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ABSTRACT 

 

Understanding the particularities of pasture inclusion on cows’ diets and their subsequent 

impact on the digestive processes, together with possible differences in the nutrient utilization of 

cows managed under grazing conditions, are challenges that must be elucidated in order to 

design strategies to improve the cows’ productive performance. The objectives of this 

dissertation were: 1) to review the existing literature on ration formulation for dairy cows in 

pasture-based systems, identifying limitations and potential improvement areas, 2) to evaluate 

the adequacy of the Molly model predictions of ruminal fermentation, nutrient digestion, and 

performance from cows consuming fresh ryegrass-based diets, identifying mechanisms that 

could be used to direct further model improvements, 3) to evaluate the model predictions of 

milk, fat and protein production using data from Holstein-Friesian and Jersey cows from Chile 

managed under pasture-based systems, identifying mechanisms that could be used to direct 

further model improvements, 4) to identify the different dairy breeds and their crosses that are 

used in the Chilean dairy population, determining if there are specific breed and heterosis effects 

on productive and some functional traits, and 5) to characterize the ruminal degradation 

dynamics of crude protein (CP) and individual amino acids (AA) from ryegrass (Lolium 

perenne) at vegetative stage, generating information to improve the ration formulation in dairy 

cows in pasture-based systems. From the literature revision in objective 1, different factors that 

could help to create a more specific classification of dairy pasture-based systems were identified. 



 
 

Maximizing grass inclusion seems to leads to an oversimplification of diets, potentially limiting 

the performance of medium and high producing cows. Despite the low N use efficiencies 

reached in pasture-based systems, there is a lack of information in studies that delve into the 

ruminal degradation of CP and AA, as well as their intestinal absorption, and subsequent post-

absorptive utilization. Advances in the understanding of these areas could help to create 

strategies to face this problem. There is evidence suggesting that cows can perform different 

under different productive systems, but various breeds, strains, and crossbreds are used in 

pasture-based systems, being needed first a better characterization of them. To achieve the 

second objective, a total of 25 studies (n = 115 treatments) including dairy cows consuming 

ryegrass predominant diets, published from 1970 through 2020, were collected from the 

literature and used to assess the model accuracy and precision based on root mean squared errors 

and concordance correlation coefficients (CCC). Predictions of protein and fiber digestion and 

fiber and organic matter fecal excretion were improved after model reparameterization, while 

body weight and body condition score predictions were improved after model modifications and 

reparameterization. Although digestion of nutrient was better represented by the new set of 

parameters derived, the accuracies of milk, protein, and fat production remained low (CCC of 

0.13, 0.12, and 018, respectively), with moderate slope bias. To achieve the third objective, a 

dataset including 180 group cows’ diets (153 from Holstein Friesian and 27 from Jersey cows) 

from 18 commercial dairy farms with different inclusion of ryegrass was compiled. Chemical 

composition of feeds ingredients, group intakes and animal performance records, were provided 

by the Chilean cooperative Colun. Separately model mammary reparameterization of Holstein 

Friesian and Jersey cows’ data, improved both milk production (CCC values of 0.69 and 0.90, 

respectively) and milk solids predictions (CCC values of 0.68 and 0.92 for milk protein and 0.65 



 
 

and 0.80 for milk fat, for Holstein Friesian and Jersey cows, respectively). This indicates that 

there seems to be some differences in mammary cells and cells activity between breeds 

evaluated, translated into different lactation curves and milk solids synthesis patters. To achieve 

the fourth objective, a dataset considering 1,429,132 records from 586,624 cows that calved 

between 1998 and 2018 was compiled. Pedigree information, milk, milk protein, and milk fat, as 

well as somatic cell score and calving interval records were provided by the Chilean cooperative 

COOPRINSEM. The proportion of each breed according to the different country origin (strain) 

was calculated for all the animals, being identified eight genetic strains with enough information 

to perform separated genetic evaluations: Chilean Friesian, French Holstein-Friesian, US-

Holstein, US-Jersey, French Montbeliarde, New Zealander Holstein-Friesian, Swedish Red and 

White, and British Friesian. Four different genetic models, increasing in complexity (considering 

breed or strain classification, crossbreeding proportion, and heterosis effects) were tested. 

Specific effects for some genetic strains, as well as heterosis effects between some strains with 

Chilean Friesian were identified, so these effects should be considered when performing genetic 

evaluations in the Chilean dairy population. Also, they can be used to direct future selection 

programs. To achieve the last objective, an in situ study using three cannulated cows was carried 

out at the Agricultural Research Station of the Austral University of Chile (Valdivia, Chile). 

Samples from a perennial ryegrass pasture were collected during winter, spring and summer at 

vegetative stage. Duplicate bags were ruminally incubated for 4, 8, 12, 24, and 96 h. CP and AA 

profile of original samples and from incubation residues were determined. Ryegrass samples 

presented a high crude protein content (averaging 25.8%), however, the RUP content was ~15 to 

20% of CP. Significant differences were observed for ryegrass CP and individual AA ruminal 

degradation kinetics, this seems to be associated to some specific AA. 
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GENERAL AUDIENCE ABSTRACT 

 

The used of pasture-based systems in dairy production are an important alternative in 

countries were local environmental and climatological conditions, as well as soil properties are 

suitable for the growth of high-quality grasslands. The main advantages attributed to the use of 

pasture-based system are the reduction in the production costs, and potentially improving the 

nutrition quality of dairy products as well as the cows’ welfare. However, they have some 

important limitations as the natural variation in the quantity and quality of available herbage. 

