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1 INTRODUCTION 

In modern dairy farming the performance, efficiency and health of cows are keystones for an 

economical and sustainable milk production. In recent years, the perception of consumers was 

sharpened regarding animal health and animal welfare in livestock farming, so that health 

aspects should be carefully considered in dairy production (VON KEYSERLINGK et al. 2009). 

On the other hand, also the efficiency of cows is important because the environmental impacts 

of dairy farming are viewed critically in public discussions and a reduced efficiency increases 

not only the environmental emissions of dairy production, but also the expenditure for feeding 

costs (CAPPER et al. 2009).  

In the lactation cycle of high yielding dairy cows, especially the peripartal period is a major 

challenge because this period is characterised by massive endocrine, metabolic and dietary 

changes. Because of these alterations, cows exhibit a reduced feed intake during early lactation 

at simultaneously huge increases of energy demand due to the onset of milk production, so that 

they enter a period of negative energy balance (NEB). However, the energy balance must not 

become excessively high, because otherwise the performance of the cows is impaired and they 

can develop a metabolic derailment, combined with a diminished function of the immune 

system and an increased risk for several disorders (ESPOSITO et al. 2014). A metabolic 

disorder occurring frequently during the first weeks postpartum is the subclinical ketosis 

(SCK), which is characterised by elevated concentrations of β-hydroxybutyrate (BHB), caused 

by an excessive lipomobilisation paralleled by an elevated concentration of non-esterified fatty 

acids (NEFA) in blood circle (WEBER et al. 2013). If these released NEFA exceed the capacity 

of the liver to metabolise them, they can be transformed to ketone bodies and the fat can be 

stored in liver tissue so that cows develop the liver fat syndrome. 

Therefore, it is necessary to ensure a high energy intake of the cows by stimulating feed intake 

and by increasing the energy concentration of the diet during early lactation. Hereby especially 

the energy consumption of roughage is highly important, because in feeding of lactating 

ruminants there is a conflict between fulfillment of energy demands and the provision of 

sufficient amounts of dietary fibre for stabilisation of rumen fermentation. The rumen is a 

sensitive fermentation chamber and ecosystem, which provides optimal living conditions for 

several symbiotic microorganisms. Energy rich diets containing high concentrations of rapidly 
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fermentable non-fibrous carbohydrates (NFC) lead to an increased production of volatile fatty 

acids (VFA) so that the ruminal pH decreases (COLMAN et al. 2012). If the ruminal pH falls 

and reaches unphysiological conditions for extended periods, cows can develop the digestive 

disorder subacute ruminal acidosis (SARA). This can lead to a shift in ruminal microbial 

population and diminish the digestibility of fermentable fibre in rumen, so that rumen 

physiology and energy efficiency of cows can be impaired (FERNANDO et al. 2010). 

Performance, energy efficiency, ruminal fermentation and animal health are closely related to 

each other. All these aspects are influenced by diet composition, but there is also a high cow-

individual variability in capability for adaption to different rations and for metabolic adjustment 

to periparturient period and early lactation. Therefore, the present thesis aims to investigate the 

effects of varying energy supplies from roughage and concentrates on the mentioned aspects 

and, moreover, to evaluate if a lower allocation of concentrates can be compensated by an 

increased energy concentration in roughage without negative impacts on the metabolic state of 

pluriparous cows during early lactation. 
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2 BACKGROUND 

2.1 Joint research project optiKuh 

This work is part of the joint research project optiKuh, which was supported by the German 

Federal Ministry of Food and Agriculture (BMEL) and operated by the German Federal Office 

for Agriculture and Food (BLE). One important issue of this project was to investigate the 

effects of differently composed rations for high yielding dairy cows in Germany to meet their 

requirements for energy and for structured fibre, which is highly important to preserve the 

health of the cows and to enable a high milk production. Further aim of the project optiKuh was 

to identify if it is a feasible approach to breed cows which are more stable in their energy 

balance by increasing the feed intake of cows. Also the sustainability of dairy farming, 

especially with regard to energy efficiency, as well as the use of new sensor technologies in 

modern dairy farming were evaluated in this research project. 

For this purpose, feeding experiments were conducted in 12 experimental facilities distributed 

across Germany, where the feed intake was measured cow-individually. In some experiments 

the energy content of rations was adjusted by varying the proportion of concentrates and the 

amounts of straw in roughage to obtain differences in energy supply of the groups. This defined 

feeding of various rations was also conducted at the Friedrich-Loeffler-Institute in Brunswick, 

where we investigated how different energy concentrations in roughage and different 

allocations of concentrates affected the performance, energy balance, ruminal fermentation and 

animal health during early lactation in dairy cows. Other research facilities extended the trial 

period up to two years to evaluate long-term effects of different energy supplies. The gained 

data of this research project were amalgamated at the ‘TiDa Tier und Daten GmbH’ for 

progressing cross-institutional evaluations. 

2.2 Challenges of peripartal period and early lactation 

2.2.1 Dry matter intake and energy balance 

The peripartal period, which is mostly defined as the period from three weeks antepartum until 

three weeks postpartum (DRACKLEY 1999), is the most challenging time in the production 

cycle of dairy farming, in which cows have to overcome endocrine, metabolic and dietary 

changes to accomplish parturition and lactogenesis. During the second half of the twentieth 
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century the milk production per cow has increased strongly, mainly caused by breeding 

objectives focusing on milk production traits (MIGLIOR et al. 2005). However, this higher 

energy requirement is not equivalently accompanied by an increase of energy intake, resulting 

in an aggravation of NEB (KORVER 1988; OLTENACU and BROOM 2010). The most 

pronounced NEB is observed during the first weeks of lactation, in which the rapid 

enhancement of milk production is followed by a decelerated increase of feed intake. In diets 

with constant energy content, a peak of milk yield occurs between 5 to 7 weeks postpartum, 

whereas the maximum of dry matter intake (DMI) arises at 8 to 22 weeks postpartum 

(INGVARTSEN and ANDERSEN 2000). Consequently, the cows have to compensate the 

energy gap by mobilisation of body reserves, increasing the cow’s susceptibility for metabolic 

and infectious diseases (ESPOSITO et al. 2014). 

According to GRUBER et al. (2006) the height of DMI depends firstly on physical limitations 

like rumen filling and passage rate, and secondly on chemical characteristics like fatty acid 

concentration in rumen and on the nutrient requirements, whereby the sense of satiety is 

involuntarily regulated by particular regions in the cerebellum. The reduction in DMI around 

parturition is not specific for cattle, but was also observed in many other species, and can be 

considered as a physiological adaption to provide sufficient abdominal space for parturition. 

However, the genetic selection for milk production causes a disproportionate lactation that is 

about ten times higher than the energy requirements of the offspring (GRUMMER et al. 2004). 

The decline of feed intake during the late pregnancy period can partly be explained by the 

physical restriction of the digestive tract due to the expanding uterus and increasing amount of 

abdominal fat. However, experiments in sheep showed that this space limitation is compensated 

by an increased passage rate from particles passing the reticulorumen (KASKE and GROTH 

1997). After calving, the size of fetus and uterus is no longer important, but the DMI rises rather 

slowly, showing that the formerly restricted space of digestive organs is not the main limiting 

factor for DMI. Metabolic changes in course of transition probably play a more prominent role, 

caused by changes in reproductive and stress hormones, metabolites of lipomobilisation, 

concentrations of leptin and insulin as well as cytokines and neuropeptides (INGVARTSEN 

and ANDERSEN 2000). 
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Also during prepartal period, cows can develop a NEB, which is rather due to the reduction of 

DMI than by reason of increased energy requirements for sustaining of pregnancy 

(GRUMMER et al. 2004). The feeding management prior to parturition should aim to enhance 

appetite and DMI after calving in order to increase the postpartal energy intake. An important 

factor for postpartal height of DMI is the condition of cows during transition period, because 

over-conditioned cows with a body condition score (BCS) higher than 3.5 on a 5-point scale 

(EDMONSON et al. 1989) show a reduced DMI postpartum and therefore exhibit a stronger 

NEB. The findings of several studies suggest that the optimal BCS for cows at calving is 

situated between 3.0 and 3.5 in a 5-point scale (ROCHE et al. 2009); in this BCS range the feed 

intake is enhanced and cows exhibit adequate body reserves to provide energy during early 

lactation. However, due to the high milk yield also cows in optimal body condition frequently 

exhibit metabolic disorders throughout peripartal period with resulting decrease of feed intake. 

Another important aspect affecting the DMI is the management of dairy farms, especially the 

administration of the ration, the social structure of animal groups, the feeding strategy, the 

housing and the environment (GRANT and ALBRIGHT 1995). In addition, the healthcare 

management is of high importance to allow a high feed consumption because clinical and 

subclinical diseases impair feed intake (INGVARTSEN and ANDERSEN 2000; MULLIGAN 

et al. 2006).  

A review of GRUMMER et al. (2004) revealed that concerning dietary chemical composition 

the neutral detergent fibre (NDF) has the greatest effects on DMI. A reduced energy intake can 

be observed in cows which receive diets containing great contents of structural fibre. The 

authors assumed that during lactation period especially the physical filling of rumen and the 

slower degradation of fermentable fibre could be the main cause affecting the DMI. To facilitate 

a sufficient energy intake, the dairy cow’s ration changes rather strongly from a more roughage-

based diet during late gestation to a concentrate-rich diet in early lactation, which contains less 

amounts of NDF and high concentrations of NFC. Higher proportions of concentrates result in 

an increased DMI due to a greater palatability, increased passage rate and higher digestibility 

of the diet. The elevated NFC content also leads to more rapid ruminal fermentation and a 

subsequently elevated production of short chain fatty acids (SCFA). This causes a decline of 

ruminal pH, increasing the risk for subacute ruminal acidosis with impacts on the microbial 
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population in rumen and accompanying impairments of digestibility of fibre carbohydrates 

(FERNANDO et al. 2010).  

The issue of the optimal concentrate proportion in the ration illustrates the difficulty in feeding 

of high yielding dairy cows during early lactation, in which on the one hand rations have to 

ensure the energy needs of the cows and on the other hand they must contain sufficient amounts 

of structured fibre for maintenance of a stable rumen function. 

2.2.2 Metabolic changes 

During peripartal period, high yielding dairy cows undergo major metabolic changes which are 

mediated in subtle interactions between various metabolites and hormones. According to 

BAUMAN and CURRIE (1980), regulation of metabolism can be separated into two different 

regulatory systems called homeostasis and homeorhesis, whereby homeostasis is the adjustment 

to maintain a stable equilibrium and homeorhesis is a coordinated adjustment to reach a 

modified physiological state. An example for a homeostatically controlled body function is the 

regulation of blood glucose by changes of the insulin to glucagon ratio after meal consumption 

in non-ruminant species. In contrast, the coordinated changes of cows´ metabolism during 

peripartal period, in which nutrients are partitioned towards fetus and mammary gland to 

facilitate pregnancy and lactation, pertain to homeorhesis. An interaction between homeostatic 

and homeorhetic controls is necessary to adjust the partitioning of nutrients and to regulate 

energy metabolism. 

During pregnancy, the nutrient supply of the offspring must be ensured in mammals; 

additionally, in late gestation also nutrient and energy is needed for the development of the 

mammary gland. There is a genetically fixed high priority for nutrient supply for pregnancy 

and lactation, so that inadequately quick adaption as well as a lack of nutrient intake can result 

in clinical and subclinical metabolic disorders (BAUMAN and CURRIE 1980). The NEB leads 

to a depletion of body reserves, especially by mobilisation of body fat (ROCHE et al. 2009), 

but it has to be taken into account that this process seems to be evolutionary determined as 

adaption of maternal organism to lactation. Body fat tissue also displays a larger range of 

functions in maternal organism than merely the storage of energy, because it is integrated in 
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miscellaneous physiological processes of the immune and reproductive system (FRIGGENS 

2003). 

As described earlier, subtle coordinated changes in metabolic pathways are necessary to achieve 

homeorhesis throughout transition. During late pregnancy and early lactation cows exhibit 

increased rates of lipid mobilisation associated with decreased rates of lipid synthesis in adipose 

tissue, mediated by an alteration of key hormone expression and tissue responsiveness (ROCHE 

et al. 2009). An important role in this metabolic regulation plays the hormone insulin, which 

has an anabolic effect by promoting lipogenesis and by inhibiting lipolysis. Insulin belongs to 

the group of peptide hormones and it is expressed by β-cells of the pancreatic islets. Its primary 

task is to maintain a constant blood concentration of glucose, whereby the hormone glucagon 

acts as its antagonist. Hereby insulin leads to an increase of glycogen synthesis and a decrease 

of glycolysis, thus decreasing the glucose level. In ruminant species energy supply is primarily 

satisfied by the SCFA acetate, propionate, butyrate and valerate. Insulin secretion of ruminants 

is mainly affected by the blood concentrations of SCFA, whereby acetate is not involved in this 

regulation (HORINO et al. 1968). Ruminants have to synthesise the main part of glucose by 

gluconeogenesis, so that they generally have lower blood glucose levels compared to 

monogastric animals (BELL and BAUMAN 1997). During lactation, cows develop a 

hypo-insulinemia and lower response of insulin receptors in skeletal muscle and adipose tissue, 

which is known as insulin resistance (BELL and BAUMAN 1997; VERNON and POND 1997). 

This homeorhetic adjustment is regulated by a reduced expression of insulin-sensitive glucose 

transporters (GLUT4), whereas in mammary gland glucose transport is largely conducted by 

insulin-independent transporters (GLUT1). This guarantees the high glucose supply for 

mammary tissue to produce lactose, which is necessary for milk production. The genetic 

selection for high yielding dairy cows resulted in homeorhetic changes during peripartal period, 

characterised by a greater insulin resistance and an associated higher mobilisation of body fat 

(CHAGAS et al. 2009).  

The intensive lipomobilisation during early lactation leads to an elevated blood concentration 

of NEFA, especially during the first weeks after parturition. NEFA can be used for energy 

production in β-oxidation which takes place in the mitochondrial compartment especially of 

liver and skeletal muscle cells, or they can be used as a source for milk fat synthesis in mammary 
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gland (DRACKLEY (2006), Figure 1). Therefore, an increased BCS at calving is associated 

with an elevated milk fat content during the first days postpartum. Excessive amounts of NEFA 

in blood circulation lead to a re-esterification to triglycerides and storage of fat in liver. If this 

fat content in liver tissue becomes pathologically high, the metabolic disorder fatty liver 

syndrome occurs. 

 

Figure 1: Schematic presentation of lipid metabolism of adipose tissue, liver and mammary 

gland and their relationships during peripartal period. Non-esterified fatty acids are mobilised 

from depot fat during periods of negative energy balance and can be used for energy production 

in β-oxidation or as source for milk fat production, whereas at massive lipomobilisation they 

are partly transformed to ketone bodies. (+) signs indicate stimulation and (-) signs indicate 

inhibition. Solid lines show commonly used physiological processes, and dashed lines indicate 

processes in lower rates or during certain physiological periods. NE = norepinephrine; Epi = 

epinephrine; NEFA = non-esterified fatty acids; CPT-1 = carnitine palmitoyltransferase-1; 

GPAT = glycerol-3-phosphate acyltransferase; BHB = β-hydroxybutyrate; TG = triglyceride; 

CoA = coenzyme A; VLDL = very low density lipoprotein. Adapted from DRACKLEY et al. 

(2006). 

For β-oxidation of fatty acids carbohydrates are necessary, so that a competitive situation 

between metabolisation of fatty acids and gluconeogenesis arises. If the mobilisation of NEFA 
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is accelerated, the ability to metabolise fatty acids in β-oxidation can be exceeded. This is 

caused by a prioritisation of carbohydrate usage for gluconeogenesis, leading to a reduced 

amount of oxaloacetate in liver tissue (BAIRD 1982). As a consequence, the 

acetyl-coenzyme A cannot be metabolised in tricarboxylic acid cycle and is degraded to ketone 

bodies. These ketone bodies can be subdivided in BHB, acetoacetate and acetone. They are an 

important energy source in physiological metabolism of cows, because they can be metabolised 

in various organs and can serve as precursors for milk and body fat synthesis (DIRKSEN et al. 

2006). This is highly important since major parts of glucose are partitioned towards mammary 

gland during lactation (> 80%), so that organs like brain, which is not able to metabolise fatty 

acids itself, necessarily need ketone bodies for energy supply (VON ENGELHARDT et al. 

2010). 

The sensitivity for insulin in liver, skeletal muscle and adipose tissue is increased by the peptide 

hormone adiponectin, which is produced by adipose tissue and which also displays an 

anti-inflammatory effect. In humans and rodents, this hormone is involved in pathogenesis of 

obesity-linked insulin resistance and the metabolic syndrome so that lower adiponectin 

concentration or a downregulated expression of its receptors can be detected in obese 

individuals (TSCHRITTER et al. 2003; YAMAUCHI AND KADOWAKI 2008). Hence, 

adiponectin is probably involved in the homeorhetic adaption to lactation and contributes to a 

preferential flux of glucose towards mammary gland, leading to an increased gluconeogenesis 

with consequently higher milk production. 

The increased concentration of the growth hormone (GH) is involved in the downregulation of 

adiponectin during peripartal period. GH exhibits important functions in homeorhesis, being a 

potent regulator of nutrient utilisation and showing antagonistic effects compared to insulin. 

Highly important targets of GH are liver and adipose tissue, where it stimulates the hepatic 

gluconeogenesis, promotes lipolysis and inhibits the insulin-dependent glucose uptake in 

adipose tissue (LUCY 2008). Around calving the concentration of GH is elevated, stimulating 

the mobilisation of fat from adipose stores (ROCHE et al. 2009). In liver, GH stimulates the 

release of insulin-like growth factor I (IGF-I), which adjusts the growth and function of various 

cells by binding to the GH receptor-1A. The occurrence of this GH receptor type is reduced 

during early lactation in hepatic cells, resulting in a decline of plasma concentration of IGF-I 
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by approximately 70% despite increased concentrations of GH, which is commonly described 

as uncoupling of the somatotropic axis (LUCY 2008). The reduced concentration of IGF-I 

during peripartal period coincidently occurs with the decrease of insulin concentration, so that 

cow’s organism shifts to catabolic state to provide sufficient energy for milk production. In 

course of lactation cows have a greater nutrient intake and develop a positive energy balance, 

which causes rising concentrations of insulin. This leads to an enhanced expression of GH 

receptors. The resulting increase of IGF-1 secretion inhibits the release of GH, so that in 

proceeded lactation homeorhetic changes towards an anabolic metabolism emerge (LUCY 

2008).  

2.2.3 Subclinical ketosis and fatty liver syndrome 

SCK and fatty liver syndrome are diseases which are highly associated with the NEB during 

peripartal period. In etiology of both diseases the key aspect is an excessive lipomobilisation at 

the beginning of lactation leading to increased blood concentrations of NEFA. Ketosis is a 

metabolic disorder in which blood concentration of ketone bodies is increased, whereby two 

different types of this disease can be distinguished, a clinical and a subclinical form (BAIRD 

1982). The incidence of clinical ketosis during the first weeks after calving is with 1.6% quite 

low in European dairy farms compared to SCK (BERGE and VERTENTEN 2014). Cows 

suffering from clinical ketosis show disturbed general condition, characterised by reduction of 

DMI and milk yield, excessive loss of BCS, decreased contractions of forestomaches as well as 

constipation and firm faecal consistency followed by diarrhea. Also the sensorium is often 

affected by this disease, so that cows appear weak or excited and in severe cases they develop 

a comatose state (DIRKSEN et al. 2006). In the subclinical form there is an absence of clinical 

signs. Nevertheless, this disease causes high costs in dairy production due to production losses, 

reduced fertility and increased risk for several other production diseases like clinical ketosis, 

displaced abomasum, metritis, mastitis and lameness (BERGE and VERTENTEN 2014; 

GEISHAUSER et al. 2001; MCART et al. 2015). The average incidence for this disease is with 

> 40% rather high in dairy herds (MCART et al. 2012; VANHOLDER et al. 2015). Increased 

risk factors for SCK are higher parity, overconditioning during prepartal period and increased 

dry period length (VANHOLDER et al. 2015). Also the retrenchment of concentrates to save 

feeding costs can presumably increase the risk for ketosis, caused by decreased energy 
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concentration in early lactating ration (BERGE and VERTENTEN 2014). For determination of 

SCK different thresholds for BHB can be found in literature, which range from 1.0 to 

1.4 mmol/l (DUFFIELD 2000). A commonly used threshold is defined by DIRKSEN et al. 

(2012), who issued a summary of literature and revealed that a BHB level of >1.2 mmol/l seems 

to be pathological. Also an elevated fat-to-protein ratio in milk (F:P ratio) above 1.5 is reported 

to be a further indicator for subclinical ketosis, because an increased NEFA concentration leads 

to an elevated milk fat content (KROGH et al. 2011).  

The abrupt and strong increase of NEFA during postpartal period can overstrain the capacity of 

the liver to metabolise or excrete them so that fat is re-oxidated to triglycerides and deposited 

in liver tissue. This can evolve into a kind of vicious cycle, because for the transport of fatty 

acids liver fat has to be transformed to very low density lipoproteins, which are produced to a 

large proportion by hepatocytes. In severe cases this process can lead to the fatty liver syndrom. 

Fatty liver syndrome is associated with other metabolic diseases as well as with decreased 

productivity, decline in reproductive performance and reduced immunity (BOBE et al. 2004; 

WENSING et al. 1997). In extremely severe stages the increased fat mobilisation can lead to 

liver or kidney failure as well as to hepatic encephalopathy, so that fatty liver can result in death 

of the cow (REHAGE et al. 1999). The impairment of clearance and synthesis functions in 

hepatocytes can also alter hormone balance, leading to a decreased secretion of IGF-1, 

glucocorticoids, glucagon and insulin (BOBE et al. 2004). For diagnosis of fatty liver syndrome 

in herds the continuous assessment of BCS is a helpful measure, because cows suffering from 

this disease develop a strong decrease in BCS during early lactation, often combined with high 

milk yield. Also blood concentrations of glucose and NEFA are associated with fatty liver, 

providing a good indicator for this disease on farms.  

2.2.4 Link between nutritional energy intake, immune function and health 

Throughout the peripartal period the immunity of cows is highly challenged due to the changes 

in metabolic balance, the NEB, and the physical strains around parturition and onset of 

lactation. As a consequence of the reduced immunity and the metabolic alterations, 30 to 50% 

of the cows exhibit in periparturient period metabolic or infectious diseases (LEBLANC 2010), 

which underlines the great importance to ensure optimal nutritional and housing conditions in 

this period. The nutrition of the animals has major impacts on the capacity of immune functions 
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and vice versa the impairment of immune system with resulting infections affect the DMI and 

therefore the energy supply (Figure 2). These impairments of immune system during peripartal 

period lead to higher risks for infectious diseases, especially in cows suffering from massive 

NEB, which is associated with the metabolic disorders ketosis and fatty liver. 

 

Figure 2: Major interactions between the immune, endocrine and metabolic systems in dairy 

cows during peripartal period. Negative energy balance increases the risk for inflammatory 

diseases, which results in reduced dry matter intake and in increased energy demand. The 

symbols + and – indicate an increase or decrease in biomolecule levels. NEFA = non-esterified 

fatty acids; IGF-I = insulin-like growth factor I; TNF-α = tumor necrosis factor α; IL-1 and IL-

6 = interleukin 1 and 6; nAPP and pAPP = negative and positive acute phase proteins. From 

ESPOSITO et al. (2014). 

2.3 Rumen health 

2.3.1 Rumen physiology 

In evolution of ruminants the digestive tract perfectly adapted for utilisation of low digestible 

fibrous plant materials by forming a symbiotic relationship with several microorganisms, which 

mainly grow in the reticulorumen. This organ is part of the forestomach system in which high 
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volumes of feed can be retained providing the microorganisms sufficient time to disintegrate 

cellulose-rich feed (RUSSELL and RYCHLIK 2001). .  

In the rumen carbohydrates are fermented to VFA, which are absorbed by the rumen wall and 

used to satisfy the energy demands of ruminant species. Acetate, propionate and butyrate are 

quantitatively the most important VFA and contain two, three and four carbon atoms, 

respectively. These three VFA nearly account for 65-75% of total metabolisable energy of 

ruminants fed at maintenance. In bovine rumen, the usual ratio of acetate:propionate:butyrate 

is 65:20:15 and the proportion of other VFA accounts for less than 5% of the total (BERGMAN 

1990). After ruminal absorptions these different VFA can be utilised in various metabolic 

pathways, so that the composition of fatty acids affects the metabolism of cows. The energy 

partitioning as well as the level and availability of other nutrients display a strong interaction 

with metabolism of VFA. Propionate is the main precursor for gluconeogenesis, whereas 

acetate and butyrate can be used to a lesser extent for production of glucose (KRISTENSEN et 

al. 1998). In ruminant metabolism, propionate must cover at least 50% and possibly up to 75% 

of the glucose requirements. Acetate, which appears in highest concentrations in rumen fluids, 

can be utilised for β-oxidation or as predominant carbon source for de novo fatty acid synthesis. 

Hereby it can serve as precursor for storage of energy in adipose tissues or for production of 

milk fat (ROCHE et al. 2009). Butyrate is mainly metabolised to D-3-hydroxybutyrate in rumen 

epithelium and liver, so that it can be used as a ketone body for energy supply of various organs 

or for lipogenesis, but it can also contribute to ketosis. Also other metabolites like acetoacetate, 

lactate and pyruvate are produced from the rumen epithelium by oxidation of VFA 

(KRISTENSEN et al. 1998).  

The VFA production consumes about 75% of energy content of the carbohydrate sources. The 

residual 25% are utilised by the microorganism or are lost due to gas production. The rumen is 

a habitat which provides optimal living conditions for adapted bacteria, fungi and protozoa, 

which have evolved together over long time. In return, these microbes undertake several 

synthesis tasks for the host to provide essential proteins, vitamins and VFA. This microbial 

synthesis is highly important for ruminants because microbial protein accounts for about 90% 

of amino acid flow into the small intestine and energy of VFA is the main source for energy 

metabolism (RUSSELL and RYCHLIK 2001). However, this ecosystem is very alterable, so 
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that changes in ruminal environment cause shifts in the composition of species as well as shifts 

in the fermentation processes. During transition period, the ration changes from a fibre-rich to 

a more starchy diet in order to facilitate high milk production. In starch-rich diets the diversity 

of ruminal microflora is reduced and especially the concentration of cellulolytic bacteria, 

protozoa and fungi declines (BELANCHE et al. 2012). Also the amount and diversity of 

protozoa is important for robustness of rumen physiology, although these microbes are not 

essential for the survival of ruminants. It was observed that protozoa might be able to reduce 

the fermentation rate of highly fermentable carbohydrates and therefore can alleviate decreases 

of ruminal pH in concentrate-rich diets (VAN ZWIETEN et al. 2008). Throughout prepartal 

period the inter-animal differences in composition of ruminal microbiota are lower compared 

to the postpartal period which is caused by enrichment of proteolytic, amylolytic and lactate-

producing species, showing that the microbes need to adapt to the ration changes 

(DERAKHSHANI et al. 2016).  

