studies have indicated a potential negative influence of a previous 

extended lactation on the dry period length and milk yield of the following lactation (Arbel et 

al., 2001; Österman and Bertilsson, 2003). 

We hypothesized that dairy cows undergoing an extended lactation should be able to 

produce the same amount of milk per feeding day as cows undergoing lactations of tradi-

tional length. Partly because the number of days lactating relative to the number of days dry 

will be increased, and partly because the potential negative effect of pregnancy on milk 

yield (Bormann et al., 2002; Roche, 2003) may be delayed when breeding is postponed. 

Estimating daily milk production from commercial milk yield recordings is often chal-

lenged by data frequency, as farmers typically only conduct monthly or even bimonthly re-

cordings. A lactation curve can be fitted with either empirical (e.g. Wood, 1967; Wilmink, 

1987) or mechanistic (e.g. Dijkstra et al., 1997) mathematical functions. The ability of the 

model to describe the asymptotic phase occurring mid to late lactation is important to esti-

mate daily yield during extended lactations (Macciotta et al., 2011; Steri et al., 2012). Legen-

dre polynomials are useful because they can represent a greater number of lactation curva-

tures, and their mathematical properties cause them to have less correlation among parame-

ters (Macciotta et al., 2005). The main objective of our study was to investigate the milk pro-

duction of cows undergoing lactations of different lengths on commercial farms in Denmark 

known to deliberately delay insemination. Furthermore, the aims were to (1) estimate daily 

milk yield by fitting a Legendre polynomial model to milk yield recordings, (2) investigate the 

relationship between CInt length, parity, and milk yield, and (3) investigate the influence of 

previous CInt length on current milk yield. 

Materials & Methods 

Data 

The data came from 4 commercial Danish dairy farms known to deliberately delay insem-

ination of selected cows and hence manage the herd for extended lactations. The 4 farms 

(Table 6.3) varied in herd size, breed, milk production and composition, annual cull rate, CInt 
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and milk recording scheme (6 or 11 recordings per year). The farms were selected based on 

work by van Vliet (2012), who identified 6 farmers practicing extended lactation through 

contacting dairy cattle advisors. The 4 farms were chosen as they had the longest lactations 

and were willing to participate in the project.  

For completed lactations, the average DIM at first insemination increased consistently as 

the average CInt increased for herds 2, 3 and 4 with increasing CInt (Figure 6.2). This illus-

trates that the voluntary waiting period increased, but in these herds there were cows that ei-

ther failed to conceive at first or second insemination or did not express mating behavior. This 

is particularly pronounced in herd 1, although only 9% of lactations had a CInt greater than 

17 m (Figure 6.2).  

Data consisted of milk yield recordings and dates for inseminations, pregnancy tests, dry-

ing off, calving and culling. Energy-corrected milk yield (ECM) was calculated using the 

equation of Sjaunja et al. (1991): 

ECM = milk (kg) x [0.383 x fat (%) + 0.242 x protein (%) + 0.7832] / 3.14 

Data were obtained from cows that calved between January 1, 2007 and May 1, 2013 in 

the 4 herds, and data from 176 lactations with less than a total of 3 milk recordings were re-

moved. Twenty-six lactations (from 15 cows) with no information on date of next calving, dry-

ing off date or culling date and no records during the last 3 m prior to May 1, 2013 were re-

Table 6.3. Characteristics of the 4 Danish dairy farms. Herd averages from 2007-2011. 

 

Herd 

  1 2 3 4 

Annual cows1, n 146 87 151 108 

System Conventional Organic2 Organic2 Organic2 

Breed Holstein Holstein Crosses3 Jersey 

Average fat, % 3.99 3.86 4.86 6.01 

Average protein, % 3.24 3.33 3.69 4.18 

Milk yield per annual cow, kg 11,448 10,577 7,119 5,859 

ECM4 per annual cow, kg 11,286 10,333 8,020 7,644 

Annual cull rate, % 34.1 30.7 35.2 25.3 

Milking system Parlor Robot Parlor Robot 

Grazing No Yes Yes Yes 

Average lactating days (SD), d 358 (61) 477 (91) 420 (35) 451 (121) 

Average CInt5 (SD), d 414 (63) 521 (92) 468 (35) 497 (119) 

Milk recordings per year, n 11 6 11 6 

Completed lactations in data, n 480 181 434 284 
1One annual cow is an average cow fed for 365 d, and it therefore reflects the average number of 

cows present in the herd on any day of the year. 
2Certified organic according to Danish standards. 
3Crosses between Holstein, Jersey and Red Danish. 
4Calculated with the equation of Sjaunja et al. (1991). 
5Calving interval. 
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moved. Herd 1 purchased 11 cows of which 5 were purchased after their first calving, and 

herd 2 purchased 5 cows of which 1 was purchased after its first calving. Lactations were re-

moved if the calving had taken place in another herd. A lactation either went from calving 

until drying off, from calving until culling or from calving until data cut-off (May 1, 2013). If a 

cow had known future calving date and a drying off date had not been reported by the 

farmer for a given lactation (38%), then a fixed dry period of 49 d was assigned because the 

recommended dry period in Denmark is 6 to 7 wk (Danish Cattle, 2014a). 

The final dataset consisted of 23,394 recordings from 2,580 lactations of which 1,379 were 

completed. A lactation was considered completed if a future calving date was known, and if 

this calving took place in the same herd as the preceding one. Each lactation had between 3 

and 36 milk yield recordings, which corresponded to 100 to 995 DIM. 

Data Analyses 

Milk yield was recorded with an interval of either approximately 30 d (2 herds) or approx-

imately 60 d (2 herds) for all cows that were lactating on that given recording day. After cal-

culating ECM, all records were fitted with a Legendre polynomial model to estimate daily 

 

Figure 6.2. Average DIM at time of first insemination after calving relative to the average length of the 

calving interval in days based on raw data and grouped by calving interval group (CIG) and herd. Er-

ror bars indicate standard deviation. CIG = 1: calving interval (CInt) ≤ 13 m; CIG = 2: 13 < CInt ≤ 15; 

CIG = 3: 15 < CInt ≤ 17; CIG = 4: 17 < CInt ≤ 19; CIG = 5: 19 < CInt. 
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and cumulated ECM yield (aim 1). Records from both complete and incomplete lactations 

were used for the fit in order to maximize the information about the curvature at the early 

part of the lactation. 

Five variables were used (aim 2) to describe milk yield during a completed lactation:  

 Average ECM yield per feeding day (ECM_Feed)  

 Average ECM yield per lactating day (ECM_Lac) 

 Cumulated ECM yield during the first 305 d of lactation (ECM_305) 

 Average ECM yield per day during the first 80 d of the lactation (ECM_80) 

 Average ECM yield per day during the last 45 d of the lactation (ECM_45) 

The longer the dry period, the greater the difference is expected to be between 

ECM_Feed and ECM_Lac. The 2 variables, ECM_80 and ECM_45, were used as indicators of 

early and late lactation yield, respectively, where the number of days between them is de-

pendent on CI length. The decrease in yield between ECM_80 and ECM_45 illustrate the loss 

in daily milk production between early and late lactation.  

Parities 1 to 9 were present in data, but the number of completed lactations for each pari-

ty decreases as the parity number increases. Therefore, parity was grouped in 3 groups (PAR) 

by first, second and third or greater parities. This meant that a cow may be present multiple 

times in PAR 3. Furthermore, each CInt was assigned to 1 of 5 calving interval groups (CIG) 

where CIG 1 means CInt ≤ 13 m, CIG 2 means 13 < CInt ≤ 15 m, CIG 3 means 15 < CInt ≤ 17 

m, CIG 4 means 17 < CInt ≤ 19 m and CIG 5 means CInt > 19 m. One month was assumed to 

equal 30.5 d. This created a total of 60 possible combinations of PAR, CIG and herd.  

Finally, the influence of previous CIG on current ECM yield (aim 3) was investigated as it 

could be an issue if an extended CInt leads to a decrease in milk yield during the following 

lactation. Here, the influences of previous ECM_Feed on current ECM_Feed as well as the in-

fluence of previous ECM_45 on current ECM_80 were included as they may be related for 

each cow, and this would test the strength of their influence. 

All data analyses were performed with R program (R Development Core Team, 2015), 

and all mixed effects modelling was conducted with the lme4-package (lmer-function) for R 

(Bates et al., 2014). Least square means and contrasts were calculated with the least square 

means package (lsmeans) for R (Lenth and Hervé, 2015) using the Tukey method. A differ-

ence was considered significant if P < 0.05. 

Aim 1: Estimating Daily ECM Yield. ECM yield recordings for each lactation were fitted 

with a fourth order Legendre polynomial based on equations given by Schaeffer (2004). First, 
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each recorded time point, which in our study was measured as DIM, was standardized to vary 

between -1 and 1. Each order of the Legendre polynomial then uses an equation to weight 

the standardized time point. Hence, a fourth order Legendre polynomial calculates 4 values 

for each standardized time point. In addition, Legendre polynomials use 0.7071 as intercept 

value rather than the traditional 1 used in linear regression, and this is therefore the fifth value 

used for the regression of ECM yield recordings. For the present model, they were denoted 

LP0, LP1, LP2, LP3 and LP4, respectively, where LP0  was the intercept value.  

This created 5 regression coefficients, and 3 of these were allowed to vary for each ran-

dom intercept (i.e. random slope effects) in order to make the regression more flexible and 

able to reflect differences between different lactations. Parity was used as random intercept 

in order to fit 1 unique curve to each available lactation, and the sequence of parities was 

numbered distinctively for each herd to avoid cross-classification of parity across herds. 

Hence, the final linear mixed regression model used to estimate daily ECM yields was:  

Yijkm = (β0 + b0,j + b0,k(j) + b0,m(k)) x LP0 + β1 x LP1i + (β2 + b2,j + b2,k(j) + b2,m(k)) x  LP2i +  

β3 x LP3i + (β4 + b4,j + b4,k(j) + b4,m(k))  x LP4i + Herdj + Cowk(j) + Paritym(k) + eijkm [1] 

Where Yijkm is ECM yield at recording number i (n = 23,394) for herd j (1-4), cow k (n = 

1,316) within herd j and parity m (1-9) within cow k; LP0 is the fixed Legendre intercept; LP1i, 

LP2i, LP3i and LP4i are the 4 Legendre order coefficients calculated based on the DIM at re-

cording number i; β0, β1, β2, β3 and β4 are regression coefficients; b0,j, b2,j and b4,j are random 

slope effects of herd j; b0,k(j), b2,k(j) and b4,k(j) are random slope effects of cow k within herd j 

and b0,m(k), b2,m(k) and b4,m(k) are random slope effects of parity m within cow k; Herdj is the 

random intercept of herd j; Cowk(j) is the random intercept of cow k within herd j; Paritym(k) is 

the random intercept of parity m within cow k and eijkm is the residual error, which was nor-

mally distributed and independent. An attempt to improve the fit by including the remaining 

Legendre orders as random slope effects did not converge. Goodness of fit of the final model 

was evaluated with mean squared prediction error (MSPE), root MSPE (RMSPE) and RMSPE 

expressed as percentage of observed mean. The MSPE value can be divided in 3 compo-

nents where error due to disturbances (Bibby and Toutenburg, 1977), reflects the part of 

MSPE that cannot be explained by a least squares correction of residuals. The estimated daily 

ECM yields were then used to calculate ECM_Feed, ECM_Lac, ECM_80, ECM_45 and 

ECM_305 for each completed lactation.  

Aim 2: CInt, Parity Group and ECM yield. The effect of PAR and CIG on ECM_Feed, 

ECM_Lac, ECM_80, ECM_45, ECM_305 and dry period length was analyzed with a linear 

mixed model for all completed lactations (n = 1,379, from 810 cows) with PAR within herd as 
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random intercept. This allowed for testing the effect of CIG across the 4 very different farms 

(Table 6.3), and the final model was: 

Yijkm = β0 + PARi + CIGj + PARi x CIGj + herdk + pari(k) + eijkm [2] 

Where Yijkm is the response variable from the completed lactation m (n = 1,379) belonging 

to PAR i (1-3) with CIG j (1-5) in herd k (1-4); β0 is the common intercept; PARi is the effect of 

PAR i: CIGj is the effect of CIG j; herdk is the random intercept of herd k; pari(k) is the random 

intercept of PAR i within herd k and eijkm is the residual error, which was normally distributed 

and independent. 

Aim 3: Influence of Previous CIG on Current ECM Yield. The influence of previous CIG on 

current ECM yield was analyzed separately for cows completing both first and second parity 

(n = 286) and for cows completing both second and third parity (n = 149). Each of these 2 

datasets were analyzed with 2 different models where model [3] analyzed the influence of 

previous CIG and previous ECM_Feed on current ECM_Feed, and model [4] analyzed the in-

fluence of previous CIG and previous ECM_45 on current ECM_80. Hence, the second model 

analyzed the influence of the previous late lactation ECM yield on current early lactation 

ECM yield. 

The final model analyzing the effect of previous ECM_Feed and previous CIG on current 

ECM_Feed was: 

Yijk = β0 + β1 x ECM_PRVi + CIG_PRVj + HERDk +β2 x HERDk x ECM_PRVi + eijk  [3] 

Where Yijk is the current average ECM yield per feeding day of cow i (n = 286) with a pre-

vious CIG j (1-5) from herd k (1-4); ECM_PRVi is the previous average ECM_Feed of cow i; 

CIG_PRVj is the previous CIG j and HERDk is the effect of herd k; β0 is the common intercept; 

β1 and β2 are regression coefficients, and eijk is the residual error, which was normally distrib-

uted and independent. 

In addition, the second initial model analyzing the effect of previous late lactation milk 

yield and previous CIG on current early lactation milk yield was: 

Yijk = β0 + β1 x 45_PRVi + CIG_PRVj + HERDk + β2 x HERDk x 45_PRVi + eijk  [4] 

Where Yijk is the current average ECM yield per day during the first 80 day of cow i (n = 

149) with a previous CIG j (1-5) from herd k (1-4); CIG_PRVj is the effect of the previous CIG j; 

HERDk is the effect of herd k; 45_PRVi is the previous average ECM_45 of cow i; β0 is the 

common intercept; β1 and β2 are regression coefficients, and eijk is the residual error, which 
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were normally distributed and independent. Herd was included as a fixed effect because of 

an inadequate amount of observations for a random effect. 

Results 

Farms, Herds and Management 

The 4 farms (Table 6.3) had Holstein, Jersey or crossbred cows with a herd size varying 

from 87 to 151 annual cows, and milk yield varied from 7,644 to 11,286 kg ECM per annual 

cow across herds for cows calving between 2007 and 2011. From 2007 to 2011, herd 1 in-

creased average milk yield per annual cow 823 kg ECM, herd 2 increased 583 kg ECM, herd 

3 reduced 33 kg ECM and herd 4 reduced 283 kg ECM (data not shown). Annual cull rate 

varied from 25.3% (herd 4) to 35.2% (herd 3), and average CInt varied from 414 (herd 1) to 

521 d (herd 2).  

In total, there were 1,379 completed lactations available from the 4 herds, and CIG 2 and 

3 accounted for 44% in herd 1, 56% in herd 2, 90% in herd 3 and 51% in herd 4. Parity group 1 

accounted for 45% of completed lactations whereas PAR 2 and PAR 3 accounted for 28% 

and 27%, respectively. Out of the 60 possible combinations of herd, PAR and CIG, only CIG 1 

in PAR 3 for herd 2 and CIG 1 in PAR 1 and 2 for herd 3 did not have any completed lacta-

tions.  

Inseminations per achieved conception was above 2.5 for CIG 2, 3, 4 and 5 in herd 1, for 

CIG 5 in herd 2 and for CIG 5 in herd 3 (1 cow in PAR 2), and it was below 2.0 for the majority 

of CIG. Between CIG 1 and 2 in herd 1, inseminations per conception increased from 1.2 to 

2.3, from 1.2 to 2.0 and from 1.3 to 2.2 for PAR 1, 2 and 3, respectively, and these increases 

were greater than in the 3 other herds. Also, there were at least 3.9 inseminations per con-

ception for CIG 3 and greater in herd 1. 

Results of Data Analyses 

The following 3 subsections describe the results of the analysis that supports each of the 3 

aims in this study. 

Estimating Daily ECM Yield. The fourth order Legendre polynomial model [1] fitted data 

well with a RMSPE of 2.84 kg ECM, which corresponded to 10.1% of the observed mean, and 

98.8% of the mean squared prediction error (MSPE) came from random error. Residuals were 

normally distributed with a mean of 0 and a SD of 2.8, and a simple regression of residuals 

against fitted values gave a slope of 0.04 whereas a simple regression of residuals against 

DIM gave a slope and intercept of 0. Residual variance was 10.5 kg2. 
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Forty-three per cent of the completed lactations peaked within the first 5 d after calving 

across PAR, CIG and herds. This proportion was in all cases lower for PAR 1 across CIG and 

herds when compared with PAR 2 and 3. Herd 3 had the highest proportion of peaks occur-

ring before 5 DIM. Lactations that peaked after 5 DIM peaked on average from 63 to 177 DIM 

across PAR, CIG and herds, and peak always occurred later in herd 4 than the other herds 

(data not shown). Peak milk yield was always earlier for PAR 2 and 3 compared with PAR 1 

across CIG and herds.  