Also, there is a lack of information on fundamental nutrition of pasture nutrients digestion and 

utilization by the cows manage and selected under these environmental conditions.  

The first two objectives of this dissertation consisted in using the Molly nutritional model, which 

represents the biology of the whole cow, in order to identify key aspects to better understand the 

cows manage under pasture-based systems and develop strategies to precise their nutrition. 

Particularly, topics such as prediction of ruminal fermentation and digestive processes, 

mobilization of body reserves, mammary glands metabolism, and potential differences between 

Holstein-Friesian and Jersey cows were analyzed. Overall, work on these objectives resulted in 

improvements to the Molly model for making predictions of diets that include grass. 

The diversity of breeds and their country of origin, as well as different crosses in the Chilean 

dairy population were explored. A more comprehensive genetic model was proposed in this work 



 
 

to precise the calculation of breeding values in the country. Furthermore, our findings could be 

used as inputs to direct future selection programs.  

The last objective explored the ruminal degradation of crude protein and each individual amino 

acid in ryegrass. We demonstrate that indeed there are differences in the degradation parameters 

for some amino acids. Due to the high degradability of fresh ryegrass, there could be some 

potential limitations in the supply of some essential amino acids, especially in high producing 

cows consuming predominant ryegrass diets.



vii 
 

DEDICATION 

 

To the people I love and to the curious ones who enjoy learning about cows. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii 
 

AKNOWLEDGEMENTS 

 

I want to thank all the people who contributed to make this work possible: 

 

My advisor, Dr. Mark Hanigan, thank you very much for allowing me to be part of your 

research group. I really appreciate all your support and have been able to develop my dissertation 

on a topic that I am passionate about. Thank you for always encouraging us to develop critical 

thinking through many intellectual stimulating questions. 

My co-advisor, Dr. Rebecca Cockrum, thank you very much for all your support in the 

development of my program, for your kindness, and for allowing me to participate in your 

research group. I learned many things that allowed me to complement my vision from my main 

research line. 

Drs. Izabelle Teixeira and Gonzalo Ferreira. Thank you very much for having accepted to 

be part of my committee, I really appreciate all your wise and critical comments that 

significantly contributed to improving this work. 

Dr. Meng Li, thank you very much for teaching me how to work with the Molly model, 

thank you for your kindness and for all your time. 

Dr. Morota and Sabrina, thank you very much for all your help and feedback with the 

genetic chapter of my dissertation. 

Fellow grad students in the Hanigan lab, I really appreciate your support and friendship. 

Tara, thank you very much for teaching me to work in the lab and helping me to 

coordinate my trial in Chile. Thank you for your kindness and always being willing to help. 

Thank you very much for your kindness to all DASC members. 



ix 
 

Many thanks to all the students, colleagues, and farm crew in Chile, who helped me 

during the execution of the field trial. 

To all the new friends I made during my stay in Blacksburg, thank you very much for 

your support, company, and good memories. 

To my friend Yuki, it was great having shared this adventure as roommates. 

Thank you very much to my family, my beloved Susanne, and my friends who have 

always supported me, and despite the distance, I always felt them close to me. 

Many thanks to Balchem Corporation and The Center for Science and Global 

Sustainability of Virginia Tech and Austral University of Chile for the generous financial 

supports of the research trials. 

Thanks to the Chilean companies Colun and Cooprinsem for allowing me to use part of 

their information on Chilean farms, and thus contribute to our country. 

Thank you very much to The Chilean government National Agency of Research and 

Development (ANID) and Virginia Tech for providing a scholarship and tuition support. 

Thank you very much to the Austral University of Chile, particularly to the Department 

of Animal Sciences of the Faculty of Veterinary Sciences, for granting me a specialization 

permit to develop my Ph.D. program. 

 

 

 

 

 

 



x 
 

TABLE OF CONTENTS 

 

ABSTRACT ................................................................................................................................ ii 

GENERAL AUDIENCE ABSTRACT ....................................................................................... v 

DEDICATION .......................................................................................................................... vii 

AKNOWLEDGEMENTS ........................................................................................................ viii 
TABLE OF CONTENTS ............................................................................................................ x 

LIST OF TABLES ................................................................................................................... xiv 

LIST OF SUPPLEMENTAL TABLES ................................................................................... xvi 

LIST OF FIGURES ................................................................................................................. xvii 
CHAPTER 1. GENERAL INTRODUCTION ......................................................................... 1 

REFERENCES ............................................................................................................................ 4 

CHAPTER 2. LITERATURE REVIEW: SYSTEM, PLANT, AND ANIMAL FACTORS 
CONTROLLING PASTURE INCLUSION ON COWS’ RATION FORMULATION ................ 6 

ABSTRACT ................................................................................................................................ 6 