2.3.2 Ruminal pH and ruminating activity 

Fermentation processes and ruminal pH-value mutually influence each other, because the 

ruminal acidity depends on the release of VFA and lactic acids, which are produced by ruminal 

microbes. But the composition of microorganisms is equally affected by the ruminal pH, which 

is an essential variable in ruminal environmental conditions. Therefore, the ruminal pH is also 

closely associated with rumen functions like motility and absorptive functions as well as animal 

productivity and health (ASCHENBACH et al. 2009; NAGARAJA and TITGEMEYER 2007). 

The ruminal pH exhibits a strong diurnal variation and in general, periods of decreasing pH-

values follow after meals caused by increased release of VFA which are weak acids. However, 

butyric acid has a lower potential to reduce ruminal pH and plays an important role in growth 

and nutrient supply of rumen epithelium, so that stimulation of butyric acid production possibly 

stabilises ruminal pH (DIJKSTRA et al. 2012). Studies showed a weak relationship between 

ruminal pH and VFA concentration in rumen, because other factors like absorption, buffering 

and neutralisation of acids also greatly affect ruminal pH (ALLEN 1997). For prevention of a 

sharp drop in ruminal pH, VFA have to be absorbed from rumen through the rumen wall. Under 

ruminal pH conditions, VFA mainly appear in dissociated form. In this form the transport 

through the epithelium is energy-dependent and needs carrier proteins. Hereby the bicarbonate 
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exchange seems to be the main pathway, so that secretion of bicarbonate into the lumen buffers 

ruminal pH and simultaneously removes VFA (ASCHENBACH et al. 2009; DIJKSTRA et al. 

2012). VFA also influence the mitosis of epithelium cells in rumen, because higher 

concentrations promote DNA synthesis and nutrient supply, whereby butyrate has the greatest 

effect (BERGMAN 1990). These mitotic effects of VFA can be used during prepartal period to 

stimulate growth of villi in rumen epithelium and thereby also influence absorption capacity, 

which is obtained by gradually increasing concentrate proportions in ration before calving. 

Lactic acid, which has stronger acidity compared to VFA, has a significantly lower absorption 

rate. When the ruminal pH drops below about 5.7, the release of lactate is increased and 

simultaneously the utilisation of lactate decreases, resulting in an accumulation of lactate which 

can be harmful for rumen health. This situation occurs after an abrupt, massive intake of 

concentrates, resulting in acute ruminal acidosis, which is characterised by extremely low 

ruminal pH-values (NAGARAJA and TITGEMEYER 2007).  

The nadir of pH is expected to be attained 5 to 8 h after feeding of TMR or 2 to 5 h after feeding 

of concentrates, so that this is the best time to perform single measurements of ruminal pH. 

Under field conditions rumen fluids can be sampled by rumenocentesis and orally with stomach 

tubes. Because of the high daily variations of ruminal pH, continuous pH measurements are 

more accurate and can be used to determine the daily time range during which the ruminal pH 

falls below physiologically important thresholds (ALZAHAL et al. 2007; COLMAN et al. 

2012). This is highly important to assess the risk of cows to exhibit the digestive disorder 

SARA, which is characterised by decreased ruminal pH-values over extended periods (ZEBELI 

et al. 2008). In non-fistulated cows small pH boli can be used for frequent pH-measurements, 

which are administered orally into reticulum of the cows (e.g. indwelling wireless data 

transmitting system, SmaXtec Animal Care, Austria; GASTEINER et al. (2015)). In rumen-

cannulated cows the Lethbridge Research Centre Ruminal pH Measurement System (Dascor 

Inc., Escondido, CA, USA; PENNER et al. (2006); Figure 3) can be used, which is calibrated 

in two different buffer solutions before and after every usage. Therefore, it provides highly 

accurate and reliable measurements. 

An important buffering mechanism is the salivary secretion, which increases the buffering 

capacity so that ruminal pH becomes less sensitive to changes in acid load. The production of 
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saliva is generally increased by feeding roughage based fibre-rich diets, which exhibit high 

contents of physical effective NDF (peNDF). By using the peNDF system in addition to NDF, 

also the particle size is included in assessment of fibre supply (MERTENS 1997; YANG and 

BEAUCHEMIN 2007). Higher contents of peNDF in diets promote mastication by increase of 

chewing and ruminating activity, so that salivary secretion is enhanced. Additionally, also the 

feed intake behaviour, rumen motility and digestibility are affected by the content of structural 

carbohydrates in ration (ALLEN 1997; AMMER et al. 2017). There is a high inter-animal 

variability concerning the level of ruminal pH, possibly caused by differences in feed intake 

behaviour, ruminating activity, microbial population, previous exposure to acidosis and digesta 

outflow from rumen (DIJKSTRA et al. 2012; SCHWARTZKOPF-GENSWEIN et al. 2003).  

          

Figure 3: Dascor LRCpH data logger for measurement of ruminal pH (A) and inserting of this 

measurement system via rumen cannula to position it into ventral sac of the rumen (B). 

2.3.3 Subacute ruminal acidosis 

The elevation of energy content in early lactating ration is necessary to meet the energy 

demands for milk production, but this feeding strategy increases the risk for dairy cows to 

develop unphysiological conditions in rumen caused by repeated periods of lowered ruminal 

pH. The consequent disorder SARA is widespread throughout dairy production and occurs in 

intensively fed dairy cows as well as in grazing animals (DUFFIELD et al. 2004; O’GRADY 

et al. 2008). A study of KLEEN et al. (2013) revealed that pH conditions pointing towards 

SARA occur in one third of German dairy farms, whereby a prevalence of up to 50% within 

single herds was found. SARA seems to be present in dairy farms regardless of management 

conditions and also in all stages of lactation cycle. This disease adversely affects productivity 

A B

A 
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and animal welfare, but decreased ruminal pH can also increase the concentration of 

enterohemorrhagic E. coli so that after slaughter contaminated carcasses can possibly lead to a 

higher human health risk (RUSSELL and RYCHLIK 2001). Economic losses arise due to 

lowered milk yield, premature culling as well as increased risk for accompanying diseases. 

Several health problems like diarrhea, laminitis, liver abscesses and rumen mucosal damages 

are suspected to be associated with SARA and cows seem to exhibit systemic inflammations in 

the course of this disease (PLAIZIER et al. 2008). An increase of rapidly fermentable 

carbohydrates in ration as well as sudden dietary changes lead to an accelerated fermentation 

rate, so that absorption rate and buffering capacity of rumen can be exceeded, which in turn 

results in a decreased ruminal pH. This condition has consequences for the microbial population 

in rumen, because growth of cellulolytic bacteria is inhibited and especially the gram-positive 

cocci and rods are favoured and become predominant (GOAD et al. 1998; NAGARAJA et al. 

1978). The concentration of lipopolysaccharides (LPS), which is an essential part of the cell 

wall of gram-negative bacteria, rises either when large amounts of these bacteria die or when 

the growth of these bacteria is rapidly increased (PLAIZIER et al. 2008). LPS is an endotoxin 

and induces the inflammatory cascade along with the release of proinflammatory cytokines. 

Endotoxins and other vasoactive substances like histamine are suspected to be involved in 

pathogenesis of laminitis, because they can induce both vasoconstriction and dilatation in the 

corium of the claw which may cause ischemia. This could lead to tissue damages and formation 

of inferior horn quality with soft horn consistency, increasing also the risk for ulcerations 

increases (NOCEK 1997).  

Clinical signs of this disease are rather subtle and low specific, which makes the diagnosis of 

SARA difficult. Possible clinical signs can be anorexia, intermittent diarrhea and thinner 

consistency of feces, dehydration, impairments of rumen motility, development of abscesses 

with unexplained reasons as well as occurrence of lameness (ENEMARK 2008; GOZHO et al. 

2005). More specific is the appearance of decreased ruminal pH-values. If this coincides with 

altered clinical signs, matching production indices and ration characteristics, SARA can be 

diagnosed most reliably (NORDLUND et al. 2004). Continuous measurements of ruminal pH 

by using intra-ruminal or intra-reticular indwelling pH measurement systems can provide 

valuable information about the daily duration in which pH was lower than specific thresholds. 
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The degradation of fibre is affected within pH conditions between pH 6.0 and 6.3, whereby at 

ruminal pH-values significantly lower than 6.0 the growth of cellulose degrading bacteria 

species stops (DIJKSTRA et al. 2012). Commonly used pH-thresholds defining critical ruminal 

conditions are 5.6, 5.8 and 6.0. Another approach to define an increased risk for SARA was 

attempted after meta-analysis of different studies by ZEBELI et al. (2008), who suggested a 

threshold of 314 min/d for pH <5.8 at simultaneously daily average of pH = 6.14. 

2.4 Energy efficiency of dietary production during early lactation 

2.4.1 Estimation of energy efficiency 

Due to a growing human population the demand for animal derived products increases, which 

potentiates the environmental impact of livestock farming. For a sustainable dairy production 

the animal welfare is strongly interconnected with the production efficiency, since impairments 

in well-being and health of the cows result in production losses. This has negative consequences 

for economic and ecological considerations as well as for the consumer acceptance of livestock 

farming (CAPPER and BAUMAN 2013).  

There are different approaches to describe the efficiency of dairy cows, whereby all methods 

exhibit advantages and disadvantages (DE ONDARZA and TRICARICO 2017). Some methods 

focus on the economic aspects of production including the feeding costs into calculations, which 

lead to ongoing fluctuations in estimation of efficiency according to changes of feed and milk 

prices (BUZA et al. 2014; DE ONDARZA and TRICARICO 2017). Other calculations put 

emphasis on the utilisation of feed for producing milk, so that they are based on the ratio of 

milk output and feed intake. Hereby the simplest method to determine efficiency is the physical 

feed efficiency (FE), in which the production of ECM is divided by the DMI. In this calculation 

diet composition is not taken into account, so that FE is rather imprecise to compare groups 

receiving rations differing in energy concentration. These differences in diet can be respected 

by calculation of nutrient or energy efficiency like the energy conversion efficiency (ECE) 

which describes the relation between energy output via milk and the energy uptake from feed 

(DE ONDARZA and TRICARICO 2017). Another approach is calculating the metabolic 

efficiency (MEff) which regards the metabolic weight of the cows for evaluation of efficiency. 

A meta-analysis of PHUONG et al. (2013) showed that there is a positive correlation between 

the efficient use of nitrogen and energy, so that maximising the ECE possibly also increases the 
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nitrogen utilisation. However, these calculations do not consider mobilisations of body reserves 

so that feed efficiency during early lactation, when the majority of lipomobilisation occurs, is 

overestimated (DE ONDARZA and TRICARICO 2017).  

Other measurements to estimate efficiency of dairy cows are the residual feed intake or the 

residual energy intake (REI), which are calculated by subtracting the estimated intake from the 

actual measured DMI or energy intake. For determination of estimated intake a regression 

model is calculated, which includes the actual energy intake of the cows depending on energy 

associated factors like production, day of lactation, bodyweight, body condition and parity 

(HURLEY et al. 2016). Highly efficient animals are characterised by a low value for REI, 

because these animals need less energy than estimated for their production level.  

FE =  ECM [kg] DMI [kg]⁄  

ECE =  Energy excretion with milk [MJ NEL] Energy intake [MJ NEL]⁄  

MEff =  
Energy intake [MJ NEL] − Energy excretion with milk [MJ NEL]

Bodyweight0.75 [kg]
 

RSEI = Measured energy inake [NEL] −  Estimated energy intake [NEL] 

2.4.2 Dietary influences on energy efficiency 

In a review of NIEMANN et al. (2011) who discussed strategies for improving the efficiency 

of cows, inter alia higher feed intakes, greater digestibility of feed, a reduction of energy losses 

in digestive tract and an improved animal health were assessed as feasible approaches. Along 

with the genetic potential of the cows, also the composition of diet has great influences on these 

variables, so that feed efficiency should be investigated from both genetical and nutritional 

viewpoints.  

During the last centuries breeding successes have led to a considerable improvement of 

efficiency as well as a reduction of environmental impacts in dairy farming because the relative 

share of nutritional demands for maintenance functions has decreased with rising milk 

production (CAPPER and BAUMAN 2013). An important precondition for a high performance 

is an exalted DMI, providing sufficient energy for milk production. However, an increased DMI 
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also leads to an accelerated passage rate, resulting in an impaired fibre digestibility with 

consequently higher energy and nutrient losses by faeces (ALLEN and MERTENS 1988; 

DIJKSTRA et al. 2012). In this context, also the concentrate proportion has consequences for 

fibre digestibility, because elevated portions of concentrates in ration lead to an increased DMI 

and an accelerated passage rate. The facilitation of physiological rumen function can possibly 

increase the efficiency in usage of nutrients, because ruminal pH and the composition of 

ruminal ecosystem influence the fibre digestibility, the digestion rate and the microbial protein 

yield (DE ONDARZA and TRICARICO 2017; KRAUSE and OETZEL 2005). Also the losses 

of energy due to fermentation gases, especially methane, have consequences for the efficiency 

of cows. Methane emissions of ruminants decline when the proportion of concentrates in diet 

is increased, but for common concentrate proportion in dairy cows the methane production 

remains rather constant. Merely in very high concentrate proportions of 80 to 90% the methane 

production declines strongly (MARTIN et al. 2010).  
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3 SCOPE OF THE THESIS 

In feeding of dairy cows the crucial issue during postpartal period is to provide balanced rations, 

which meet the energy demand of the cows and simultaneously contain sufficient amounts of 

fibre carbohydrates. Based on the current literature, a lot of scientific work was conducted to 

study the influences of changes in the concentrate proportions or energy density in roughage on 

performance and metabolic state of cows. The aim of the undertaken research was to investigate 

the impacts of variations in energy supply from roughage and concentrates on these parameters 

and, additionally, to examine the influences on energy efficiency and health of the cows during 

early lactation. We intended to feed rations representing the usual variation of diets in German 

dairy farms and to assess if cows exhibited signs of the energy related diseases subclinical 

ketosis and subacute ruminal acidosis.  

We assumed that differences in energy concentrations in roughage and in amounts of 

concentrates during early lactation would have various consequences for performance, 

metabolic state, energy efficiency and health of the cows. Therefore, the following hypotheses 

were investigated in this study: 

1. The higher energy density in roughage of early lactating cows can compensate a lower 

supply of concentrates. 

2. Both the higher energy concentration in roughage and the elevated concentrate 

proportion have positive impacts on postpartal energy intake and therefore on milk yield 

as well as energy corrected milk yield. 

3. The energy balance is increased in groups receiving rations with higher energy 

concentrations and cows with greater negative energy balance show alterations in 

metabolic state as well as body condition. 

4. The differences in energy supply from the experimental rations have consequences for 

energy efficiency of the cows. 

5. Faecal consistency, assessment of rumen health and lameness scoring can be used for 

clinical assessment of subacute ruminal acidosis and groups differing in concentrate 

supply would show differences regarding these variables. 

6. An increased amount of straw and the resulting higher NDF content in roughage have 

positive effects on ruminal pH, rumination activity and rumen health. 
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To examine these hypotheses, we conducted a trial comprising 63 pluriparous dairy cows, 

which were used from three weeks antepartum until sixteen weeks postpartum. During dry 

period all cows received an equal total mixed ration, whereas after calving they were assigned 

in a 2x2 factorial design. Roughage consisting of grass silage, maize silage and different 

portions of straw (18% or 6% of DM, respectively) was fed for ad libitum intake and contained 

either 6.1 or 6.5 MJ NEL/kg DM. Additionally, concentrates were provided by an automatic 

feeding system to reach an amount of 150 or 250 g per kg energy corrected milk (ECM). 

Furthermore, ten rumen-fistulated cows were used in this trial to assess changes of circadian 

ruminal pH, rumination activity and feeding behaviour depending on lactation stage and 

differences of straw content in roughage. 

The results of the experiments are presented in two publications. Paper I evaluates the effects 

of the differences in energy concentrations of roughage and amounts of concentrates on 

performance, metabolic state, energy efficiency and health of the cows. In Paper II the impacts 

of different energy concentrations in roughage on ruminal pH, rumination activity, feeding 

behaviour and rumen fermentation characteristics are demonstrated. 

The findings of these investigations are illustrated in the following two publications and are 

then discussed comprehensively in the chapter “general discussion”. 
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Abstract: 

The aim of this study was to investigate the effects of different energy supplies from roughage 

and concentrates on performance, health and energy efficiency during early lactation. For this 

purpose an experiment was conducted containing 64 pluriparous German Holstein cows from 

three weeks prepartum until sixteen weeks postpartum. During dry period all cows received an 

equal dry cow ration. After calving, cows were assigned in a 2×2 factorial arrangement to one 

of four groups, receiving either a moderate (MR, 6.0 MJ NEL) or a high (HR, 6.4 MJ NEL) 

energy concentration in roughage and furthermore moderate (MC, 150 g per kg energy 

corrected milk (ECM)) or high amounts of concentrates (HC, 250 g per kg ECM) on dry matter 

basis, which were allocated from an automatic feeding system. Higher allocation of 

concentrates resulted in an increase of dry matter intake at expense of roughage intake. HC 

cows had a higher milk yield than MC cows, whereas ECM was higher in HR cows due to a 

decrease of milk fat yield in MR groups. Energy balance and body condition score were 

elevated in HC cows, but no differences occured in development of subclinical ketosis. 

Furthermore, energy efficiency variables were lower in HC groups because the greater energy 

intake was not associated with a considerable elevation of milk yield. Consistency of faeces did 

not indicate digestive disorders in any of the treatment groups although the faecal manure score 

was significantly lower in HR groups. Our results underline the importance of a high energy 

uptake from roughage, which can contribute to an adequate performance and beneficial 

efficiency, especially at lower amounts of concentrates in ration. Feeding concentrates on an 

average amount of 9.4 kg/d compared to 6.4 kg/d on dry matter basis improved the energy 

balance in our trial, but without consequences for metabolic blood variables and general health 

of the cows. 

Keywords: dairy cow; concentrates; roughage; energy balance; efficiency; animal health 

1. Introduction 

High performance, efficiency and health of dairy cows are essential preconditions for an 

economical and sustainable milk production with particular attention to animal welfare. In 

recent years an enormous increase of milk production per cow was evident in dairy farming, 

accompanied by a lower environmental impact of dairy production (Capper et al. 2009) but 

conceivably also by an increase of health disorders of the cows (Oltenacu and Algers 2005). 
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During peripartal period feed intake is reduced, leading to a discrepancy between energy intake 

and energy demand, so that cows have to overcome a period of negative energy balance (NEB). 

To counteract the lack of energy cows have to mobilise their reserves of body fat, resulting in 

increased blood concentrations of non-esterified fatty acids (NEFA) and subsequently in an 

elevation of ketone bodies, which can result in subclinical ketosis (Schulz et al. 2015). This 

disease is diagnosed by determination of β-hydroxybutyrate (BHB) concentration in blood 

(Duffield 2000) and also an increased fat to protein percentage in milk (F:P ratio) above 1.5 is 

considered to be an indicator (Krogh et al. 2011). For maintenance of a high milk production 

cows develop an insulin resistance during early lactation, which leads to an elevated availability 

of glucose in mammary gland at expense of glucose supply in muscle and fat tissue. In addition, 

the adipokine adiponectin is involved in metabolic control due to insulin-sensitising effects, 

resulting in an inhibition of lipolysis and a suppression of gluconeogenesis (Tschritter et al. 

2003; Singh et al. 2014). 

During early lactation high portions of concentrates are allocated to dairy cows to antagonize 

their energy deficits, leading to increased amounts of rapidly degradable carbohydrates 

associated with decreased fibre portions in ration. These increased quantities of concentrates in 

ration result in a lower digestibility of fibre in diet (Belanche et al. 2012; Kleefisch et al. 2017) 

and lead to an intensified production of fatty acids in rumen, so that digestive functions can be 

impaired. As consequence of a nutritional imbalance subacute ruminal acidosis (SARA) can 

occur, what is characterised by a decrease of ruminal pH over an extended period. This digestive 

disorder can reduce the feed intake and affect rumen function, but in practice the diagnosis of 

SARA is difficult because the clinical signs are rather subtle. A thinner consistency of faeces 

(Humer et al., 2017), decreased rumen fill and rumen tympany (Enemark 2008), hypomotility 

and decreased intensity of ruminal contractions (Duffield et al. 2004; Danscher et al. 2015) as 

well as decreased ruminal mat formation are considered possible clinical indications. 

Furthermore, after prolonged SARA also laminitis can arise due to an increase of inflammatory 

vasoactive substances (Khafipour et al. 2009), leading to a higher incidence of lameness. In 

order to avoid adverse effects on rumen fermentation it is necessary to provide well balanced 

rations to cows which satisfy both, the energy requirements and an adequate supply of fibre-rich 

forages, particularly during early lactation. For this purpose, we hypothesised that higher energy 

density in roughage can compensate a lower concentrate supply without negative impacts on 
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performance or health of the cows and thus can contribute to a higher feed efficiency. The aim 

of this study was to evaluate how different energy concentrations of roughage and varying 

amounts of concentrates affect performance, efficiency and health of pluriparous cows during 

postpartal period. In our study we provided rations representing the common range of variation 

in dietary energy content found in Northern European dairy farms to simulate practical 

conditions. 

2. Materials and Methods 

The experiment was carried out at the experimental station of the Institute of Animal Nutrition, 

Friedrich-Loeffler-Institut (FLI) in Braunschweig, Germany. Experimental work was executed 

in accordance with the German Animal Welfare Act approved by the Lower Saxony State 

Office for Consumer Protection and Food Safety (LAVES, Oldenburg, Germany). 

2.1 Animals and diets 

In the current experiment 64 pluriparous German Holstein dairy cows including 11 rumen- and 

duodenum fistulated animals were used from week (wk) three prepartum until wk sixteen 

postpartum. The experiment was conducted in a 2×2 factorial arrangement combining two 

different concentrations of energy in roughage (R) and two different amounts of concentrates 

(C) in ration of early lactating cows. During the dry period all cows received equal diets, but 

after calving they were allocated to one of four different feeding groups. The calvings were 

conducted in a relatively short period from October 2015 to January 2016 and cows were 

successively assigned to the treatment groups to reduce seasonally differences between the 

animals. Groups were balanced for fat-corrected milk yield of previous lactation 

(6043 ± 1198 kg, 200 d milk yield; mean ± standard deviation), numbers of lactation (2.0 ± 1.1), 

body weight (760 ± 88 kg) and body condition score (BCS, 3.45 ± 0.46) at the beginning of the 

experiment. Cows were housed in a free stall barn with slatted floors and cubicles equipped 

with rubber mats. 

During the dry period rations were provided as total mixed rations (TMR) and were formulated 

according to the recommendations of the Society of Nutrition Physiology (GfE 2001) and the 

German Agricultural Society (DLG 2012), subdivided in a far-off dry period (from drying off 

until wk three prepartum) and a close up period (wk three prepartum until calving). In the far-off 
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dry period the ration consisted of 46.5% maize silage, 46.5% grass silage and 7% straw based 

on dry matter (DM). In the close-up period, ration contained 40% maize silage, 40% grass silage 

and 20% concentrates. After calving groups received the experimental rations as partial mixed 

rations (PMR) differing in energy concentration in roughage and in the amount of concentrates. 

Two treatment groups received roughage with a moderate energy concentration (MR groups) 

containing 6.0 MJ NEL per kg DM and two groups received roughage with a high energy 

concentration (HR groups) containing 6.4 MJ NEL per kg DM by adding different amounts of 

wheat straw. Roughage of MR group consisted of 41% maize silage, 41% grass silage and 18% 

of wheat straw, while HR groups received roughage with 47% maize silage, 47% grass silage 

and 6% wheat straw on DM basis. The added straw had a chopping length of 15 mm, whereas 

chopping length of grass silage was 17 mm and chopping length of maize silage was 5 mm. A 

homogenous consistency of roughage was ensured by accurate and standardized mixing of the 

PMR. The residuals were regularly evaluated and there were no visible signs of selection 

against longer particles. Concentrates were supplied in an amount of either 150 g per kg ECM 

(MC group) or 250 g per kg ECM (HC group) on DM basis according to the expected course 

of milk yield. There were two different types of concentrates composed to adjust the intake of 

minerals independent of the quantity of concentrates. For technical reasons, the concentrates 

were provided in pelleted form. The PMR was offered ad libitum via self-feeding stations (type 

RIC; Insentec B.V., Marknesse, The Netherlands) and supplementary concentrates were 

provided by computerized automatic feeding stations (Insentec, B.V., Marknesse, The 

Netherlands). A part of the allocated concentrates was mixed into PMR (on average 11% of 

DM). The components and chemical composition of the different experimental diets are shown 

in Table 1 and additionally the chemical composition of the consumed diet is illustrated in Table 

2.  
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Table 1. Components and chemical composition of the concentrates and roughages in the 

experimental diets 

  Concentrates†  Roughage§ 

  Dry period MC+ HC¶  Maize silage Grass silage Wheat straw 

Components [% of fresh matter]        

   Rapeseed meal 22 35 35     

   Corn 21 20 20     

   Wheat grain 21 20 20     

   Barley grain 21 14.9 16.1     

   Dried sugar beet pulp 9 5 5     

   Soybean oil 1 1 1     

   Vitamin/mineral premix$ 5       

   Vitamin/mineral premix‡  2.5 1.7     

   Calcium carbonate  1.3 1.2     

   Urea  0.3      

Chemical composition        

   Dry matter [g/kg] 867 873 876  339 343 880 

Nutrient [g/kg DM]        

   Crude ash 64 70 64  37 94 60 

   Crude protein 153 196 188  71 151 34 

   Ether extract 48 45 47  34 36 15 

   Crude fibre 72 78 79  189 259 443 

   aNeutral detergent fibre om 186 193 189  380 484 820 

   Acid detergent fibre om 100 116 116  235 281 505 

Energy◊ [MJ /kg DM]        

   NEL 8.0 8.1 8.5  6.7 6.4 3.5 

   ME 12.7 12.9 13.5  11.0 10.6 6.4 

Notes: Values are presented as means; †Concentrate proportion during close-up dry period was 

20% on DM basis for all cows and after calving concentrate proportions were 32% in MRMC 

group, 31% in HRMC group, 43% in MRHC group and 42% in HRHC group on DM basis; 
§Roughage consists of grass silage and maize silage in equal parts plus different concentrations 

of wheat straw (HR cows received 6% and MR cows 18% straw in roughage on DM basis); 
+Concentrates for moderate concentrate group from automatic feeder and additionally 2 kg of 

MC concentrates per cow were mixed into experimental PMR (on average 11% DM of PMR); 
¶Concentrates for high concentrates group from automatic feeder; $Mineral feed for dry dairy 

cows, ingredients per kg according to the manufacturer's specifications: 10 g Ca; 120 g Na; 60 g 

P; 60 g Mg; 6 g Zn; 4 g Mn; 1.25 g Cu; 100 mg I; 50 mg Se; 35 mg Co; 800 000 IU vitamin A; 

100 000 IU vitamin D3; 2 500 mg vitamin E; ‡Mineral feed for lactating dairy cows, ingredients 

per kg according to the manufacturer's specifications: 140 g Ca; 120 g Na; 70 g P; 40 g Mg; 6 g 

Zn; 5.4 g Mn; 1 g Cu; 100 mg I; 40 mg Se; 25 mg Co; 1 000 000 IU vitamin A; 100 000 IU 

vitamin D3; 1 500 mg vitamin E; ◊Calculation based on equations of GfE (2001, 2008, 2009). 