Figures 6.3 and 6.4 show observed values and fitted curves for 2 selected older cows (PAR 

3) from herds 1 (11 recordings per year) and 2 (6 recordings per year), respectively. They re-

flect the nature of on-farm milk recordings where number of recordings per year and dis-

tance between recordings vary, and each figure therefore shows a fitted curve with a peak 

before and after 5 DIM, respectively.  

The average cumulated lactation yield per completed lactation increased with increasing 

CI for all combinations of herd and PAR with the exception of CIG 5 for PAR 3 in herd 1 (Fig-

ure 6.5). Across PAR and CIG, the average lactation milk yield for each herd was 12,326 (SD = 

2,700), 14,866 (SD = 3,624), 9,820 (SD = 1,526) and 10,131 kg ECM (SD = 2,813) for herds 1 to 

4, respectively. 

 

 

 

 Figure 6.3. Recorded and estimated ECM yield of 2 randomly selected cows 

from herd 1 with a calving interval (CInt) between 13 and 15 m. Milk was rec-

orded 11 times per year. Cow 1 (solid line) had a CInt of 404 d whereas cow 2 

(dashed line) had a CInt of 420 d. Curves were fitted with a linear mixed model 

based on a Legendre polynomial (model [1]). 
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CI Length, Parity Group and ECM yield. Model [2] described the 5 milk yield variables well 

with a RMSPE of up to 16.2% of observed mean whereas it was 24.6% for the model of dry 

period lengths (Table 6.4). These tests showed an interaction effect between PAR and CIG for 

ECM_Feed (P = 0.04), ECM_Lac (P = 0.01) and ECM_45 (P < 0.001), and they showed an ef-

fect of CIG on ECM_305 (P < 0.01), ECM_80 (P < 0.001) and dry period length (P < 0.01). 

Hence, CIG affected all tested variables. The residual SD of the 6 tests was in all cases be-

tween 0.5 to 0.7% greater than the corresponding RMSPE (in kg), and minimum 99.9% of 

MSPE for all tests was due to random error (data not shown). 

Least square means showed that ECM_Feed was 1.6 to 2.4 kg greater for CIG 5 compared 

to CIG 1, 2 and 3 in PAR 1, whereas there was no difference across CIG for PAR 2 and 3 (Ta-

ble 6.5). ECM_Lac was 2.1 kg less for CIG 5 compared to CIG 1 for PAR 3 whereas it was un-

changed for all other combinations of CIG and PAR. ECM_305 increased with increasing CIG 

for all PAR where cows in CIG 5 produced 710 kg more when compared with CIG 1. Fur-

thermore, the simple correlation between ECM_Feed and ECM_Lac was 0.98, and this corre-

lation varied only 0.01 units when tested for each PAR and CIG.  

 

 

 

 Figure 6.4. Recorded and estimated ECM yield of 2 randomly selected cows 

from herd 2 with a calving interval (CInt) between 15 and 17 m. Milk was rec-

orded 6 times per year. Cow 1 (solid line) had a CInt of 490 d whereas cow 2 

(dashed line) had a CInt of 513 d. Curves were fitted with a linear mixed model 

based on a Legendre polynomial (model [1]). 
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Cows in CIG 5 produced 1.6 kg ECM_80 more irrespective of PAR when compared with 

CIG 1 whereas there was no significant difference in ECM_80 for CIG 1 to 4. There was no 

difference in ECM_45 across CIG for PAR 1, whereas it was up to 4.0 kg and 5.5 kg less for 

CIG 4 and 5 in PAR 2 and 3, respectively, when compared with CIG 1. Finally, the dry period 

length was 2.9 d greater for lactations in CIG 2 compared with CIG 1, but there was no dif-

ference from CIG 2 to 5. 

The difference in daily milk yield between ECM_80 and ECM_45 consistently increased 

from CIG 1 to CIG 5 for all 3 parity groups (Table 6.5) with the largest reduction of 17.3 kg oc-

curring in PAR 3. Dividing these reductions with the number of days between ECM_80 and 

ECM_45 gives an indication of milk yield persistency throughout lactation. There is not a con-

sistent trend across CIG as the slope varied from -0.015 to -0.014 kg ECM per d (PAR 1), from 

-0.038 to -0.033 kg ECM per d (PAR 2) and from -0.039 to -0.035 kg ECM per d across CIG. 

Generally, the largest reductions in PAR 2 and 3 were calculated for CIG 1 and 2. 

  

 

 

 

 Figure 6.5. Average cumulated lactation ECM yield (kg) based on fitted values from model [1] 

(linear mixed model based on a Legendre polynomial) for a completed lactation in each calv-

ing interval group (CIG) within parity group within herd. Error bars indicate standard deviation. 

CIG = 1: Calving interval (CInt) ≤ 13 m; CIG = 2: 13 < CInt ≤ 15; CIG = 3: 15 < CInt ≤ 17; CIG = 4: 

17 < CInt ≤ 19; CIG = 5: 19 < CInt. 
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Influence of Previous CI Length on Current ECM Yield. A total of 286 cows completed 

both first and second parity, and 149 cows completed both second and third parity. Further-

more, 69% of the cows completing first parity with CIG 1 to 3 also completed the second pari-

ty with CIG 1 to 3, and the same goes for 73% of the cows completing both second and third 

parity.  

Increasing first parity CIG increased second parity ECM_Feed (P < 0.01) and ECM_80 (P < 

0.001), but second parity CIG did not influence third parity ECM_Feed or ECM_80 (Table 6.6). 

Therefore, second parity ECM_Feed was 1.3 kg greater, and ECM_80 was 4 kg greater when 

first parity CIG 4 was compared with 1 (Table 6.7). 

Increasing ECM_Feed and ECM_45 in previous lactation increased current ECM_Feed and 

ECM_80 in all cases. Herd interacted with first parity lactation milk yield (P < 0.001), which 

meant that the effect of ECM_45 on second parity ECM_80 only was different from 0 for herd 

1 at P < 0.05. Similarly, herd interacted with second parity ECM_Feed (P = 0.03), and therefore 

the effect of this variable on third parity ECM_Feed was only different from 0 at P < 0.05 for 

herds 1 and 2.

Table 6.4. P-values and root mean squared prediction error (RMSPE) measured in kg and % of ob-

served mean for tests carried out with model [2] – a linear mixed model with herd and parity group 

(PAR) within herd as random effects. 

 

P-values   RMSPE 

Response1 PAR CIG2 PAR x CIG   Kg % 

ECM_Feed, kg / d <0.001 0.03 0.04 

 

2.70 10.8 

ECM_Lac, kg / d <0.001 0.69 0.01 

 

2.84 10.1 

ECM_305, kg <0.001 <0.001 0.43 

 

919.65 10.3 

ECM_80, kg / d <0.001 <0.01 0.27 

 

3.93 12.5 

ECM_45, kg / d 0.28 <0.001 <0.001 

 

3.69 16.2 

Dry period, d 0.17 <0.01 0.71   12.2 24.6 
1ECM_Feed: Energy-corrected milk (ECM) per feeding day; ECM_Lac: ECM per lactating day; 

ECM_305: Cumulated ECM during first 305 d; ECM_80: Average daily ECM during first 80 d; ECM_45: 

Average ECM during last 45 d before dry off. 
2CIG: Calving interval group. 
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Table 6.5. Effect of calving interval group (CIG) and parity group (PAR; first, second or third and greater) on 5 measurements of ECM yield and dry period 

length1. 

  CIG3 

 

1 
 

2 
 

3 
 

4 
 

5 

 Responses2 LSM SE 
 

LSM SE 
 

LSM SE 
 

LSM SE 
 

LSM SE 

Parity group 1 

 ECM_Feed, kg / d b22.0 2.6 

 

b22.5 2.6 

 

b22.8 2.6 

 

ab23.2 2.6 

 

a24.4 2.6 

ECM_Lac, kg / d a25.2 3.1 

 

a25.3 3.1 

 

a25.4 3.1 

 

a25.6 3.1 

 

a26.3 3.1 

ECM_3054, kg d7,834 1,013 

 

cd7,949 1,011 

 

bc8,109 1,011 

 

ab8,310 1,013 

 

a8,544 1,013 

ECM_80, kg / d b26.3 3.6 

 

b26.5 3.6 

 

b26.6 3.6 

 

ab27.1 3.6 

 

a28.0 3.6 

ECM_45, kg / d a22.5 2.3 

 

a21.9 2.3 

 

a21.3 2.3 

 

a21.2 2.3 

 

a22.0 2.3 

Dry period, d b45.8 3.1 

 

a48.7 3.0 

 

a49.6 3.0 

 

a51.4 3.2 

 

a48.4 3.2 

CI length5, d 371 19  429 18  481 17  544 17  657 80 

Parity group 2 

              ECM_Feed, kg / d a25.7 2.6 

 

a26.3 2.6 

 

a26.0 2.6 

 

a26.0 2.6 

 

a27.0 2.7 

ECM_Lac, kg / d a29.4 3.1 

 

a29.6 3.1 

 

a29.1 3.1 

 

a28.8 3.1 

 

a29.4 3.1 

ECM_3054, kg d9,336 1,013 

 

cd9,451 1,011 

 

bc9,611 1,012 

 

ab9,812 1,014 

 

a10,046 1,014 

ECM_80, kg / d b34.1 3.6 

 

b34.2 3.6 

 

b34.3 3.6 

 

ab34.8 3.6 

 

a35.7 3.6 

ECM_45, kg / d a24.3 2.3 

 

ab22.8 2.3 

 

bc22.2 2.3 

 

c20.3 2.4 

 

bc21.6 2.4 

Dry period, d b45.8 3.1 

 

a48.7 3.0 

 

a49.6 3.0 

 

a51.4 3.2 

 

a48.4 3.2 

CI length5, d 368 18  431 17  481 17  542 19  674 79 

Parity group 3 

              ECM_Feed, kg / d a27.1 2.6 

 

a26.9 2.6 

 

a27.4 2.6 

 

a27.0 2.7 

 

a26.8 2.7 

ECM_Lac, kg / d a31.4 3.1 

 

ab30.5 3.1 

 

ab30.8 3.1 

 

ab30.1 3.1 

 

b29.3 3.1 

ECM_3054, kg d9,756 1,013 

 

cd9,870 1,011 

 

bc10,030 1,012 

 

ab10,232 1,014 

 

a10,465 1,014 

ECM_80, kg / d b35.6 3.6 

 

b35.8 3.6 

 

b35.9 3.6 

 

ab36.3 3.6 

 

a37.2 3.6 

ECM_45, kg / d a25.4 2.3 

 

b23.3 2.3 

 

bc22.9 2.3 

 

cd20.6 2.4 

 

d19.9 2.4 

Dry period, d b45.8 3.1   a48.7 3.0   a49.6 3.0   a51.4 3.2   a48.4 3.2 

CI length5, d 368 18  432 17  481 17  539 17  665 89 
a-dDifferent superscripts within row are significantly different at P < 0.05. 
1Estimates are based on model [2], a linear model of PAR and CIG with herd and PAR within herd as random effects. 
2ECM_Feed: ECM per feeding day; ECM_Lac: ECM per lactating day; ECM_305: Cumulated ECM during first 305 d; ECM_80: Average daily ECM during 

first 80 d; ECM_45: Average ECM during last 45 d before dry off. 
3CIG = 1: Calving interval (CInt) ≤ 13 m; CIG = 2: 13 < CInt ≤ 15; CIG = 3: 15 < CInt ≤ 17; CIG = 4: 17 < CInt ≤ 19; CIG = 5: 19 < CInt. 
4Cows lactating less than 305 d were removed. 
5Raw mean and standard deviation of CInt within each combination of CIG and parity group. 
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Table 6.6. Carry-over effect between 2 consecutive lactations. 

Model 

 

P-value1 

 
Fit1 

 
Variable2 

Current parity Previous parity   Herd Variable CIG3 Variable x Herd 
 

Adj-R2 Res SE 
 

Estimate SE 

First to second parity 
 

 
          

ECM_Feed4 ECM_Feed 

 

<0.001 <0.001 <0.01 0.37 
 

0.82 2.50 
 

0.496 0.06 

ECM_805 ECM_45 

 

<0.001 <0.001 <0.001 <0.001 
 

0.77 3.96 
 

0.647 0.10 

Second to third parity 
 

 
          

ECM_Feed4 ECM_Feed 

 

<0.001 <0.001 0.22 0.03 
 

0.78 2.85 
 

0.60 / 0.788 0.12/0.14 

ECM_805 ECM_45   <0.001 0.04 0.50 0.93 
 

0.71 4.63 
 

0.216 0.10 
1P-values and goodness of fit of tests carried out with models [3] and [4], which modeled the effect of previous ECM_Feed and ECM_45 on the current ECM_Feed 

and ECM_80, respectively. Adj-R2 = adjusted R2; Res SE = residual standard error. 
2Estimates (least squares) and Se. 
3CIG: Calving interval group. 
4ECM_Feed: ECM per feeding day.  
5ECM_80: ECM per day during the first 80 d after calving; ECM_45: ECM per day during the last 45 d before drying off. 
6Estimate across all 4 herds. 
7Estimate for herd 1 as interaction effect caused the estimate to not be different from 0 at P < 0.05 for the other herds. 
8Estimates for herds 1 and 2 as interaction effect caused the estimate to not be different from 0 at P < 0.05 for the other herds. 

 

 

Table 6.7. Effect of first parity calving interval group (CIG) on ECM per feeding day (ECM_Feed) and ECM per day during the first 80 d after calving 

(ECM_80)1. 

  

First parity CIG 

  

1 
 

2 
 

3 
 

4 
 

5 

Yield in second parity   LSM SE 
 

LSM SE 
 

LSM SE 
 

LSM SE 
 

LSM SE 

ECM_Feed, kg / d 

 

b25.4 0.4 
 

b26.0 0.3 
 

ab26.3 0.3 
 

ab26.7 0.5 
 

a27.6 0.5 

ECM_80, kg / d   c31.5 0.7 
 

ab33.5 0.5 
 

bc33.2 0.6 
 

ab35.5 0.8 
 

a35.9 0.8 
a-cDifferent superscripts within row are significantly different at P < 0.05. 
1Values were calculated based on models [3] and [4]. Model [3] = effect of previous ECM_Feed and CIG on current ECM_Feed; Model [4] = effect of 

previous CIG and average daily ECM during the last 45 d before dry off on current ECM_80. 
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Discussion 

Farms, Herds and Management 

The 4 farmers involved in this study were interviewed by van Vliet (2012), and here the 

owner of herd 1 stated that length of the lactation is decided for the individual cow whereas 

the owners of herds 2 and 3 manage all cows for extended lactation with a few exceptions 

in herd 2. The owner of herd 4 stated that younger cows are managed for longer lactations 

than older cows. They all stated that only few cows are dried off earlier because of low milk 

yields. Furthermore, the 4 farmers agreed that one of their main objectives with managing for 

extended lactations was to reduce the number of heifers. They evaluated that it was not 

economically viable to sell surplus heifers, and that fewer heifers would reduce herd feed use 

(van Vliet, 2012). 

According to Danish 2014 milk recording statistics, the average conventional Holstein herd 

(n = 2,695) had 164 cows with an average production of 9,333 kg ECM per year whereas the 

average organic Holstein herd (n = 388) had 145 cows with an average production of 8,331 

kg ECM per year (Danish Cattle, 2014b). The average organic Jersey herd (n = 37) had 172 

cows with a production of 7,838 kg ECM per year. Herd sizes and production levels in this 

study are, therefore, comparable to Danish averages. The 4 herds had an annual cull rate 

(Table 1) between 25.3 and 35.2%, which is less than the average cull rate of 42.9 and 39.6% 

for Holstein and Jersey in Denmark, respectively (Lauritsen and Flagsted, 2014). These herds 

have therefore had to maintain their herds with either very few or no imported heifers as 

fewer replacement heifers are available when cows are managed for longer lactations.  

The 4 herds had an average CInt (Table 6.3) from 19 to 126 d longer than the Danish av-

erage of 395 d (Danish Cattle, 2014a) where the SD of the average CInt was 2 times (herd 1), 

3 times (herd 2) and 4 times (herd 4) greater than the Danish average (Ancker, 2008), and 

herd 3 had a similar SD. The farmers stated to van Vliet (2012) that they manage their herds 

for extended lactations, and that this, to some extent, varies from cow to cow. The greater 

variation in CInt and the increase in CInt with increasing DIM at first insemination (Figure 6.2) 

supports that the farmers were managing their cows for extended lactation. Figure 6.2 also 

shows that, particularly for CIG 5, a few cows have difficulties conceiving, but the causes of 

these of these difficulties are unknown. 