For estimation of energy content in straw table values according to DLG (1997) were used. 
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Table 2. Estimated chemical composition of the dry period ration and the different experimental 

rations in postpartal period 

  
Dry period 

Postpartal period† 

  MRMC MRHC HRMC HRHC 

Dry matter [g/kg] 347 547 601 523 580 

Nutrient [g/kg DM]      

   Crude ash 65 66 65 67 65 

   Crude protein 118 129 138 135 142 

   Ether extract 38 37 39 38 40 

   Crude fibre 189 205 184 188 173 

   aNeutral detergent fibre om 375 404 366 372 345 

   Acid detergent fibre om 215 241 221 221 207 

Energy [MJ/kg DM]      

   ME 11.2 11.0 11.5 11.3 11.7 

   NEL 6.9 6.7 7.1 6.9 7.2 

†During postpartal period groups received a moderate (MR) or a high (HR) energy 

concentration in roughage and moderate (MC) or high (HC) amounts of concentrates; 

Concentrate proportions were 32% in MRMC group, 31% in HRMC group, 43% in MRHC 

group and 42% in HRHC group on dry matter (DM) basis. 

2.2 Measurement and Sample Collection 

During the close up period and the postpartal period individual dry matter intake (DMI) was 

recorded by the computerized self-feeding stations for each cow, calculated separately for 

intake of roughage and concentrates. Samples of grass silage and maize silage were collected 

twice a wk and concentrates were sampled once a wk. Feed samples were pooled over 

approximately four weeks. A representative sample of straw was analysed after the experiment. 

The cows were milked twice daily beginning at 0530 and 1530 h and milk yield was measured 

automatically by milk counters (Lemmer Fullwood GmbH, Lohmar, Germany). Samples for 

determination of milk ingredients were taken twice a wk during morning and afternoon milking 

and stored at 4°C until analysis. 

The BW of the cows was recorded weekly prepartum; after calving, BW was recorded twice a 

day after each milking. BCS was evaluated weekly by a 5 point scale according to Edmonson 

et al. (1989). Backfat thickness (BFT) was measured every third wk in accordance with 
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Schröder and Staufenbiel (2006) by using a Mindray M5 Vet diagnostic ultrasound system 

(Mindray, Shenzhen, China) equipped with a linear probe (6 MHz, Mindray 6LE5Vs). 

Blood samples were taken after morning milking on day (d) -50 (-49.2 ± 6.3), d -14 (13.2 ± 3.7), 

d 8, d 28 and d 100 relative to calving. Blood was drawn from a vena jugularis and filled into 

serum and EDTA tubes (Sarstedt, Nümbrecht, Germany). At d 14 with regard to the expected 

calving date, analyses from nine cows were neglected because their samples had been collected 

earlier than d -20 or later than d -7 relative to calving (one sample of MRMC, one of MRHC, 

three of HRMC and four of HRHC group). Samples were centrifuged (Heraeus Varifuge® 3.0R 

Haraeus, Osterode, Germany; 1 800g, 15°C, 10 min) and stored at 20 °C until analysis. On d 28 

and 100 postpartum samples of rumen fluids were taken by using an oro-ruminal probe 

(T. Geishauser, Wittibreut, Germany) with a hand pump, whereby the first 200 ml of fluids 

were rejected to minimize the contamination with saliva. The pH of rumen fluids was measured 

immediately after collection with a glass electrode (model: pH 525; WTW, Weilheim, 

Germany). 

2.3 Assessment of Health Status 

All cows were clinically examined at d -14, 8, 28 and 100 relative to calving. Examinations 

were conducted in the morning by two veterinarians according to methods of Dirksen et al. 

(2012). For assessment of general health status the quantifiable variables rectal temperature, 

heart frequency and breathing frequency were recorded. The incidence of subclinical ketosis 

was determined by concentrations of BHB in blood serum, whereby the threshold of 1.2 mmol/l 

was used (Schulz et al. 2014).  

Additionally, the following clinical signs were evaluated which are suspected to indicate SARA 

risk and associated health traits. For evaluation of consistency of faeces, the faecal manure score 

was determined according to methods of Hutjens (2010). This score reaches from 1 = very 

liquid faeces (consistency of pea soup) to 5 = firm faecal balls, whereby in early lactation an 

optimal score should be between 2.5 and 3. For assessment of rumen health, rumen contractions 

were auscultated and the rumen contraction rate was counted over a period of two minutes per 

measurement. Further variables were the filling and stratification of the rumen, the intensity of 

rumen contraction sounds and ruminal tympany with free gas load. These four additional 

variables were not quantifiable so that we evaluated them separately by using a score from 0 - 2 
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(0 = normal condition; 1 = mild alteration; 2 = moderate alteration), added the single scores and 

divided the result by the maximum possible score to calculate the percentage deviation from 

clinically unremarkable condition. The maximal score for the rumen health score was 8, which 

reflects the maximal possible aberrance in our examination. For evaluation of lameness, the 

lameness scoring system from Sprecher et al. (1997) was used, which reaches from 1-5 

(1 = normal, 2 = mildly lame, 3 = moderately lame, 4 = lame, 5 = severely lame). Also the F:P 

ratio was used for indication of a risk for subclinical ketosis and the number of cows which had 

a F:P ratio >1.5 for at least two weeks during the experiment were counted, whereby the first 

wk of lactation was not taken into account. 

2.4 Analyses 

Feed samples were analysed for DM, crude ash, crude protein, ether extract, acid detergent fibre 

(ADFom) and neutral detergent fibre (aNDFom) in accordance with the methods of the 

Association of German Agricultural Analytic and Research Institutes (VDLUFA 2006). Milk 

samples were analysed for fat, protein, lactose, urea and somatic cell count (SCC) by using an 

infrared milk analyser (Milkoscan FT 6000; Foss Electric, Hillerød, Denmark) combined with 

a flow cytometric measurement for SCC (Fossomatic 500, Foss Electric, Hillerød, Denmark). 

Blood samples were analysed for serum concentration of NEFA, BHB and glucose by 

spectrophotometrical detection with a Cobas Mira analyser (Hoffmann LaRoche, Basel, 

Switzerland).  

For quantification of the blood concentrations of insulin and insulin-like growth factor 1 

(IGF-1) radioimmunoassays (RIA) were executed. The plasma concentration of IGF-1 was 

measured using a commercial RIA kit (IGF-I IRMA A15729, Beckman Coulter, Brea, CA). 

The intra-assay coefficient of variation (CV) for this test was 5.1% and the inter-assay CV was 

9.3%. In the same manner, plasma concentration of insulin was detected with another 

commercial RIA kit (Insulin IRMA IM3210, Beckman Coulter, Brea, CA). The intra- and inter-

assay CV were 7.6% and 10.7%. The assays were executed in accordance with the 

manufacturers’ instructions. Serum concentration of adiponectin was measured using a specific 

Enzyme-linked Immunosorbent Assay according to description of Mielenz et al. (2013). Here 

the intra- and inter-assay CV were 5.2% and 10.2%. 
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2.5 Calculations 

The data of body weight (BW), daily DMI, energy intake, energy balance (EB), milk yield and 

milk composition were summarized to weekly means before calculation. Milk fat, milk protein 

and milk lactose concentrations were weighted depending on the milk yield. 

Fat corrected milk (FCM) was calculated according to the formula of Gaines (1928): 

4% FCM [kg/d] = (milk fat [%] · 0.15 + 0.4) · daily milk yield [kg/d] 

ECM was calculated based on equations of the Society of Nutrition Physiology (GfE 2001) as 

follows: 

ECM [kg/d] = Milk yield [kg/d] ∗ (
1.05 + 0.38 · milk fat [%] + 0.21 · milk protein [%]

3.28
)  

Also for calculation of net energy requirement for maintenance (NEM), lactation (NEL) and 

pregnancy (NEP), equations of the Society of Nutrition Physiology (GfE 2001) were used in the 

following way: 

EM [MJ NEL/d] = 0.293 · BW0.75 [kg] 

Milk energy [MJ NEL/kg] = 0.38 · milk fat [%] + 0.21 · milk protein [%] + 0.95 

NEL [MJ NEL/d] =  (milk energy [MJ NEL/kg] + 0.086) · milk yield [kg/d] 

NEP[MJ NEL/d] =
(0.044 ·  e0.0162·t +  development of the udder)

0.29
 

For development of the udder, an additional energy demand of 1.5 MJ NEL per day was assumed 

during prepartal period (GfE 2001). 

Energy intake was calculated by multiplying the DMI by the energy content of the ration. The 

EB was calculated by subtracting the calculated net energy demands for maintenance, for 

lactation and for gestation from the energy intake: 
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EB [MJ NEL/d] = Energy intake [MJ NEL/d]

− (NEM [MJ NEL/d] + NEL [MJ NEL/d] + NEP [MJ NEL/d])  

The feed efficiency (FE) was determined by dividing the ECM by the DMI [kg/kg]. 

Additionally, for evaluation of energy efficiency the variables energy conversion efficiency 

(ECE) and metabolic efficiency (MEff) were calculated with the following equations according 

to Hurley et al. (2016): 

ECE =  Energy excretion with Milk [MJ NEL] Energy intake [MJ NEL]⁄  

MEff =  
Energy intake [MJ NEL] − Energy excretion with Milk [MJ NEL]

Bodyweight0.75 [kg]
  

As an additional rating of energy efficiency, the residual energy intake (REI) was calculated 

according to Hurley et al. (2016). REI is defined as the difference between the energy intake 

and the expected energy intake (EEI). For calculation of the EEI, a non-linear regression model 

was used to evaluate significant variables and related coefficients. The variable week of 

lactation was included as a quadratic value to reflect the quadratic trend of the milk yield.  

The most suitable model for determination of EEI was: 

EEI = −39.26 + 2.16 · milk yield − 3.02 · parity + 0.69 · bodyweight0.75 

− 6.47 ·  BCS +  9.82 · week of lactation − 0.41 · week of lactation2 

The insulin sensitivity was estimated by the Revised Quantitative Insulin Sensitivity Check 

Index (RQUICKI, Perseghin et al. (2001)): 

RQUICKI =  
1

log Insulin [µU/ml] + log Glucose [mg/dl] + log NEFA [mmol/l]
 

2.6 Statistical Analyses 

Prior to statistical evaluation, means per cow and wk were calculated for all variables that were 

recorded more than once a wk. Data were analysed with the MIXED procedure of SAS software 
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package (SAS 9.4, SAS Inst. Inc., Cary, NC, USA) by using the following model (Littell et al. 

2006):  Yijk = µ + Ri + Cj + Tk + (RxC)ij + (RxT)ik + (CxT)jk + (RxCxT)ijk + Ɛijk 

where Yijk = response variable, µ = overall mean, Ri = fixed effect of energy concentrations in 

roughage (i = MR, HR); Cj = fixed effect of amounts of concentrates (j = MC, HC); Tk = fixed 

effect of time (in weekly recorded data weeks of lactation were k = 1, …, 16; for clinical 

assessment sampling days were k = 14, 8, 28, 100 and for analysis of blood data sampling days 

were k = 8, 28, 100); (RxC)ij ,(RxT)ik ,(CxT)jk and (RxCxT)ijk = fixed interactions; and Ɛijk 

= residual error. Each cow within treatment was considered to be a random effect and the day 

or week of sampling was a repeated measure. 

For statistical evaluation of feed intake, performance, energy balance and energy efficiency 

only the lactation period was analysed, whereas for the health variables also prepartal 

measurements were included into statistics and values of d -14 relative to calving were used as 

covariates. For analysis of blood metabolites, the lactation period was taken into account and 

the basal values at d -50 relative to calving were used as covariates. For determining the best 

covariance structure, the lowest Akaike information criterion (AICC) between unstructured, 

autoregressive and compound symmetry was used. The number of cows with subclinical ketosis 

as well as with risk for ketosis and acidosis regarding the F:P ratio were compared by using the 

Fisher’s Exact Test. Effects were declared as significant when p values < than 0.05 after Tukey 

post-hoc test and p values between 0.05 and 0.1 were considered tendencies. 

3. Results 

Of the 64 cows 59 finished the entire trial; one cow from HRHC group contracted a severe 

mastitis during the first wk of lactation so that complete data from this cow were rejected. 

Furthermore, one cow of the MRHC group had to finish the experiment at 100 days in milk 

(DIM) because of a severe injury in the claw at one front leg. Three other cows (two of group 

MRHC and one of HRMC) had to quit the experiment at nearly 100 DIM because of a late date 

of calving. 

3.1 Dry Period 

During dry period no differences occurred in feed intake, EB, BCS and metabolic blood 

variables between the different groups. For the DMI and the EB, an effect of time was visible 
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(p < 0.001), whereas the body condition did not show a significant time-dependent variation. 

Feed intake decreased from 14.4 kg DM/d to 12.5 kg DM/d and EB dropped from 

43.4 MJ NEL/d to 25.8 MJ NEL/d. 

3.2 Lactation Period 

During lactation period the amount of concentrates influenced the feed intake (Table 3). Cows 

in HC groups had a higher DMI than cows of the MC groups (p < 0.001), but the intake of 

roughage was lower in HC cows (p = 0.001). The increase of DMI per additional kg of 

concentrates amounted to 0.59 kg, whereas per additional kg of concentrates 0.41 kg roughage 

was substituted (substitution rate, SR). The differing energy concentration in roughage did not 

produce any effect on the DMI or the intake of roughage. The lowest DMI was observed during 

the first wk of lactation (on average 12.5 ± 0.3 kg/d) and had a continuous ascent until wk 10 of 

lactation (on average 23.2 ± 0.3 kg/d). MC groups received on average 6.4 kg and HC groups 

9.4 kg concentrates per day (on DM basis). The highest daily amounts were allocated from wk 

6 until wk 11 due to the expected course of milk yield, with a maximum of 7.6 kg in MC groups 

and 11.2 kg in HC groups. Roughage intake continuously increased until the end of the trial in 

all feeding groups.  

We observed a higher milk yield in HC groups (p = 0.007), but similar to the feed intake it was 

not affected by the different energy concentrations in roughage (Table 3). The higher supply of 

concentrates led to an increase of 2.4 kg milk yield in HC groups, representing a response of 

0.79 kg milk per kg additional concentrates. For milk fat content, we observed a concentrate by 

time interaction (p = 0.047), which is mainly caused by a decreased milk fat content in MRHC 

cows from wk 6 to 13. Energy concentration in roughage affected milk fat yield and protein 

yield, so that HR groups produced higher amounts of milk fat (p = 0.019) and tended to have a 

higher protein excretion (p = 0.058). HR groups also had a significantly higher FCM and ECM 

(p = 0.025 and 0.023, respectively), whereas the amounts of concentrates just tended to affect 

these variables (p = 0.085 and 0.053, respectively). MR groups showed a higher milk lactose 

content (p = 0.029), whereas HC groups exhibited a higher lactose yield (p = 0.002). Obviously, 

there was an effect of time evident for all data of milk performance (p < 0.001). 
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Table 3. Effects of a moderate (MR) or a high (HR) energy concentration in roughage and moderate (MC) or high (HC) amounts of 

concentrates on feed intake and performance variables during early lactation† 

  MR  HR  p-value§ 

  MC HC  MC HC SEM+ R¶ C$ ‡W C*W R*C*W 

Feed intake             

   Dry matter [kg/d] 20.3 22.0  20.4 22.3 0.4 0.681 <0.001 <0.001 0.605 0.231 

   Roughage [kg DM/d] 13.9 12.5  14.0 13.0 0.4 0.418 0.001 <0.001 0.620 0.104 

   Concentrates [kg DM/d] 6.4 9.5  6.4 9.3 0.1 0.294 <0.001 <0.001 <0.001 0.968 

Milk performance            

   Milk yield [kg/d] 34.6 37.9  36.8 38.3 0.8 0.118 0.007 <0.001 0.455 0.127 

   4% fat corrected milk [kg/d] 36.2 38.0  38.5 39.7 0.9 0.025 0.085 <0.001 0.653 0.910 

   Energy corrected milk [kg/d] 35.2 37.2  37.5 38.8 0.8 0.023 0.053 <0.001 0.330 0.871 

   Milk fat content [%] 4.32 4.05  4.30 4.26 0.09 0.319 0.088 <0.001 0.047 0.868 

   Milk fat yield [kg/d] 1.48 1.52  1.58 1.62 0.04 0.019 0.335 <0.001 0.399 0.980 

   Milk protein content [%] 3.21 3.17  3.21 3.22 0.04 0.633 0.755 <0.001 0.955 0.007 

   Milk protein yield [kg/d] 1.11 1.20  1.17 1.23 0.02 0.058 0.003 <0.001 0.201 0.093 

   Milk lactose content [%] 4.84 4.87  4.79 4.81 0.02 0.029 0.285 <0.001 0.962 0.747 

   Milk lactose yield [kg/d] 1.69 1.86  1.77 1.86 0.04 0.282 0.002 <0.001 0.529 0.383 

   Milk urea [mg/kg] 106 107  106 97 5 0.309 0.452 <0.001 0.166 0.631 

   Milk fat:protein ratio 1.34 1.28  1.35 1.33 0.03 0.264 0.133 <0.001 0.099 0.710 

   Milk energy [MJ NEL/kg milk] 3.37 3.26  3.36 3.34 0.04 0.304 0.100 <0.001 0.041 0.877 

   Somatic cell count [log 10/ml] 4.96 4.79  4.77 4.88 0.13 0.677 0.809 <0.001 0.922 0.206 

 

Notes: Values are presented as LS-means; †HRHC group consisted of 15 cows and the other groups of 16 cows; §effects of energy 

concentration in roughage (R), amounts of concentrates (C) and week of lactation (W); p-values for "R*C" and "R*W" interactions were 

>0.05 for all variables; +standard error of the mean; ¶MR cows received roughage with 6.0 MJ NEL and HR cows received roughage 

containing 6.4 MJ NEL (on DM basis); $concentrate proportions were 32% in MRMC group, 31% in HRMC group, 43% in MRHC group 

and 42% in HRHC group on DM basis; ‡weeks 1-16 in lactation. 
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Figure 1: Changes of milk yield, energy intake and energy balance according to different 

energy concentrations in roughage and varying amounts of concentrates. During dry period all 

cows were fed an identical ration. After calving cows received either moderate (■) or high (∆) 

energy contents in roughage and moderate (---) or high (▬) portions of concentrates. Data are 

presented as LS-means. 

Accompanied with effects on DMI and performance, treatment also affected the EB of the cows 

during the trial (Table 4). The energy intake was increased in HC cows (p < 0.001) and also in 

HR cows (p < 0.046). However, the EB was only affected by the concentrate supply (p < 0.001) 

so that cows of HC groups had a lower NEB compared to MC cows (8.8 ± 1.6 vs. 

21.8 ± 1.6 MJ NEL). As shown in Figure 1, the HC groups earlier reached a positive EB (wk 7 
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for MRHC and wk 9 for HRHC) compared to MC cows (approximately wk 16 for both groups). 

The energy concentration in roughage did not affect the energy balance of the cows 

(-14.6 ± 1.6 MJ NEL for MR and -16.1 ± 1.6 MJ NEL for HR cows). We observed a higher BCS 

and a tendency for an attenuated loss of BCS during the trial in HC groups compared to MC 

groups (p = 0.048 and p = 0.065, respectively), whereas the energy density in roughage had no 

effect on this variable. BFT, BW and change of BW were neither influenced by the amount of 

concentrates nor the energy density in roughage. 

Table 4. Effects of a moderate (MR) or a high (HR) energy concentration in roughage and 

moderate (MC) or high (HC) amounts of concentrates on variables of body condition and 

energy balance during early lactation† 

 MR  HR  p-value§ 

 MC HC  MC HC SEM+ R C W¶ C*W 

Energy balance data           

   Energy demand [MJ NEL/d] 157 165  164 170 3 0.051 0.030 <0.001 0.714 

   Energy intake [MJ NEL/d] 135 155  141 161 3 0.046 <0.001 <0.001 0.068 

   Energy balance [MJ NEL/d] -20.41 -8.70  -23.27 -8.94 1.80 0.494 <0.001 <0.001 0.137 

Body condition data           

   Bodyweight [kg] 646 678  650 667 16 0.826 0.134 <0.001 0.833 

   Change of bodyweight [kg] -115 -138  -116 -110 11 0.206 0.419 <0.001 0.780 

   Body condition score (BCS) 2.79 2.98  2.84 3.01 0.09 0.665 0.048 <0.001 0.753 

   Change of BCS$ -0.80 -0.74  -0.77 -0.66 0.04 0.228 0.065 <0.001 0.833 

   Backfat thickness [cm] 1.24 1.43  1.20 1.25 0.07 0.376 0.326 <0.001 0.334 

Notes: Values are presented as LS-means; †HRHC group consisted of 15 cows and the other 

groups of 16 cows; §effects of energy concentration in roughage (R), amounts of concentrates 

(C) and week of lactation (W); p-values for "R*C", "C*W" and "R*C*W" interactions were 

>0.05 for all variables; +Standard error of the mean; ¶ weeks 1-16 in lactation; $Change of 

bodyweight and body condition score (BCS) during lactation period relative to mean of dry 

period. 

The amount of concentrates in ration affected the energy efficiency of the cows, resulting in a 

lower REI (p < 0.001), a lower MEff (p < 0.001) and a lower ECE (p = 0.002) in MC groups 

(Table 5). For MEff we also observed a roughage by time interaction (p = 0.036), caused by a 

higher efficiency of MR groups at the beginning of lactation, whereas after four weeks 

postpartum HR cows were more efficient. Furthermore, HR groups showed a higher FE due to 

higher ECM per kg of DMI.  
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Table 5. Effects of a moderate (MR) or a high (HR) energy concentration in roughage and 

moderate (MC) or high (HC) amounts of concentrates on energy efficiency and feed efficiency 

variables during early lactation† 

  MR  HR  p-value§ 

  MC HC  MC HC SEM+ R C W¶ R*W 

Variables of efficiency$           

   Feed efficiency 

   [kg/kg] 
1.81 1.76  1.94 1.88 0.05 0.018 0.302 <0.001 0.295 

   Energy conversion efficiency 

   [MJ NEL / MJ NEL] 
0.91 0.85  0.92 0.85 0.02 0.681 0.002 <0.001 0.216 

   Metabolic efficiency  

   [MJ NEL / kg bodyweight0.75] 
0.14 0.23  0.11 0.23 0.02 0.511 <0.001 <0.001 0.036 

   Residual energy intake 

   [MJ NEL]  
-8.5 5.3  -6.6 8.4 2.52 0.324 <0.001 0.006 0.459 

Notes: Values are presented as LS-means; †HRHC group consisted of 15 cows and the other 

groups of 16 cows; §effects of energy concentration in roughage (R), amounts of concentrates 

(C) and week of lactation (W); p-values for "R*C", "R*W" and "R*C*W" interactions 

were >0.05 for all variables; +Standard error of the mean; ¶ weeks 1-16 in lactation ; $Feed 

efficiency = ECM [kg] / DMI [kg] ; Energy conversion efficiency = Energy excretion with milk 

[MJ NEL] ⁄ Energy intake [MJ NEL] ; Metabolic efficiency = (Energy intake [MJ NEL] - Energy 

in milk [MJ NEL]) / Bodyweight0.75 [kg]; Residual energy intake = Energy intake [MJ NEL] - 

expected energy intake [MJ NEL]. 

The courses of metabolic blood variables during the entire experimental period are presented 

in Figure 2, whereas the least-square means of postpartal period are presented in Table 6. 

Treatment did not produce any effects regarding the postparturient concentrations of metabolic 

blood variables. Serum concentrations of BHB and NEFA showed characteristic changes 

during the transition period in all treatment groups with elevated values on d 8 and 28 

postpartum (p < 0.001), whereby numerically highest values at d 8 were observed for MRMC 

group. Cows exhibited antepartal higher blood concentrations of glucose than postpartal 

(p < 0.001). Insulin concentration was higher during prepartal compared to postpartal period 

with highest values at d -14 and lowest values on d 8. Also blood concentrations of IGF-1 were 

antepartal higher than postpartal with highest serum concentrations on d -50 and lowest 

concentrations on d 8. 
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Figure 2: Change of blood concentrations of non-esterified fatty acids (NEFA), β 

hydroxybutyrate (BHB), glucose, insulin, insulin-like growth factor 1 (IGF-1) and adiponectin 

according to different energy concentrations in roughage and varying amounts of concentrates. 

During dry period all cows were fed an identical ration. After calving cows received either 

moderate (■) or high (∆) energy contents in roughage and moderate (---) or high (▬) portions 

of concentrates. Blood samples were drawn at days -50, -14, +8, +28 and +100 relative to 

calving. Data are presented as LS-means. 

Cows showed decreased concentrations of adiponectin in serum during peripartal period, with 

a significant difference at d -50 compared to d -14, 8 and 28 (p < 0.001, respectively). The 

insulin sensitivity did not differ between the feeding groups, whereas an effect of time was 

apparent in postpartal period caused by an ascent of insulin sensitivity from d 8 until 100 

(p < 0.001).  
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Table 6. Effects of a moderate (MR) or a high (HR) energy concentration in roughage and 

moderate (MC) or high (HC) amounts of concentrates on blood variables of energy metabolism 

during early lactation† 

  MR   HR   p-value§ 

  MC HC   MC HC SEM+ R C D¶ 

Metabolic blood variables$       
   

   Non-esterified fatty acids [mmol/l] 0.45 0.41  0.48 0.51 0.05 0.276 0.949 <0.001 

   β-hydroxybutyrate [mmol/l] 0.86 0.72  0.74 0.83 0.08 0.948 0.758 <0.001 

   Glucose [mmol/l] 2.83 3.03  3.01 3.00 0.09 0.418 0.313 0.308 

   Adiponectin [μg/ml] 26.30 26.97  25.26 25.74 0.82 0.169 0.494 0.009 

   Insulin-like growth factor-I [ng/ml] 94.6 90.1  97.7 97.9 6.0 0.370 0.715 <0.001 

   Insulin [µU/ml] 10.2 11.2  11.3 13.5 1.2 0.154 0.187 <0.001 

   RQUICKI‡ 0.508 0.479  0.478 0.481 0.019 0.461 0.501 <0.001 

Notes: Values are presented as LS-means; †HRHC group consisted of 15 cows and the other 

groups of 16 cows; §effects of energy concentration in roughage (R), amounts of concentrates 

(C) and day of lactation (D); p-values for for "R*C", "R*D", "C*D" and "R*C*D" interactions 

were >0.05 for all variables; +Standard error of the mean; ¶ analyses of days 8, 28 and 100 

postpartum and values from day -50 were calculated as covariate into statistics.; $for analyses 

of insulin and insulin-like growth factor-I plasma samples and for analysed of the other 

metabolites serum samples were used; ‡Revised Quantitative Insulin Sensitivity Check Index; 

RQUICKI = 1 / (log Insulin + log Glucose + log NEFA). 