One of the arguments for using extended lactation is improved conception rates as the 

cow may have passed the most severe part of the negative energy balance at the time of in-

semination (Knight, 2008). Our results do not support this argument as conception rate was 

unaffected by CInt and mostly at levels similar to Danish averages (Ancker, 2008). Both 
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Kolver et al. (2007) and Bertilsson et al. (1997) reported higher conception rates with increas-

ing CInt. Christiansen et al. (2005) reported 1.7 inseminations per conception for cows on a 

12-month CInt and 1.5 inseminations for cows on an 18-month CInt.  

Discussion of Data Analyses 

The following 3 subsections discuss more details of the analyses for the 3 aims with the 

primary focus on the second aim. 

Estimating Daily ECM Yield. A RMSPE-value of 10.1% of observed mean shows that the 

Legendre polynomial model [1] was able to produce a reasonable overall fit to data where 

99% of the variation in MSPE came from random error. Also, both the intercept and a slope of 

the linear regression of residuals against their observed DIM was 0, which shows that model 

[1] was flexible enough to fit observations across the variation in observed milk yield and 

over time despite the variation in milk yield levels, parities, lactation lengths and distance be-

tween milk recordings.  

However, estimated peak milk yield prior to 5 DIM occurred in 43% of all lactations, and it 

may be caused by data frequency. Herd 3 had the highest proportion of early peaks (66%) 

with 11 milk recordings per year whereas the proportion ranged from 31 to 35% for the 3 

other herds. Others have shown that it is not uncommon for estimated lactations to have a 

curvature that deviates from the typical shape with its ascending, peak and descending 

phases (Macciotta et al., 2005). In fact, Macciotta et al. (2005) showed that 17 and 36% of 

lactations continuously decreased from calving until drying off when using the equations of 

Wood (1967) and Wilmink (1987), respectively.  

They also showed that the proportion of atypical shapes was greater when the first milk 

recording after calving took place between 30 and 60 DIM compared with prior to 30 DIM, 

and that the proportion of atypical shapes was greatest when calving took place during July 

and August.  In contrast to the study by Macciotta et al. (2005), we included lactations longer 

than 340 d from multiple breeds and testing schemes, which also may affect the proportion 

of atypical shapes.   

CInt, Parity Group and ECM Yield. The cows were found to produce the same amount of 

ECM_Feed irrespective of CI and parity across the 4 commercial herds. Numerically, first pari-

ty cows produced more ECM_Feed with an extended CInt, which was also seen in another 

Danish experiment with 60 cows (Christiansen et al., 2005), although the results were not sig-

nificant. Arbel et al. (2001) found the same trend for first parity cows where a 60 d delay in 

time of first insemination resulted in 0.8 kg more ECM_Feed. Older cows produced, numeri-

cally, 0.2 kg more ECM_Feed.  
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In agreement with this, Österman and Bertilsson (2003) found a numeric reduction of 0.3 

kg ECM_Feed when they compared 12-month with 18-month CInt. For first parity cows, they 

reported a numeric increase of 1.3 kg ECM_Feed, and a numeric decrease of 1.0 kg 

ECM_Feed for older cows. Although, cows with a CInt of 18 m also had a significantly longer 

dry period (10.9 vs. 15.6 wk) where we found an increase of only 3 to 5 d. However, we fixed 

the dry period at 49 d for 38% of the lactations, but excluding these from the analysis did not 

change the result.  

Christiansen et al. (2005) reported a numerically lower milk yield (26.0 vs. 27.1 kg ECM) 

during early lactation (1 to 6 wk after calving) for first parity cows on an extended lactation. 

Cows with longer lactations produced 1.4 kg ECM less per day during the latter part of the 

lactation (2 to 6 m after conception), but produced the same amount of milk per feeding day, 

which may be caused by a dilution of the effect of the dry period on milk yield per feeding 

day.  

Furthermore, Christiansen et al. (2005) found that older cows (second parity and older) 

produced the same amount of ECM_Feed as well as during the early part of the lactation, 

and produced 4.2 kg ECM less per day during the latter part (2 to 6 m after conception). The 

same trend was observed in this study where cows produced the equivalent ECM_Feed 

while the yield was lower towards the end of the lactation for extended lactations. This may 

be beneficial as cows will then not have to be dried off with as high milk yield. 

Influence of Previous CI Length on Current ECM Yield. Increasing first parity CIG increased 

second parity ECM_Feed and ECM_80. This may be an effect of the cow being closer to fully 

grown at the start of this lactation, and hence it may not need as much energy for growth. 

Österman and Bertilsson (2003) found a significantly shorter dry period length during the 

second 18-month CInt compared to the first 18-month CInt, although it was still significantly 

higher than the second 12-month CInt. They did not provide a test of the difference, but the 

second 18-month CInt produced 0.5 kg more ECM_Feed than the second 12-month CInt 

whereas the difference was -0.3 kg ECM_Feed during the first cycle. 

General Discussion 

The potential for extended lactation as part of a management concept appear to be ap-

plicable for all cows, although the increase in milk yield level from first parity to second parity 

may make it economically beneficial to have a short first parity despite that first parity cows 

generally have more persistent milk yields than second parity cows. However, there was a 

large variation among individual cows in milk yield performance during lactation (data not 

shown), which was also noted by Bertilsson et al. (1997) and Kolver et al. (2007). This indi-
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cates a potential for optimization through targeting the planned CInt to the individual cow. 

Relating the characteristics of cows to their ability to complete an extended lactation and 

their production performance may be an appropriate approach. Another approach may be 

to investigate if certain genetics are more suitable for extended lactation where a trait such 

as milk yield persistency could be of interest. 

We found that early lactation milk yield was greater for cows with a longer CInt compared 

with cows with a shorter CInt, and this measure of milk yield could be used in the future to 

predict whether or not an individual cow is suitable for extended lactation as the information 

even would be available around time of first insemination for a lactation of traditional length.  

An argument for extended lactation is that it may reduce GHG emission per kg of milk 

produced (Knight, 2008; Eckard et al., 2010; Lehmann et al., 2014b). The reduction in the 

number of calvings per year caused by extended lactation reduces the number of young 

stock being reared, but it is still possible to maintain the same replacement rate per lactation. 

It also reduces the proportion of dry cows at any given time if the same dry period length is 

maintained. This study showed that cows with extended CInt produced at least the same 

amount of ECM per feeding day as cows with a traditional CInt. Therefore, it seems possible 

to maintain herd output of milk while reducing herd input of feed as a result of fewer animals 

needing to be fed.  

Herd feed use is major contributor for GHG emission at farm gate (Kristensen et al., 2011), 

but the reduction in GHG emission per kg milk produced caused by the reduced feed use 

may, or may not, be counteracted, at a global scale, by a smaller herd output of meat as the 

number of bull calves and culled cows for sale will be reduced. Assuming that the market 

needs a constant supply of beef meat, the GHG emission from the production of the alterna-

tive beef meat may also need to be taken into account. Thus, there are a number of aspects 

that has to be taken into account when evaluating the effect of implementing extended lac-

tation on GHG emission and farm profitability. Extended lactation has been shown to both 

increase (Wall et al., 2012) and reduce GHG emission (Browne et al., 2015). 

Conclusions 

Commercial milk yield recordings from 4 herds managed for extended lactations were fit-

ted well with a fourth order Legendre polynomial. In these herds, it was possible for the cows 

to maintain an equivalent milk production per feeding day, and first and second parity cows 

maintained equivalent milk production per lactating day within each parity for a CInt of up to 

19 m. However, an increased CInt increased dry period length 3 to 5 d. Late lactation milk 

yield decreased for second parity and older cows with increasing calving interval. Increasing 
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first parity CInt increased second parity milk yield per feeding day and early lactation milk 

yield. 
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Abstract 

Some cows are able to achieve relatively high milk yields during extended lactations, and 

farmers may be able to utilize this potential by selecting the most suitable cows for an ex-

tended lactation. However, the decision to postpone insemination has to rely on information 

available in early lactation. The main objectives of this study were therefore to assess the as-

sociation between the information available in early lactation and the relative milk produc-

tion of cows on extended lactation, and to investigate if this information can be used to dif-

ferentiate time of first insemination between cows.  

Data came from 4 Danish private herds practicing extended lactation where they select 

cows for either an extended or a short lactation by altering time of planned insemination. 

Average herd size varied from 93 to 157 cows, and milk yield varied from 7,842 to 12,315 kg 

energy-corrected milk (ECM) per cow per year across herds. The analysis was based on 422 

completed extended lactations, and each lactation was assigned to 1 of 3 (low, medium and 

high) milk performance groups (MPG) within parity group within herd based on a standard-

ized lactation yield.  

For cows in the high MPG, peak ECM yield and ECM yield at dry off were significantly 

greater, the relative reduction in milk yield between 60 and 305 days in milk was significantly 

smaller, and a smaller proportion had a body condition score at dry off of 3.5 or greater com-

pared with cows in low MPG. Previous lactation days in milk at peak ECM yield and ECM 

yield at dry off were higher, the relative reduction in milk yield between 60 and 305 DIM was 

smaller, and the number of inseminations per conception was higher for multiparous cows in 

high MPG compared with low.  

Current lactation ECM yield at second and third milk recording were for cows in high MPG 

compared with low. The proportion of lean cows, lame cows and large cows in early lacta-

tion was highest for high MPG. A principal component analysis showed that variables related 
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to fertility, diseases and milk yield explained most of the total variation between primiparous 

cows whereas variables related to milk yield, fertility and days in milk at peak yield were the 

most dominating for multiparous cows.  

Our study showed that milk yield in previous lactation and at second and third milk record-

ing correlate well with milk production potential, and they may therefore be promising indi-

cators when selecting the most suitable cows for extended lactation. 

Introduction 

Dairy farmers make management decisions on daily basis related to different areas in-

cluding culling, feeding, disease treatments and reproduction. Available software solutions 

aimed at supporting the farmer with these decisions range from simple spreadsheet models 

to more complex and advanced systems. A common trait for these software solutions is that 

they rely on potentially a large amount of data including cow specific characteristics that are 

processed to support the farmer in evaluating the expected outcome of a decision. Typically, 

decisions are evaluated in relation to their effect on cow economic performance. 

One important driver for the expected economic performance of a cow is the milk pro-

duction level and profile during lactation, which are directly affected by feeding and indi-

rectly by a range of factors. These factors include general management (Albarrán-Portillo 

and Pollott, 2011), breed and parity (Nielsen et al., 2003), age at first calving in relation to  first 

parity performance (Ettema and Santos, 2004) and previous days dry (Funk et al., 1987; 

Steeneveld et al., 2013). Also, reproduction, lameness (Green et al., 2002; Onyiro et al., 2008), 

calving difficulty (Thompson et al., 1983; Barrier and Haskell, 2011), some diseases in early 

lactation (Fourichon et al., 1999; Rajala-Schultz et al., 1999) and BCS at calving (Roche et al., 

2009) are known to affect milk production. Furthermore, BCS at calving may interact with re-

production, health and welfare of the cow (Roche et al., 2009). 

In industrialized dairy farming systems, much information concerning these factors is 

available from compulsory and voluntary herd and cow recording schemes, which, in com-

bination with personal experience, may be used in everyday decision-making. These deci-

sions could involve differentiating time of first insemination after calving between individual 

cows and thereby select all or some cows to have insemination delayed. In turn, this would 

manage these cows for an extended lactation.  

Intuitively, managing cows for extended lactations increases herd average DIM, and this 

could reduce average milk production if cows follow the general curvature of a standard lac-

tation curve. However, studies have shown that cows completing an extended lactation can 

produce equal amounts of milk per feeding day (lactating plus dry days) as cows completing 
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a lactation of traditional length (Arbel et al., 2001; Österman and Bertilsson, 2003; Lehmann 

et al., 2016a). Furthermore, these studies showed that there was a large variation between 

cows in individual milk production per feeding day, and it is therefore possible that some of 

the cows with the lowest milk production potential should have been inseminated earlier. 

Milk production per feeding day extends to milk production per annual cow, which again 

extends to herd milk production. The difference between the individual cow and herd aver-

age milk production per feeding day therefore reflects the contribution of the individual cow 

towards herd milk production. We hypothesize that differentiating time of first insemination 

between cows can be a part of an optimization strategy where the milk production potential 

is utilized during an extended lactation. However, farmers have to do this differentiation in 

early lactation based on the available information on individual cow characteristics, which 

could be those factors described that may affect milk production performance for the re-

maining part of the lactation. 

The main objectives of this study were therefore to assess the association between the in-

formation available in early lactation and relative milk production of cows on extended lac-

tation, and to investigate if this information can be used to differentiate time of first insemina-

tion between cows. 

Methods 

Herds 

Four farmers actively managing selected cows for extended lactation participated in the 

project from January 2013 to December 2015. Each farm had their own definition of how 

long a planned short and a long lactation is, respectively, and they managed this by altering 

planned time of first insemination. The 4 farms differed in size, breed, replacement rate and 

milk production level (Table 6.8), and, across herds, the average calving interval ranged from 

425 to 541 d for primiparous and from 423 to 519 d for multiparous cows. Mean parity of mul-

tiparous cows was 2.7 (SD = 1.1) with 59% in second parity and 25% in third parity. 

Cows Selected for Extended Lactation. The 4 farmers were asked every month to record 

which of the newly calved cows were selected for short and long lactations, respectively, as 

well as record which of these cows were planned to be culled. A decision was recorded for 

every lactation, and this amounted to a total of 1,507 lactations in the project period of which 

69% were selected for a long lactation (Table 6.9). In total, 422 out of 1,036 long lactations 

(41%) were completed with a new calving by December 2015.  
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Farmers were also asked to identify risk factors for a reduced performance of cows on a 

long lactation by selecting and prioritizing 3 to 6 out of 22 possible risk-factors as answers to 

a question (translated from Danish): “What do you think could cause this cow not to perform 

satisfactorily during a long lactation?”. Between 73 and 97 % of lactations in herds 1, 3 and 4 

had “a quick yield drop” in current lactation registered as the primary risk factor whereas herd 

2 viewed “low yield” to be a greater primary risk factor in current lactation. For multiparous 

cows, “a quick yield drop”, “low yield” and “BCS in late lactation” were viewed as primary risk 

factors from the previous lactation for 0 to 5.8 % of lactations across herds and parity groups. 

Main secondary risk factors were “hoof and leg disorders”, “mastitis”, “low yield level” and “a 

quick yield drop” in all herds as well as the “size of the cow” in herd 3 and “milking frequen-

cy” in herds 2 and 4 where cows were milked in robots. These responses from farmers in-

spired our selection of variables to be included in the analyses. 

Table 6.8.  Annual herd characteristics. 

 

Herd 

  1 2 3 4 

Annual cows1 157 93 154 132 

Breed Holstein Holstein Crosses2 Jersey 

System3 Conventional Organic Organic Organic 

Milking system Parlor Robot Parlor Robot 

Barn type Cubicles Cubicles Deep litter Deep litter 

Milk per annual cow, kg 12,358 10,479 7,083 6,151 

Mean fat, % 4.05 3.83 4.74 5.82 

Mean protein, % 3.29 3.34 3.62 4.11 

Milk per annual cow, kg ECM 12,315 10,209 7,842 7,849 

Replacement rate, % 52.0 32.4 38.8 29.4 

Age at first calving, mo. (SD) 24.9 (2) 25.3 (2.4) 25.8 (1.2) 26.9 (3.3) 

Calving interval primiparous, d (SD) 425 (59) 511 (77) 474 (45) 541 (111) 

Calving interval multiparous, d (SD) 422 (51) 503 (108) 483 (45) 519 (115) 

Planned short lactation length, mo. (d) 13 (395) 14 (426) 15 (456) 13 (395) 

Planned long lactation length, mo. (d) 16 (487) 17 (517) 18 (548) 16 (487) 
1One annual cow is an average cow fed for 365 d. 
2Crosses of Holstein, Red Danish and Jersey. 
3Organic certification according to Danish standards. 

Table 6.9. Distribution of primi- and multiparous cows in relation to planned lactation length and com-

pletion rates of cows on a long lactation by the end of year 2015. 

 

Herd (Primiparous) 
 

Herd (Multiparous) 

  1 2 3 4 
 

1 2 3 4 

Planned lactation length decisions1 

Long lactation, no. 210 66 59 134 
 

252 84 106 125 

Short lactation, no. 3 17 79 9 
 

9 16 111 89 

To be culled, no. 17 5 5 2 
 

50 15 18 11 

Unknown, no. 3 0 4 0 
 

3 0 4 1 

Total lactations, no. 233 88 147 145 
 

314 115 239 226 

Distribution of long lactations by December 2015 

Completed, % 45.2 37.9 50.8 41.8 
 

44.8 33.3 37.7 28.0 

Culled, % 18.1 9.1 15.3 14.9 
 

23.8 19.0 26.4 17.6 

Still lactating, % 36.7 53.0 33.9 43.3 
 

31.3 47.6 35.8 54.4 
1Farmers made the decision themselves, and each farm has their own definition of how long a short 

and a long lactation is. 
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Data 

Dates of birth, calving, culling, drying off, insemination, pregnancy test and disease treat-

ments as well as recording date, milk production, fat and protein content at monthly milk re-

cordings were obtained from the Danish Cattle Database for cows calving between January 

2013 and December 2015. Furthermore, each farm was visited every month by the same 

trained technician starting March 2013 where all lactating cows between 1.5 and 2.5 mo af-

ter calving as well as dry cows were scored for 5 welfare measures based on Thomsen 

(2005).  

These welfare measures were: BCS scored on a scale from 1 (very lean) to 5 (very fat) with 

increments of 0.25 based on Ferguson et al. (1994), lameness scored on a scale from 1 (nor-

mal walk) to 5 (severely lame) with increments of 1 based on Sprecher et al. (1997), weight 

visually assessed on a scale with 50 kg increments, hock lesions assessed on a scale from 0 

(normal) to 3 (large swelling with hyperkeratosis) with increments of 1, and hair coat condi-

tion assessed on a scale from 0 (normal) to 2 (very dull with clear indication of lack of clean-

ing) with increments of 1.  

Variables Included in the Study. Early lactation information was defined as the knowledge 

of each cow available at 90 DIM, and thus includes a part of the current lactation and either 

the preceding lactation or the heifer period. Setting a cut-off at 90 DIM would allow the 

farmer to have a minimum of 3 monthly milk recordings available, and it would allow 2 in-

seminations while yet achieving a calving interval of approximately 13 months, which is the 

current Danish average (Seges, 2015a), should the farmer choose to inseminate the cow at 

90 DIM. 

In total, 14 variables were used to describe information from the previous parity, 17 were 

from the current parity, and the variables were continuous, count, binary or ordinal. Infor-

mation from the previous parity included age at first calving, peak milk yield, DIM at peak 

milk yield, 305-d lactation yield, milk yield at dry off, persistency defined as the reduction in 

milk yield between 60 and 305 DIM, milk yield per feeding day, dry period length, calving in-

terval, pregnant at first insemination, days from first insemination to conception for cows not 

conceiving at first insemination, inseminations per conception, dry period BCS and dry period 

lameness.  

Information from the current parity included milk yield and somatic cell count at second 

and third milk recording as well as calving process. Farmers rated the calving process on an 

ordinal scale with 4 levels (easy, easy with help, problematic with help and problematic with 

veterinary assistance) where the 2 levels describing a problematic calving were contracted 
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into 1 (hard). Other variables were calving with a twin, calving with minimum 1 stillborn, 

treated for a reproduction disease (abortions, cysts and metritis), treated for a hoofs and legs 

disease (any disease related to hoofs and legs), treated for a metabolic disease (grass tetany, 

ketosis and calving fever), treated for an udder disease (any mastitis and injuries to teats), 

treated for any type of disease, BCS, lameness, weight, hock lesions and skin score.  

Furthermore, BCS levels lower than 2.75 were contracted to 2.75, BCS levels greater than 

3.75 were contracted to 3.75, lameness levels 4 and 5 were contracted into 4, weights were 

determined low, medium or high depending the ⅓ and ⅔ quantile weights within parity 

group within herd, hock lesion scores 2 and 3 were contracted into 2, and skin score 1 and 2 

were contracted into 1. This resulted in a total of 31 different variables covering the areas of 

milk production, fertility, disease and welfare.   

Finally, the overall performance of cows during a completed lactation was described by 6 

milk production variables, dry period and calving interval lengths as well as 3 fertility varia-

bles and BCS at dry off. The 6 milk production variables were peak yield, DIM at peak yield, 

305-d lactation yield, yield at dry off, persistency defined as per cent of milk lost between 60 

and 305 DIM as well as ECM per feeding day whereas the fertility variables were pregnant at 

first insemination, days from first insemination to conception for cows not conceiving at first 

insemination and inseminations per pregnancy. 

Calculations and Statistics 

Milk Performance Grouping. All completed long lactations were assigned to 1 of 3 equally 

sized as milk performance groups (MPG) depending on ECM per feeding day (Low, Medium 

or High) estimated as if all lactations had a calving interval of 15 mo and a dry period of 49 d. 

Grouping was done separately for first, second and third as well as fourth and greater parities 

within each herd, and all lactations from second and greater parities were afterwards pooled 

to 1. This resulted in 2 age groups, primiparous and multiparous, and 3 MPG, low, medium 

and high. 

A standard calving interval length of 15 mo (456 d) and a standard dry period of 49 d was 

initially assumed for all lactations in order to estimate a standard ECM per feeding day where 

potential misleading age and lactation length effects on the grouping of lactations would be 

avoided. The individually estimated parameters from model [1] (see later) were used to cal-

culate the standard cumulated lactation yield of each lactation, which also gave ECM per 

feeding day. 

Statistical Analysis. Four parts make up the statistical analysis carried out for this analysis. 

The first was fitting of lactation curves to previous and current lactation milk recordings in or-
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der to estimate a range of milk production variables, and it was to group lactations in relation 

to the average milk production per feeding day within parity groups 1 through 4 within herd 

(MPG – low, medium and high). The second part analyzed the production of cows during 

completed long lactations in relation to their MPG, and the third part analyzed the available 

information in early lactation determined at 90 DIM in relation to MPG. Finally, the fourth part 

analyzed the importance of all the variables included in the third part by carrying out a di-

mension reduction with a principal component analysis (PCA) followed by a varimax rota-

tion.  

All the statistical analyses were done with the R program (R Development Core Team, 

2015) using R Studio (R Studio, Boston, USA). Non-linear fitting of lactation curves were done 

with the nlme-function from nlme-package in R (Pinheiro et al., 2015), and generalized linear 

models (GLM) of continuous, binary and count data were done with the built-in glm-function. 

Ordinal data was analyzed with the cumulative link models (CLM) function from the ordinal-

package in R (Christensen, 2015), and least square means and contrasts were calculated 

with the lsmeans-package in R (Lenth and Hervé, 2015) using the Tukey method. Finally, the 

PCA was carried out using the PCAmixdata-package in R (Chavent et al., 2014a; Chavent et 

al., 2014b). A difference was considered significant if P < 0.05. 

All model fits with a continuous outcome was evaluated with root mean squared predic-

tion error (RMSPE) according to Bibby and Toutenburg (1977), and all model fits with a con-

tinuous or a binary outcome were evaluated with a pseudo-R2 calculated as [1 −

𝑑𝑒𝑣𝑖𝑎𝑛𝑐𝑒(𝑓𝑖𝑛𝑎𝑙 𝑚𝑜𝑑𝑒𝑙)

𝑑𝑒𝑣𝑖𝑎𝑛𝑐𝑒(𝑛𝑢𝑙𝑙 𝑚𝑜𝑑𝑒𝑙)
], which is a measure of the proportion of variation in data that has been 

accounted for by using the final model instead of using the null model (variable mean). 

Likewise, fits of CLM were evaluated with a pseudo-R2 calculated in similar manner where 

the deviance was replaced with the log-likelihood as described by McFadden (1974). Model 

reduction was carried out with ANOVA using either the residual deviance or Akaike’s infor-

mation criterion. 

Fitting Lactation Curves. Lactation curves were fitted using monthly ECM recordings 

(Sjaunja et al., 1991) from 422 completed long lactations as well as from 147 completed lac-

tations preceding the 422. This resulted in 569 lactation curves for 353 cows based on a total 

of 6,890 milk recordings where 69 cows had 2 consecutive completed long lactations in the 

dataset. Curves were fitted based on the lactation curve equation of Wilmink (1987) where 2 

extra components were added. The first component was DIM squared because a standard 

Wilmink converges to a linear line as DIM increases, which may not hold for cows on extend-

ed lactation. The second component was a so-called “Strandberg-correction” (Strandberg 
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and Lundberg, 1991),  which adds a linear effect of pregnancy on milk yield based on days 

open. The final lactation curve model was therefore: 

 𝑦 = 𝑎 + 𝑏 ∗ 𝑒(−0.05∗𝑡) + 𝑑 ∗ 𝑡 + 𝑒 ∗ 𝑡2 + 𝑐1 ∗ 𝑥 ∗ 𝑆 + 𝜀  [1] 

Where y is ECM yield; a, b and d are parameters from the equation of Wilmink (1987); t is 

time in DIM; e is the coefficient for squared DIM; c1 is the effect of pregnancy on ECM yield; x 

is 𝑡 − (𝐷 + 𝑐0) where t is DIM, D is days open, and 𝑐0 is the number of days after conception 

when pregnancy starts to affect ECM yield; S is a spline function where 𝑆 = 0 when 𝑥 < −1, 

𝑆 = 1 when 𝑥 > 1, and 𝑆 = (𝑥 + 1)2/4 when −1 ≤ 𝑥 ≤ 1; and ε is the residual. The Strand-

berg-correction (Strandberg and Lundberg, 1991) consists of 𝑐1 ∗ 𝑥 ∗ 𝑆.  

Furthermore, the random intercept of the final fit was specified as lactation nested within 

parity group (primi- and multiparous, respectively) nested within herd (4 levels). Also, param-

eters a, b, d and e were included as random slope effects, which effectively meant that a 

value for these parameters were estimated for each lactation. The effect of pregnancy (c1) 

was assumed constant across all lactations, and 𝑐0 was assumed equal to 160 d as estimated 

by Strandberg and Lundberg (1991). 

Models Used for Analyses of MPG. Three separate groups of analyses were carried out us-

ing the following 4 models ([2] - [5]). All variables except for those related to welfare scores 

and the calving process were analyzed with a model that accounted for an overall herd ef-

fect (models [2] and [3]). Welfare scores and the calving process were assumed to be inde-

pendent of a herd effect (models [4] and [5]) because they were all recorded according to a 

predefined ordinal scale by either a trained technician (welfare scores) or the farmer (calving 

process). Models [3] and [5] were used for variables where information only was available for 

multiparous cows. The 4 final models were: 

𝑦𝑖𝑗𝑘𝑚 = β0 + Herd𝑖 + PAR𝑗 + MPG𝑘 + PAR𝑗 × MPG𝑘 + ε𝑖𝑗𝑘𝑚 [2] 

𝑦𝑖𝑘𝑚 = β0 + Herd𝑖 + MPG𝑘 + ε𝑖𝑘𝑚 [3] 

𝑦𝑗𝑘𝑚 = β0 + PAR𝑗 + MPG𝑘 + PAR𝑗 × MPG𝑘 + ε𝑗𝑘𝑚 [4] 

𝑦𝑘𝑚 = β0 + MPG𝑘 + ε𝑘𝑚 [5] 

Where yijkm, yikm, yjkm and ykm were the response variables of models [2] through [5], re-

spectively; β0 was the common intercept; Herdi was the factorial effect of herd i (4 levels); 

PARj was the factorial effect of parity group j (primi- and multiparous); MPGk was the factorial 

effect of milk performance group k (Low, Medium and High), and PARj x MPGk was the inter-
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action effect between parity group j and milk performance group k. εijkm, εikm, εjkm and εkm were 

the residual effects of models [2] through [5], respectively. 

Performance During a Completed Lactation 

All milk production variables were estimated based on individual lactation curves (model 

[1]) as well as individual lactation and dry period lengths. All variables were analyzed in rela-

tion to parity group (primi- and multiparous) and MPG (low, medium and high) where model 

[2] was used to analyze all variables except for BCS at dry off, which was analyzed with 

model [4]. For these analyses, model [2] was specified as a GLM whereas model [4] was 

specified as a CLM.  

Early Lactation Information  

All variables where information was available for both primi- and multiparous cows were 

analyzed in relation to parity group (primi- and multiparous) and MPG (low, medium and 

high) with model [2] except for welfare variables and the calving process as they were ana-

lyzed with model [4]. All variables that were only available for multiparous cows were ana-

lyzed with model [3] except for welfare scores as they were analyzed with model [5]. For the 

analyses, models [2] and [3] were specified as GLM whereas models [4] and [5] were speci-

fied as CLM. 

Clustering of Available Information 

The PCA was carried out separately for primi- and multiparous cows because the availa-

ble information differed, and because the importance of the variables could depend on pari-

ty group. The PCA method of Chavent et al. (2014a) is capable of handling a mixed dataset 

with both continuous and ordinal variables, and it handles missing values by replacing those 

in continuous variables with the mean and those in ordinal variables with zeros. Orthogonal 

rotation was carried out by maximizing the varimax-function (Chavent et al., 2014b). 

The resulting squared loadings are squared correlations and correlation ratios between 

the variable and the principal component (PC) for continuous and ordinal variables, respec-

tively. A PC was kept if it accounted for a minimum of 5% of the total variance in the dataset. 

Variables were said to impact a PC if the squared loading of this variable in this PC was 0.5 or 

greater, and variables were kept if minimum 15 % of its sum of squared loadings was ac-

counted for by the retained PC. 
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Results 

Performance During a Completed Lactation 

The grouping of completed long lactations according to a standardized 15-mo calving in-

terval and 49 d dry period was reflected in  a significantly increased kg ECM per feeding day 

from low to high MPG for both primi- and multiparous cows (Table 6.10). Milk performance 

group was significantly related to all tested variables except for DIM at peak yield and dry 

period length whereas parity group did not significantly relate to milk yield at dry off, calving 

interval or any of the fertility variables. The interaction between parity group and MPG was 

only significant for 305-d lactation yield and ECM per feeding day. The variables dry period 

length, per cent pregnant at first insemination and dry period BCS had the lowest proportion 

of variance explained by the model. 

Both primi- and multiparous cows in in high MPG were characterized by having a signifi-

cantly greater peak yield, lower per cent reduction in milk yield between 60 and 305 DIM 

and a longer calving interval when compared with the respective low MPG of primi- and 

multiparous cows. Furthermore, the per cent of cows conceiving at first insemination was 

lower in high MPG, and those cows that did not conceive at first insemination took a longer 

time to conceive afterwards when compared with low MPG, and this was also reflected in a 

higher number of inseminations per conception. However, all 3 fertility variables had a rela-

tively low R2 (0.06 – 0.22).  

Dry period BCS was significantly related to both parity group and MPG, but a model with 

these 2 factors only resulted in a R2 of 0.01. Nevertheless, a lower per cent of cows in high 

MPG had a BCS of 3.50 or greater, and a greater per cent of them had a BCS of 3.00 or lower 

when compared with cows in low MPG.  

Early Lactation Information 

The type of information available in early lactation (by 90 DIM) differed across parity 

groups as only age at first calving and fertility variables from the heifer period were available 

for primiparous cows (Table 6.11). Primiparous cows in high MPG were 1.8 mo older at first 

calving and needed an average 0.3 inseminations more per conception when compared 

with low MPG, although the R2 of age at first calving and inseminations per conception only 

were 0.13 and 0.07, respectively. On the other hand, age at first calving was not different 

across MPG for multiparous cows whereas the same effect was seen for inseminations per 

conception. 
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Table 6.10. Production during a completed long lactation in relation to milk performance group1 (MPG) and parity group (P). 

 

Primiparous 

 

Multiparous 

 

P-values2 

    Low Medium High 

 

Low Medium High 

 

P MPG P x MPG 

 

R2(3) 

Milk production 

 Peak yield, kg ECM (SE) 26.1 (0.3)c 29.4 (0.3)b 32.4 (0.3)a 

 

36.4 (0.3)c 39.8 (0.3)b 42.7 (0.3)a 

 

*** *** † 

 

0.89 

DIM at peak yield, d (SE) 154 (14)a 176 (17)a 184 (16)a 

 

50 (3)a 52 (3)a 53 (3)a 

 

*** NS NS 

 

0.49 

305-d lactation yield, kg ECM (SE) 7,378 (80)c 8,185 (81)b 9,070 (80)a 

 

9,179 (79)c 10,291 (81)b 11,554 (78)a 

 

*** *** *** 

 

0.94 

Milk yield at dry off, kg ECM (SE) 18.9 (0.4)c 22.2 (0.4)b 25.6 (0.4)a 

 

18.8 (0.4)c 22.0 (0.4)b 25.5 (0.4)a 

 

NS *** NS 

 

0.75 

Persistency, % lost (SE) 7.0 (0.9)a 3.9 (0.9)b 0.0 (0.9)c 

 

24.8 (0.9)a 21.7 (0.9)b 17.8 (0.9)c 

 

*** *** NS 

 

0.55 

ECM per feeding day, kg (SE) 21.1 (0.3)c 23.6 (0.3)b 26.1 (0.3)a 

 

24.8 (0.2)c 28.1 (0.3)b 31.6 (0.2)a 

 

*** *** ** 

 

0.91 

Lactation 

             Dry period length, d (SE) 50 (1)a 48 (1)a 49 (1)a 

 

54 (2)a 52 (2)a 53 (2)a 

 

** NS NS 

 

0.06 

Calving interval, d (SE) 488 (7)b 496 (7)b 526 (7)a 

 

483 (7)b 490 (7)b 519 (7)a 

 

NS *** NS 

 

0.41 

Fertility 

             First insemination, % pregnant (SE) 70.6 (4.7)a 70 (4.8)a 54 (5.4)b 

 

67.2 (4.9)a 66.6 (5.0)a 50.0 (5.4)b 

 

NS ** NS 

 

0.06 

First insemination to conception, d 

(SE) 54 (7)b 54 (7)ab 73 (11)a 

 

48 (6)b 49 (6)ab 63 (9)a 

 

NS * NS 

 

0.22 

Insemination / conception, no. (SE) 1.4 (0.1)b 1.5 (0.1)b 1.9 (0.1)a 

 

1.4 (0.1)b 1.5 (0.1)b 1.9 (0.1)a 

 

NS *** NS 

 

0.15 

Dry period BCS 

        

* * NS 

 

0.01 

≤2.75, % (SE) 7.4 (1.2) 7.8 (1.4) 8.2 (1.5) 

 

6.9 (1.1) 7.2 (1.2) 7.6 (1.3) 

      3.00, % (SE) 21.3 (3.1) 25.8 (3.7) 31.8 (4.0) 

 

16.3 (2.4) 19.5 (2.9) 24.0 (3.4) 

      3.25, % (SE) 27.1 (2.7) 28.7 (2.4) 28.3 (2.5) 

 

22.2 (2.9) 25.8 (2.8) 28.4 (2.5) 

      3.50, % (SE) 26.5 (3.7) 21.8 (3.3) 17.3 (2.7) 

 

33.4 (3.7) 28.7 (3.8) 23.4 (3.4) 

      ≥3.75, % (SE) 17.8 (2.2) 16.0 (1.9) 14.3 (1.5) 

 

21.2 (3.0) 18.7 (2.5) 16.6 (2.0) 

      a-cMeans within row within parity group (primi- or multiparous) with different superscripts differ (P < 0.05) 
1Each lactation was assigned to 1 of 3 equally sized milk performance groups within parity group within herd depending on their standard lactation ECM per feed-

ing day. 
2Model parameters were parity group (P) and milk performance group (MPG). A generalized linear model was used for numeric and binary outcomes and also in-

cluded a herd variable. Ordinal outcomes (BCS) were analyzed with a cumulative link model. 
3Model fits with a numeric outcome were evaluated with a pseudo-R2 calculated as [1-(deviance(final model) / deviance(null model)], and model fits with a binary 

and ordinal outcome were evaluated with a similar pseudo-R2 where the deviance was replaced with the log-likelihood according to McFadden (1974). 