Data for health status of the cows are shown in Table 7 and Figure 3. The heart rate, the 

respiratory rate and the rectal temperature were higher during dry period compared to lactation 

period (p < 0.001). These general health variables were not affected by treatment, merely for 

the heart rate we observed a trend for lower values in MR cows (p = 0.093). The different 

energy concentration in roughage affected the consistency of faeces; MR groups exhibited a 

higher faecal manure score compared to HR cows (p = 0.026). Furthermore, faecal consistency 

was thinner at the end of the experiment (p = 0.002) with significant differences between d 100 

compared to d -14 and 8. We did not observe any effects of treatment on rumen contractions, 

rumen health score and lameness score. However, rumen health score changed in course of the 

experiment in cause of elevated values on d 8 and 28 (p = 0.001), whereas there was no effect 

of time evident for rumen contraction rate and lameness score. Throughout the whole trial we 

did not detect any cases of ruminal tympany. The incidence of subclinical ketosis did not differ 

between the feeding groups (p = 0.405) and reached from three to seven cows per group. The 

F:P ratio showed a slight tendency for an interaction between “concentrate” and “week” 
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(p = 0.099), which is mainly caused by the decrease of fat content during wk 6 to 13 in MRHC 

cows. The ruminal pH did not differ between the treatment groups and showed no change 

between d 28 and 100 postpartum. Measured values for ruminal pH reached from 6.1 to 7.35 

(on average 6.76 ± 0.27, mean ± SD). 

Table 7. Effects of a moderate (MR) or a high (HR) energy concentration in roughage and 

moderate (MC) or high (HC) amounts of concentrates on general health variables and 

variables related to SARA risk during transition period and early lactation† 

 MR  HR  p-Value§ 

 MC HC  MC HC SEM+ R C D¶ 

General health variables          

   Rectal temperature [°C] 38.55 38.59  38.57 38.65 0.04 0.352 0.161 <0.001 

   Heart rate [beats/minute] 70.5 71.8  72.2 73.7 1.04 0.093 0.183 <0.001 

   Respiratory rate [breaths/minute] 28.3 28.2  28.8 29.6 0.9 0.301 0.716 <0.001 

Health variables related to SARA risk          

   Ruminal contractions [per minute] 2.52 2.52  2.72 2.56 0.09 0.230 0.411 0.240 

   Faecal manure score 2.76 2.88  2.58 2.63 0.09 0.026 0.369 0.002 

   Rumen health score$  14.1 17.0  17.3 17.1 2.1 0.427 0.510 0.001 

   Lameness score  1.18 1.32  1.15 1.29 0.09 0.735 0.130 0.138 

Notes: Values are presented as LS-means; †HRHC group consisted of 15 cows and the other 

groups of 16 cows; §effects of energy concentration in roughage (R), amounts of concentrates 

(C) and day of lactation (D); p -values for for "R*C", "R*D", "C*D" and "R*C*D" interactions 

were >0.05 for all variables; +Standard error of the mean; ¶Experimental day: findings of days 

-14, 8, 28 and 100 relative to calving and values from day -14 were calculated as covariate into 

statistic; $For rumen health score filling and stratification of rumen, intensity of rumen 

contraction sounds and occurance of rumen tympany were evaluated. 
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Figure 3: Change of rectal temperature, heart rate, breathing rate and faecal manure score 

according to different energy concentrations in roughage and varying amounts of concentrate. 

During dry period all cows were fed an identical ration. After calving cows received either 

moderate (■) or high (∆) energy contents in roughage and moderate (---) or high (▬) portions 

of concentrates. Clinical examinations were conducted at days -14, +8, +28 and +100 relative 

to calving. Data are presented as LS-means. 

4. Discussion 

This study was designed to examine the interactions between varying energy supply from 

concentrates and roughage in view of the influences on performance, efficiency and health of 

cows during early lactation. 

4.1 Dry Matter Intake and Performance 

The results indicate that mainly the amount of concentrates affected the feed intake of the cows 

during the trial, while the performance was influenced by the concentrate supply and also by 

the energy concentration in roughage. The increase of DMI at expense of the roughage intake 

was already observed in several other studies (Spiekers et al. 1991; Lawrence et al. 2015). 
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Evaluations of Gruber et al. (2004) had predicted an increase of 0.4 to 0.64 kg DMI per kg 

additional concentrates, agreeing well with the observed value of 0.59 in our trial. Furthermore, 

the SR of 0.41 in our experiment is quite similar to findings of Faverdin et al. (1991), who 

determined a SR of 0.47 between rations with low and medium amounts of concentrates for 

mid-lactation cows. However, between medium and high amounts of concentrates there was a 

higher SR of 0.67 observed in that study. A more recent study by Lawrence et al. (2015) 

revealed a lower SR of 0.15 for early lactating cows. Here lower amounts of concentrates were 

fed (4 kg vs. 7 kg of DM per cow) compared to our trial, supporting the assumption that 

substitution of forage increases with level of concentrate supplementation (Faverdin et al. 

1991). 

As expected, the higher supply of concentrate was beneficial to the milk yield. The lowered 

milk yield of MRMC group suggests an insufficient energy supply to meet the demands for 

milk production. In contrast, for HRMC group the lower concentrate supply could largely be 

compensated by the higher energy concentration in roughage. Concurring with these findings, 

in studies of Ferris et al. (2001) the quality of silage had stronger impacts on performance when 

lower amounts of concentrates were provided. The higher protein yield of HR and HC groups 

resulted from a higher energy availability for production of microbial protein, coinciding with 

findings of studies using differing forage-to-concentrate ratios (Jenkins and McGuire 2006). 

The lowered milk yield of the MRMC group in conjunction with the lowered milk fat content 

in MRHC group explains the increased ECM and FCM of HR groups, so that the energy 

concentration in roughage had stronger impacts on these performance variables than the 

amounts of concentrates. Benefits in milk yield and simultaneous decrease of milk fat content 

caused by increasing concentrate supply were also observed in studies with strongly differing 

concentrate levels in diets (Andersen et al. 2003; Rauls et al. 2015), whereas in the study of 

Lawrence et al. (2015) the moderate difference in concentrate supply merely affected the milk 

yield but not the ingredients of milk. 

4.2 Energy Balance and Energy Efficiency 

The increased energy intake of HC cows resulted from the higher energy content in ration as 

well as from the higher DMI of these groups. For this reason, the differences of energy intake 

between MC and HC groups were greater (138 MJ NEL in MC groups vs. 157 MJ NEL in HC 
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groups) compared to MR and HR groups (145 MJ NEL in MR groups vs. 151 MJ NEL in HR 

groups). Consequently, HC groups exhibited a less pronounced NEB, reached earlier a positive 

EB and had a lower decrease in BCS. Our findings concur with other research which identified 

similar effects of concentrate level on EB and body condition (Reist et al. 2003).  

The higher efficiency of MC groups suggests that cows with lower allocation of concentrates 

ingested less energy from feed for their level of milk production. HRMC cows were most 

efficient during the trial, which indicates that providing high energy from roughage is beneficial 

to the energy efficiency and could contribute to a retrenchment of concentrates without 

considerable losses in performance. However, it must be considered that cows in MC groups 

were in a NEB almost during the complete postpartal period, so that a higher mobilisation from 

body reserves pretends greater energy efficiency. Another cause for the lower energy efficiency 

of HC groups could be a lower digestibility of fermentable fibre in diet caused by a shift from 

cellulolytic towards amylolytic bacteria (Fernando et al. 2010) and a higher passage rate (Allen 

and Mertens 1988). But contrary to our findings, other studies found a negative effect of 

elevated forage portions in diets on energy efficiency (Phuong et al. 2013; Kristensen et al. 

2015). It was observed that in diets with higher forage-to-concentrates ratios energy intake and 

also the milk energy output are decreased, whereas the energy requirement for maintenance is 

increased (Dong et al. 2015). Studies of Spurlock et al. (2012) also revealed an unfavourable 

genetic correlation between higher FE and a more pronounced NEB during early lactation, 

indicating that efficient cows may be more susceptible for development of metabolic diseases. 

4.3 Metabolic Blood Variables and Health 

In our trial, metabolic blood variables showed characteristic courses throughout peripartal 

period and early lactation as a result of adaption to metabolic changes, which were comparable 

to findings of earlier studies (Reist et al. 2003; Holtenius and Holtenius 2007; Singh et al. 2014). 

In contrast to the differences in EB, the treatment did not significantly affect the variables of 

energy metabolism in blood. But the variation between the energy supplies of the treatment 

groups was rather small so that the individual variability between the cows possibly covered 

effects of these variables, even though there were clear differences in EB. These findings agree 

with results from McNamara et al. (2003), in which higher supply of concentrates postpartum 

(4 kg vs. 8 kg per cow/d) also reduced the NEB, but did not significantly affect blood 
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metabolites. Interestingly, studies of Kessel et al. (2008) revealed a very different potential of 

cows to deal with metabolic challenges in early lactation and showed individual adaptions in 

blood variables, even when cows were kept under equal conditions and fed identical rations. 

This indicates that cows presumably have an individual capability to handle varying dietary 

energy supply without impacts on health by adjustment of performance and mobilisation of 

body reserves.  

In this context, we evaluated the effects of the different energy supplies from roughage and 

concentrates with particular attention to clinical signs of subclinical ketosis and SARA. The 

general clinical variables rectal temperature, breathing frequency and heart rate were within 

physiological rages in all groups and showed physiological adaptions to late pregnancy and 

peripartal period. In spite of the significant difference in NEB between the treatment groups, 

our results did not show any effects of energy supply on the risk for ketosis; the numbers of 

cows exhibiting subclinical ketosis or an increased F:P ratio did not differ between treatment 

groups. Merely the numerical highest blood concentrations of BHB and NEFA on d 8 in MRMC 

group suggest that this group possibly had an impaired energy balance. But it should be noted 

that several other studies detected negative effects of a pronounced NEB on health (Esposito et 

al. 2014) and reproductive performance of cows (Wathes et al. 2007). The consistency of faeces 

changed in the course of lactation; the lower faecal manure score at 28 and 100 DIM reflects 

the higher energy density and starch levels in ration due to higher concentrate proportions. 

Concurring with results of Ireland-Perry and Stallings (1993), faecal manure score was higher 

in MR groups. For early lactation a faecal manure score of 2.5 to 3 is desired (Hutjens 2010), 

which was observed in MC groups during the whole experiment. In HC cows the faecal 

consistency was slightly lower at 100 DIM (2.37 in HRMC group and 2.27 in HRHC group) 

due to the lower NDF intake. Our results did not show any differences concerning the variables 

of rumen physiology between the treatment groups, indicating that the higher supply of 

concentrates in HC groups did not impair rumen health and hence gave no indications for SARA 

in these groups. However, rumen health score was higher throughout the first weeks of 

lactation, presumably caused by ration changes, stress and adaption to lactation. In a recent 

review Humer et al. (2017) draw the conclusion that indirect diagnostic measurements of 

subacute ruminal acidosis have a limited specificity and precision so that under practical 

conditions the combined monitoring of clinical signals, chewing and feeding activities as well 
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as milk and blood variables is recommended to determine the risk for SARA. In the present 

study the punctual measurements of ruminal pH did not reveal any indications for SARA, 

because the pH threshold for an increased risk for SARA lies between 5.5 and 5.8 (Enemark 

2008) and in our trial no sample was below pH 6.0. But it has to be noted that these thresholds 

are defined for samples collected via rumenocentesis, whereas oral samples of rumen fluids 

commonly are contaminated with saliva and therefore can pretend a higher pH (Enemark et al. 

2004). Furthermore, there is a high circadian variation of ruminal pH so that a single 

measurement per day must be interpreted with care. In a subsequent publication we present data 

of continuous measurements of ruminal pH, rumination activity, feeding behaviour and ruminal 

fermentation from the rumen-fistulated animals, which were assigned to the MRHC and HRHC 

groups (Schmitz et al., 2018). Hereby we found indications that some cows showed an elevated 

risk for SARA during postpartal period, but the decrease of ruminal pH was rather cow 

individual and a varying energy concentration in roughage did not impact the observed 

variables.  

In our opinion, the findings of the health assessment show that there was no clear negative 

impact of the different experimental diets on health status of the cows, indicating that cows 

have a great individual potential to deal with varying energy supply during the challenging 

period of early lactation and that among an adequate feeding, especially the herd management 

and the housing of the cows are of outstanding importance. 

5. Conclusion 

The results of this study show that a higher allocation of concentrates had benefits for energy 

intake due to an increased energy concentration in diet and an elevated DMI, which resulted in 

improved performance. But the higher energy concentration in roughage could largely 

compensate a lower concentrate supply without considerably losses in milk yield. Roughage 

with high energy concentration proved to be favourable to increase milk fat yield and 

consequently FCM and ECM. The greater energy intake of cows with higher concentrate supply 

resulted in an attenuation of NEB during early lactation, but we did not observe any indications 

for a higher risk for subclinical ketosis or SARA based on metabolic blood variables and clinical 

observations between the different feeding groups. Our results underline the importance of a 

high energy intake from roughage, which can contribute to an adequate performance and 
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beneficial efficiency during early lactation, especially at lower amounts of concentrates in 

ration. Furthermore, our findings suggest that cows throughout early lactation have a high 

potential to deal with rations differing in energy concentration without significant impacts on 

health and metabolic balance. 
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Abstract: 

The aim of this study was to assess differences of ruminal pH and rumination activity between 

prepartal and postpartal period and, moreover, to investigate changes of feeding behaviour and 

ruminal fermentation depending on postpartal rations with slight differences in roughage energy 

and fibre concentration. Therefore, eleven rumen-cannulated German Holstein cows were used 

from three weeks antepartum until sixteen weeks postpartum. During dry period all cows 

received equal diets. After calving cows were assigned to two groups receiving either a partial 

mixed ration containing moderate (moderate roughage (MR) group, 6.2 MJ NEL) or higher 

(high roughage (HR) group, 6.6 MJ NEL) energy concentration in roughage by adding different 

amounts of straw (18% in roughage of MR and 6% in roughage of HR group) on dry matter 

basis. Concentrates were supplied on an average proportion of 45% of total dry matter intake 

in both groups. Circadian measurements of ruminal pH, ruminal temperature and rumination 

activity were conducted weekly during transition period and bi-weekly after fourth week 

postpartum. Throughout postpartal period feed intake behaviour was measured and twice 

during the experiment rumen fluid composition and net-acid-base excretion in urine were 

determined. Mean ruminal pH, feeding behaviour, rumination activity and rumen fluid 

composition did not differ between the groups, whereas HR cows exhibited higher diurnal 

variations of pH and had a lower rumen temperature than MR cows postpartum. However, these 

differences also occurred during prepartal period in which groups received equal rations. It was 

observed that ruminal pH values and the risk for subacute ruminal acidosis (SARA) were 

increased during postpartal period, whereby the circadian pH values showed high cow-

individual variations. Overall, differences of energy and fibre concentrations in roughage did 

not affect the observed variables, whereby it should be noted that the number of cows was quite 

low in this study. Our results suggest that the ruminal pH characteristics are rather cow 

individual, indicating that cows presumably differ in their susceptibility to develop SARA. 

Keywords: Rumen, roughage, pH, acidosis, rumination, feeding-behaviour 

1. Introduction 

Around calving the feed intake of cows drops sharply, but simultaneously the energy demand 

rises owing to the onset of lactation. To compensate this energy deficiency, cows receive 

elevated portions of concentrates at expense of dietary fibre in their ration, which rapidly 
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increases the microbial production of volatile fatty acids (VFA) in the rumen. As consequence 

of this high energy density in ration the digestive disorder subacute ruminal acidosis (SARA) 

can occur, which is characterised by decreased pH-values in rumen fluid over extended periods 

(Zebeli et al. 2008). A study of Kleen et al. (2013) identified animals exhibiting SARA in one 

third of German herds with a prevalence of up to 50% in farms, showing that this ruminal 

disorder is a highly important occurrence in dairy production. The most accurate method to 

assess the risk of SARA is to conduct continuous measurements of ruminal pH, so that the great 

diurnal variation of ruminal pH is regarded (AlZahal et al. 2007).  

For maintenance of physiological fermentation conditions, a sufficient supply of dietary fibre 

is necessary to enhance rumination activity and saliva production, which is important to buffer 

the VFA in rumen (Maekawa et al. 2002). Higher NDF content from forage promotes a higher 

rumination activity and an extended eating time, leading to a more constant ruminal pH (GfE 

2014; Lechartier and Peyraud 2010; Tafaj et al. 2005). Differences in the energy and fibre 

concentrations in roughage may also influence the feed intake behaviour during early lactation, 

affecting DMI and the performance of the cows as well as the risk for exhibiting SARA (Adin 

et al. 2009).  

This study aimed to investigate the interrelations between ruminal pH, feeding behaviour and 

ruminal fermentation as influenced by practically relevant slight differences in energy and fibre 

concentration in roughage during early lactation. Furthermore, the variations in susceptibility 

to SARA as well as the changes in rumination behaviour were assessed between the prepartal 

and postpartal period. 

2. Materials and Methods 

The experimental work was conducted at the experimental station of the Institute of Animal 

Nutrition, Friedrich-Loeffler-Institut (FLI) in Braunschweig, Germany. It was performed in 

accordance with the German Animal Welfare Act approved by the Lower Saxony State Office 

for Consumer Protection and Food Safety (LAVES, Oldenburg, Germany). The present 

investigations are part of an experiment which is described in full detail in Schmitz et al. (2018), 

in which the effects of different energy concentrations in roughage and different amounts of 

concentrates on performance, energy efficiency and health were evaluated. 
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2.1 Experimental Design and Treatments 

For the current experiment eleven rumen-cannulated German Holstein cows were used from 

three weeks antepartum until sixteen weeks postpartum. They received rations with either a 

moderate or a higher energy density in roughage throughout early lactation. Cows were housed 

in a freestall barn with slatted floors and cubicles equipped with rubber mats. During prepartal 

period feed was offered as a total mixed ration (TMR) and throughout lactation period as a 

partial mixed ration (PMR) ad libitum via self feeding stations (type RIC; Insentec B.V., 

Marknesse, The Netherlands). The ratio between cow and feeder was 1:1 during the whole 

experiment. Hereby the main part of concentrates was allocated by computerised automatic 

feeding stations (Insentec, B.V., Marknesse, The Netherlands) and cows had access to the 

stations throughout the whole day.  

During prepartal period all cows were fed an equal diet provided as a total mixed ration (TMR) 

composed according to the recommendations of the Society of Nutrition Physiology (GfE 2001) 

and the German Agricultural Society (DLG 2012), which was subdivided into a far-off dry 

period (from drying off until three weeks antepartum) and a close-up period (three weeks 

antepartum until calving). The TMR in far off dry period consisted of 46.5% maize silage, 

46.5% grass silage and 7% straw on dry matter (DM) basis. Throughout close up period the 

ration was composed of 40% maize silage, 40% grass silage and 20% concentrates on a DM 

basis. 

After calving cows were assigned to two different feeding groups receiving either PMR with a 

moderate (MR group, 6.2 MJ NEL on DM basis) or a higher energy concentration (HR group, 

6.6 MJ NEL on DM basis), which were compiled by adding different amounts of wheat straw 

(18% of roughage in MR group and 6% of roughage in HR group based on DM). The added 

straw had a theoretical chopping length of 15 mm, whereas chopping length of grass silage was 

17 mm and that of maize silage was 5 mm. A homogenous consistency of roughage was ensured 

by accurate and standardised mixing of the PMR. The residuals were visually evaluated and 

there were no apparent signs of selection detected. Concentrates were supplied in both groups 

in the same quantity pursuant to a pre-defined allocation scheme to provide 250 g concentrates 

per kg energy corrected milk (ECM) according to the expected course of milk yield, whereby 

a part of the concentrates was mixed into PMR (on average 11% DM of roughage) and the 
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major proportion was allocated by automatic feeding stations. The concentrates were provided 

in pelleted form. The groups were balanced for fat-corrected milk yield of previous lactation 

(5,539 ± 1,348 kg, 200 d milk yield; mean ± standard deviation), numbers of lactation 

(2.5 ± 2.0), body weight (759 ± 133 kg) and body condition score (BCS) (3.52 ± 0.5) at the 

beginning of the experiment. 

During the close up period and early lactation individual dry matter intake (DMI) was recorded 

by the computerised self-feeding stations for each cow, calculated separately for the intake of 

roughage and concentrates. Also water intake was recorded individually for each cow by 

computerised water troughs (type RIC; Insentec B.V., Marknesse, The Netherlands). 

Throughout the experiment samples of grass silage and maize silage were collected twice a 

week and concentrates were sampled once a week. Feed samples were pooled over 

approximately four weeks. For wheat straw a representative sample was analysed after the 

experiment. Physical effective fibre (peNDF) of the PMR was measured twice during the trial 

when cows were on average 70 and 100 days in lactation. According to the guidelines of GfE 

(2014) for measurement of peNDFom in PMR the peNDF>8 was assessed by using the Penn 

State Particle Separator (model C24682N, Nasco). 

The cows were milked twice daily beginning at 0530 and 1530 h and milk yield was measured 

automatically by milk counters (Lemmer Fullwood GmbH, Lohmar, Germany). Samples for 

determination of milk ingredients were taken twice a week during morning and afternoon 

milking and stored at 4 °C until analysis. 

2.2 Measurement of Ruminal pH, Ruminal Temperature and Rumination Activity 

For each cow continuous measurements of circadian ruminal pH and rumination activity were 

conducted simultaneously, weekly during the peripartal period (from three weeks antepartum 

until four weeks postpartum) and every second week until end of experiment at 16 weeks 

postpartum. The recorded data were cumulated for d -21 (± 3), d -14 (± 3), d -7 (± 3), d  -2 (± 1), 

d 2 (± 1), d 7 (± 3), d 14 (± 3), d 21 (± 3), d 28 (± 3), d 42 (± 4), d 56 (± 4), d 70 (± 4), d 84 (± 4), 

d 98 (± 4) and d 112 (± 4) relative to parturition. For each cow and measurement period between 

one and three consecutive 24-h periods of data recording were conducted, depending on 

capacities in usage of instruments, and means of the recorded data were calculated. At some 
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periods of measurement data of individual cows were missing due to technical problems, but it 

was ensured that data of at least three cows of every group were present at any time. 

Measurements of ruminal pH were conducted by using a submersible continuous ruminal pH 

measurement system (Lethbridge Research Centre Ruminal pH Measurement System, Dascor 

Inc., Escondido, CA, USA; Penner et al. (2006)). Before and after each measurement the system 

was calibrated in pH 4 and pH 7 buffer solutions at 39 °C. The pH measurement system was 

manually inserted into the ventral sac of the rumen and ruminal pH was recorded for every 

minute. The pH measurement system was also equipped with a built-in sensor for measurement 

of rumen temperature, which recorded data at the same time intervals as for pH measurements. 

The circadian rumination activity was recorded by using a sensor-based automatic measurement 

system which detects jaw movements and its intensity (RumiWatch System, ITIN + HOCH 

GmbH, Fütterungstechnik, Liestal, Switzerland). This system consists of a halter with an 

integrated silicone tube filled with oil, which is connected to an electronic pressure sensor 

(Zehner et al. 2012). The pressure changes are sampled in a frequency of 10 Hz and raw data 

are recorded on an internal storage device until download via universal serial bus on a computer. 

For further analyses data were computed using RumiWatch converter 0.7.4.5 (ITIN + HOCH 

GmbH, Fütterungstechnik, Liestal, Switzerland) and calculated into 24 h summaries, describing 

the rumination behaviour of the cows. The data files were tested for plausibility by visual 

comparisons from course of pressure changes with computed data. 

2.3 Determination of Feeding Behaviour 

Individual behaviour patterns for intake of PMR, concentrates and water were analysed 

separately on days when ruminal pH value and rumination activity were recorded. For an 

accurate assessment of PMR intake behaviour for every cow a meal criterion was estimated, 

which describes the longest interval between visits that is still assigned to a meal. The meal 

criteria were calculated according to the methods from Tolkamp et al. (1998) by fitting two 

normal distributions to the distributions of natural logarithm (Ln)-transformed intervals 

between two visits of roughage troughs with maximum likelihood estimation. In our data the 

first distribution indicated the intervals belonging to visits within a meal and the second 

distribution represented the intervals between different meals. The meal criterion is defined as 

the nadir between these distributions. For each cow the amount of daily meals (meal frequency, 
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meals/d), the average of ingested DM of PMR per meal (meal size, kg DM of PMR/meal), the 

average meal length (meal duration, min/meal), the rate of feed intake per meal (feeding rate, 

kg DM of PMR per minute) and the average time between different meals (satiation, min) were 

calculated. 

For analysis of behaviour patterns regarding water and concentrate intake no meal criterion was 

determined because cows did not change frequently between troughs or automatic feeding 

stations for separate meals. For intake of water and concentrates the amount of daily bouts (bout 

frequency, visits of troughs/d), the ingested water or DM of concentrates per visit (bout size, 

kg of DM/bout or kg of water/bout), average bout length (bout duration, min/bout), the average 

visit length per day (daily eating or drinking time, min/d) and the rate of intake (feeding or 

drinking rate, kg of DM or kg of water per minute) were calculated. 

2.4 Rumen Fluid Composition and Net Acid-Base Excretion in Urine 

On d 28 and d 100 in lactation rumen fluid and urine samples were taken. Rumen fluid was 

collected by using an oro-ruminal probe (Ruminator; T. Geishauser, Wittibreut, Germany) with 

a hand pump at 0800, 1000, 1200 and 1400 h to receive representative samples before and after 

morning feeding. The probe was inserted through the rumen fistula into the ventral sac of the 

rumen and about 200 ml of rumen fluid were collected. The pH of rumen fluid was measured 

immediately after collection with a glass electrode (model: pH 525; WTW, Weilheim, 

Germany) and samples were cooled to 4 °C until further processing. VFA was analysed using 

a gas chromatograph (Clarus 680, PerkinElmer LAS GmbH, Rodgau, Germany) equipped with 

a flame ionisation detector as described by Geissler et al. (1976) and ammonia-N (NH4 N) was 

determined by steam distillation according to DIN38406-E5–2, Anonymous (1998). 

Additionally, for determination of protozoal density 15 ml of rumen fluid were mixed with 

15 ml of methylgreen-formalin solution (Ogimoto and Imai 1981) and stored until counting at 

4 °C. Protozoa were counted using a Neubauer chamber under an optical microscope and 

visually differentiated into entodiniomorpha and holotricha.  

Urine samples were taken once a day after morning milking by manual stimulation of perineal 

area of the cow. Immediately after collection the pH of urine was measured and samples were 
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stored at 20° C until further analyses. Samples were analysed for renal net acid-base excretion 

(NABE) by a titrimetric method as described in Kutas (1965). 

2.5 Statistics 

Before statistical analyses data of ruminal pH and temperature measurement, rumination 

activity and feeding behaviour were summarised to means of each measurement period for each 

cow. For performance data weekly means and for rumen fluid data daily means were calculated.  

For analysis of ruminal pH a logistic curve was fitted for every 24-h interval by using 

PROC NLMIXED in SAS 9.4 (SAS Inst. Inc., Cary, NC, USA) for calculation of β0 and β1 

(AlZahal et al. 2007), whereby β0 describes the slope of the logistic curve at the point of 

inflection and represents the fluctuation of ruminal pH throughout the assessed 24-h interval. 