† P < 0.10, * P < 0.05, ** P < 0.01, *** P < 0.001, NS: not significant. 
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Table 6.11. Information from the previous lactation available at 90 DIM in current lactation in relation to milk performance group (MPG) and parity group (P)1. 

  

Primiparous MPG 
 

Multiparous MPG 
 

P-values2 
 

   n Low Medium High 
 

Low Medium High 
 

P MPG P x MPG 
 

R2(3) 

Age at first calving, mo. (SE) 422 25.2 (0.3)b 25.6 (0.3)b 27.0 (0.3)a 
 

25.9 (0.3)a 26.1 (0.3)a 25.9 (0.3)a 
 

NS ** *** 
 

0.13 

Milk production 
              

Peak yield, kg ECM (SE) 216 
    

30.4 (0.8)a 32.1 (0.8)a 32.5 (0.8)a 
  

NS 
  

0.48 

DIM at peak yield, d (SE) 1754 

    
47 (7)b 56 (9)ab 59 (10)a 

  
** 

  
0.26 

305-d lactation yield, kg ECM (SE) 212 
    

8,171 (157)b 8,666 (160)ab 8,837 (156)a 
  

** 
  

0.69 

Milk yield at dry off, kg ECM (SE) 216 
    

19.4 (0.4)c 21.1 (0.5)b 22.8 (0.4)a 
  

*** 
  

0.73 

Persistency, % (SE) 212 
    

15.7 (1.6)a 12.0 (1.6)ab 8.2 (1.6)b 
  

** 
  

0.06 

ECM per feeding day, kg (SE) 216 
    

23.1 (0.4)b 24.5 (0.4)a 25.0 (0.4)a 
  

** 
  

0.71 

Dry period length, d (SE) 216 
    

44 (1)b 49 (2)ab 50 (2)a 
  

** 
  

0.09 

Calving interval, d (SE) 216 
    

455 (8)b 492 (9)a 511 (9)a 
  

*** 
  

0.46 

Fertility 
              

First insemination, % pregnant (SE) 413 74.2 (4.5)a 69.2 (4.8)a 62.9 (5.1)a 
 

72.2 (4.5)a 67.0 (4.9)a 60.5 (5.0)a 
 

NS NS NS 
 

0.02 

First insemination to conception, d (SE) 146 54 (7)a 79 (13)a 73 (10)a 
 

60 (9)a 92 (12)a 84 (11)a 
 

† † NS 
 

0.21 

Inseminations / conception, no. (SE) 413 1.4 (0.1)b 1.5 (0.1)ab 1.7 (0.1)a 
 

1.4 (0.1)b 1.6 (0.1)ab 1.8 (0.1)a 
 

NS * NS 
 

0.07 

Dry period BCS 145 
         

NS 
  

0.01 

≤2.75, % (SE) 
     

10.6 (3.0) 10.0 (2.6) 9.0 (2.2) 
      

3.00, % (SE) 
     

34.1 (7.6) 29.3 (5.9) 21.1 (4.4) 
      

3.25, % (SE) 
     

27.8 (4.7) 29.5 (4.1) 29.2 (4.0) 
      

3.50, % (SE) 
     

18.1 (4.8) 21.3 (4.8) 29.5 (5.3) 
      

≥3.75, % (SE) 
     

9.4 (2.2) 9.9 (2.4) 11.2 (2.9) 
      

Dry period lameness 145          NS   0.02 

2, % (SE) 
     

31.8 (5.0) 34.5 (4.9) 25.3 (4.3) 
      

3, % (SE) 
     

8.5 (3.1) 10.4 (3.4) 5.2 (1.9) 
      

4 + 5, % (SE) 
     

3.9 (2.2) 5.4 (2.6) 1.9 (1.1) 
      a-cMeans within row within parity group (primi- or multiparous) with different superscripts differ (P < 0.05) 

1Each lactation was assigned to 1 of 3 equally sized milk performance groups within parity group (primi- and multiparous) within herd by their standard lactation 

ECM yield. 
2Model parameters were parity group (P) and milk performance group (MPG). A generalized linear model was used for numeric and binary outcomes and also 

included a herd variable. Ordinal outcomes were analyzed with a cumulative link model. 
3Model fits with a numeric outcome were evaluated with a pseudo-R2 calculated as [1-(deviance(final model) / deviance(null model)], and model fits with a bi-

nary and ordinal outcome were evaluated with a similar pseudo-R2 where the deviance was replaced with the log-likelihood according to McFadden (1974). 
441 lactations were not included in this analysis as they peaked at 1 DIM. 

† P < 0.10, * P < 0.05, ** P < 0.01, *** P < 0.001, NS: not significant. 
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All milk production variables from the previous lactation except for peak yield were signif-

icantly different across MPG for multiparous cows, and R2 ranged 0.06 (Persistency) to 0.73 

(Milk yield at dry off). Multiparous cows in high MPG peaked later, produced more milk the 

first 305 d of lactation, had a higher yield at dry off and had a smaller per cent milk yield re-

duction between 60 and 305 DIM as well as a 6 d longer dry period during the previous lac-

tation when compared with the multiparous cows in low MPG. There was no difference in 

BCS or lameness across MPG for multiparous cows, but the occurrence of lame cows was 

numerically lower, and the per cent of cows with a BCS of 3.50 or greater was numerically 

higher for cows in high MPG compared with previous low MPG.  

For information from the early part of the current lactation, R2 was low ranging from 0.01 to 

0.11 for all variables except the 2 variables describing milk production where R2 was 0.83 

and 0.85 for yield at 2nd and 3rd recording, respectively (Table 6.12). Milk production was con-

sistently and substantially greater (21 – 24%) at 2nd and 3rd milk recording for cows in high 

MPG compared with low MPG across parity groups.  

Cows in low MPG tended (P < 0.1) to have a greater proportion of assisted calvings, and, 

numerically, a greater per cent of calvings from the low MPG resulted in minimum 1 dead 

calf. The proportion of cows treated by a veterinarian were not different across MPG, and the 

per cent of cows treated for reproduction, metabolic or hoofs and legs related diseases were 

virtually zero across MPG and parity groups. Numerically, the per cent of treated cows was 

greatest in the low MPG.  

Body condition score was significantly different and lameness as well as weight group 

tended to be different across MPG in current early lactation whereas neither hock lesions nor 

skin score were different. The per cent of lean cows with a BCS of 2.75 or less was greatest for 

cows in low and high MPG compared with medium MPG, which had the greatest per cent of 

cows with a BCS of 3.00 or greater. In contrast, a greater per cent of cows in the high MPG 

were consistently in the high weight group whereas a greater per cent of the cows in the low 

MPG were found to have hock lesions. Also, the per cent with a skin score of 1 or 2 was con-

sistently greater in the low MPG across parity groups in current early lactation when com-

pared with high MPG. 

Clustering of Available Information 

The results of the PCA (Table 6.13) showed that 5 and 3 PC added minimum 5 % to the 

cumulated proportion of variance explained for primi- and multiparous cows, respectively, 

and this resulted in a cumulated proportion of variance explained of 37.9 and 25.9%, respec-

tively. The PCA included all variables listed in Tables 4 and 5 where 15 out of the 31 variables 
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had a substantial impact on the retained PC as minimum 15 % of their cumulated rotated 

squared loadings were included for either primi- or multiparous cows. Variables with less than 

15% were age at first calving, dry period length, dry period BCS and lameness, somatic cell 

count at second and third milk recording, calving with a twin and minimum 1 dead calf, 

treated for reproduction, metabolic and udder diseases as well as all early lactation welfare 

recordings. Besides calving process and 2 disease treatment variables, previous lactation 

persistency had the lowest proportion of squared loadings included by the retained PC 

(19.3%) whereas previous ECM per feeding day had the greatest proportion included across 

parity groups.  

The varimax-rotation led to a clear separation of total variance into uncorrelated PC, and 

variables with a squared loading of 0.5 or greater was used to classify a PC. For primiparous 

cows, the first, second and third PC were clearly described by variables related to fertility, dis-

ease treatments and milk yield, respectively, whereas both the fourth and fifth PC were im-

pacted primarily by the calving process. Primiparous PC 1 was therefore predominantly im-

pacted by “pregnant at first insemination”, “days from first insemination to conception” and 

“inseminations per conception”, PC 2 was predominantly impacted by treatments for diseas-

es related to hoofs and legs and the variable containing all treatments, and PC 3 was pre-

dominantly impacted by milk yield at second and third milk recording.  

Multiparous PC 1 was impacted by 6 milk yield variables, PC 2 by fertility and PC 3 by DIM 

at peak milk yield and to a smaller extent by persistency, although the squared loading only 

was 0.17. Multiparous PC 1 was impacted by peak yield, 305-d lactation yield, milk yield at 

dry off, ECM per feeding day and milk yield at second and third milk recording. Except for PC 

1, primiparous cows were predominantly impacted by variables related to current lactation, 

whereas multiparous cows predominantly were impacted by variables related to the previ-

ous lactation.
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Table 6.12. Early lactation information from the current lactation available at 90 DIM in relation to milk performance group (MPG) and parity group (P)1. 

 
 

Primiparous MPG 
 

Multiparous MPG 
 

P-values2 
  

  n Low Medium High 
 

Low Medium High 
 

P MPG P x MPG 
 

R2(3) 

Milk production 
              

Yield at 2nd recording, kg ECM (SE) 422 25.0 (0.5)c 27.1 (0.5)b 30.2 (0.5)a 
 

34.0 (0.5)c 38.0 (0.5)b 41.8 (0.5)a 
 

*** *** * 
 

0.83 

Yield at 3rd recording, kg ECM (SE) 422 25.1 (0.5)c 27.3 (0.5)b 30.5 (0.5)a 
 

32.4 (0.5)c 36.7 (0.5)b 40.1 (0.5)a 
 

*** *** * 
 

0.86 

Calving process 404 
        

** † NS 
 

0.05 

Easy calving with help, % (SE) 
 

14.1 (3.6) 5.7 (2.5) 9.4 (3.1) 
 

5.3 (2.3) 1.4 (1.0) 2.9 (1.5) 
 

   
 

 Hard, % (SE) 
 

1.1 (0.5) 1.7 (0.7) 1.4 (0.5) 
 

1.7 (0.7) 2.5 (1.0) 2.0 (0.8) 
  

Calf               

Twins, % (SE) 422 0.9 (0.7)a 3.3 (1.8)a 2.6 (1.6)a 
 

1.8 (1.3)a 6.6 (3.0)a 5.3 (2.5)a 
 

NS NS NS 
 

0.08 

State, % minimum 1 dead (SE) 422 12.6 (3.8)a 9.0 (3.2)a 7.8 (2.9)a 
 

6.4 (2.4)a 4.5 (1.9)a 3.8 (1.7)a 
 

† NS NS 
 

0.04 

Disease treaments 
              

Udder, % treated (SE) 422 5.2 (2.3)a 4.3 (2)a 4.1 (1.9)a 
 

4.0 (1.8)a 3.3 (1.6)a 3.2 (1.5)a 
 

NS NS NS 
 

0.05 

All treatments, % treated (SE) 422 17.8 (4.2)a 11.7 (3.2)a 12.9 (3.4)a 
 

20.2 (4.5)a 13.5 (3.6)a 14.8 (3.7)a 
 

NS NS NS 
 

0.10 

Early lactation BCS 332 
        

*** * NS 
 

0.03 

≤2.75, % (SE) 

 

49.1 (5.9) 36.3 (5.9) 55.2 (5.4) 
 

68.4 (5.0) 58.1 (5.2) 72.8 (4.2) 
 

   

 

 

3.00, % (SE) 35.8 (4.2) 42.9 (4.2) 32.0 (4.0) 
 

23.2 (3.7) 30.1 (3.9) 20.2 (3.1) 
  

3.25, % (SE) 11.0 (2.4) 15.1 (3.0) 9.4 (2.0) 
 

6.2 (1.5) 8.6 (1.9) 5.2 (1.2) 
  

3.50, % (SE) 3.3 (1.2) 4.7 (1.6) 2.8 (1.0) 
 

1.8 (0.7) 2.6 (0.9) 1.5 (0.6) 
  

≥3.75, % (SE) 0.7 (0.5) 1.1 (0.8) 0.6 (0.4) 
 

0.4 (0.3) 0.6 (0.4) 0.3 (0.2) 
  

Early lactation lameness 332         *** † NS  0.11 

2, % (SE) 

 

5.7 (1.9) 6.6 (2.1) 10.6 (2.6) 
 

25.5 (3.6) 26.9 (3.4) 31.4 (3.2) 
 

   

 

 
3, % (SE) 0.8 (0.4) 1.0 (0.5) 2.0 (0.8) 

 
9.2 (2.3) 10.4 (2.2) 15.5 (2.3) 

  
4 + 5, % (SE) 0.1 (0.0) 0.1 (0.1) 0.2 (0.1) 

 
1.8 (0.9) 2.1 (1.0) 4.2 (1.6) 

  
Early lactation weight group 332         NS † NS  0.01 

High, % (SE) 

 

16.9 (3.9) 18.1 (4.0) 24.5 (1.2) 
 

20.0 (4.1) 21.3 (4.1) 28.1 (4.0) 
 

   
 

 Low, % (SE) 23.8 (2.4) 24.0 (2.4) 24.6 (2.4) 
 

24.3 (2.4) 24.5 (2.4) 24.5 (2.4) 
  

Hock lesion 332         ** NS NS  0.03 

1, % (SE) 

 

6.6 (2.1) 5.0 (1.8) 5.3 (1.9) 
 

11.7 (2.6) 9.9 (2.5) 10.3 (2.3) 
 

   
 

 2 + 3, % (SE) 1.9 (1.2) 1.1 (0.8) 1.2 (0.9) 
 

6.2 (2.5) 4.3 (2.0) 4.7 (1.9) 
  

Skin score 332         * NS NS  0.03 

1 + 2, % (SE) 
 

32.9 (5.7) 25.7 (5.2) 22.6 (4.6) 
 

19.8 (4.5) 14.8 (3.7) 12.8 (3.2) 
      a-cMeans within row within parity group (primi- or multiparous) with different superscripts differ (P < 0.05) 

1Each lactation was assigned to 1 of 3 equally sized milk performance groups within parity group (primi- and multiparous) within herd by their standard lactation 

ECM yield. 
2Model parameters were parity group (P) and milk performance group (MPG). A generalized linear model was used for numeric and binary outcomes and also 

included a herd variable. Ordinal outcomes were analyzed with a cumulative link model. 
3Model fits with a numeric outcome were evaluated with a pseudo-R2 calculated as [1-(deviance(final model) / deviance(null model)], and model fits with a bi-

nary and ordinal outcome were evaluated with a similar pseudo-R2 where the deviance was replaced with the log-likelihood according to McFadden (1974). 

† P < 0.10, * P < 0.05, ** P < 0.01, *** P < 0.001, NS: not significant. 
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Table 6.13. Principal component analysis1 where the retained principal components (PC) contributed with minimum 5% marginal variance explained for primi- 

and multiparous cows. Squared loadings were rotated by maximizing the varimax function. 

 

Primiparous 
 

Multiparous 

  PC1 PC2 PC3 PC4 PC5 PC% 
 

PC1 PC2 PC3 PC% 

Name2 Fertility Diseases Milk yield Calving1 Calving2 
  

Milk yield Fertility DIM at peak 
 

Eigenvalue 3.36 2.46 2.15 1.81 1.68 
  

6.09 3.56 2.43 
 

Cumulative proportion of variance, % 11.1 19.2 26.4 32.3 37.9 
  

13.1 20.7 25.9 
 

Previous lactation squared loadings 
           

Milk production 
           

Peak yield, kg ECM 
       

0.74 0.00 0.03 77.1 

DIM at peak yield, d 
       

0.01 0.00 0.87 88.3 

305-d lactation yield, kg ECM 
       

0.90 0.00 0.00 90.6 

Milk yield at dry off, kg ECM 
       

0.71 0.01 0.05 77.3 

Persistency, % 
       

0.02 0.00 0.17 19.3 

ECM per feeding day, kg 
       

0.94 0.00 0.00 93.7 

Calving interval, d 
       

0.14 0.28 0.01 43.2 

Fertility 
           

First insemination, % pregnant 0.87 0.00 0.02 0.00 0.01 86.7 
 

0.00 0.88 0.00 88.2 

First insemination to conception, d 0.50 0.00 0.00 0.00 0.00 50.6 
 

0.01 0.58 0.00 58.7 

Inseminations / conception, no. 0.80 0.00 0.03 0.00 0.00 83.4 
 

0.01 0.84 0.00 84.6 

Current lactation squared loadings 
           

Milk production 
           

Yield at 2nd recording, kg ECM 0.02 0.00 0.90 0.00 0.00 92.4 
 

0.70 0.01 0.01 71.9 

Yield at 3rd recording, kg ECM 0.01 0.00 0.91 0.00 0.00 92.5 
 

0.76 0.00 0.02 77.7 

Calving process 0.02 0.02 0.01 0.93 0.83 44.9 
 

0.01 0.02 0.00 1.0 

Disease treaments 
           

Hoofs and legs, % treated 0.00 0.94 0.00 0.00 0.01 95.0 
 

0.01 0.00 0.00 1.5 

All treatments, % treated 0.00 0.53 0.00 0.00 0.01 53.7 
 

0.04 0.01 0.00 5.2 

Sum of rotated squared loadings 2.38 1.56 1.97 1.00 0.96 
  

5.35 2.77 1.20 
 1The principical component analysis included all variables listed in tables 4 and 5, and the variables listed here impacted the retained PC if minimum 15% of their 

cumulated rotated squared loadings were accounted for by the retained PC for either primi- or multiparous cows. 
2Each PC was assigned a name describing the primary components of that PC, which had a rotated squared loading of minimum 0.5.  
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Discussion 

The nature of our analysis is not that of a designed, randomized and controlled experi-

ment, but rather more of a descriptive study based on non-experimental farm data. As such, 

this precludes hypothesis testing of causal relationships, but it does, however, allow us to in-

vestigate and discuss structures in data. A biological and technical interpretation of these 

structures must therefore precede any causal inference to the remaining Danish cattle popu-

lation. 

The herds included in our study (Table 6.8) are representative of Danish dairy herds, which 

averaged165 annual cows, 10.823 kg ECM per annual cow and a replacement rate of 39.4% 

for Holstein herds in 2015 (Lauritsen and Flagsted, 2015). In comparison, Jersey herds aver-

aged 187 annual cows, 9,673 kg ECM per annual cow and had a replacement rate of 34.9 

%. However, we only used the completed extended lactations for this investigation where the 

farmer selected cows in early lactation to have insemination delayed. In contrast, cows un-

dergoing extended lactation in many other studies (e.g. Vargas et al., 2000; Dematawewa et 

al., 2007; Pollott, 2011) likely did so as a result of failed conception. Yet, we also saw that 

calving interval length increased with increasing MPG (Table 6.10), which was accompanied 

by a reduction in per cent pregnant at first insemination, an increased time from first insemi-

nation to conception and an increased number of inseminations per conception. This may il-

lustrate that high producing cows have a greater chance to remain in the herd even if this re-

sults in a longer calving interval.  

Our results are therefore given that the cow has a successful extended lactation and calve 

again, but it should also be noted that less than half of the initiated lactations were complet-

ed by the end of the project period. This is a standard issue when using data from farms 

where cows calve continuously throughout the year as cows thereby continuously enter and 

leave the lactating group. Therefore, 40 % of initiated extended lactations were still lactating 

at the end of the project period.  

Our study showed that there generally seems to be a high degree of repeatability among 

milk yield variables as cows in high MPG had high milk yields in both the previous lactation, 

early current lactation and during the completed current lactation. To our knowledge, there 

has only been 1 other study published that have looked at indicators for selection of cows for 

extended lactation (Kay et al., 2007). They correlated several markers of production, genetics 

and physiology with milk production during the extended part of a 2-yr pasture-based lacta-

tion in New Zealand, and they also found that previous lactation milk yield may be a good 

indicator of current lactation milk production, although they in many cases found as low R2 as 

we did. Kay et al. (2007) suggested that especially thinner, high-producing cows were suita-
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ble for extended lactation, and they based this on their observation that early lactation plas-

ma insulin and BCS at the beginning of the extended part of the lactation correlated well 

with final milk solids production. 

This repeatability in milk yield is also in line with the relatively high genetic correlation 

generally found between first and second lactation milk yield (Dong and Van Vleck, 1989; 

Strabel and Misztal, 1999), which substantiates the notion of repeatability in milk yield across 

lactations. Also, milk yield at first recording have been positively correlated with total yield 

during the first 100 d of lactation and was found to be a better predictor than BCS at calving 

according to Heuer et al. (1999). Their average DIM at their first milk recording was 18, and 

we argue that using the first monthly milk recording may not be optimal as it may coincide 

with a high acceleration of the lactation curve and be from a few days after calving.  

Other studies have looked into the effect of early lactation yield on conception (e.g. 

Madouasse et al., 2010) and of early lactation somatic cell count on milk production (e.g. De 

Vliegher et al., 2005), but reproduction and disease as well as welfare and production are 4 

key aspects of dairy farming that appear to be related in a complicated interaction pattern 

(Fourichon et al., 1999; Roche et al., 2009; Bello et al., 2012). These 3 reviews illustrate the dif-

ficulty in using 1 or more variables related to reproduction, disease and welfare to estimate 

the future production of a dairy cow, and they illustrate the difficulty in assessing relationships 

such as if high yield causes low reproduction or vice versa, and if high yield causes poor wel-

fare or vice versa. Also, we saw that both low and high MPG had a higher proportion of lean 

cows in early lactation compared with medium MPG, and it raises the question if cows be-

come lean because they mobilize reserves for milk production, or because they are affected 

by disease. Our data (Table 6.12) suggests that these 2 situations may very well occur simul-

taneously in a herd. 

Potential Indicators: Primiparous Cows 

Combining an analysis of the association between early lactation information and MPG 

(Tables 6.11 and 6.12) with a PCA of these early lactation variable (Table 6.13) allow for 

pointing towards what could be indicators of a cow with high milk production potential. This 

and the following section discuss the potential indicators separately for primi- and multipa-

rous cows. Fertility variables (91 % of squared loadings) from the heifer period clearly impact-

ed the first principal component (PC) found for primiparous cows (11.1 % of variance), but the 

link between each fertility variable and MPG was not clear as R2 was low (Table 6.11), and 

only inseminations per conception came out as being different across MPG. In contrast, all 3 

fertility variables for completed primiparous lactations were different across MPG, and they 

generally showed that fertility was negatively associated with MPG, and heifer fertility 



   

 

 - 115 - 

showed the same trend. From a management perspective, this is counterintuitive as aiming 

for highest milk yield would imply aiming for low fertility. Also, this may be a question of 

whether low fertility caused high milk yield or high milk yield caused low fertility.  

The 2 disease variables related to “hoof and legs” and “all treatments” (94 % of squared 

loadings) impacted the second PC (8.1 % of variance), and here the link to MPG was also not 

very clear with R2 being less than 0.1, and no significance was detected. Only the variable 

encompassing all treatments were both retained by the PCA and showed a numeric but 

non-significant difference where fewer cows in the high MPG were treated compared with 

low MPG. Early lactation milk yield (92 % of squared loadings) clearly impacted the third PC 

(7.1 % of variance), and here there was a clear relation with MPG with a relatively high R2 

(0.83 and 0.86). In fact, cows in high MPG produced 5.1 and 5.4 kg ECM more at second and 

third milk recording, respectively, compared with the low MPG, and the level of production at 

these 2 milk recordings may therefore be a good indicator of milk production during a com-

pleted lactation.  

The calving process dominated both fourth and fifth PC, but the link with MPG was not 

very clear (P < 0.1), and R2 was low (0.05). Cows in the high MPG did have fewer assisted 

calvings compared with the low MPG, but the medium MPG had even fewer assisted calv-

ings, which makes the intuitive interpretability less clear when seen in a management con-

text. Perhaps 2 distinct situations can occur despite of the same calving process, but we do 

not have the data to explore this.  

Potential Indicators: Multiparous Cows 

Milk yield variables (77 % of squared loadings) clearly impacted the first multiparous PC 

and, the link with MPG was clear and consistent with R2 being 0.5 or greater for milk produc-

tion variables from both the previous and the current lactation. This finding has an interesting 

management perspective as cows in high MPG had a high milk yield in both the previous 

lactation and at the second and third milk recording of the current lactation.  

Fertility variables clearly impacted the second PC, and here the same trend was seen as 

with the first primiparous PC. A large proportion of the variance within these variables were 

accounted for by the retained PC, but the link with MPG was not very clear as R2 was low, 

and only inseminations per conception came out being significant. Also, cows in the high 

MPG had a lower chance of conceiving at first insemination and required more inseminations 

per conception, which again may be counterintuitive when seen in a management perspec-

tive.  
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Days in milk at peak yield and to a lesser extent persistency impacted the third PC, and 

there was a clear relationship between MPG and both DIM at peak yield and persistency, but 

R2 was low for both variables. For multiparous completed lactations, DIM at peak yield did not 

differ whereas persistency did, and cows in high MPG seemed to have a low reduction in 

milk yield between 60 and 305 DIM in both the previous and the current lactation. 

Concluding Remarks 

Our study indicated that there is a high degree of repeatability in milk production across 

lactations, and that early lactation milk yield to some extent correlates well with the milk per-

formance during an extended lactation. Further research is required to elucidate if and how 

information on early lactation can be combined with information of previous and current re-

production, disease and welfare to assist farmers in choosing which cows to delay insemina-

tion, and hence which cows can be managed for an extended lactation. Ultimately, this 

could point out what information future decision support solutions for dairy farmers could in-

clude when evaluating individual cows for extended lactation, and thus assist farmers in uti-

lizing the milk production potential of cows for longer. 
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6.4 Paper 4 

Status: Draft. 

Cow Productivity, Herd Dynamics and Farm Economics of Different Strategies for 

Managing a Herd for Extended Lactation 

J. O. Lehmann, *1 L. Mogensen*, S. Østergaard† and T. Kristensen* 

*Department of Agroecology, and 

†Department of Animal Science, Aarhus University – Foulum, Blichers Allé 20, DK-8830 Tjele, 

Denmark 

Objective 

The main objective of this study was to investigate the effect of different extended lacta-

tion management strategies on cow productivity, herd dynamics and farm economics with 

simulations using a dairy herd model. 

Materials & Methods 

This study was based on a comparison of 6 extended lactation strategies with a base 

(BASE) scenario, which was calibrated to represent the average Danish conventional Hol-

stein herd where all cows were managed for a calving interval (CInt) of 13 mo (Seges, 

2015a). The 6 different extended lactation strategies were: all cows managed for a CInt of 15 

mo (ALL15), all cows managed for a CInt of 17 mo (ALL17), primiparous cows managed for a 

CInt of 15 mo (FIRST15), primiparous cows managed for a CInt of 17 mo (FIRST17), multipa-

rous cows managed for a CInt of 15 mo (OLDER15), and multiparous cows managed for a 

CInt of 17 mo (OLDER17).  

Simulation Model 

All simulations were carried out with the dairy herd model SimHerd (Østergaard et al., 

2010). SimHerd is a mechanistic model that simulates changes at herd level through changes 

at animal level where production and state changes of the individual animal are dynamical-

ly simulated with discrete weekly intervals. SimHerd is a stochastic model and handle varia-

tion among events of individual animals such as disease incidences and reproductive out-

come by using relevant probability distributions. These events may affect the state of the 

cow, which is determined by variables including age, parity, lactation stage and milk produc-

tion as well as reproduction, disease and culling status. Herd management is manipulated by 

changing risks and timing of these events. All scenarios are simulated for 20 yr, and the re-
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ported values are averages of the last 10 yr of simulation. The commercial web application 

of SimHerd (SimHerd A/S, Tjele, Denmark, www.simherd.com) was used to simulate scenarios 

for this study. 

Calibration of SimHerd 

SimHerd has a number of inherent standards, and they were used unless otherwise stated 

in the following sections. Table 6.14 shows selected important input values that were com-

mon for all scenarios.  

Milk Production. SimHerd models milk yield of the individual cow with the equation of 

Wilmink (1987) based on two input parameters: peak milk yield and the decline in milk yield 

between 60 and 305 DIM. The average Danish conventional Holstein herd produced around 

10,500 kg ECM per annual cow (a cow fed for 365 d) in 2014 (Lauritsen and Flagsted, 2015), 

and the corresponding official Danish standard milk yields during a lactation for first parity, 

second parity and for older cows (Seges, 2015a), respectively, were each fitted with the 

equation of Wilmink (1987) to obtain these 2 values for each parity group.  

Afterwards, peak yield values were adjusted to reach an average herd yield of around 

10,500 kg ECM per annual cow by multiplying all 3 peak yields with the same percentage. 

Table 6.14. Selected initial input values common for all simulations. 

Variables Value Unit 

Milk production 

Peak yield, first parity1 30.3 Kg ECM / d 

Milk yield decline, first parity1,2 9.77 % 

Peak yield, second parity1 36.7 Kg ECM / d 

Milk yield decline, second parity1,2 29.16 % 

Peak yield, older cows1 40.0 Kg ECM / d 

Milk yield decline, older cows1,2 36.67 % 

Drying off threshold 15 Kg ECM / d 

Minimum dry period 49 d 

Geometric somatic cell count 200 x 1,000 cells / ml 

Reproduction 

Start of insemination, heifers 14.8 mo. 

Insemination rate, heifers 55 % 

Conception rate, heifers 55 % 

Heifers conceiving in total 90 % 

Insemination rate, cows 47 % 

Conception rate, cows 41 % 

Maximum insemination cycles 11 no. 

Mortality, culling risk and heifer disease risk 

Stillborn calves 6 % of calvings 

Mortality risk, heifers born alive 7.6 % of heifers 

Basic cow mortality risk 2.7 % / yr 

Calves <6 mo. 0.35 Cases / animal 

Heifers, 6 ≤ 12 mo. 0.15 Cases / animal 

Heifers > 12 mo. 0.01 Cases / animal 
1Estimated with the function of Wilmink (1987) and standard test day yield values for Danish Holstein 

herd yielding 10,500 kg ECM per year (Seges, 2015a). 
2Decline between 60 and 305 DIM. 
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Furthermore, geometric somatic cell count was assumed to be 200.000 cells per ml in ac-

cordance with Seges (2015a). Cows were either dried off if milk yield fell below 15 kg ECM 

per d or to ensure a minimum dry period of 49 d. 

Reproduction for BASE and scenarios. Lactating cows in the BASE scenario could be in-

seminated from 36 DIM, and insemination and conception rates were based on Ancker 

(2008) but adjusted to achieve a CInt of 397 d (13 mo). Inseminations were allowed for a 

maximum of 11 estrus cycles before the cow was flagged for culling. 

The 6 extended lactation scenarios were simulated by changing the allowed time of first 

insemination without changing insemination or conception rates. Allowed time of first insem-

ination was equal for primi- and multiparous and set to 105 and 166 DIM for ALL15 and 

ALL17, respectively, and they were based on achieving an average herd CIint of around 15 

and 17 mo, respectively. Similar values were used for primi- and multiparous cows in all other 

scenarios.  

Disease and Mortality. The dairy cow disease risk was calibrated to reflect the average 

number of treatments per 100 annual cows (Seges, 2015a), and no change was made to the 

distribution of disease incidences throughout lactation included in SimHerd.  

There is to our knowledge no official Danish account of the average number of treatments 

per heifer, and heifer treatments were included by assuming that 50 % of heifers were treat-

ed once between birth and first calving, which combined with a price of 425 Danish kroner 

(DKR) per treatment resulted in a disease cost of 56 DKR per annual heifer (a heifer fed for 

365 d). This figure is in accordance with official dairy production budget figures published by 

the national farm advisory services (Seges, 2016: in Danish). 