β1 describes the point of inflection of the logistic curve, representing the mean of ruminal pH 

throughout the assessed 24-h interval. Furthermore, the duration of pH < 5.6, pH < 5.8 and 

pH < 6.0 (min/d) was determined (Colman et al. 2012). For assessment of an elevated risk for 

SARA the definition of Zebeli et al. (2008) was chosen, which indicates an elevated risk for 

SARA at the threshold of 314 min/d with pH < 5.8 combined with an average daily pH lower 

than 6.16. To compare the SARA risk on group level, a scoring system was used to calculate 

the SARA risk individually for each cow and each measurement period. The score was based 

on calculations of incidences according to the following equation: 

SARArisk score =
(

number of positive SARA observations per cow in period 𝑖
total number of observations per cow in period 𝑖

) 

total number of cows assessed in period 𝑖
 

By using this approach, we took into account that the number of animals and measurements per 

animal varied between the groups and between the measurement periods (Schären et al. 2016). 

Data were analysed by using the MIXED procedure of SAS software package (SAS 9.4, SAS 

Inst. Inc., Cary, NC, USA; Littell et al. (2006)). As fixed effects, the different energy 

concentrations in roughage (MR or HR) and the measurement period plus the interaction 

between these factors were chosen. The following measurements on each cow during the 

experiment were considered as repeated measurements and each cow was considered to be a 

random effect. In statistical analysis of performance data and behaviour patterns of feed intake 
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the lactation period was analysed, whereas for measurements of ruminal pH, ruminal 

temperature and rumination activity prepartal period and postpartal period were analysed 

separately. In analysis of postpartal period for all variables means of prepartal values of each 

cow were used as covariates in statistic to consider the cow-individual baseline. The lowest 

Akaike information criterion (AICC) between unstructured, autoregressive, variance 

components and compound symmetry was used for determination of the best covariance 

structure.  

For estimation of correlation coefficients between different variables the software 

STATISTICA 13.0 (StatSoft Inc., Tulsa, OK, USA) was used. The results are presented as 

least-square means and standard errors of means. Statistical significance for effects was defined 

by p-values < 0.1 as a trend and p-values < 0.05 as significant after Tukey post hoc test. Results 

are presented as least-square means ± standard errors of means (SEM) unless otherwise stated. 

3. Results 

Of the 11 cows, one cow of HR group exhibited a severe mastitis during the first week of 

lactation so that the complete data from this cow were rejected. Because of this, the MR group 

consisted of six cows and the HR group merely consisted of four cows. 

3.1 Ration Composition 

Table 1 shows the chemical compositions of dry period TMR, of experimental PMR from MR 

and HR groups and of the concentrates from automatic feeder. The ingredients and chemical 

composition of the roughage parts and the different types of concentrates are presented in detail 

in Schmitz et al. (2018). During dry period the TMR contained 20% concentrates and during 

postpartal period the average proportion of concentrates was 45% of DM in both groups. The 

peNDF>8mm content amounted to 20.5% in PMR of MR group and to 18.9% in PMR of HR 

group and the energy content of PMR was 6.2 MJ NEL in MR and 6.6 MJ NEL in HR group.  
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Table 1. Nutrient composition of the experimental diets 

  Dry period† Experimental period§  

  TMR PMR of MR group PMR of HR group Concentrates+ 

Dry matter [%] 36.8  39.3 36.5 87.7 

Nutrient [% of dry matter]     

   Crude ash 6.5   6.5   6.6   6.4 

   Crude protein 11.9  10.8 11.6 18.9 

   Ether extract 3.8   3.3   3.5   4.7 

   Crude fibre 19.0 24.4 22.0   7.9 

   Acid detergent fibreom 21.6 28.3 25.6 11.6 

   aNeutral detergent fibreom 37.7 46.9 42.7 18.9 

   peNDF8mm ¶ - 20.5 18.9 - 

   Starch 24.3 17.9 20.0 42.5 

   Sugar 0.93 0.63 0.64 5.70 

Energy [MJ /kg DM] ‡     
   ME 11.2  10.3 10.8 13.5 

   NEL 6.8 6.2  6.6 8.5 

Notes: † During dry period (from three weeks antepartum) all groups received the same TMR; 

§ In postpartal period (16 weeks postpartum) the MR group received a PMR with lower energy 

concentration (18% straw) and the HR group received roughage with a higher energy 

concentration (6% straw) on DM basis; + During dry period TMR contained 20% concentrates 

and in postpartal period the average concentrate proportion amounted to 45% in both groups; 
¶ Physically effective neutral detergent fibre8mm = proportion of particles > 8mm neutral 

detergent fibre of whole sample; ‡calculation based on equations for calculation of energy 

content in feedstuffs published by the GfE (2001, 2008, 2009). For calculation of energy content 

in straw table values according to DLG (1997) were used. 
 

3.2 DMI and performance 

The results of feed intake and performance of MR and HR groups during postpartal period are 

shown in Table 2 and correspond with the findings described in Schmitz et al. (2018). The 

different energy concentrations in roughage had no effect on feed intake variables. DMI during 

prepartal period amounted to 12.3 ± 0.5 kg DM/d, whereas during postpartal period MR group 

ingested 20.7 ± 0.9 kg DM/d and HR group ingested 20.7 ± 1.1 kg DM/d.  
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Table 2. The effect of moderate (MR) or high (HR) energy concentration in roughage (R) and 

course of lactation (T) on feed intake, water intake, milk production and milk composition 

during postpartal period (LS-means ± standard error of the means) 

† During dry period all cows received the same diet; after calving, MR group received roughage 

with 6.1 MJ NEL (18% of straw) and HR group received roughage with 6.5 MJ NEL (6% straw) 

on DM basis; § effect of time; measurement period from calving until wk 16 postpartum; 
+DM = dry matter ; ¶NDF = Neutral detergent fibre. 

Also the intake of roughage and concentrates did not differ between the feeding groups. The 

average amount of concentrates during postpartal period was 9.5 ± 0.1 kg DM/d in MR group 

and 9.4 ± 0.2 kg DM/d in HR group with a maximum of 11.2 ± 0.2 kg in week eight postpartum. 

The water intake increased during early lactation (p < 0.001) with highest values between 6 and 

12 weeks postpartum (maximum of 88.8 kg per day) and did not differ between the treatment 

groups. Also the milk yield was not different between the feeding groups and amounted to 

37.0 ± 1.5 kg/d. Fat content, lactose content and ECM yield were not affected by treatment. 

  Treatment†   p -Value 

  

MR 

(n = 6) 

HR 

(n = 4)   
R T§ R×T 

Feed and water intake       

   Dry matter intake [kg DM+/d] 20.7 ± 0.9 20.7 ± 1.1  0.969 <0.001 0.265 

   Roughage intake [kg DM/d] 11.2 ± 0.8 11.3 ± 1.0  0.970 <0.001 0.392 

   Total concentrate intake [kg DM/d]   9.5 ± 0.1   9.4 ± 0.2  0.625 <0.001 0.273 

   Concentrates from automatic feeder 

   [kg DM/d] 
  8.1 ± 0.1   7.9 ± 0.1  0.121 <0.001 0.295 

   Water intake [kg/d] 78.6 ± 3.1 86.5 ± 3.7  0.131 <0.001 0.957 

   Energy intake [MJ NEL/d] 147 ± 6   151 ± 7    0.709 <0.001 0.199 

   NDF¶  intake [kg/d]   7.44 ± 0.39   6.89 ± 0.48  0.131 <0.001 0.957 

Performance       

   Milk yield [kg/d] 37.6 ± 1.4 36.4 ± 1.7  0.600 <0.001 0.528 

   Energy corrected milk [kg/d] 36.7 ± 1.1 35.8 ± 1.3  0.623 0.002 0.262 

   Milk fat content [%]   4.02 ± 0.21   4.02 ± 0.26  0.999 <0.001 0.759 

   Milk fat yield [kg/d] 1.49 ± 0.05 1.44 ± 0.07  0.573 0.108 0.786 

   Milk protein content [%]   3.11 ± 0.04   3.29 ± 0.05  0.029 <0.001 0.111 

   Milk protein yield [kg/d] 1.17 ± 0.05 1.19 ± 0.06  0.815 0.053 0.792 

   Milk lactose content [%]   4.81 ± 0.04   4.81 ± 0.04  0.894 <0.001 0.577 

   Milk lactose yield [kg/d] 1.82 ± 0.07 1.76 ± 0.06  0.609 <0.001 0.687 

   Milk urea [mg/kg] 122 ± 7   97  ± 9   0.055 <0.001 0.337 

   Milk fat:protein ratio   1.29 ± 0.05   1.23 ± 0.06  0.462 0.021 0.939 
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However, energy concentration in roughage affected the protein content (p = 0.029) and tended 

to influence the amount of urea in milk (p = 0.055). HR cows exhibited a higher protein content 

(3.29 ± 0.04% vs. 3.11 ± 0.04%) compared to MR cows and had a lower amount of urea 

(97 ± 9 mg/kg vs. 122 ± 7 mg/kg). However, the milk fat yield and milk protein yield did not 

differ between the treatment groups. 

3.3 Ruminal pH, Rumen Temperature and Rumination Activity 

The ruminal pH and its circadian variations were described by the variables β0, β1 (= mean 

ruminal pH), daily minimum and maximum value of pH and the count of minutes in which pH 

was below specific thresholds (pH < 6.0, pH < 5.8 and pH < 5.6) per day (Table 3). Ruminal 

pH was higher during prepartal compared to postpartal period (pH 6.45 ± 0.04 vs. 6.08 ± 0.03, 

p < 0.001) and consequently also the time in which pH was below the thresholds of pH < 6.0, 

pH < 5.8 and pH < 5.6 was increased during postpartal period (p < 0.001, respectively). In both 

periods, a time effect on β1 was observed, caused by the elevated values around calving 

(Figure 1).  

An effect of treatment occurred consistently in both periods for the variable β0, which describes 

the fluctuation of ruminal pH during the day. β0 was lower in cows of HR groups compared to 

MR group (p = 0.001) during postpartal as well as in prepartal period, indicating that the pH 

value was less constant in these cows. The individual β1 values of the cows in course of early 

lactation are illustrated in Figure 2, demonstrating that fluctuations of ruminal pH show a high 

variation depending on the individual animal and in relation to the measurement period. 

Furthermore, a correlation between β0 and β1 (r = 0.58, p < 0.001) was found, suggesting that 

a low mean ruminal pH value is associated with a higher diurnal pH variability. There were no 

differences observed between the feeding groups regarding the SARA risk. During prepartal 

period there were no cases of elevated SARA risk observed at all, whereas in postpartal period 

the SARArisk score was 0.35 ± 0.2 for MR cows and 0.33 ± 0.22 for HR cows (means ± SD). 
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Figure 1: Changes of ruminal pH, ruminal temperature and rumination activity during the 

transition period and early lactation. β1 indicates the daily mean of ruminal pH and β0 shows 

the daily fluctuation of ruminal pH. Throughout dry period both groups received the same 

ration; after calving cows received rations containing roughage with either 6.1 MJ NEL (n = 6; 

●, dashed lines) or 6.5 MJ NEL (n = 4; ■, solid lines). Different letters indicate significant 

differences (p < 0.05) between the times of measurements, whereby no significant differences 

between groups were found at any time of measurements. 
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Figure 2: Cow individual daily means of ruminal pH throughout early lactation, presented as 

average of β1 values (inflection of the logistic curve, mean of ruminal pH) for each 

measurement period. The cows 1 to 6 belonged to MR group, whereas cows 7 to 10 were in HR 

group. The different measurement periods are illustrated by different symbols as shown in the 

legend. The dashed lines represent the LS-mean of β1 values for each cow throughout postpartal 

period. 

In addition to measurements of pH value also the temperature in rumen was recorded (Table 3). 

The average rumen temperature was elevated throughout prepartal period compared to 

postpartal period (39.6 ± 0.1 °C vs. 39.1 ± 0.0 °C, p < 0.001) and also the daily duration in 

which ruminal temperature exceeded 39.0 °C, 39.2 °C and 39.4 °C was higher in prepartal 

period (p < 0.001, respectively). An effect of treatment was identified regarding the circadian 

ruminal temperature during postpartal period, because MR cows had a slightly higher average 

rumen temperature (39.2 ± 0.0°C vs. 39.1 ± 0.0°C, p = 0.020). 
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Table 3. The effect of moderate (MR) or high (HR) energy concentration in roughage (R) and course of time (T) on variables of ruminal pH, ruminal 

temperature and rumination activity during dry period and lactation period (LS-means ± standard error of the means) † 

 
Dry period (3 weeks antepartum) 

 
Lactation period (16 weeks postpartum) 

Dry period ration  p -Value prepartal§ Treatment  p -Value postpartal+ 
 MR cows HR cows  R T R×T  MR cows HR cows  R T R×T CoV¶ 

Circadian rumen pH               

  β1$    6.46 ± 0.03    6.45 ± 0.03  0.831 0.003 0.180    6.06 ± 0.04   6.12 ± 0.04  0.352 0.028 0.620 0.116 

  pH < 6.0 [min/d]  111 ± 20  107 ± 24  0.916 0.036 0.920  579 ± 96   532 ± 118  0.766 0.042 0.266 0.266 

  pH < 5.8 [min/d]  22 ± 9    10 ± 11  0.448 0.441 0.909  272 ± 70   298 ± 84    0.821 0.099 0.311 0.180 

  pH < 5.6 [min/d]    5 ± 2    0 ± 3  0.257 0.401 0.401  107 ± 31   135 ± 37    0.600 0.153 0.673 0.673 

  Minimum pH     5.86 ± 0.06    5.83 ± 0.07  0.794 0.012 0.269    5.47 ± 0.06   5.44 ± 0.07  0.725 0.227 0.597 0.393 

  Maximum pH    6.93 ± 0.04    6.99 ± 0.04  0.390 0.439 0.484    6.62 ± 0.03   6.69 ± 0.04  0.140 0.215 0.370 0.835 

  β0‡    8.52 ± 0.51   6.04 ± 0.62  0.006 0.081 0.101    7.92 ± 0.25   6.58 ± 0.30  0.001 0.067 0.781 0.020 

Circadian rumen temperature               

  Average temperature [°C]   39.65 ± 0.08  39.47 ± 0.10  0.165 0.354 0.625  39.15 ± 0.02   39.06 ± 0.03    0.020 <0.001 0.550 0.581 

  Maximum temperature [°C]   40.42 ± 0.11  40.41 ± 0.14  0.980 0.317 0.451  40.05 ± 0.05   40.18 ± 0.06    0.092 0.002 0.045 0.208 

  Minimum temperature [°C]   37.74 ± 0.53  36.34 ± 0.64  0.152 0.743 0.870  36.41 ± 0.49   34.84 ± 0.62    0.109 0.182 0.298 0.858 

  Temperature > 39.0 °C [min/d] 1,303 ± 43   1,147 ± 52     0.030 0.597 0.889  990 ± 23   861 ± 29    0.001 0.001 0.906 0.365 

  Temperature > 39.2 °C [min/d] 1,226 ± 57     1,046 ± 68  0.054 0.445 0.924  780 ± 26   665 ± 32    0.011 <0.001 0.477 0.046 

  Temperature > 39.4 °C [min/d] 1,075 ± 98    874 ± 116  0.230 0.315 0.757  495 ± 34   461 ± 42    0.548 0.001 0.145 0.179 

Ruminaton activity               

  Daily rumination time [min/d] 513 ± 21 519 ± 26  0.862 0.188 0.649  543 ± 15 547 ± 19  0.860 0.001 0.326 0.039 

  Rumination activity [min/kg DMI◊] 41.6 ± 2.0 44.0 ± 2.4  0.446 0.820 0.341  31.1 ± 1.3 30.1 ± 1.5  0.640 <0.001 0.449 0.041 

  Daily rumination chews [in 1,000] 35.8 ± 2.1 37.2 ± 2.5  0.670 0.179 0.497  37.5 ± 1.3 38.0 ± 1.6  0.805 0.003 0.306 0.036 

  Daily ruminated boli 601 ± 28  576 ± 34  0.578 0.193 0.790  590 ± 20 592 ± 25  0.943 0.065 0.457 0.056 

  Chewing frequency per min 73.9 ± 1.8  73.8 ± 2.1  0.961 0.123 0.411  73.0 ± 1.1 73.9 ± 1.3  0.609 0.030 0.839 0.306 

  Rumination chews per bolus 58.0 ± 1.0  61.1 ± 1.1  0.073 0.089 0.481  61.4 ± 1.1 64.3 ± 1.4  0.169 0.031 0.585 0.646 

† Dry period ration was equal for both groups; after calving, MR cows got roughage with moderate and HR cows received roughage with higher energy 

concentration; §  measurements prepartal: d -21, -14, -7, and -2; +  measurements postpartal: d 2, 7, 14, 21, 28 , 42, 56, 70, 84, 98, and 112; ¶significance 

of covariate (mean of prepartal values); $ β1: inflection of the logistic curve, mean of ruminal pH; ‡ β0: slope of the logistic curve at the point of 

inflection, fluctuation of ruminal pH; ◊DMI = Dry matter intake. 
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Accordingly, also the time in which rumen temperature exceeded 39.0 °C and 39.2 °C during 

postpartal period was higher in MR groups (p = 0.001 and p = 0.011, respectively), but this 

group difference was also observed during prepartal period (p = 0.030 and p = 0.054, 

respectively). 

The rumination time was slightly higher in postpartal period than in prepartal period (553 ± 15 

vs. 516 ± 18 min/d, p = 0.011), whereas the rumination activity per kg of DMI was lower in 

postpartal period (p < 0.001) due to the strong increase of feed intake during early lactation. 

The lowest daily rumination time occurred around calving (Figure 1), leading to a time effect 

in postpartal period (p = 0.001). This was also reflected in daily rumination chews (p = 0.003) 

and the daily counts of boluses that were rejected (p = 0.065). The rumination chews per minute 

and the rumination chews per bolus, which illustrate the chewing pattern of rumination, were 

diminished during the calving period. This led to an effect of time concerning these parameters 

throughout postpartal period (p = 0.030 and p = 0.031, respectively). Furthermore, the 

rumination chews per bolus were lower in prepartal period than in postpartal period 

(59.6 ± 1.1 vs. 63.0 ± 0.7 chews per bolus, p = 0.005). Variables of rumination activity did not 

differ significantly between the treatment groups. 

3.4 Feeding Behaviour 

Behaviour patterns were analysed separately for intake of PMR, of concentrates and of water 

during postpartal period (Table 4). Similar to the postpartal ascent of DMI also daily eating 

time for intake of PMR and of concentrates in automatic feeder increased during early lactation 

(p < 0.001, respectively). The total daily eating time amounted to 194 ± 17 min/d in MR and 

207 ± 20 min/d in HR group. For the behaviour patterns of PMR intake a meal criterion was 

defined to take into account that cows frequently switch between different troughs during a 

meal. The meal criterion of MR group amounted to 31.2 ± 6.8 min (mean ± SD), whereas for 

HR group the meal criterion was 33.9 ± 9.3 min. The experimental diet had no influence on the 

behaviour patterns of feed intake, whereas changes were observed in course of lactation. The 

bout frequency of PMR intake increased (p = 0.027), whereas the meal frequency did not 

change during the trial. However, the number of bouts per meal (p = 0.011), the meal size 

(p < 0.001) as well as the meal duration (p < 0.001) increased during early lactation (Figure 3).   
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Table 4. The effect of moderate (MR) or high (HR) energy concentration in roughage (R) and 

course of lactation (T) on behaviour patterns of roughage intake, concentrate intake and water 

intake during postpartal period (LS-means ± standard error of the means) 

  Treatment†   p -Value 

  

MR 

(n = 6) 

HR 

(n = 4)   
R T§ R×T 

Total eating time [min/d] 194 ± 17 207 ± 20  0.642 <0.001 0.239 

Roughage    
   

   Bout frequency [bouts/d] 39.4 ± 4.8 45.8 ± 5.8  0.419 0.027 0.466 

   Meal frequency [meals/d]   8.46 ± 0.34   8.23 ± 0.41  0.685 0.528 0.170 

   Bouts per meal   4.78 ± 0.52   5.76 ± 0.64  0.269 0.011 0.672 

   Meal size [kg]   1.45 ± 0.12   1.59 ± 0.15  0.474 <0.001 0.684 

   Daily eating time [min/d] 166 ± 60 179 ± 20  0.616 <0.001 0.278 

   Meal duration [min] 20.1  ± 2.5   23.7 ± 3      0.394 <0.001 0.734 

   Satiation duration [min] 123 ± 5   123 ± 6    0.939 0.172 0.207 

   Feeding rate [g DM/min] 85.8 ± 7.4 90.7 ± 9.0  0.689 0.001 0.987 

Concentrates    
   

   Bout frequency [bouts/d]   8.90 ± 1.23   8.46 ± 1.49  0.826 <0.001 0.784 

   Bout size [kg DM]   0.92 ± 0.12   0.93 ± 0.14  0.979 0.154 0.483 

   Daily eating time [min/d] 30.9 ± 1.5 29.6 ± 1.8  0.610 <0.001 0.349 

   Bout duration [min]   4.47 ± 0.72   4.12 ± 0.88  0.766 0.162 0.428 

   Feeding rate [g DM/min] 241 ± 11 248 ± 13  0.698 0.003 0.490 

Water    
   

   Bout frequency [bouts/d] 10.7 ± 0.6 10.0 ± 0.8  0.513 0.790 0.794 

   Bout size [kg]   7.50 ± 0.57   8.66 ± 0.69  0.228 0.131 0.482 

   Daily drinking time [min/d] 24.6 ± 3.4 14.5 ± 4     0.090 0.895 0.738 

   Bout duration [min]   2.50 ± 0.32   1.55 ± 0.35  0.075 0.861 0.730 

   Drinking rate [kg/min]   6.22 ± 0.66   7.48 ± 0.81   0.262 0.001 0.819 

† During dry period all cows received the same diet; after calving, MR group received roughage 

with 6.1 MJ NEL (18% of straw) and HR group received roughage with 6.5 MJ NEL (6% straw) 

on dry matter (DM) basis; § effect of time; measurement period from calving until wk 16 

postpartum. 
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Figure 3: Changes in behaviour patterns of feed intake during the transition period and early 

lactation. Throughout dry period both groups received the same ration; after calving cows 

received rations containing roughage with either 6.1 MJ NEL (n = 6; ●, dashed lines) or 

6.5 MJ NEL (n = 4; ■, solid lines). Different letters indicate significant differences (p < 0.05) 

between the times of measurements, whereby no significant differences between groups at any 

time of measurements were found. 
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The satiation time, which is defined as the time interval between consecutive meals, did not 

change during the course of the trial. The bout frequency for concentrate intake increased 

throughout early lactation (p < 0.001, respectively), while the bout size and the bout duration 

remained constant. The feeding rate for PMR intake was highest directly after calving 

(115 ± 13 g DM per minute), whereas afterwards it was relatively constant (85 ± 2 g DM per 

minute). In contrast, the feeding rate for concentrate intake rose during early lactation from 

229 to 255 g DM per minute (p = 0.003). A positive correlation was found between ruminal pH 

and bout frequency of PMR intake (r = 0.362, p = 0.001) as well as meal frequency of PMR 

intake (r = 0.268; p = 0.011) during postpartal period. There was a tendency observed for MR 

groups to have a higher daily drinking time (24.6 ± 3.4 vs. 14.4 ± 4.0 min/d, p = 0.090) and to 

exhibit a higher duration of drinking bouts (2.5 ± 0.32 vs. 1.55 ± 0.35 min per bout, p = 0.075). 

Furthermore, the drinking rate increased from 4.97 kg/min to 8.13 kg/min during early lactation 

(p < 0.001), whereas the drinking bout frequency and the drinking bout size were unaffected by 

treatment and time.  

3.5 Rumen Fluid Composition and Net Acid-Base Excretion in Urine 

The analysis of ruminal pH revealed differences between d 28 and d 100 for VFA concentration 

in rumen fluid and for molar proportions of acetate (Table 5). The concentrations of VFA were 

lower at d 28 compared to d 100 (92 ± 5 vs. 109 ± 5 mmol/l, p = 0.018). Molar proportion of 

acetate increased from 56.9 ± 1.1% to 59.7 ± 1.1% (p = 0.030), whereas molar proportions of 

propionate tended to be decreased at d 100. Also the acetate to propionate ratio showed 

significant differences between the sampling days, increasing from 2.30 ± 0.15 to 2.63 ± 0.15. 

There were no treatment effects apparent on the VFA concentration or the fatty acid pattern. 

Merely for acetate a trend for a group by time interaction (p = 0.078) was found, caused by a 

stronger increase from d 28 to d 100 in MR group compared to HR group. There were no effects 

of time or treatment apparent for pH and NH3-N concentration of rumen fluid, for the density 

of protozoa or for the proportion of entodiniomorpha and holotricha. Furthermore, our analyses 

did neither reveal effects of treatment nor of time on NABE or pH in urine, but we found a 

strong correlation between these variables (r = 0.89, p < 0.001). 
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Table 5. The effect of moderate (MR) or high (HR) energy concentration in roughage (R) and 

course of lactation (T) on rumen fluid and urine variables on d 28 and d 100 postpartum (LS-

means ± standard error of the means) 

  Treatment†  p-Value 

  
MR 

(n = 6) 

HR 

(n = 4) 
 R T§ R×T 

Rumen fluid       

   Total volatile fatty acids [mmol/l] 105 ± 4   95  ± 5    0.151 0.018 0.148 

   Ratio acetate/propionate   2.36 ± 0.17   2.56 ± 0.21  0.475 0.033 0.326 

   Acetic acid [Mol%] 58.4 ± 1.2 58.1 ± 1.5  0.876 0.030 0.078 

   Propionic acid [Mol%] 25.2 ± 1.2 23.8 ± 1.5  0.488 0.068 0.700 

   Butyric acid [Mol%] 13.1 ± 0.7 14.1 ± 0.9  0.395 0.845 0.258 

   iso-butyric acid [Mol%]   0.73 ± 0.04   0.75 ± 0.05  0.737 0.676 0.168 

   Valeric acid [Mol%]   1.43 ± 0.34   2.04 ± 0.42  0.286 0.539 0.224 

   iso-valeric acid [Mol%]   1.08 ± 0.11   1.16 ± 0.13  0.646 0.050 0.885 

   pH    6.27 ± 0.06   6.41 ± 0.08  0.158 0.869 0.869 

   Ammonia-N [mmol/l]   3.29 ± 0.41   2.57 ± 0.34  0.197 0.878 0.316 

   Total protozoa [103 /ml] 126 ± 14 124  ± 17  0.946 0.339 0.602 

   Entodiniomorpha [103 /ml] 119 ± 13 119 ± 16  0.987 0.310 0.578 

   Holotricha [103 /ml]   6.8 ± 1.4   5.6 ± 1.7  0.612 0.873 0.916 

Urine       

   pH    7.88 ± 0.18   7.97 ± 0.22  0.742 0.251 0.712 

   Net acid-base excretion 124 ± 26 134 ± 31  0.822 0.501 0.839 

†during dry period all cows received the same diet; after calving, MR group received roughage 

with 6.1 MJ NEL (18% of straw) and HR group received roughage with 6.5 MJ NEL (6% straw) 

on dry matter (DM) basis; § effect of time; samples were taken on d 28 and d 100 postpartum. 

Rumen fluids were collected on 0800 h, 1000 h, 1200 h and 1400 h and daily means of these 

measurements were calculated, whereas urine was sampled once a day. 