Baseline dairy cow mortality risk was set at 2.7 % as this resulted in a total simulated dairy 

cow mortality rate of 5.2 % per year, which is in accordance with the national average 

(Raundal et al., 2016). Stillbirth rate and mortality risk of live born heifers were obtained from 

Seges (2015a).  

Work Hours. Time use for on-farm tasks related to rearing of young stock, milking, calving 

and drying off, disease treatments of cows and other tasks were included in the analyses with 

average values obtained from the national advisory services (Seges, 2015b). One disease 

treatment of a heifer was assumed to require 0.5 h.  
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Feeding 

SimHerd calculates feed use based on the state of the individual animal using feed norms 

reported by Strudsholm et al. (1999). The resulting reported feed use is given as Scandinavian 

feed units (SFU) per annual cow, and this was allocated to lactating and dry cows based on 

the reported herd composition.  

Feed rations for cows, heifers and calves were calculated outside of SimHerd as described 

in the following subsections. Rations for lactating and dry cows as well as heifers were opti-

mized as the cheapest ration within certain constraints with a linear programming procedure 

using the lpSolve-package (Berkelaar and Buttrey, 2015) for R (R Development Core Team, 

2015).  

Lactating Cows. The feed intake capacity of primiparous lactating cows was adjusted for 

the extended lactation scenarios because these cows were allowed more time to grow be-

fore the second calving. This extra feed intake capacity was estimated based on the energy 

requirement of the extra weight gain that these cows may grow during the extended part of 

the lactation. The result was that the average daily feed intake capacity during a primiparous 

lactation was 1 % greater for a CInt of 17 mo compared with 13 mo. Likewise, the feed intake 

capacity of multiparous cows was adjusted during extended lactations by assuming that the 

level and shape of the feed intake curve during the last 150 d of a lactation with a CInt of 13 

mo would be the same across scenarios. The feed intake curve was, therefore, broken 150 d 

before drying off, moved right and assumed constant in the meantime and equal to the ca-

pacity at 150 d before drying off. This way, the average daily feed intake capacity of multip-

arous cows during a lactation with a CInt of 17 mo became 1 % greater compared with a 

CInt of 13 mo. 

Each feed ration for lactating cows was balanced based on clover-grass silage, corn si-

lage, rolled barley, rapeseed cake and fodder beet pellets with standard nutrient contents 

(Møller et al., 2005). Rations were balanced to match feed intake capacity, SFU requirement, 

amino acids absorbable in the intestines (AAT) and protein balance in the rumen (PBV).  

Dry Cows. This ration was balanced based on clover-grass silage, whole-crop silage (mix 

of barley and peas) and barley straw to meet feed intake capacity and requirement for SFU, 

AAT and PBV. The resulting ration consisted of 7.5 kg DM clover-grass silage, 2.9 kg DM 

whole-crop silage and 1.3 kg DM straw with standard nutrient contents (Møller et al., 2005), 

and this ration was used across all scenarios.  



   

 

 - 121 - 

Heifers and Calves. The ration for heifers (6 mo to calving) was based on clover-grass si-

lage, whole-crop silage and rolled barley, and it was balanced to match feed intake capaci-

ty, requirements for SFU and digestible CP. The resulting ration consisted of 2.5 kg DM clover-

grass silage, 2.2 kg DM whole-crop silage and 1.7 kg DM rolled barley with standard nutrient 

contents (Møller et al., 2005), and this ration was used across all scenarios.  

Also, 1 common standard ration for calves (1 d to 6 mo) given by Seges (2015a) was used 

across scenarios, and the average daily ration consisted of 0.19 kg DM milk (milk was only al-

located first 8 wk), 1.16 kg DM calf concentrate mix and 2.38 kg DM hay with standard nutri-

ent contents (Møller et al., 2005).  

Economics 

The analysis of the economic effect of different extended lactation strategies included 

revenues and variable costs including wages but not fixed costs. Revenues included were 

milk and livestock sales as well as a potential status displacement, although this may be low 

when averages of multiple years are used. Expenses included were related to feed, mortality, 

disease treatments, reproduction and wages as well as a fixed value per annual cow and per 

annual heifer to cover other variable costs. The price of homegrown feedstuffs used in this 

analysis are based on a contribution margin calculation, which means that these prices are 

high enough to cover fixed costs related to on-farm feed production. Since SimHerd returns 

technical results that are averages of multiple years, no discounting of economic results was 

done. Thus, the reported economic profit in this study has to cover expenses such as housing 

and maintenance, energy, interest rates, taxes and return on equity.  

Prices. All prices (Table 6.15) were obtained from standard dairy production budgets for 

2016 published by the Danish national farm advisory services (Seges, 2016). Feed prices from 

these budgets were converted to DKR per kg DM. Hence, the following feed prices were 

used: clover-grass silage: 0.97, corn silage: 0.89, rolled barley: 1.56, whole-crop silage: 0.99, 

calf concentrate mix: 1. 90, hay: 0.76, barley straw: 0.59 and fodder beet pellets: 1.69 DKR per 

kg DM. At the time of these calculations (early 2016), 1 Euro was equal to 7.45 DKR, and 1 

US$ was equal to 6.70 DKR.  

Animal Units, Land Use and Productivity 

Animal units (AU), or sometimes referred to as a livestock unit, is based on excreted N from 

the animal, and the production permit of Danish dairy farmers gives the number of allowed 

AU on the farm. As a standard, 0.75 annual cow = 1 AU, 2.1 annual heifers = 1 AU and 3.5 

annual calves = 1 AU (Seges, 2015a), but these values were adjusted for milk production and 

age in this study.  
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Productivity of land use for feed production was calculated based on yield of the follow-

ing homegrown feedstuffs: clover-grass (6,737 SFU per ha), corn (8,513 SFU per ha), whole-

crop (4,800 SFU per ha), barley (5,165 kg per ha) and permanent pasture (1,800 SFU per ha). 

Yields per ha represent typical Danish averages (Kristensen, 2015) from cattle farms. Howev-

er, productivity per land use often excludes area not in rotation, and thus that would exclude 

permanent pasture in this case. 

Finally, herd productivity may be estimated from the combined production of milk and 

meat where meat production includes both animals sold alive and animals sent for destruc-

tion. The combined production of milk and meat was expressed as MJ where milk contained 

3.14 MJ per kg ECM (Sjaunja et al., 1991) and meat contained 12.3 MJ per kg slaughter 

weight (Yan et al., 2009), which was equal to 50 % of live weight (Seges, 2015b). A partial 

energy use efficiency measure at herd level may, therefore, be estimated as the production 

of milk and meat energy divided by herd use of feed energy where 1 SFU is equal to 7.43 MJ 

per kg DM (Seges, 2015a).  

  

Table 6.15. Prices in kroner (DKR) used for economic calculations. 

Type Value Unit 

Disease costs 

Calves <6 mo. 425 DKR / case 

Heifers, 6 ≤ 12 mo. 425 DKR / case 

Heifers > 12 mo. 425 DKR / case 

Milk fever 750 DKR / case 

Calving difficulty 1,200 DKR / case 

Retained placenta 300 DKR / case 

Metritis 375 DKR / case 

Ketosis 375 DKR / case 

Mastitis 375 DKR / case 

Digital dermatitis 75 DKR / case 

Foot rot 150 DKR / case 

Hoof and leg problems 225 DKR / case 

Prices 

Milk, delivered 2.31 DKR / kg ECM 

Newborn bull calves sold 693 DKR / calf 

Heifers sold for slaughter 4,830 DKR / heifer 

Pregnant heifers sold 8,500 DKR / heifer 

Voluntary culled cows1 5,625 DKR / cow 

Involuntary culled cows1 4,313 DKR / cow 

Destruction: stillborn calves 60 DKR / calf 

Destruction: heifers 750 DKR / heifer 

Destruction: cows 1,000 DKR / cow 

Cost per insemination 181 DKR 

Wages 180 DKR / h 

Other costs (cows) 925 DKR / cow 

Other costs (heifers) 150 DKR / heifer 
1For slaughtering. 
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Sensitivity Analyses 

The first sensitivity analysis investigated the impact of lowering the drying off threshold for 

older cows from 15 to 10 kg ECM in the 2 scenarios where all cows were managed for ex-

tended lactations (ALL15 and ALL17). The second sensitivity analysis investigated the impact 

of a 15 % change in milk price and a 15 % change in average feed price as they are major 

parts of farm revenues and expenses, respectively. 

The last sensitivity analysis carried out was related to persistency of milk production as the 

persistency used in this study was from lactations of traditional length. Lehmann (2016) used 

data from incomplete and completed lactations from 2 commercial Holstein herds in Den-

mark practicing extended lactation and fitted lactation curves with the equation of Wilmink 

(1987). Part of this data was also reported by Lehmann et al. (2016b). These curves showed 

that the reduction in milk yield between 60 and 305 DIM were 9.8, 29.2 and 35.7 % for first 

parity, second parity and older Holstein cows, respectively. These reductions were used in a 

new BASE scenario where peak yields were adjusted such that this scenario resulted in a milk 

production per annual cow similar to the original BASE. Following this, the 6 extended lacta-

tion scenarios were re-run. 

Results 

Herd Dynamics and Flux 

Herd average calving interval ranged from 420 d (FIRST15) to 518 d (ALL17) across the 6 

different planned extended lactation strategies. All strategies reduced annual replacement 

rate, which indicates that the average cow became older (Table 6.16), and the average cow 

spent a smaller proportion of time per year as dry except in scenarios OLDER15 and 

OLDER17. Furthermore, all extended lactation scenarios reduced average milk production 

per annual cow with the greatest reductions seen for ALL15 and ALL17 (-1.9 and -4.2 %, re-

spectively), although the reduction was negligible for FIRST15 and FIRST17. This correspond-

ed to a reduction in milk production of 2-486 kg ECM per annual cow across all scenarios. 

The number of calvings per year was reduced, and hence the number of herd young 

stock was reduced 5.5-24.6 % with the greatest reduction seen for ALL17, and this further led 

to a reduced total herd live weight growth. Both the proportion of involuntary culled cows 

and the proportion of live weight growth coming from animals sent for destruction increased 

across all extended lactation scenarios, although the proportion of live weight growth from 

live animals always was 5-6 times larger. 
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Cow and Herd Production, Feed Use and Costs 

Table 6.17 shows the economic optimal feed ration for lactating cows across scenarios. 

Feed and energy intake were reduced 0.5-2.3 % and 0.5-3.7 %, respectively, and the propor-

tion of forage was increased 0.5-5.5 percentage units across scenarios. Thus, the daily cost of 

feeding a lactating cow was reduced 0.8 to 5.6 %.  

Feed use for lactating cows increased from 74.5 % to 75.5-78.6 % of total herd feed use 

across scenarios (Table 6.18), and total herd feed use per year was reduced 1.3-6.9 %, which 

corresponded to a 1.5-9.3 % reduction in herd feed costs or the equivalent of 196-1,189 DKR 

per annual cow. The smallest reductions in herd feed costs were seen for FIRST15 and 

FIRST17, and the largest were seen for ALL15 and ALL17. Feed costs for lactating cows in-

creased from 75.3 % to 76.1-78.8 % of total herd feed costs across scenarios. 

  

Table 6.16. Herd production, reproduction, composition and flux of different strategies for extended 

lactation as defined by altered time of start insemination for primi- and multiparous cows, respectively. 

 

Scenario1 

 

BASE ALL15 ALL17 FIRST15 FIRST17 OLDER15 OLDER17 

Production        

Kg ECM / annual cow 10,474 10,273 10,032 10,472 10,461 10,260 9,988 

Kg slaughter weight / annual cow 155 134 117 148 139 142 129 

Reproduction 

Insemination start, primiparous, 

DIM 
36 105 166 105 166 36 36 

Insemination start, multiparous, 

DIM 
36 105 166 36 36 105 166 

Mean calving interval, d 397 455 518 420 446 432 469 

Cow composition 

Replacement rate, % per cow 41.9 34.6 30.2 39.4 37.1 37.2 33.8 

First parity, % of all cows 39.6 38.0 37.9 43.1 46.1 35.2 32.4 

Lactating, % of annual cows 90.3 90.7 90.8 90.8 91.3 90.3 90.0 

Dry, % of annual cows 9.7 9.3 9.2 9.2 8.7 9.7 10.0 

Young stock, per 100 annual cows 

Calvings per year, no. 112 97 84 106 100 102 93 

Calves younger than 6 mo, no. 26 23 20 25 23 24 22 

Heifers 6 to 12 mo, no. 24 21 18 23 21 22 20 

Heifers older than 12 mo, no. 50 43 38 48 45 46 42 

Herd flux per 100 annual cows per year 

Stillborn, no. 7.7 6.7 5.8 7.4 6.9 7.0 6.4 

Dead heifers after birth, no. 8.0 7.2 6.2 7.8 7.5 7.5 7.0 

Dead cows, no. 5.2 5.0 4.7 5.1 5.0 5.1 5.0 

Bull calves sold, no. 50.1 43.3 37.6 47.5 44.6 45.7 41.8 

Heifers sold for slaughter, no. 5.0 4.3 3.8 4.8 4.5 4.6 4.2 

Pregnant heifers sold, no. 0.3 2.0 1.7 0.6 0.6 1.4 1.4 

Culled cows, voluntary, no. 25.5 19.4 16.0 23.6 21.8 21.3 18.6 

Culled cows, involuntary, no. 11.2 10.2 9.4 10.9 10.4 10.8 10.2 
1Scenarios defined the aim for calving interval of primi- (Prim) and multiparous (Mult) cows. BASE: 13 

mo. for Prim and Mult; ALL15: 15 mo. for Prim and Mult; ALL17: 17 mo. for Prim and Mult; FIRST15: 15 

mo. for Prim and 13 for Mult; FIRST17: 17 mo. for Prim and 13 for Mult; OLDER15: 13 mo. for Prim and 15 

for Mult; OLDER17: 13 mo. for Prim and 17 for Mult. 
2Average slaughter weight was assumed to be 50 % of live weight. 
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Farm Economics 

Total herd revenue from milk sales was reduced 462-112,266 DKR (Table 6.19), and the 

reduction in milk revenue accounted for 58.6-71.9 % of the total reduction in revenues when 

all or just older cows were managed for extended lactations. In contrast, the reduction in milk 

revenues accounted only for 3.2-9.6 % of total reduction in revenues when primiparous cows 

were managed for extended lactations. These 2 scenarios (FIRST15 and FIRST17) were also 

associated with the smallest reductions in total herd revenues. 

 

Table 6.17. Ration composition, content and price in kroner (DKR) per lactating cow across scenarios. 

 

Scenario1 

 

BASE ALL15 ALL17 FIRST15 FIRST17 OLDER15 OLDER17 

Ration composition, kg DM / d 
       

Clover-grass silage 6.2 6.3 6.5 6.1 6.0 6.1 6.5 

Corn silage 7.5 8.0 8.1 7.7 7.7 8.3 8.2 

Rolled barley 3.8 3.5 3.0 3.9 3.9 3.2 3.0 

Rapeseed cake 4.5 4.4 4.2 4.5 4.5 4.5 4.2 

Fodder beet (pellets) 0.3 0.0 0.0 0.1 0.0 0.0 0.0 

Ration content 

       
Total dry matter, kg / d 22.3 22.1 21.8 22.2 22.1 22.1 21.9 

Total energy2, MJ / d 165.7 164.2 162.0 164.9 164.2 164.2 162.7 

Forage, % of DM 61.5 64.5 66.9 61.9 62.3 65.0 66.9 

CP, % of DM 16.2 16.1 16.0 16.2 16.2 16.1 16.0 

Ration price 
       

Total, DKR / d 29.26 28.37 27.62 29.02 28.84 28.36 27.76 

DKR / kg DM 1.31 1.29 1.27 1.31 1.30 1.29 1.27 
1Scenarios defined the aim for calving interval of primi- (Prim) and multiparous (Mult) cows. BASE: 13 

mo. for Prim and Mult; ALL15: 15 mo. for Prim and Mult; ALL17: 17 mo. for Prim and Mult; FIRST15: 15 

mo. for Prim and 13 for Mult; FIRST17: 17 mo. for Prim and 13 for Mult; OLDER15: 13 mo. for Prim and 15 

for Mult; OLDER17: 13 mo. for Prim and 17 for Mult. 
2One Scandinavian feed unit = 7.43 MJ (Seges, 2015a). 

Table 6.18. Herd DM intake and herd feed costs in kroner (DKR) per annual cow. 