4. Discussion 

In a preceding study, the effects of differing energy supplies from roughage and concentrates 

on performance, energy efficiency and animal health were presented (n = 63 in four treatment 

groups; Schmitz et al. (2018)). The aim of the current study was to investigate the interrelations 

between ruminal pH, feeding behaviour and ruminal fermentation in early lactating cows, 

which receive roughage with slightly differing energy and NDF content. Furthermore, the 

variations in susceptibility to SARA and the changes of rumination behaviour were assessed 

between the prepartal and postpartal period under practical feeding conditions.  
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4.1 DMI and Performance  

As intended the energy concentration in PMR of HR group was 0.4 MJ NEL per kg DM higher 

and the peNDF8mm content of the entire ration was about 1.5% decreased compared to MR 

group. These findings were also observed in the aNDFom content, which was 42 g/kg DM higher 

in MR group. However, caused by the small number of animals in the trial and by the changes 

in DMI during early lactation there was merely a numerical difference in intake of NDF and 

energy between the treatment groups. Similar to findings in Schmitz et al. (2018) the energy 

content in roughage did not affect feed intake and also performance variables were only little 

affected by treatment. The higher energy supply from PMR in HR group merely affected the 

milk protein and urea content, which could have occurred due to higher energy availability for 

microbial protein production (Kendall et al. 2009). 

4.2 Ruminal pH, Rumen Temperature and Rumination activity 

The changes of ruminal pH from prepartal to postpartal period resulted from changes of DMI 

and the proportions of concentrates in ration. During late pregnancy, the concentrate proportion 

was decreased compared to the lactation period and the DMI was lower, resulting in an elevated 

ruminal pH. No cases of increased risk for SARA were observed in prepartal period, concurring 

with findings of Petzold et al. (2014). The increased proportion of non-fibre carbohydrates in 

postpartal diet caused a more rapid fermentation in rumen and an increased release of VFA, 

resulting in a drop of ruminal pH (Lechartier and Peyraud 2010; Petzold et al. 2014; Yang and 

Beauchemin 2007). In the present trial about 33% of the measurements indicated an elevated 

risk for SARA throughout postpartal period, whereby the SARA risk and β1 were not affected 

by the energy concentration in roughage. Our results indicate that the cows exhibit rather cow 

individual characteristics of ruminal pH level. Four animals (2 from MR and 2 from HR groups) 

had an elevated SARA risk according to definitions of Zebeli et al. (2008), when the complete 

postpartal data from these cows were averaged. The positive correlation between β0 and β1 

illustrates that cows with lower circadian pH values exhibit higher fluctuations of ruminal pH, 

showing an elevated strain of rumen physiology. The increased β0 in MR group suggests that 

the elevated amount of straw in postpartal period had beneficial effects on the stabilisation of 

the ruminal pH value. But it has to be considered that already during prepartal period MR cows 

had significantly higher β0 values, although both groups received equal diets. This 
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demonstrates that especially the cow individual patterns of rumen physiology affected the 

diurnal variability of ruminal pH. Studies revealed that cows react differently to low ruminal 

pH values, so that they possibly have an individual susceptibility to suffer from SARA (Humer 

et al. 2015; Plaizier et al. 2008).  

The increased rumen temperature in prepartal period can be explained by a higher body 

temperature due to physiological adaptions to late pregnancy and the thermogenic effect of 

progesterone (Schmitz et al. 2018; Wrenn et al. 1961). Also the ambient temperature, which 

tended to be higher during prepartal period, presumably affected the rumen temperature (data 

not shown). The increased rumen temperature of MR compared to HR cows was already 

apparent during prepartal period, which is comparable to the findings of β0, so that these 

differences primary were caused by cow-individual characteristics of rumen physiology.  

The physiology of rumen fermentation and the rumination activity are strongly interconnected 

and a reduction in rumination activity can increase the risk for SARA because of the lowered 

production of buffering saliva. We had expected that the higher amount of straw in HR groups 

would have led to a higher rumination activity, but the high individual variation between the 

cows and the physiological changes during peripartal period covered possible treatment effects. 

In our experiment, cows exhibited a strong decline in rumination activity during the last days 

before and the first days after calving, concurring with findings of other studies (Adin et al. 

2009; Soriani et al. 2012). The higher rumination activity during postpartal period can be 

explained by the higher feed intake, whereby the associated accelerated passage rate resulted in 

a decreased rumination activity per kg of DMI. Treatment did not affect the rumination patterns, 

but contrary to findings of Pahl et al. (2014), rumination patterns were altered throughout 

transition. In our study, cows showed reduced chews per minute and chews per bolus in 

ruminating during the last days before and the first days after calving.  

4.3 Feeding Behaviour 

Feed intake behaviour changed throughout peripartal period and early lactation with increasing 

DMI, which is necessary to meet the energy requirements for milk production. In our 

experiment, the meal frequency for PMR intake remained constant throughout early lactation, 

whereas the size and duration of meals increased to achieve a higher DMI. These results are 
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supported by a review of Grant and Albright (1995), who reported that high yielding dairy cows 

improve their DMI especially by increasing meal size as well as reduction of eating time and 

rumination time per unit of intake. The meal frequency of PMR amounted to 8.5 ± 0.3 meals 

per day in MR group and 8.2 ± 0.4 meals per day in HR group, which coincides with findings 

of other studies in which a TMR was fed (Adin et al. 2009; Azizi et al. 2009; DeVries et al. 

2003). This indicates that the supplementation of concentrates via automatic feeder did not 

influence the daily number of PMR meals. However, the observed meal size and the meal 

duration of PMR intake was considerably lower in our study compared to findings of Adin et 

al. (2009) and Azizi et al. (2009). Cows of the current trial exhibited an about 30% shorter total 

time spent eating compared to findings of the mentioned studies. The provision of concentrates 

from automatic feeder possibly increased the risk for SARA in our trial, because firstly, the 

reduction of mastication can result in lowered production of buffering saliva and secondly, the 

rapid intake of concentrates from automatic feeder can lead to sharper drops of ruminal pH 

(Beauchemin et al. 2008). Furthermore, the observed positive correlation between ruminal pH 

and number of meals as well as bouts of PMR intake indicate a positive effect of frequently 

distributed feed intake throughout the day on ruminal pH value, while no effects of the different 

energy concentrations of PMR on feeding behaviour were found.  

4.4 Rumen Fluid Composition and Net Acid Base Excretion in Urine 

Consistent with the observed results in ruminal pH, rumination activity and feeding behaviour, 

the treatment groups did not differ in VFA profile, ammonia content and population of protozoa. 

The acetate:propionate:butyrate ratio in rumen fluid was 60:26:14, which is quite similar to 

findings of Maltz et al. (2013) at wk 10 postpartum. In diets with high forage proportions higher 

molar acetate concentrations are characteristic, so that acetate:propionate:butyrate ratio is rather 

70:20:10 (Ellis et al. 2008). The slightly lowered acetate proportion in our study possibly 

occurred due to the elevated proportions of concentrates, which amounted to 45% of the ration. 

Several other studies observed a decline in acetate-to-proprionate ratio with increasing 

proportions of grain in diet (Agle et al. 2010; Rabelo et al. 2003). The increase of VFA in our 

trial from d 28 to d 100 in lactation were caused by the higher feed intake and the higher 

concentrate intake. The numerical lower amount of NH3-N in HR cows corresponds with the 

higher milk protein and lower milk urea in HR group, supporting the assumption that the higher 
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energy content in roughage is reflected in a higher protein synthesis of ruminal microorganism. 

Taken together, the treatment had just little effects on the investigated parameters in our study, 

whereby it should be noted that the number of cows was rather small in this experiment. 

5. Conclusion 

Overall, our results show that irrespective of treatment cows exhibited an elevated risk for 

SARA during the experiment. The ruminal pH was rather cow-individual, showing that cows 

seem to have a different susceptibility to develop SARA. The feeding patterns changed during 

the course of transition period and early lactation to allow the increase of DMI, whereby in 

postpartal period a more frequent intake of meals was associated with higher ruminal pH. There 

were no effects of the slight differences of energy and fibre concentration in roughage apparent 

concerning the ruminal pH, the rumination activity, the feeding behaviour and the ruminal 

fermentation characteristics, whereby it should be noted that the number of cows was quite 

small in this experiment. 
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5 GENERAL DISCUSSION 

The present work investigated the effects of a varying energy supply from roughage and 

concentrates on performance, energy efficiency, ruminal fermentation and animal health during 

early lactation. These aspects should not be analysed independently of each other, because they 

are highly interconnected and dietary changes can have impacts on all of these fields. A higher 

energy concentration in ration leads to higher energy intake, so that the milk yield is increased. 

The relation of energy intake and energy output determines the energy balance and the energy 

efficiency, and it thereby illustrates the close connection between these characteristics. An 

overly high amount of NFC in rations can impair the efficiency, firstly by acceleration of 

passage rate and secondly by adversely affecting rumen physiology, both of which result in a 

reduced digestibility (ARNDT et al. 2015; BELANCHE et al. 2012). These impairments of 

digestion obviously can affect the general health of the cows. On the other hand, a deficient 

energy intake and the resulting negative energy balance impair the immune function and can 

increase the risk for metabolic diseases (LEBLANC 2012). 

5.1 Nutrient intake and performance 

To investigate the effects of a varying energy supply on these aspects of dairy production cows 

received rations containing either moderate (MR, 6.1 MJ NEL per kg DM) or high (HR, 6.5 MJ 

NEL per kg DM) energy concentrations in roughage after calving. As second factor animals 

were fed either moderate (MC, on average 6.4 kg DM) or high (HC, on average 9.4 kg DM) 

amounts of concentrates during the trial. In Table 1 the intake of nutrients and energy among 

the different groups is depicted. The intake of energy, starch and crude protein mainly differed 

between MC and HC groups but was also higher in groups with elevated energy concentration 

in roughage. The proportion of fibre carbohydrates in ration was increased in MR groups 

compared to HR groups due to the elevated amounts of straw in roughage, leading to 

significantly higher intakes of crude fibre, NDF and acid detergent fibre in these groups. The 

differences in nutrient intake resulted in an increased performance of HC and HR groups, so 

that cows were able to convert the higher energy and protein supply in an increased production 

of ECM, which is comparable to findings of several other studies with differing energy supply 

(FERRIS et al. 2001; LAW et al. 2011; RAULS et al. 2015). 
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Table 1: Nutrient and energy intake of cows fed roughage containing moderate (MR) or high 

(HR) energy concentration and moderate (MC) or high (HC) amounts of concentrates during 

early lactation1. 

  MR   HR   p-Value2 

  MC HC   MC HC SEM3 R C W C*W 

Nutrient intake [kg/d]           

  Crude ash 1.35 1.42  1.36 1.45 0.03 0.449 0.006 <0.001 0.791 

  Crude protein 2.61 3.03  2.74 3.16 0.03 0.018 <0.001 <0.001 0.008 

  Ether extract 0.74 0.84  0.78 0.88 0.02 0.044 <0.001 <0.001 0.129 

  Crude fibre 4.18 4.06  3.84 3.84 0.10 0.006 0.533 <0.001 0.952 

  aNeutral detergent fibre om 
4 8.22 8.05  7.60 7.68 0.19 0.011 0.819 <0.001 0.956 

  Acid detergent fibre om 
5 4.92 4.86  4.53 4.62 0.12 0.006 0.864 <0.001 0.929 

  Starch 4.73 5.86  5.04 6.12 0.09 0.002 <0.001 <0.001 <0.001 

  Sugar 0.37 0.55  0.37 0.53 0.01 0.258 <0.001 <0.001 <0.001 

Energy intake [MJ/d]           

  Net energy of lactation  222 252  230 261 5 0.070 <0.001 <0.001 0.116 

  Gross energy  135 155  141 161 3 0.046 <0.001 <0.001 0.068 

Values are presented as LS-means; 1 HRHC group consisted of 15 cows and the other groups 

of 16 cows; 2 effects of energy concentration in roughage (R), amounts of concentrates (C) and 

week of lactation (W); p‑values for "R*C", "R*W" and "R*C*W" interactions were >0.05 for 

all variables; 3 standard error of the means; 4 aNeutral detergent fibreom = neutral detergent fibre 

without ash, amylase treated; 5 acid detergent fibreom = acid detergent fibre without ash. 

In our study the amounts of concentrates had stronger impacts on feed intake, so that energy 

intake was distinctly lower in MC groups compared to HC groups. However, the higher supply 

of concentrates also caused a substitution of roughage, concurring with findings of various 

studies (DEWHURST et al. 2002; LAWRENCE et al. 2015; MCNAMARA et al. 2003). Hence, 

the varying energy concentration in roughage had stronger impacts on performance in MC 

groups, in which the proportion of roughage in ration was higher. The group HRMC exhibited 

a considerable higher milk yield compared to MRMC group, showing that an increased energy 

concentration in roughage can compensate a lower allocation of concentrates and can contribute 

to an adequate performance. These findings can be supported by the outcome of a two-year 

intervention study of IVEMEYER et al. (2014), in which the effects of a reduced concentrate 

supply in 69 organic dairy herds were investigated. In that study no losses in milk production 

were determined when allocation of concentrates was decreased, which possibly occurred due 
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to an enhanced roughage quality and an improved herd management in that experiment. Also a 

study from HYMOLLER et al. (2014) demonstrated that concentrates can be replaced by high 

quality forage during advanced early lactation without production losses, when the supply of 

crude protein in ration is ensured. 

5.2 Rumen health and signs of subacute ruminal acidosis 

The production data also revealed that groups with higher allocation of concentrates exhibited 

slightly lower milk fat contents and especially in MRHC group milk fat was decreased 

compared to the other groups (Paper I). An elevated amount of grain in ration usually depresses 

milk fat, which can be caused by a lowered release of acetate and butyrate as precursors of milk 

fat synthesis, by an increased production of propionate with resulting stimulation of insulin 

secretion or by an altered pathway of biohydrogenation, leading to increased production of 

unique fatty acid intermediates (BAUMAN and GRIINARI 2003). Hereby the increased 

formation of trans-10 fatty acids in cows receiving higher portions of grain in ration seem to 

be the most important factor for milk fat depression. The trans-10, cis-12 and cis-9, trans-11 

conjugated linoleic acids were shown to decrease milk fat and can be used as supplements in 

ration of dairy cows to reduce milk energy output (VON SOOSTEN et al. 2011).  

A depressed milk fat percentage can also be indicative for a reduced rumen pH and therefore it 

can be a sign for SARA, but in early lactation the milk fat seems to be less responsive to dietary 

changes (ALLEN 1997; ENEMARK et al. 2004). Additionally, a reduced F:P ratio below 1.0 

could possibly be used as an indicator for an elevated SARA risk. TONI et al. (2011) showed 

that cows with lowered F:P ratio had higher incidences of left displaced abomasum, metritis 

and endometritis during first lactation and that an inverse ratio of milk fat to milk protein 

potentially constitutes an increased risk for culling of cows. In our study the F:P ratio tended to 

be lower in groups with elevated supply of concentrates during the course of the trial. 

Furthermore, the number of cows which exhibited a F:P ratio lower than 1.0 during at least two 

weeks of the trial was significantly higher in HC groups (2 cows in MRMC, 6 cows in MRHC, 

0 cows in HRMC and 3 cows in HRHC group; p = 0.034). The higher concentrate allocation in 

these groups resulted in a higher intake of starch and sugar, which are rapidly fermentable 

carbohydrates, thus causing an increased production of VFA in rumen. Therefore, the elevated 
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supply of concentrates possibly resulted in a decrease of ruminal pH, which is associated with 

depression of milk fat.  

In ten rumen-fisulated cows of HC groups (6 cows in MRHC and 4 cows in HRHC group) 

continuous measurements of ruminal pH, rumination activity, determination of VFA and 

evaluations of feeding behaviour were conducted to assess the impacts of energy and NDF 

concentration in roughage after feeding of different amounts of straw on rumen health. The 

findings of the ruminal pH measurements confirm that cows of HC groups exhibited partially 

an increased risk for SARA during postpartal period according to definitions of ZEBELI et al. 

(2008), corresponding to the increased number of cows with increased F:P ratio in these groups. 

In about 33% of the pH measurements cows had daily ruminal pH values lower than 6.16 along 

with pH values below 5.8 for more than 314 min per day (Paper II). These low pH values could 

be caused by the increased amounts of concentrates in HC groups, but it is not possible to verify 

this assumption with data of the present trial, because the continuous measurements of ruminal 

pH could not be conducted in MC groups. In Paper I measurements of pH in rumen fluid from 

all groups are presented which were sampled via oral-ruminal probes at two sampling times 

during the trial. These measurements did not reveal any difference between the feeding groups 

and did in all measurements not indicate any increased risk for SARA, but the findings have to 

be interpreted with care. In orally collected rumen fluids saliva can contaminate the samples 

(ENEMARK et al. 2004). Furthermore, the number of samplings was rather small and the 

samples were collected shortly after milking, so that the sampling time does not coincide with 

the expected nadir of ruminal pH. For assessment of SARA under practical conditions 

NORDLUND and GARRETT (1994) recommended taking samples of rumen fluids about two 

to five hours after feeding. Other studies clearly revealed the close relationship between an 

increased amount of NFC in diet and decreased ruminal pH (LECHARTIER and PEYRAUD 

2010; YANG and BEAUCHEMIN 2007).  

Regarding the ruminal pH characteristics, rumination activity, feeding behavior or VFA profile 

in rumen our investigations did not indicate effects of the differing energy concentration in 

roughage between the MRHC and the HRHC groups (Paper II). Therefore, it can be assumed 

that in our study the increased amount of straw in ration had no favourable effects on rumen 

health in groups with higher allocation of concentrates, whereby it must be noted that the 
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number of cows in our observations was rather small, so that cow-individual variations in these 

parameters can cover possible effects of treatment. We had expected that the elevated amounts 

of straw in roughage of MRHC group would have led to an enhanced rumination activity with 

resulting increased production of buffering saliva so that ruminal pH in this group would have 

been higher. A study of FARMER et al. (2014) showed that the inclusion of up to 10% wheat 

straw in diet could compensate a decreased roughage-to-concentrate ratio so that a reduction 

from 52 to 39% forage in ration is possible without negative effects on ruminal pH or 

ruminating activity. Consequently, in that study the inclusion of straw seemed to balance 

ruminal fermentation when supply of fibre carbohydrates from roughage was deficient. 

Furthermore, in a study of GENCOGLU and TURKMEN (2006) the substitution of 15% corn 

silage by wheat straw resulted in shorter daily time span with ruminal pH below pH 5.8 as well 

as in an increased ruminating activity and eating time. However, in that study primiparous cows 

during late lactation were used so that differences in ration composition possibly had greater 

impacts on eating and ruminating behaviour compared to cows in early lactation, because early 

lactating cows exhibit a strong NEB and have to optimise feed and energy intake. Furthermore, 

in our study the differences in NDF content of the ration between MRHC and HRHC groups 

were lower than the differences in the cited study.  

The outcome of the health evaluation in our study revealed differences in faecal consistency 

between groups receiving different energy concentrations in roughage because cows of MR 

groups had significantly higher faecal manure scores during postpartal period, indicating firmer 

feces (Paper I). Cows suffering from SARA can show intermittent diarrhea with enlarged 

particles, so that faecal consistency possibly can serve as a clinical indication for this digestive 

disorder (HUMER et al. 2017). The findings that cows with an increased proportion of straw in 

ration exhibited a higher faecal manure score can correspond with findings of IRELAND-

PERRY and STALLINGS (1993), who figured out that groups receiving diets with lower 

dietary fibre contents excrete faeces which visually appear more liquid. The explanation for this 

observation can be an increased passage rate with resulting lowered absorption of liquids in the 

intestine. In our experiment, further clinical observations to evaluate rumen health were the 

rumen contraction rate, the lameness scoring and the rumen health score. The last-mentioned 

parameter combines findings from filling and stratification of rumen, intensity of rumen 

contraction sounds and occurrence of rumen tympany. These indications did not differ between 
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the feeding groups so that regarding the rumen health there was no clear negative impact of an 

increased amount of concentrates evident. Under practical conditions it is difficult to assess 

SARA because broad continuous measurements of ruminal pH are highly cost-intensive and 

labour-intensive. Therefore, the evaluations of clinical indices, feeding and chewing activity 

should be combined with the monitoring of milk and blood variables for a reliable identification 

of SARA on herd-level (HUMER et al. 2017). 

5.3 Negative energy balance and its consequences for metabolic state 

The elevated amounts of concentrates had advantageous effects on the energy balance of HC 

cows in our study, because the energy intake was 12% higher in these groups compared to MC 

groups. The increased energy supply resulted in a considerable attenuation of NEB, because the 

energy demand was merely 4% higher in HC cows due to the moderate gain in milk yield. Cows 

receiving higher amounts of concentrates reached a positive energy balance earlier compared 

to cows of MC groups. An equilibrium between energy intake and energy demand is usually 

reached approximately after ten weeks postpartum (GROSS et al. 2011; JORRITSMA et al. 

2003). In our trial, HC groups reached a positive energy balance earlier (approximately at 

8 weeks in lactation) and MC groups remained for a longer period in NEB (approximately until 

16 weeks in lactation). This indicates that the metabolic stress was higher for groups with lower 

allocation of concentrates, which is reflected in a higher mobilisation of body fat as illustrated 

by a decreased body condition score in these groups. However, we observed cow-individual 

reactions regarding the diverging energy supply from treatment. Depending on the cow-

individual DMI and milk yield there was a high variability in energy balance within groups 

(Figure 4).  

This high variation might explain the absent effects of the treatments on the metabolic blood 

variables of the cows in our trial in spite of the clear difference in energy balance between the 

groups. All investigated metabolic parameters were not affected by treatment during the 

postpartal period, so that we assume that there was no clear disparity in metabolic state among 

the groups (Paper I). The group MRMC showed an elevation in blood concentrations of BHB 

and NEFA shortly after calving, but this saliency could not be verified statistically and was 

observed merely on d 8 after parturition. A study of KESSEL et al. (2008) discovered that even 

cows which receive equal diets and are kept under equal conditions show individual metabolic 
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adaptions during early lactation. Deviations in lipomobilisation possibly are genetically 

determined because of different responses of the somatotropic axis (RHOADS et al. 2004; 

ROCHE et al. 2006). 

 

Figure 4: Mean energy balance from cows in groups with moderate (MR) or high (HR) energy 

concentration in roughage and moderate (MC) or high (HC) amounts of concentrates in ration 

during postpartal period, illustrated as boxplots.  

GROSS et al. (2011) investigated the consequences of a deliberately induced NEB at the end 

of early lactation on production and metabolic state and compared the findings with the changes 

of the physiological NEB at the beginning of early lactation. Cows with deliberately induced 

NEB reacted with a 10% decline of milk yield to the three week lasting feed restriction and the 

F:P ratio in milk was increased during this period because of decreased milk protein content. 

The catabolic state was also reflected by a decrease of body condition and adaptions from 

plasma metabolites to NEB, which followed a similar pattern to those at the beginning of 
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lactation. But these changes had a lower extent compared to peripartal period, although the 

deliberately induced NEB was higher.  

The mentioned findings support the assumption that the homeorhetic adaptions are 

physiologically determined and are rather resilient towards differences in energy supply during 

this period. This concurs with the outcome of our study, because in spite of variation in NEB 

between MC and HC groups no treatment effects were observed concerning the concentration 

of plasma metabolites. We also did not observe treatment effects regarding the number of cows 

with F:P ratio > 1.5 in milk (Paper I) and treatment did not affect the number of cows 

exhibiting elevated BHB concentrations above 1.2 mmol/l during the trial, so that the 

differences in NEB between MC and HC groups did not result in differing incidences of SCK. 

In our trial, approximately 30% of the cows exhibited a SCK, which is consistent with 

incidences observed in field studies (MCART et al. 2012; VANHOLDER et al. 2015).  

Those cows suffering from SCK indicate that a part of animals from each group was not able 

to cope with the high energy demands and developed a metabolic derailment, where ketone 

bodies are formed due to the increased mobilisation of body fat. This lipomobilisation results 

in an increased inflow from fatty acids in liver, so that cows can develop a fatty liver syndrome 

during early lactation (WEBER et al. 2013). In our trial we collected liver biopsies from 40 

cows (10 cows of each group) to assess the liver fat content according to methods of STARKE 

et al. (2010). The fat content of liver tissue and the corresponding blood concentration of NEFA 

are illustrated in Figure 5, which shows an elevation of liver fat at 8 and 28 days after calving. 

The extent of liver fat in our study is comparable to findings of DRONG et al. (2016), in which 

cows received different energy concentrations in dry cow ration and postpartal treatments with 

either a monensin controlled-release capsule or a blend of essential oils. An increased storage 

of fat in liver tissue is accompanied by increased incidences of periparturient diseases (BOBE 

et al. 2004) and a reduced fertility (JORRITSMA et al. 2000), so that an excessive mobilisation 

of body fat should be avoided. In our study, the missing differences between the groups 

concerning the liver fat content confirm the assumption that treatment did not significantly 

influence the metabolic state of the cows. However, cows of MRMC group showed the highest 

concentrations of liver fat on day 8 postpartum, corresponding with observations of elevated 
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BHB contents at this time, which could be a slight hint for an inadequate energy supply in this 

group.  

 

 

Figure 5: Changes of total liver fat content (A) and blood concentration of non-esterified fatty 

acids (NEFA, B) in 40 cows receiving either a lower (■) or a higher (∆) energy concentration 

in roughage and a lower (- - -) or a higher (▬) amount of concentrates during early lactation. 

Values are presented as least-square means. Significance for liver fat content during postpartal 

period: Roughage: p = 0.616, concentrates: p = 0.522, time: p <0.001, interactions: p > 0.05; 

significance for non-esterified fatty acids during postpartal period: Roughage: p = 0.737, 

concentrates: p = 0.170, time: p < 0.001, interactions p > 0.05. 

We observed high animal-individual variations between the cows concerning liver fat content 

(Figure 6), which could have covered possible effects of treatment. This variation in fat 

mobilisation can occur due to differences in body condition, feed intake and performance, but 

also due to genetically determined variation in hormonal balance and especially differences in 

insulin sensitivity (CHARGAS et al., 2009). These cow-individual variations in metabolic state 

and the associated extent of fat metabolism can possibly have impacts on the efficiency of the 

cows. 
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Figure 6: Cow individual liver fat content during the experiment. Cows received either a 

moderate (MR) or a high (HR) energy concentration in roughage and moderate (MC) or high 

(HC) amounts of concentrate. Cows 1 to 10 belong to MRMC, cows 11 to 20 to MRHC, cows 

21 to 30 to HRMC and 31 to 40 to HRHC group. Each symbol displays a different time of 

measurement as shown in the legend on the right side. Vertical dashed lines indicate the least 

square means of each group.  

5.4 Relationship between metabolic state and efficiency  

The efficiency of cows is important for an economic and sustainable dairy farming because 

more efficient cows consume reduced quantities of feed for their level of milk production. 

However, it must be noted that especially during early lactation the improvement of efficiency 

can be caused by an increased mobilisation of body fat due to a higher NEB of efficient cows 

(SPURLOCK et al. 2012). In our trial we demonstrated that cows receiving high allocations of 

concentrates exhibited an attenuated NEB owing to the higher energy intake and the moderate 

increase of milk production. This was accompanied by a decrease of efficiency in HC groups, 

because cows with lower allocation of concentrates were able to convert a higher extent of the 

ingested energy into milk energy (Paper I). However, the concern was that the higher NEB in 

groups with lower supply of concentrates could lead to an increase of metabolic problems and 
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to an impaired state of health, which could not be confirmed by our data. In Table 2 the 

correlations between the different variables of energy efficiency and energy balance, body 

condition and metabolic parameters are shown to reveal the consequences of an increased 

efficiency on the metabolic state in early lactation. As expected, the efficiency of the cows is 

negatively correlated with the energy balance and the energy intake. Cows which consume more 

feed have an increased energy balance and a higher milk yield, but exhibit a lowered efficiency. 

Furthermore, the body condition of cows influenced the energy intake and the performance so 

that cows with increased body condition showed a reduced DMI and milk production. A higher 

body condition was also associated with an increaseed F:P ratio in milk which can be explained 

by an elevated mobilisation of body fat. These findings confirm the outcome of previous studies 

(ROCHE et al. 2009).  

In our trial, the efficiency is assessed by the calculations of FE, ECE, RSEI and MEff according 

to HURLEY et al. (2016), whereby more efficient cows are characterised by increased FE and 

ECE but lowered RSEI and MEff. The negative correlation between efficiency parameters and 

energy balance illustrates that during early lactation the highly efficient cows exhibited a 

stronger NEB. This concurs with observations of SPURLOCK et al. (2012), who revealed 

unfavourable genetic associations between an increased NEB and efficiency, showing that more 

efficient cows mobilise energy to a greater extent from body reserves to facilitate the high milk 

production. This shows that genetic selection for cows which are highly efficient during early 

lactation would be precarious because of increased risks for metabolic disorders. Our data 

confirm this assumption because higher efficiency is associated with increased blood 

concentration of BHB and NEFA. Also liver fat content, which is positively associated with 

BHB and NEFA concentrations in blood, is increased in efficient cows. 

Figure 7 illustrates the close interrelations between NEB and the metabolic parameters liver fat 

content, BHB and NEFA. More efficient cows developed a higher NEB during early lactation 

so that these cows exhibited a higher extent of lipomobilisation. Consequently, these animals 

are more prone to liver fat syndrome accompanied with greater risks for associated health 

problems. 
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Table 2: Correlations among different variables of energy balance, body condition, efficiency and metabolism of cows during early 

lactation1. 

 Parameters² 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

1. Energy balance                

2. Energy intake 0.86***               

3. Milk yield 0.41*** 0.74***              

4. F:P ratio -0.44*** -0.21** NS             

5. BCS -0.44*** -0.36*** -0.27** 0.17*            

6. BFT -0.50*** -0.42*** -0.26** 0.22** 0.74***           

7. FE -0.69*** -0.55*** -0.24** 0.44*** 0.21** 0.20*          

8. RSEI 0.55*** 0.61*** 0.22** NS NS -0.22** -0.4***         

9. ECE -0.92*** -0.85*** -0.48*** 0.44*** 0.35*** 0.39*** 0.71*** -0.59***        

10. MEff 0.99*** 0.86*** 0.41*** -0.44*** -0.39*** -0.44*** -0.69*** 0.54*** -0.92***       

11. BHB -0.52*** -0.47*** -0.24** 0.34*** 0.26** 0.23** 0.42*** -0.22** 0.58*** -0.54***      

12. NEFA -0.66*** -0.66*** -0.42*** 0.33*** 0.36*** 0.33*** 0.59*** -0.38*** 0.71*** -0.66*** 0.68***     

13. Insulin 0.41*** 0.37*** 0.16* -0.22** NS -0.18* -0.25** NS -0.35*** 0.42*** -0.29*** -0.39***    

14. RQUICKI 0.39*** 0.37*** 0.19* NS -0.34*** -0.33*** -0.27*** 0.20** -0.33*** 0.37*** -0.34*** -0.47*** NS   

15. IGF-1 0.59*** 0.58*** 0.32*** -0.27*** -0.16* -0.16* -0.41*** 0.31*** -0.58*** 0.60*** -0.39*** -0.49*** 0.33*** 0.15*  

16. Liver fat  -0.64*** -0.48*** NS 0.54*** 0.27** 0.25** 0.46*** NS 0.63*** -0.65*** 0.58*** 0.63*** -0.37*** -0.31** -0.47*** 

1 For calculation of correlation weekly means of performance data from weeks 1, 4 and 14 relative to parturition as well as blood variables 

from day 8, 28 and 100 relative to parturition were used. Significance: NS = no siginificance, *p = 0.05 to 0.01 , **p = 0.01 to 0.001, 

***p < 0.001; 
2 F:P ratio = Fat- to-protein percentage in milk; BCS = Body condition score; BFT = Back fat thickness; FE (Feed efficiency) = ECM 

[kg] / DMI [kg]; RSEI (Residual energy intake) = Energy intake [MJ NEL] - expected energy intake [MJ NEL]; ECE (Energy conversion 

efficiency) = Energy excretion with milk [MJ NEL] ⁄ Energy intake [MJ NEL]; MEff (Metabolic efficiency) = (Energy intake [MJ NEL] 

- Energy in milk [MJ NEL]) / Bodyweight0.75 [kg]; BHB = β-hydroxybutyrate; NEFA = Non-esterified fatty acids; RQUICKI = Revised 

quantitative insulin sensitivity check index; IGF-I= Insulin-like growth factor I 
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Figure 7: Correlations between energy balance and liver fat content (A), β-hydroxybutyrate 

(BHB, B) or non-esterified fatty acids (NEFA, C) during the postpartal period, whereby data 

were collected in week 1, 4 and 16 postpartum. Cows received either moderate (MR) or high 

(HR) energy concentration in roughage and moderate (MC) or high (HC) amounts of 

concentrates. MRMC: ○, MRHC: ●, HRMC: □, HRHC: ■. 
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We also observed that efficiency is negatively correlated with serum concentrations of insulin 

and IGF-I, which illustrates the increased catabolic state of the cows. This is also reflected in 

the decreased revised quantitative insulin sensitivity check index (RQUICKI) of more efficient 

cows which is an indirect measurement of insulin sensitivity of cows (HOLTENIUS and 

HOLTENIUS 2007). Taken together, the correlations between efficiency and metabolic blood 

variables substantiate the assumption that an increased efficiency during early lactation can be 

risky because of a strengthened NEB and the resulting impact on metabolic state of the cows. 

However, we did not reveal any differences in metabolic state and increased incidences of SCK 

or other impairments of animal health between the treatment groups, showing that the different 

energy supplies from feed did not negatively affect the health status (Paper I and Paper II). 

These findings demonstrate that cows are able to adapt their metabolism to different rations 

without clear negative impairments of metabolic state and health of the cows. In early lactation 

the provision of high quality roughage combined with an adequate supply of concentrates is an 

important cornerstone in dairy production, but also the herd management and the housing of 

cows must contribute to maintenance of animal health and high milk production. Subsequent 

studies should not just examine the early lactation period, but also the complete lactation 

including the dry period for a complete assessment of efficiency between different treatment 

groups. By using this approach, calculations of efficiency can regard the replenishment of body 

fat in late lactation and the course of lactation throughout the entire lactation cycle, too.  
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6 SUMMARY 

Rolf Schmitz (2018) 

Changes of performance, energy efficiency, ruminal fermentation and animal health 

depending on energy concentration in roughage and amounts of concentrates in dairy 

cows during early lactation 

High performance and energy efficiency of dairy cows is very important for an economic and 

sustainable dairy production. Hence, a strong increase in milk yield was witnessed continuously 

throughout the second half of the twentieth century, mainly caused by improvements in 

breeding, housing and nutrition of the cows. Furthermore, in the recent years the perception of 

consumers has sharpened regarding animal health and animal welfare in livestock farming, so 

that health concerns must carefully be considered in dairy production. The aspects performance, 

energy efficiency and animal health are strongly influenced by the dietary energy supply and 

they are closely interwoven. During early lactation the metabolism of cows has to overcome a 

period of NEB, caused by reduced feed intake and the simultaneously occurring extreme 

increase of energy demand due to the onset of milk production. To compensate this high energy 

output cows receive rations with an elevated energy concentration owing to higher portions of 

concentrates. However, rations in feeding of ruminants must contain a sufficient amount of 

structured fibre for maintenance of a stable rumen function, so that during early lactation there 

is a discrepancy between satisfaction of energy demand and an adequate fibre supply. 

Against this background, a study was conducted containing 63 pluriparous German Holstein 

dairy cows (parity 2.0 ± 2.1 standard deviations) to investigate how differences in energy supply 

from roughage and concentrates influence the performance, the energy efficiency, the rumen 

fermentation and the animal health during early lactation. The animals were housed from 3 

weeks antepartum until 16 weeks postpartum. They received an equal dry cow ration 

throughout dry period, whereas after calving they were assigned in a 2x2 factorial arrangement 

to one of four groups receiving roughage with a moderate (MR, 6.1 MJ NEL) or a high (HR, 

6.5 MJ NEL) energy concentration, and furthermore moderate (MC, 150 g/kg ECM) or high 

(HC, 250 g/kg ECM) amounts of concentrates on a DM basis. Roughage was fed ad libitum, 

whereby the variation in energy concentrations was achieved by adding different amounts of 
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straw into the roughage part of the diet, and concentrates were fed by an automatic feeding 

system. There were rumen-fistulated cows included in the trial, which were divided into the HC 

groups (6 cows in MRHC and 4 cows in HRHC groups). Feed stuff samples were taken and the 

DMI and performance parameters were recorded continuously throughout the trial. The energy 

balance and the energy efficiency were calculated based on the performance data and 

additionally blood samples were analysed to assess the metabolic state (Paper 1). Furthermore, 

continuous measurements of ruminal pH and rumination activity were conducted in the 

rumen-fistulated cows in HC groups and samples of rumen fluids were collected on two days 

during early lactation for evaluation of the ruminal fermentation patterns (Paper 2).  

The results of our study revealed that a higher allocation of concentrates leads to an elevation 

of DMI, and therefore to an increased energy intake which has favourable effects on the energy 

balance. Cows of HC group exhibited a lower NEB and attained earlier a positive energy 

balance compared to MC groups, which was also reflected in a higher BCS in HC groups. 

However, the higher proportion of concentrates also resulted in a substitution of roughage 

intake, which caused a decreased intake of fibre in HC groups with possible risks for 

unphysiological conditions in rumen fermentation. Higher energy supply from roughage and 

concentrates both resulted in an elevation of performance and especially the group MRMC 

which received the ration with the lowest energy content had a markedly lowered milk yield 

compared to the other groups. This indicates that the energy supply for this group was not 

sufficient to exploit the physiological performance capacity of this group. However, the 

calculated energy efficiency variables suggest that the lower allocation of concentrates had 

advantageous effects on the efficiency of the cows, because the higher amount of concentrates 

in HC groups did not lead to a considerable increase of milk production. Especially the group 

HRMC had a rather comparable milk yield compared to HC groups, showing that the elevated 

energy concentration in roughage had beneficial effects on the performance, especially at lower 

concentrate supply. However, it is necessary to note that the variables of energy efficiency in 

our study did not regard the changes of body condition, so that an excessive mobilisation of 

body fat, which is associated with several metabolic disorders, can pretend an increased 

efficiency. Therefore, in our study the metabolic variables and the clinical state of the cows 

were evaluated to assess the animal health during the experiment. We did not reveal any 

significant impacts of the different energy supplies from the treatment rations on the metabolic 
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and the general health parameters, so that we assume that the elevated NEB in groups receiving 

lower concentrate proportions in ration did not cause an impairment of metabolic state in MC 

cows. Merely a numerical increased concentration of BHB on d 8 postpartum in MRMC group 

possibly indicates an insufficient energy supply at this time. The clinical evaluation showed a 

higher faecal manure score in MR groups, so that the increased amount of straw effectuated a 

firmer consistency of feces during early lactation. This could be due to a decreased passage 

rate, so that more liquid was absorbed in the intestine. The decreased consistency is possibly a 

clinical sign for an increased incidence of SARA, but there were no further clinical differences 

in rumen health or the occurrence of lameness obvious between the treatment groups which 

could confirm this suspicion. Groups receiving elevated portions of concentrates showed a 

slightly decreased F:P ratio, which is potentially associated with a decreased ruminal pH due to 

the higher content of NFC in ration. The measurement of ruminal pH in the rumen-fistulated 

animals revealed an elevated risk for SARA in HC cows, but the differences in energy 

concentration in roughage did not produce any differences in ruminal pH, rumination activity, 

feeding behaviour or ruminal fermentation patterns. 

Overall, the outcome of our study underlines the importance of high energy concentration in 

roughage which can contribute to a retrenchment of concentrates without considerable losses 

in performance and which is beneficial for the efficiency of the cows, especially in rations 

containing lower amounts of concentrates. The energy intake and consequently also the energy 

balance can be improved by an adequate supply of concentrates, leading to a lower mobilisation 

of body fat. However, in our study we did not find any clinical or metabolic indices that show 

differences in metabolic state and health between the groups and also the ruminal fermentation 

characteristics were not significantly affected by treatment. This suggests that cows are able to 

cope with differences in dietary energy concentration throughout early lactation without 

necessarily exhibiting metabolic or digestive disorders. 
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ZUSAMMENFASSUNG 

Rolf Schmitz (2018) 

Beeinflussung der Leistung, der Energieverwertung, der Pansenfermentation sowie der 

Tiergesundheit durch die Energiekonzentration im Grobfutter sowie die 

Kraftfuttermenge bei Milchkühen während der Frühlaktation 

Hohe Leistung sowie gute Energieverwertung von Milchkühen sind unerlässlich für eine 

ökonomische und nachhaltige Milchproduktion. Aus diesem Grund stieg die Milchleistung seit 

der zweiten Hälfte des zwanzigsten Jahrhunderts kontinuierlich an, was sich vor allem durch 

Fortschritte in der Zucht, der Haltung sowie der Ernährung der Kühe erklären lässt. In den 

letzten Jahren lässt sich darüber hinaus ein zunehmendes Bewusstsein der Konsumenten für die 

Themen Tiergesundheit und Tierwohl in der Nutztierhaltung erkennen, sodass 

Gesundheitsrisiken in der modernen Milchkuhhaltung sorgfältig überprüft werden sollten. Die 

Aspekte Leistung, Energieverwertung und Tiergesundheit werden stark von der 

Energieaufnahme beeinflusst und stehen in enger Beziehung zueinander. Während der 

Frühlaktation befinden sich Kühe in einer Phase der negativen Energiebilanz, weil zu dieser 

Zeit die Futteraufnahme reduziert ist und gleichzeitig der Energiebedarf aufgrund der 

einsetzenden Milchleistung stark ansteigt. Um den hohen Energiebedarf kompensieren zu 

können benötigen frühlaktierende Kühe Rationen mit einer hohen Energiedichte, was durch 

vermehrten Einsatz von Kraftfutter erreicht wird. Hierbei ist aber zu beachten, dass in der 

Wiederkäuerfütterung eine ausreichende Menge an strukturierter Faser gewährleistet werden 

muss, um eine physiologische Pansenfermentation zu ermöglichen. Somit besteht in dieser 

Phase der Hochleistung ein Konflikt zwischen leistungsgerechter und wiederkäuergerechter 

Fütterung. 

Vor diesem Hintergrund wurde ein Versuch mit 63 pluriparen Deutsche Holstein Kühen (Parität 

2,0 ± 2,1 Standardabweichungen) durchgeführt, wodurch untersucht werden sollte, wie sich 

eine unterschiedliche Versorgung mit Energie aus Grob- und Kraftfutter während der 

Frühlaktation auf die Leistung, die Energieverwertung, die Pansenfermentation sowie die 

Tiergesundheit auswirkt. Die Tiere wurden von 3 Wochen antepartum bis 16 Wochen 

postpartum gehalten. In der Trockenstehzeit wurden die Kühe alle gleich gefüttert, während sie 
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nach der Kalbung nach 2x2 faktoriellem Design in eine von vier verschiedenen 

Fütterungsgruppen eingeteilt wurden. Hierbei erhielten sie Grobfutter mit einer mäßigen (MR, 

6,1 MJ NEL) oder einer hohen (HR, 6,5 MJ NEL) Energiekonzentration auf Basis der 

Trockenmasse. Das Grobfutter wurde ad libitum gefüttert und die unterschiedlichen 

Energiekonzentrationen durch Einmischung unterschiedlicher Strohmengen erreicht. Darüber 

hinaus wurden in den Gruppen entweder eine mäßige (MC, 150 g/kg ECM) oder eine hohe 

(HC, 250 g/kg ECM) Kraftfuttermenge gefüttert, welche über Kraftfutterautomaten zugeteilt 

wurde. Unter den Tieren waren auch 10 pansenfistulierte Kühe (6 Kühe in der MRHC und 4 

Kühe in HRHC Gruppe). Kontinuierlich im Versuch wurden Futterproben gesammelt sowie 

die Futteraufnahme und die Leistungsparameter gemessen. Die Energiebilanz und die 

Energieverwertung wurden auf Basis der Leistungsdaten berechnet. Zur Erfassung des 

metabolischen Status wurden darüber hinaus Blutproben gesammelt (Paper 1). Außerdem 

wurden in den HC Gruppen bei den pansenfistulierten Tieren kontinuierliche Messungen des 

ruminalen pH-Wertes durchgeführt, die Wiederkautätigkeit gemessen sowie zweimal während 

der Frühlaktation Pansensaft zur Beurteilung der Pansenfermentation gesammelt (Paper 2). 

Die Ergebnisse unserer Studie belegen, dass durch erhöhte Kraftfuttergabe die 

Trockenmassenaufnahme und somit auch die Energieaufnahme ansteigt, was sich positiv auf 

die Energiebilanz der Kühe auswirkt. Kühe der HC Gruppe hatten eine weniger stark negative 

Energiebilanz und erreichten früher eine positive Energiebilanz im Vergleich zur MC Gruppe. 

Dies spiegelte sich auch in einem höheren BCS in diesen Gruppen wider. Allerdings war durch 

die erhöhte Kraftfutteraufnahme auch eine Grobfutterverdrängung zu beobachten, sodass Kühe 

der HC Gruppe weniger Rohfaser aufnahmen und hierdurch die Fermentationsprozesse im 

Pansen beeinträchtigt sein könnten. Eine höhere Energieaufnahme durch das Kraftfutter und 

das Grobfutter führten zu einer Leistungssteigerung. Insbesondere die Gruppe MRMC, bei 

welcher die Ration mit dem niedrigsten Energiegehalt gefüttert wurde, hatte eine deutlich 

niedrigere Milchleistung im Vergleich zu den anderen drei Gruppen. Hierdurch lässt sich 

ableiten, dass die Energieaufnahme in dieser Gruppe nicht ausreichend war um das 

physiologische Leistungspotential der Kühe auszuschöpfen. Die kalkulierten Parameter zur 

Abschätzung der Energieverwertung hingegen weisen darauf hin, dass eine niedrigere 

Kraftfuttergabe in diesem Versuch positive Auswirkungen auf die Effizienz der Kühe hatte. 

Die erhöhte Kraftfuttergabe in den HC Gruppen spiegelte sich nicht in einem starken Anstieg 
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der Milchleistung wider, da insbesondere die Leistung der HRMC Kühe ähnlich gut war wie in 

den HC Gruppen. Hierdurch zeigt sich der positive Effekt einer hohen Energiedichte im 

Grobfutter auf die Leistung, die insbesondere bei geringerem Kraftfuttereinsatz deutlich wird. 

Allerdings sollte bei der Beurteilung der Energieverwertung beachtet werden, dass die in 

unserer Studie berechneten Parameter keine Veränderungen der Körperkondition 

berücksichtigten. Somit kann in Gruppen mit exzessiver Lipomobilisation, welche oftmals mit 

starken Gesundheitsproblemen assoziiert ist, eine verbesserte Energiebilanz vorgetäuscht 

werden. Aus diesem Grund wurden in unserem Versuch auch Stoffwechselparameter erfasst 

sowie klinische Untersuchungen durchgeführt, um den Gesundheitsstatus der Kühe zu 

beurteilen. Hierbei wurden keine Einflüsse durch die Energiedichte in den Versuchsrationen 

festgestellt, sodass die stärkere negative Energiebilanz in den MC Gruppen den metabolischen 

Status der Kühe nicht signifikant beeinträchtigt hat. Einen Hinweis auf eine erhöhte 

Stoffwechselbelastung durch unzureichende Energieaufnahme gibt nur die Blutkonzentration 

an β-Hydroxybutyrat in der Gruppe MRMC zur Messung 8 Tage postpartum, die verglichen 

mit den anderen Gruppen numerisch erhöht war. Die Auswertung der klinischen Untersuchung 

zeigte bei Kühen der MR Gruppen einen signifikant höherer Faecal Manure Score, welcher eine 

festere Kotkonsistenz anzeigt. Dies lässt sich durch den höheren Strohgehalt in der Ration 

dieser Fütterungsgruppen erklären, wodurch möglicherweise die Passagerate verkürzt war und 

somit mehr Flüssigkeit im Darmtrakt resorbiert wurde. Die flüssigere Kotkonsistenz in den HR 

Gruppen könnte auch ein Hinweis auf subakute Pansenazidose sein, jedoch waren hierfür keine 

weiteren Indizien ersichtlich, da sich die Pansengesundheit und das Auftreten von Lahmheiten 

zwischen den Gruppen mit unterschiedlicher Energiekonzentration im Grobfutter nicht 

unterschied. In den HC Gruppen, bei welchen die höhere Kraftfuttermenge gefüttert wurde, 

zeigten dagegen mehr Kühe einen niedrigen Fett-Eiweiß-Quotienten in der Milch, der 

möglicherweise mit einem niedrigen pH-Wert im Pansen assoziiert ist. Die Messungen des 

ruminalen pH-Wertes, die bei den fistulierten Kühen in den HC Gruppen durchgeführt wurden, 

lassen auf ein erhöhtes Risiko für eine subakute Pansenazidose bei den untersuchten Tieren 

schließen. Hierbei ergab sich allerdings kein Unterschied zwischen Gruppen mit geringerer und 

höherer Energiekonzentration im Grobfutter bezüglich des ruminalen pH-Werts und auch die 

Wiederkauaktivität, das Futteraufnahmeverhalten sowie das Fettsäuremuster im Pansen 

unterschieden sich nicht zwischen den Gruppen. 
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Die Ergebnisse dieser Studie unterstreichen die große Bedeutung einer hohen 

Energiekonzentration im Grobfutter, durch welche ohne deutliche Leistungseinbußen 

Kraftfutter eingespart und die Futterverwertung verbessert werden konnte. Die 

Energieaufnahme und somit auch die Energiebilanz können durch den Einsatz von Kraftfutter 

verbessert werden, wodurch die Mobilisierung von Körperfett reduziert wird. Allerdings konnte 

in unserer Studie zwischen den Fütterungsgruppen kein signifikanter Unterschied hinsichtlich 

der klinischen Untersuchungen sowie der metabolischen Parameter festgestellt werden. Dies 

lässt darauf schließen, dass Kühe während der Frühlaktation mit unterschiedlichen 

Energiekonzentrationen in der Ration gefüttert werden können, ohne zwangsläufig 

metabolische Erkrankungen oder Verdauungsstörungen zu entwickeln.



ZUSAMMENFASSUNG 

  
 

 

102 

 

 

 



REFERENCES 

  
 

 

103 

 

7 REFERENCES 

ALLEN, M. S. (1997): 

 Relationship between fermentation acid production in the rumen and the requirement for 

physically effective fiber.  

J Dairy Sci. 80, 1447-1462 

ALLEN M.S., and D.R. MERTENS. (1988): 

Evaluating constraints on fiber digestion by rumen microbes.  

J Nutr. 118, 261-270 

ALZAHAL O., B. RUSTOMO, N. E. ODONGO, T.F. DUFFIELD, and B. W. MCBRIDE. 

(2007): 

Technical note: A system for continuous recording of ruminal pH in cattle.  

J Anim Sci. 85, 213-217 

AMMER S., C. LAMBERTZ, D. VON SOOSTEN, K. ZIMMER, U. MEYER, S. DÄNICKE, 

and M. GAULY (2017):  

Impact of diet composition and temperature–humidity index on water and dry matter intake of 

high‐yielding dairy cows.  

J Anim Physiol an N. 102, 103-113 

ARNDT C., J. M. POWELL, M. J. AGUERRE, P. M. CRUMP, and M. A. WATTIAUX 

(2015): 

 Feed conversion efficiency in dairy cows: Repeatability, variation in digestion and metabolism 

of energy and nitrogen, and ruminal methanogens.  

J Dairy Sci. 98, 3938-3950 

ASCHENBACH J. R., S. BILK, G. TADESSE, F. STUMPFF, and G. GÄBEL (2009):  

Bicarbonate-dependent and bicarbonate-independent mechanisms contribute to nondiffusive 

uptake of acetate in the ruminal epithelium of sheep.  

Am. J. Physiol-Gastr L. 296, G1098-G1107 

BAIRD G. D. (1982):  

Primary ketosis in the high-producing dairy cow: Clinical and subclinical disorders, treatment, 

prevention, and outlook.  

J Dairy Sci. 65, 1-10 

 

 



REFERENCES 

  
 

 

104 

 

BAUMAN D. E., and W. B. CURRIE. (1980):  

Partitioning of nutrients during pregnancy and lactation: A review of mechanisms involving 

homeostasis and homeorhesis.  

J Dairy Sci. 63, 1514-1529 

BAUMAN D. E., and J. M. GRIINARI (2003):  

Nutritional regulation of milk fat synthesis.  

Annu Rev Nutr. 23, 203-227 

BELANCHE A., M. DOREAU, J. E. EDWARDS, J. M. MOORBY, E. PINLOCHE, and C.J. 

NEWBOLD (2012):  

Shifts in the rumen microbiota due to the type of carbohydrate and level of protein ingested by 

dairy cattle are associated with changes in rumen fermentation.  

J. Nutr. 142, 1684-1692 

BELL A. W., and D. E. BAUMAN (1997):  

Adaptations of glucose metabolism during pregnancy and lactation.  

J Mammary Gland Biol. 2, 265-278 

BERGE A. C., and G. VERTENTEN (2014):  

A field study to determine the prevalence, dairy herd management systems, and fresh cow 

clinical conditions associated with ketosis in western european dairy herds.  

J Dairy Sci. 97, 2145-2154 

BERGMAN E. (1990):  

Energy contributions of volatile fatty acids from the gastrointestinal tract in various species. 

Physiol Rev. 70, 567-590 

BOBE G., J. W. YOUNG, and D. C. BEITZ (2004):  

Invited review: Pathology, etiology, prevention, and treatment of fatty liver in dairy cows.  

J Dairy Sci. 87, 3105-3124 

BUZA M., L. HOLDEN, R. WHITE, and V. ISHLER (2014):  

Evaluating the effect of ration composition on income over feed cost and milk yield.  

J Dairy Sci. 97, 3073-3080 

CAPPER J. L., and D. E. BAUMAN (2013):  

The role of productivity in improving the environmental sustainability of ruminant production 

systems.  