 

Scenario1 

 

BASE ALL15 ALL17 FIRST15 FIRST17 OLDER15 OLDER17 

Herd feed intake, kg DM / annual cow 

Lactating cows 7,357 7,303 7,228 7,360 7,370 7,270 7,196 

Dry cows 414 389 375 393 369 420 404 

Heifers 1,751 1,510 1,321 1,657 1,563 1,596 1,458 

Calves 355 306 268 335 317 324 295 

Total 9,878 9,508 9,191 9,745 9,619 9,611 9,354 

Herd feed costs, DKR / annual cow 

Lactating cows 9,647 9,394 9,158 9,621 9,612 9,348 9,121 

Dry cows 510 480 462 485 455 519 499 

Heifers 1,983 1,710 1,496 1,877 1,770 1,807 1,651 

Calves 667 575 503 629 595 608 554 

Total 12,808 12,159 11,619 12,612 12,433 12,283 11,826 
1Scenarios defined the aim for calving interval of primi- (Prim) and multiparous (Mult) cows. BASE: 13 

mo. for Prim and Mult; ALL15: 15 mo. for Prim and Mult; ALL17: 17 mo. for Prim and Mult; FIRST15: 15 

mo. for Prim and 13 for Mult; FIRST17: 17 mo. for Prim and 13 for Mult; OLDER15: 13 mo. for Prim and 15 

for Mult; OLDER17: 13 mo. for Prim and 17 for Mult. 
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Herd revenues remaining after herd feed costs were covered increased when primiparous 

cows were managed for extended lactations and reduced for all other scenarios. In contrast, 

total profit was increased for all scenarios except OLDER17, and the highest total profit was 

achieved with FIRST17. However, extended lactation always increased profit when this was 

expresses per kg ECM, per herd revenue, per working hour and per herd DM intake. Thus, the 

most profitable extended lactation scenario was FIRST17 as this scenario led to 5.7 % (361 

DKR) higher profit per annual cow, 5.9 % higher profit per kg ECM, 7 % higher profit per herd 

revenue, 9.5 % higher profit per working hour and 8.6 % higher profit per herd feed intake. 

Young stock accounted for 54-75 % of all saved expenses across extended lactation sce-

narios (data not shown), and this proportion was higher for saved wages (81-90 %) and lower 

for saved disease costs (17-25 %). At herd level, feed costs accounted for 62-63 % and wages 

accounted for 27-28 % of all expenses across scenarios. In contrast, disease costs ranged 1.5-

1.7 % and reproduction costs ranged 2.1-2.6 % of all expenses across scenarios. 

Table 6.19. Farm economics of a herd with 100 annual cows including young stock. 

 

Scenario1 

 

BASE ALL15 ALL17 FIRST15 FIRST17 OLDER15 OLDER17 

ECM per annual cow, 

kg 
10,474 10,273 10,032 10,472 10,461 10,260 9,988 

Farm revenues, DKR 
      

Milk 2,419,494 2,373,063 2,317,392 2,419,032 2,416,491 2,370,060 2,307,228 

Bull calves 34,706 30,040 26,090 32,932 30,940 31,648 28,946 

Heifers 26,840 37,897 32,721 28,083 26,755 33,968 32,090 

Culled cows 191,877 153,156 130,931 179,359 167,476 166,390 148,669 

Status displacement 637 112 899 -162 470 448 475 

Total revenues 2,673,553 2,594,268 2,508,033 2,659,244 2,642,132 2,602,514 2,517,409 

Farm expenses, DKR 
       

Feed 1,280,784 1,215,866 1,161,869 1,261,158 1,243,324 1,228,267 1,182,556 

Mortality 11,699 10,768 9,731 11,427 11,033 11,183 10,630 

Diseases, cows 30,038 27,113 24,375 28,485 27,323 28,515 26,333 

Diseases, heifers 5,637 4,858 4,250 5,320 5,028 5,137 4,689 

Reproduction 52,490 45,250 39,820 48,870 47,060 48,870 43,440 

Wages, cows 399,341 395,770 391,833 398,407 397,357 396,517 393,064 

Wages, heifers 156,540 135,036 118,087 147,879 139,552 142,468 130,148 

Other costs, cows 92,500 92,500 92,500 92,500 92,500 92,500 92,500 

Other costs, heifers 15,075 12,996 11,370 14,251 13,445 13,729 12,547 

Total expenses 2,044,102 1,940,157 1,853,836 2,008,297 1,976,620 1,967,185 1,895,906 

Revenues - feed costs, 

DKR 
1,392,770 1,378,402 1,346,164 1,398,086 1,398,808 1,374,247 1,334,853 

Profit        

DKR 629,451 654,111 654,198 650,947 665,512 635,328 621,503 

DKR / annual cow 6,295 6,541 6,542 6,509 6,655 6,353 6,215 

DKR / kg ECM 0.601 0.637 0.652 0.622 0.636 0.619 0.622 

DKR / revenue DKR 0.235 0.252 0.261 0.245 0.252 0.244 0.247 

DKR / working hour 204 222 231 214 223 212 214 

DKR / herd DM use 0.637 0.688 0.712 0.668 0.692 0.661 0.664 
1Scenarios defined the aim for calving interval of primi- (Prim) and multiparous (Mult) cows. BASE: 13 

mo. for Prim and Mult; ALL15: 15 mo. for Prim and Mult; ALL17: 17 mo. for Prim and Mult; FIRST15: 15 mo. 

for Prim and 13 for Mult; FIRST17: 17 mo. for Prim and 13 for Mult; OLDER15: 13 mo. for Prim and 15 for 

Mult; OLDER17: 13 mo. for Prim and 17 for Mult. 
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Animal Units and Land Use for Home-Grown Feeds 

Extended lactation led to a reduction in total herd AU by 1.2-7.6 % and a reduction in re-

quired land use in rotation for feed production of 0.9-7.7 % (Table 6.20). The distribution of 

home-grown crops changed as a result of changed feed requirements, and 2 scenarios 

(FIRST15 and FIRST17) reduced the proportion of ha in rotation grown with forages, whereas 

the 4 other scenarios increased the proportion of forages (data not shown). The amount of 

imported feeds reduced more than the amount of home-grown feeds, and self-sufficiency of 

feed was thereby increased. 

Cow and Herd Productivity 

Milk production per kg cow DM intake and per cow AU was maintained when primiparous 

cows (FIRST15 and FIRST17) were managed for extended lactations and reduced for all oth-

er scenarios (Table 6.21). However, milk production per kg herd DM intake, per herd AU and 

per land use in rotation was increased across all extended lactation scenarios. Milk produc-

tion per herd feed intake was increased 0.7-2.9 %. In contrast, total meat production (slaugh-

ter weight) was reduced across all extended lactation scenarios where FIRST15 and FIRST17 

led to the smallest reductions. 

The reductions in production of milk and meat led to a reduction in total energy produc-

tion in products, but expressing energy production per herd DM intake and per herd feed en-

ergy intake showed that extended lactation either increased or maintained efficiency. The 

Table 6.20. Animal units1 and area requirement in of a herd with 100 annual cows and young stock. 

 

Scenario2 

 

BASE ALL15 ALL17 FIRST15 FIRST17 OLDER15 OLDER17 

Animal units (AU) 

       Calves, no. 7.1 6.1 5.3 6.7 6.3 6.4 5.9 

Heifers, no. 34.6 29.9 26.1 32.8 30.9 31.6 28.8 

Cows, no. 141.1 139.5 137.5 141.1 141.0 139.4 137.2 

Total, no. 182.8 175.4 169.0 180.5 178.2 177.4 171.9 

Land use for feed production, ha 

Clover-grass 36.8 35.9 35.8 35.9 35.3 35.7 36.5 

Corn 25.7 27.3 27.8 26.3 26.6 28.2 27.8 

Barley 39.0 35.2 30.9 39.3 38.8 34.0 31.6 

Whole crop 11.4 10.0 8.9 10.8 10.2 10.6 9.7 

Permanent pasture 8.4 7.1 6.2 7.7 7.3 7.5 6.8 

Total 121.1 115.4 109.6 120.0 118.2 115.9 112.4 

Total in rotation 112.9 108.4 103.4 112.3 110.8 108.4 105.5 

Self-sufficiency, % 82.7 83.7 83.9 83.2 83.3 83.5 84.1 
1One animal unit is defined as 100 kg N excreted per year and was calculated according to Seges 

(2015a). 
2Scenarios defined the aim for calving interval of primi- (Prim) and multiparous (Mult) cows. BASE: 13 

mo. for Prim and Mult; ALL15: 15 mo. for Prim and Mult; ALL17: 17 mo. for Prim and Mult; FIRST15: 15 

mo. for Prim and 13 for Mult; FIRST17: 17 mo. for Prim and 13 for Mult; OLDER15: 13 mo. for Prim and 15 

for Mult; OLDER17: 13 mo. for Prim and 17 for Mult. 
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largest total energy production per kg herd DM intake and per herd feed energy intake were 

found for ALL17 and FIRST17.  

Sensitivity Analyses 

Reducing drying off threshold to 10 kg ECM per day for multiparous cows reduced the 

proportion of dry days from 9.3 and 9.2 % to 8.7 and 8.1 % for ALL15 and ALL17, respectively 

(data not shown). This way, milk production per annual cow was increased with 31 and 53 

kg ECM, respectively, but herd DM intake per annual cow was also increased by 11 and 18 

kg DM, respectively, although feed costs were unchanged. Profit per annual cow was in-

creased by 56 and 101 DKR, respectively, although profit per kg ECM was almost un-

changed. Also, milk production and total energy production per herd DM intake were un-

changed. 

Change in Milk and Feed Price. Table 6.22 shows the impact of changing milk price, feed 

price or both with 15 % on profit per annual cow. A 15 % higher milk price reduced and re-

moved the economic benefit from managing all or just multiparous cows for extended lacta-

tion, respectively, whereas the economic benefit was least affected for primiparous cows 

(FIRST15 and FIRST17). In contrast, a reduction in milk price increased the economic benefit 

across all scenarios, and now ALL17 was the most profitable. 

Table 6.21. Productivity and efficiency per annual cow including young stock and per area in rotation. 

 

Scenario1 

 

BASE ALL15 ALL17 FIRST15 FIRST17 OLDER15 OLDER17 

Milk production 

       ECM per cow DM, kg 1.35 1.34 1.32 1.35 1.35 1.33 1.31 

ECM per herd DM, kg 1.06 1.08 1.09 1.07 1.09 1.07 1.07 

ECM per herd AU2, kg 5,729 5,856 5,937 5,801 5,869 5,784 5,811 

ECM per rotation ha, kg 9,275 9,479 9,703 9,328 9,438 9,465 9,464 

Meat production 

       Slaughter weight, g / herd DM 15.7 14.1 12.7 15.1 14.5 14.7 13.8 

Slaughter weight, g / herd AU2 850 765 692 818 780 799 753 

Feed yield per area 

       DM per rotation ha, kg 7,030 7,161 7,296 7,033 7,047 7,210 7,277 

Energy efficiency3 

       Energy produced, MJ / kg DM 3.52 3.57 3.58 3.56 3.59 3.53 3.52 

Energy efficiency, % of feed 

energy 49.9 50.7 51.1 50.4 50.8 50.3 50.3 
1Scenarios defined the aim for calving interval of primi- (Prim) and multiparous (Mult) cows. BASE: 13 

mo. for Prim and Mult; ALL15: 15 mo. for Prim and Mult; ALL17: 17 mo. for Prim and Mult; FIRST15: 15 mo. 

for Prim and 13 for Mult; FIRST17: 17 mo. for Prim and 13 for Mult; OLDER15: 13 mo. for Prim and 15 for 

Mult; OLDER17: 13 mo. for Prim and 17 for Mult. 
2One animal unit (AU) is defined as 100 kg N excreted per year and was calculated according to Seges 

(2015a). 
3Energy content was 12.3 MJ per kg slaughter weight (Yan et al., 2009), energy content of milk was 3.14 

MJ per kg ECM (Sjaunja et al., 1991), and energy content of feed was 7.43 MJ per Scandinavian feed 

unit (SFU) (Seges, 2015a). 
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When feed costs were increased, the economic benefit was also least affected for pri-

miparous cows whereas it was increased for the other 4 extended lactation scenarios. In-

creasing both milk and feed costs increased the economic benefit for all scenarios except 

OLDER17. However, these effects were relatively small compared with the overall effect of 

changing milk price and feed costs. An increase in milk price of 15 % increased profit per an-

nual cow in BASE with 58 % whereas an increase in feed costs of 15 % reduced profit with 72 

%.  

Improved Milk Yield Persistency. Combining extended lactation with improved milk yield 

persistency removed the reduction in milk yield per annual cow for FIRST15 and FIRST17, 

whereas the reduction was 40-45 % less for all other scenarios (Figure 6.6). At the same time, 

the economic benefit was increased for ALL15, ALL17, OLDER15 and OLDER17. In contrast, 

economic benefit was reduced for FIRST15 and FIRST17, which means that the economic 

benefit was now largest for ALL17 instead of FIRST17. All scenarios now had a positive eco-

nomic effect of extended lactation, and this change in economic benefit came about de-

spite that herd feed costs were increased for ALL15, ALL17, OLDER15 and OLDER17.  

Improved persistency, therefore, increased herd feed intake by 5-73 kg DM per annual 

cow, but it also positively affected milk production per herd DM intake. Now, 1.15 and 1.17 kg 

ECM were being produced per kg herd DM intake for ALL15 and ALL17, respectively, com-

pared with 1.12 kg ECM for BASE. These effects were reflected in profits left after feed costs 

were covered as this increased for ALL15, ALL17, OLDER15 and OLDER17, although they 

were still smaller than the corresponding value for BASE. Furthermore, the proportion of saved 

expenses at herd level accounted for by young stock increased 3-5 percentage units to 

range 58-66 % for these 4 scenarios. 

  

Table 6.22. Effect of changing milk price and feed costs on profit shown as DKR per annual cow for 

BASE1 and as the percentage change from the respective BASE to an extended lactation scenario1. 

 

Scenario1 

 

BASE ALL15 ALL17 FIRST15 FIRST17 OLDER15 OLDER17 

Current 6,295 3.9 3.9 3.4 5.7 0.9 -1.3 

Milk price: + 15 % 9,924 1.8 1.0 2.2 3.6 -0.2 -2.5 

Milk price: - 15 % 2,665 11.9 15.0 8.1 13.7 5.0 3.3 

Feed costs: + 15 % 4,373 7.9 9.7 5.6 9.5 3.1 1.6 

Feed costs: - 15 % 8,216 1.8 0.8 2.3 3.7 -0.2 -2.8 

Milk price and feed costs: + 15 % 8,003 3.4 3.4 3.0 5.2 0.8 -1.3 
1Scenarios defined the aim for calving interval of primi- (Prim) and multiparous (Mult) cows. BASE: 13 

mo. for Prim and Mult; ALL15: 15 mo. for Prim and Mult; ALL17: 17 mo. for Prim and Mult; FIRST15: 15 mo. 

for Prim and 13 for Mult; FIRST17: 17 mo. for Prim and 13 for Mult; OLDER15: 13 mo. for Prim and 15 for 

Mult; OLDER17: 13 mo. for Prim and 17 for Mult. 
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 Figure 6.6. Impact of improving milk yield persistency on kg ECM per annual cow and operating 

profit in Danish kroner (DKR) per annual cow during different extended lactation strategies. Sce-

narios were defined based on calving interval of primi- (Prim) and multiparous (Mult) cows. BASE: 

13 mo. for Prim and Mult; ALL15: 15 mo. for Prim and Mult; ALL17: 17 mo. for Prim and Mult; 

FIRST15: 15 mo. for Prim and 13 for Mult; FIRST17: 17 mo. for Prim and 13 for Mult; OLDER15: 13 

mo. for Prim and 15 for Mult; OLDER17: 13 mo. for Prim and 17 for Mult. 
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Appendix 

Appendix 1: List of selected abbreviations and definitions 

AAT Amino acids absorbable in the intestines. 

AIC Akaike’s information criterion. 

Annual calf A calf fed for 365 days. 

Annual cow A cow fed for 365 days. Includes dry period. 

Annual heifer A heifer fed for 365 days. 

AU Animal unit. Based on 100 kg excreted N. 

BCS Body condition score. 

Calf Younger than six months. 

CI Calving interval. See also CInt. 

CIG Calving interval group. 

CInt Calving interval. See also CI. 

CLM Cumulative link model. 

CP Crude protein. 

DIM Days in milk from calving. 

DKR Danish kroner. 

DM Dry matter. 

ECM Energy-corrected milk. Milk standardised to 4.2 % fat and 3.4 % protein. 

ECM_45 ECM per day during the last 45 days of lactation. 

ECM_80 ECM per day during the first 80 days of lactation. 

ECM_Feed ECM per feeding day. 

ECM_Lac ECM per lactating day. 

Feeding day One annual cow is 365 feeding days, and thus includes dry period. 

GHG Greenhouse gas. 

GLM Generalised linear model. 

Heifer From six months to first calving. 

LCA Life cycle assessment. 

LSM Least square means. 

MPG Milk performance group. 

MSPE Mean squared prediction error. 

PAR Parity group. 

PBV Protein balance in the rumen. 

PC Principal component. 

PCA Principal component analysis. 

RMSPE Root mean squared prediction error. 

SD Standard deviation. 

SE Standard error. 

SFU Scandinavian feed unit. Equal to 7.43 MJ net energy. 

TMR Total mixed ration. 
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yield is 4,973 kg with the ICAR-method and 4,935 kg the Wilmink-method. Data from ICAR 
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Figure 2.8. Body condition score (BCS) at calving (Five-point scale: Ferguson et al., 1994) in 
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comparing different extended lactation management strategies with managing all cows for 
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Figure 2.11. A comparison of six different productivity measures across six different extended 
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