Annu Rev Anim Biosci. 1, 469-489 



REFERENCES 

  
 

 

105 

 

CAPPER J. L., R. A. CADY, and D. E. BAUMAN (2009):  

The environmental impact of dairy production: 1944 compared with 2007.  

J Anim Sci. 87, 2160-2167 

CHAGAS L. M., M. C. LUCY, P. J. BACK, D. BLACHE, J. M. LEE, P. J. S. GORE, A. J. 

SHEAHAN, and J.R. ROCHE (2009):  

Insulin resistance in divergent strains of holstein-friesian dairy cows offered fresh pasture and 

increasing amounts of concentrate in early lactation.  

J Dairy Sci. 92, 216-222 

COLMAN E., B. M. Tas, W. WAEGEMAN, B. DE BAETS, and V. FIEVEZ (2012):  

The logistic curve as a tool to describe the daily ruminal pH pattern and its link with milk fatty 

acids.  

J Dairy Sci. 95, 5845-5865 

DE ONDARZA M., and J. TRICARICO (2017):  

Advantages and limitations of dairy efficiency measures and the effects of nutrition and feeding 

management interventions.  

The Professional Animal Scientist. 33, 393-400 

DERAKHSHANI H., H. M. TUN, F. C. CARDOSO, J. C. PLAIZIER, E. KHAFIPOUR, and 

J. J. LOOR (2016):  

Linking peripartal dynamics of ruminal microbiota to dietary changes and production 

parameters.  

Front Microbiol. 7, 2143 

DEWHURST R. J., J. M. MOORBY, M. S. DHANOA, and W. J. FISHER (2002):  

Effects of level of concentrate feeding during the second gestation of holstein-friesian dairy 

cows. 1. Feed intake and milk production.  

J Dairy Sci. 85, 169-177 

DIJKSTRA J., J. ELLIS, E. KEBREAB, A. STRATHE, S. LÓPEZ, J. FRANCE, and A. 

BANNINK (2012):  

Ruminal pH regulation and nutritional consequences of low pH.  

Anim Feed Sci Tech. 172, 22-33 

DIRKSEN G., H. GRÜNDER, and M. STÖBER (2012): 

 Die klinische untersuchung des rindes [the clinical investigation of bovine animals], als 

“krankheiten des rindes” begründet von gustav rosenberger.  

Stuttgart: Enke 



REFERENCES 

  
 

 

106 

 

DIRKSEN G., H. GRÜNDER , and M. STÖBER (2006):  

Innere medizin und chirurgie des rindes.  

Georg Thieme Verlag 

DRACKLEY J. K. (1999):  

Biology of dairy cows during the transition period: The final frontier?  

J Dairy Sci. 82, 2259-2273 

DRACKLEY J. K., S. S. DONKIN, and C. K. REYNOLDS (2006):  

Major advances in fundamental dairy cattle nutrition.  

J Dairy Sci. 89, 1324-1336 

DRONG C., U. MEYER, D. VON SOOSTEN, J. FRAHM, J. REHAGE, G. BREVES, and S. 

DÄNICKE (2016):  

Effect of monensin and essential oils on performance and energy metabolism of transition dairy 

cows. J Anim Physiol an N. 100, 537-551 

DUFFIELD T. (2000):  

Subclinical ketosis in lactating dairy cattle.  

Vet Clin North Am Food Anim Pract. 16, 231-253 

DUFFIELD T., J. C. PLAIZIER, A. FAIRFIELD, R. BAGG, G. VESSIE, P. DICK, J. 

WILSON, J. ARAMINI, and B. MCBRIDE (2004):  

Comparison of techniques for measurement of rumen pH in lactating dairy cows.  

J Dairy Sci. 87, 59-66 

EDMONSON A. J., I. J. LEAN, L. D. WEAVER, T. FARVER, and G. WEBSTER (1989):  

A body condition scoring chart for holstein dairy cows.  

J Dairy Sci. 72, 68-78 

ENEMARK J. M. D. (2008):  

The monitoring, prevention and treatment of sub-acute ruminal acidosis (sara): A review.  

Vet J. 176, 32-43 

ENEMARK J. M. D., R. J. JØRGENSEN, and N .B. KRISTENSEN (2004):  

An evaluation of parameters for the detection of subclinical rumen acidosis in dairy herds.  

Vet Res Commun. 28, 687-709 

 

 



REFERENCES 

  
 

 

107 

 

ESPOSITO G., P. C. IRONS, E. C. WEBB, and A. CHAPWANYA (2014):  

Interactions between negative energy balance, metabolic diseases, uterine health and immune 

response in transition dairy cows.  

Anim Reprod Sci. 144, 60-71 

FARMER E. R., H. A. TUCKER, H. M. DANN, K. W. COTANCH, C. S. MOONEY, A. L. 

LOCK, K. YAGI, and R. J. GRANT (2014):  

Effect of reducing dietary forage in lower starch diets on performance, ruminal characteristics, 

and nutrient digestibility in lactating holstein cows.  

J Dairy Sci. 97, 5742-5753 

FERNANDO S. C., H. PURVIS, F. NAJAR, L. SUKHARNIKOV, C. KREHBIEL, T. 

NAGARAJA, B. ROE, and U. DESILVA (2010):  

Rumen microbial population dynamics during adaptation to a high-grain diet.  

Appl Environ Microbiol. 76, 7482-7490 

FERRIS C., F. GORDON, D. PATTERSON, D. KILPATRICK, C. MAYNE, and M. MCCOY 

(2001):  

The response of dairy cows of high genetic merit to increasing proportion of concentrate in the 

diet with a high and medium feed value silage.  

J Agric Sci. 136, 319-329 

FRIGGENS N. C. (2003):  

Body lipid reserves and the reproductive cycle: Towards a better understanding.  

Livest Prod Sci. 83, 219-236 

GASTEINER J., M. HORN, and A. STEINWIDDER (2015):  

Continuous measurement of reticuloruminal pH values in dairy cows during the transition 

period from barn to pasture feeding using an indwelling wireless data transmitting unit. 

J Anim Physiol an N. 99, 273-280 

GEISHAUSER T., K. LESLIE, D. KELTON, and T. DUFFIELD (2001):  

Monitoring for subclinical ketosis in dairy herds.  

Compendium.S65-S71 

GENCOGLU H., and I. I. TURKMEN (2006):  

Effects of forage source on chewing and rumen fermentation in lactating dairy cows.  

Rev Med Vet. 157, 463-470 

 



REFERENCES 

  
 

 

108 

 

GOAD D., C. GOAD, and T. NAGARAJA (1998):  

Ruminal microbial and fermentative changes associated with experimentally induced subacute 

acidosis in steers.  

J Anim Sci. 76, 234-241 

GOZHO G., J. PLAIZIER, D. KRAUSE, A. KENNEDY, and K. WITTENBERG (2005):  

Subacute ruminal acidosis induces ruminal lipopolysaccharide endotoxin release and triggers 

an inflammatory response.  

J Dairy Sci. 88, 1399-1403 

GRANT R. J., and J. L. ALBRIGHT (1995):  

Feeding-behavior and management factors during the transition period in dairy-cattle.  

J Anim Sci. 73, 2791-2803. 

GROSS J., H. A. VAN DORLAND, R. M. BRUCKMAIER, and F. J. SCHWARZ (2011): 

 Performance and metabolic profile of dairy cows during a lactational and deliberately induced 

negative energy balance with subsequent realimentation.  

J Dairy Sci. 94, 1820-1830 

GRUBER L., M. PRIES, F. SCHWARZ, H. SPIEKERS, and W. STAUDACHER (2006): 

 Schätzung der Futteraufnahme bei der Milchkuh.  

DLG-Information. 1, 1-29 

GRUMMER R. R., D. G. MASHEK, and A. HAYIRLI (2004):  

Dry matter intake and energy balance in the transition period.  

Vet Clin N Am-Food A. 20, 447-470 

HOLTENIUS P., and K. HOLTENIUS (2007):  

A model to estimate insulin sensitivity in dairy cows.  

Acta Vet Scand. 49:29 

HORINO M., L. MACHLIN, F. HERTELENDY, and D. KIPNIS (1968):  

Effect of short-chain fatty acids on plasma insulin in ruminant and nonruminant species. 

Endocrinology. 83, 118-128 

HUMER E., J. ASCHENBACH, V. NEUBAUER, I. KRÖGER, R. KHIAOSA‐ard, W. 

BAUMGARTNER, and Q. ZEBELI (2017):  

Signals for identifying cows at risk of subacute ruminal acidosis in dairy veterinary practice.  

J Anim Physiol an N. 102, 380-392 



REFERENCES 

  
 

 

109 

 

HURLEY A. M., N. LOPEZ-VILLALOBOS, S. MCPARLAND, E. KENNEDY, E. LEWIS, 

M. O'DONOVAN, J. L. BURKE, and D. P. BERRY (2016):  

Inter-relationships among alternative definitions of feed efficiency in grazing lactating dairy 

cows.  

J Dairy Sci. 99, 468-479 

HYMOLLER L., L. ALSTRUP, M. K. LARSEN, P. LUND, and M. R. WEISBJERG (2014):  

High-quality forage can replace concentrate when cows enter the deposition phase without 

negative consequences for milk production.  

J Dairy Sci. 97, 4433-4443 

INGVARTSEN K. L., and J. B. ANDERSEN (2000):  

Integration of metabolism and intake regulation: A review focusing on periparturient animals. 

 J Dairy Sci. 83, 1573-1597 

IRELAND-PERRY R. L., and C. STALLINGS (1993):  

Fecal consistency as related to dietary composition in lactating holstein cows.  

J Dairy Sci. 76, 1074-1082 

IVEMEYER S., M. WALKENHORST, M. HOLINGER, A. MAESCHLI, P. KLOCKE, A. S. 

NEFF, P. STAEHLI, M. KRIEGER, and C. NOTZ (2014):  

Changes in herd health, fertility and production under roughage based feeding conditions with 

reduced concentrate input in swiss organic dairy herds.  

Livest Sci. 168, 159-167 

JORRITSMA R., H. JORRITSMA, Y. SCHUKKEN, and G. WENTINK (2000):  

Relationships between fatty liver and fertility and some periparturient diseases in commercial 

dutch dairy herds.  

Theriogenology. 54, 1065-1074 

JORRITSMA R., T. WENSING, T. A. KRUIP, P. L. VOS, and J. P. NOORDHUIZEN (2003): 

 Metabolic changes in early lactation and impaired reproductive performance in dairy cows. 

Vet Res 34, 11-26 

KASKE M., and A. GROTH (1997):  

Changes in factors affecting the rate of digesta passage during pregnancy and lactation in sheep 

fed on hay.  

Reprod Nutr Dev. 37, 573-588 



REFERENCES 

  
 

 

110 

 

KESSEL S., M. STROEHL, H. H. D. MEYER, S. HISS, H. SAUERWEIN, F. J. SCHWARZ, 

and R. M. BRUCKMAIER (2008):  

Individual variability in physiological adaptation to metabolic stress during early lactation in 

dairy cows kept under equal conditions.  

J Anim Sci. 86, 2903-2912 

KLEEN J. L., L. UPGANG, and J. REHAGE (2013):  

Prevalence and consequences of subacute ruminal acidosis in german dairy herds.  

Acta Vet Scand. 55:6 

KORVER S. (1988):  

Genetic aspects of feed intake and feed efficiency in dairy cattle: A review.  

Livest Prod Sci. 20, 1-13 

KRAUSE K, and G. OETZEL (2005):  

Inducing subacute ruminal acidosis in lactating dairy cows.  

J Dairy Sci. 88, 3633-3639 

KRISTENSEN N. B., A. DANFÆR, and N. AGERGAARD (1998):  

Absorption and metabolism of short‐chain fatty acids in ruminants.  

Arch Anim Nutr. 51, 165-175 

KROGH M. A., N. TOFT, and C. ENEVOLDSEN (2011):  

Latent class evaluation of a milk test, a urine test, and the fat-to-protein percentage ratio in milk 

to diagnose ketosis in dairy cows.  

J Dairy Sci. 94, 2360-2367 

LAW R. A., F. J. YOUNG, D. C. PATTERSON, D. J. KILPATRICK, A. R. G. WYLIE, K. L. 

INGVARSTEN, A. HAMELEERS, M. A. MCCOY, C. S. MAYNE, and C. P. FERRIS (2011):  

Effect of precalving and postcalving dietary energy level on performance and blood metabolite 

concentrations of dairy cows throughout lactation.  

J Dairy Sci. 94, 808-823 

LAWRENCE D. C., M. O'DONOVAN, T. M. BOLAND, E. LEWIS, and E. KENNEDY 

(2015): 

 The effect of concentrate feeding amount and feeding strategy on milk production, dry matter 

intake, and energy partitioning of autumn-calving holstein-friesian cows.  

J Dairy Sci. 98, 338-348 

 



REFERENCES 

  
 

 

111 

 

LEBLANC S. (2010):  

Monitoring metabolic health of dairy cattle in the transition period.  

J Reprod Develop. 56, S29-S35 

LEBLANC S. (2012):  

Interactions of metabolism, inflammation, and reproductive tract health in the postpartum 

period in dairy cattle.  

Reprod Domest Anim. 47, 18-30 

LECHARTIER C., and J.L. PEYRAUD (2010):  

The effects of forage proportion and rapidly degradable dry matter from concentrate on ruminal 

digestion in dairy cows fed corn silage–based diets with fixed neutral detergent fiber and starch 

contents.  

J Dairy Sci. 93, 666-681 

LUCY M. (2008):  

Functional differences in the growth hormone and insulin‐like growth factor axis in cattle and 

pigs: Implications for post‐partum nutrition and reproduction.  

Reprod Domest Anim. 43, 31-39 

MARTIN C., D. MORGAVI, and M. DOREAU (2010):  

Methane mitigation in ruminants: From microbe to the farm scale.  

Animal. 4, 351-365 

MCART J., D. NYDAM, and G. OETZEL (2012):  

Epidemiology of subclinical ketosis in early lactation dairy cattle.  

J Dairy Sci. 95, 5056-5066 

MCART J., D. NYDAM, and M. OVERTON (2015):  

Hyperketonemia in early lactation dairy cattle: A deterministic estimate of component and total 

cost per case.  

J Dairy Sci. 98, 2043-2054 

MCNAMARA S., F. P. O'MARA, M. RATH, and J. J. MURPHY (2003):  

Effects of different transition diets on dry matter intake, milk production, and milk composition 

in dairy cows.  

J Dairy Sci. 86, 2397-2408 

 

 



REFERENCES 

  
 

 

112 

 

MERTENS D. (1997):  

Creating a system for meeting the fiber requirements of dairy cows.  

J Dairy Sci. 80, 1463-1481 

MIGLIOR F., B. MUIR, and B. VAN DOORMAAL (2005):  

Selection indices in holstein cattle of various countries.  

J Dairy Sci. 88, 1255-1263 

MULLIGAN F. T., L. O'GRADY, D. A. RICE, and M. L. DOHERTY (2006):  

A herd health approach to dairy cow nutrition and production diseases of the transition cow. 

Anim Reprod Sci. 96, 331-353 

NAGARAJA T., E. BARTLEY, L. FINA, and H. ANTHONY (1978):  

Relationship of rumen gram-negative bacteria and free endotoxin to lactic acidosis in cattle.  

J Anim Sci. 47, 1329-1337 

NAGARAJA T., and E. TITGEMEYER (2007):  

Ruminal acidosis in beef cattle: The current microbiological and nutritional outlook 1, 2.  

J Dairy Sci. 90, E17-E38 

NIEMANN H., B. KUHLA, and G. FLACHOWSKY (2011) 

Perspectives for feed-efficient animal production. 

J Anim Sci. 89, 4344-4363 

NOCEK J. E. (1997):  

Bovine acidosis: Implications on laminitis.  

J Dairy Sci. 80, 1005-1028 

NORDLUND K., and E. GARRETT (1994):  

Rumenocentesis: A technique for collecting rumen fluid for the diagnosis of subacute rumen 

acidosis in dairy herds.  

Bovine Pr. 28, 109-109 

NORDLUND K. V., N. B. COOK, and G. R. OETZEL (2004):  

Investigation strategies for laminitis problem herds.  

J Dairy Sci. 87, E27-E35 

O’GRADY L., M. L. DOHERTY, and F. J. MULLIGAN (2008):  

Subacute ruminal acidosis (sara) in grazing irish dairy cows.  

Vet J. 176, 44-49 



REFERENCES 

  
 

 

113 

 

OLTENACU P. A., and D. M. BROOM (2010):  

The impact of genetic selection for increased milk yield on the welfare of dairy cows.  

Anim welfare. 19, 39-49 

PENNER G., K. BEAUCHEMIN, and T. MUTSVANGWA (2006):  

An evaluation of the accuracy and precision of a stand-alone submersible continuous ruminal 

pH measurement system.  

J Dairy Sci. 89, 2132-2140 

PHUONG H., N. C. FRIGGENS, I. DE BOER, and P. SCHMIDELY (2013):  

Factors affecting energy and nitrogen efficiency of dairy cows: A meta-analysis.  

J Dairy Sci. 96, 7245-7259 

PLAIZIER J. C., D. O. KRAUSE, G. N. GOZHO, and B. W. MCBRIDE (2008):  

Subacute ruminal acidosis in dairy cows: The physiological causes, incidence and 

consequences.  

Vet J. 176, 21-31 

RAULS C., U. MEYER, L. HÜTHER, D. VON SOOSTEN, A. KINOSHITA, J. REHAGE, G. 

BREVES, and S. DÄNICKE (2015): 

 Effects of niacin supplementation (40 weeks) and two dietary levels of concentrate on 

performance, blood and fatty acid profiles of dairy cattle.  

South Afr J Anim Sci. 45, 395-410 

REHAGE J., K. QUALMANN, C. MEIER, N. STOCKHOFE-ZURWIEDEN, M. 

HOELTERSHINKEN, and J. POHLENZ (1999):  

Total serum bile acid concentrations in dairy cows with fatty liver and liver failure.  

Deut Tierarztl Woch. 106, 26-29 

RHOADS R. P., J. W. KIM, B. J. LEURY, L. H. BAUMGARD, N. SEGOALE, S. J. FRANK, 

D. E. BAUMAN, and Y. R. BOISCLAIR (2004):  

Insulin increases the abundance of the growth hormone receptor in liver and adipose tissue of 

periparturient dairy cows.  

J Nutr. 134, 1020-1027 

ROCHE J., D. BERRY, and E. KOLVER (2006):  

Holstein-friesian strain and feed effects on milk production, body weight, and body condition 

score profiles in grazing dairy cows.  

J Dairy Sci. 89, 3532-3543 



REFERENCES 

  
 

 

114 

 

ROCHE J. R., N. C. FRIGGENS, J. K. KAY, M. W. FISHER, K. J. STAFFORD, and D. P. 

BERRY (2009):  

Invited review: Body condition score and its association with dairy cow productivity, health, 

and welfare.  

J Dairy Sci. 92, 5769-5801 

RUSSELL J. B., and J. L. RYCHLIK (2001):  

Factors that alter rumen microbial ecology.  

Science. 292, 1119-1122 

SCHWARTZKOPF-GENSWEIN K., K. BEAUCHEMIN, D. GIBB, D. CREWS, D. 

HICKMAN, M. STREETER, and T. MCALLISTER (2003):  

Effect of bunk management on feeding behavior, ruminal acidosis and performance of feedlot 

cattle: A review.  

J Anim Sci. 81(14_suppl_2), E149-E158 

SPURLOCK D. M., J. C. M. DEKKERS, R. FERNANDO, D. A. KOLTES, and A. WOLC 

(2012): 

 Genetic parameters for energy balance, feed efficiency, and related traits in holstein cattle.  

J Dairy Sci. 95, 5393-5402 

STARKE A., A. HAUDUM, R. BUSCHE, M. BEYERBACH, S. DÄNICKE, and J. REHAGE 

(2010):  

Analysis of total lipid and triacylglycerol content in small liver biopsy samples in cattle 1.  

J Anim Sci. 88, 2741-2750 

TONI F., L. VINCENTI, L. GRIGOLETTO, A. RICCI, and Y. SCHUKKEN (2011):  

Early lactation ratio of fat and protein percentage in milk is associated with health, milk 

production, and survival.  

J Dairy Sci. 94, 1772-1783 

TSCHRITTER O., A. FRITSCHE, C. THAMER, M. HAAP, F. SHIRKAVAND, S. RAHE, H. 

STAIGER, E. MAERKER, H. HÄRING, and M. STUMVOLL (2003):  

Plasma adiponectin concentrations predict insulin sensitivity of both glucose and lipid 

metabolism.  

Diabetes. 52, 239-243 

VAN ZWIETEN J., A. VAN VUUREN, and J. DIJKSTRA (2008):  

Effect of nylon bag and protozoa on in vitro corn starch disappearance.  

J Dairy Sci. 91, 1133-1139 



REFERENCES 

  
 

 

115 

 

VANHOLDER T., J. PAPEN, R. BEMERS, G. VERTENTEN, and A. BERGE (2015):  

Risk factors for subclinical and clinical ketosis and association with production parameters in 

dairy cows in the netherlands.  

J Dairy Sci. 98, 880-888 

VERNON R. G., and C. M. POND (1997):  

Adaptations of maternal adipose tissue to lactation.  

J Mammary Gland Biol. 2, 231-241 

VON ENGELHARDT W., G. BREVES, M. DIENER, and G. GÄBEL (2010):  

Physiologie der haustiere.  

Georg Thieme Verlag 

VON KEYSERLINGK M., J. RUSHEN, A. M. DE PASSILLÉ, and D. M. WEARY (2009):  

Invited review: The welfare of dairy cattle—key concepts and the role of science.  

J Dairy Sci. 92, 4101-4111 

VON SOOSTEN D., U. MEYER, E. M. WEBER , J. REHAGE, G. FLACHOWSKY, and S. 

DÄNICKE (2011):  

Effect of trans-10, cis-12 conjugated linoleic acid on performance, adipose depot weights, and 

liver weight in early-lactation dairy cows.  

J Dairy Sci. 94, 2859-2870 

WEBER C., C. HAMETNER, A. TUCHSCHERER, B. LOSAND, E. KANITZ, W. OTTEN, 

S. P. SINGH, R. M. BRUCKMAIER, F. BECKER, W. KANITZ, and H. M. HAMMON 

(2013):  

Variation in fat mobilization during early lactation differently affects feed intake, body 

condition, and lipid and glucose metabolism in high-yielding dairy cows.  

J Dairy Sci. 96, 165-180 

WENSING T., T. KRUIP, M. J. H. GEELEN, G. H. WENTINK, and A. M. VANDENTOP 

(1997): 

Postpartum fatty liver in high-producing dairy cows in practice and in animal studies. The 

connection with health, production and reproduction problems.  

Comp Haematol Int. 7, 167-171 

YAMAUCHI T., and T. KADOWAKI (2008):  

Physiological and pathophysiological roles of adiponectin and adiponectin receptors in the 

integrated regulation of metabolic and cardiovascular diseases.  

Int J Obesity. 32, S13-S18 



REFERENCES 

  
 

 

116 

 

YANG W., and K. BEAUCHEMIN (2007):  

Altering physically effective fiber intake through forage proportion and particle length: 

Chewing and ruminal pH.  

J Dairy Sci. 90, 2826-2838 

ZEBELI Q., J. DIJKSTRA, M. TAFAJ, H. STEINGASS, B. AMETAJ, and W. DROCHNER 

(2008): 

Modeling the adequacy of dietary fiber in dairy cows based on the responses of ruminal pH and 

milk fat production to composition of the diet.  

J Dairy Sci. 91, 2046-2066 



DANKSAGUNG 

  

 

 

117 

 

8 DANKSAGUNG 

Zum Anfang bedanke ich mich bei Herrn Professor Dr. Dr. Sven Dänicke, dem Leiter des 

Institutes für Tierernährung, Friedrich-Loeffler-Institut Braunschweig, der mir die Bearbeitung 

dieses äußerst spannenden Themas ermöglicht und dessen ausgezeichnete Betreuung 

maßgeblich zur Erstellung dieser Arbeit beigetragen hat. Insbesondere die intensiven 

Diskussionen über die Versuchsergebnisse sowie die Hinweise zur statistischen Auswertung 

haben mir sehr geholfen. Diese wertvollen Erfahrungen werden auch für meinen zukünftigen 

Berufsweg sehr hilfreich sein.  

Bei Herrn Professor Dr. Jürgen Rehage, Klinik für Rinder, Tierärztliche Hochschule Hannover, 

bedanke ich mich für die freundliche und hilfsbereite Betreuung der externen Dissertation und 

vor allem für die spannenden fachlichen Gespräche, welche insbesondere zur Beurteilung der 

gesundheitsrelevanten Daten sehr hilfreich waren.  

Ganz herzlich möchte ich mich bei Herrn Dr. Ulrich Meyer und Herrn Dr. Dirk von Soosten 

aus der Arbeitsgruppe „Rinderernährung“ des Friedrich-Loeffler-Institutes bedanken, die sich 

immer Zeit zur Planung des Versuches, zur Diskussion von Versuchsergebnissen sowie zur 

Besprechung der Publikationen genommen haben. Diese hervorragende Zusammenarbeit war 

die Basis meiner Dissertation. 

Der Arbeitsgruppe „Immunonutrition“ des Friedrich-Loeffler-Institutes gilt ein besonderer 

Dank für die Hilfe bei den Probennahmen sowie für die zeitaufwendige Probenaufbereitung 

und Durchführung der Analysen. Auch allen weiteren Mitarbeitern des Friedrich-Loeffler-

Institutes danke ich sehr für deren großartige Hilfsbereitschaft bei der Versuchsdurchführung 

und Probenanalyse, insbesondere der Arbeitsgruppe „Basisanalytik“ und dem Team der 

Versuchsstation. Vielen Dank auch an Britta Immenroth, die jederzeit Hilfe bei sprachlichen 

Fragestellungen angeboten hat. 

Bedanken möchte ich mich ebenso bei allen Mitstreitern im Projekt „optiKuh“, insbesondere 

beim Projektkoordinator Prof. Dr. Hubert Spiekers sowie den im Projekt beteiligten 

Doktoranden, für die gemeinsame Durchführung des herausragenden Verbundprojektes und 

den interessanten fachlichen Dialog. 



DANKSAGUNG 

  

 

 

118 

 

Die Arbeit am Friedrich-Loeffler-Institut wurde besonders wertvoll durch den großartigen 

Austausch mit allen Doktoranden sowie Bachelor- und Masterstudenten. Die vielen 

angenehmen Gespräche und Aktivitäten haben für willkommene Abwechslung und sehr viel 

Spaß am Institut gesorgt, sodass ich diese Zeit in bester Erinnerung behalten werde. In 

besonderem Maße danke ich Karina Schnabel und Julia Hartwiger für die große Unterstützung 

während der Probenahmen, aber auch allen anderen helfenden Händen, ohne die ein solcher 

Versuch nicht möglich wäre. 

Schließlich gilt der größte Dank meiner Familie: Auf eure Hilfe und euer Vertrauen kann ich 

mich in jeder Lebenslange verlassen, ihr seid stets ein Ankerpunkt in meinem Leben! Und dir, 

liebe Wiebke, für dein unendliches Verständnis und deinen Rückhalt in diesem 

Lebensabschnitt!



 

 

 

 

 