INTRODUCTION ....................................................................................................................... 8 

DIVERSITY OF PASTURE-BASED DAIRY PRODUCTION SYSTEMS ............................. 9 

PARTICULARITIES OF PASTURE INCLUSION ON COWS DIETS ................................. 11 

Dry matter intake ................................................................................................................... 12 

Energy .................................................................................................................................... 15 

Protein .................................................................................................................................... 17 

Fiber ....................................................................................................................................... 21 

WHAT IS THE IDEAL PASTURE INCLUSION? ................................................................. 23 

CONSIDERATIONS OF GENOTYPE ON NUTRITION ...................................................... 26 

CONCLUSIONS ....................................................................................................................... 29 

REFERENCES .......................................................................................................................... 31 

CHAPTER 3. EVALUATION OF MOLLY MODEL PREDICTIONS OF RUMINAL 
FERMENTATION, NUTRIENT DIGESTION AND PERFORMANCE BY DAIRY COWS 
CONSUMING RYEGRASS-BASED DIETS .............................................................................. 36 

ABSTRACT .............................................................................................................................. 36 

INTRODUCTION ..................................................................................................................... 39 

MATERIALS AND METHODS .............................................................................................. 40 

Model Description ................................................................................................................. 40 



xi 
 

Data Collection and Study Selection ..................................................................................... 42 

Model Modifications ............................................................................................................. 46 

Model Settings, Parameters Estimation, and Reparameterization ......................................... 49 

Model Comparisons and Evaluation...................................................................................... 51 

RESULTS AND DISCUSSION ............................................................................................... 53 

Ruminal Metabolism ............................................................................................................. 54 

Ruminal Nutrient Outflow ..................................................................................................... 61 

Fecal Output of DM, OM, NDF, ADF, and Protein .............................................................. 65 

Blood Urea N Concentration and Urinary N Excretion ........................................................ 68 

Body Weight .......................................................................................................................... 69 

Body Condition Score ........................................................................................................... 70 

Milk Yield and Composition ................................................................................................. 71 

Global Sensitivity Analysis and 5-fold Cross Evaluation ..................................................... 73 

CONCLUSIONS ....................................................................................................................... 74 

REFERENCES .......................................................................................................................... 75 

APPENDIX ............................................................................................................................... 83 

CHAPTER 4. REVISION OF MAMMARY PARAMETERS IN MOLLY MODEL FOR 
HOLSTEIN AND JERSEY COWS, AND ITS EFFECT ON MODEL PREDICTIONS OF 
PASTURE-BASED DIETS ........................................................................................................ 103 

ABSTRACT ............................................................................................................................ 103 

INTRODUCTION ................................................................................................................... 105 

MATERIALS AND METHODS ............................................................................................ 107 

Model Description ............................................................................................................... 107 

Data Collection .................................................................................................................... 107 

Model Settings and Model Simulations............................................................................... 109 

Model Reparameterization .................................................................................................. 110 

Model Evaluation ................................................................................................................ 111 

Model Simulations of Nitrogen and Energy Fluxes ............................................................ 111 

RESULTS AND DISCUSSION ............................................................................................. 112 

Model Predictions before Reparameterization .................................................................... 113 

Model Predictions after Reparameterization to Chilean Dataset ......................................... 115 

Model Predictions after Separated Reparameterization to Dairy Breeds ............................ 116 

Model Simulations of Varying Ryegrass Inclusion in Diets. .............................................. 123 



xii 
 

CONCLUSIONS ..................................................................................................................... 127 

REFERENCES ........................................................................................................................ 128 

APPENDIX ............................................................................................................................. 133 

CHAPTER 5. INCLUSION OF HETEROSIS EFFECTS IMPROVES GENETIC 
PREDICTIONS FOR MILK PRODUCTIVE AND SOME FUNCTIONAL TRAITS IN 
CHILEAN CROSSBRED DAIRY COWS ................................................................................ 144 

ABSTRACT ............................................................................................................................ 144 

INTRODUCTION ................................................................................................................... 146 

MATERIALS AND METHODS ............................................................................................ 147 

Dataset ................................................................................................................................. 147 

Calculation of Genetic Strains Proportions and Coefficients of Specific Heterosis ........... 147 

Milk Productive and Functional Traits ................................................................................ 149 

Estimation of Variance Components, Models and Model Comparisons............................. 149 

RESULTS AND DISCUSSION ............................................................................................. 152 

CONCLUSIONS ..................................................................................................................... 159 

REFERENCES ........................................................................................................................ 160 

APPENDIX ............................................................................................................................. 163 

CHAPTER 6. CHARACTERIZATION OF IN SITU RUMINAL DEGRADATION OF 
CRUDE PROTEIN AND INDIVIDUAL AMINO ACIDS FROM RYEGRASS ..................... 169 

ABSTRACT ............................................................................................................................ 169 

INTRODUCTION ................................................................................................................... 171 

MATERIALS AND METHODS ............................................................................................ 172 

Animals, Housing, and Handling ........................................................................................ 173 

Ryegrass Herbage Samples and In Situ Incubations ........................................................... 174 

Microbial Contamination Correction................................................................................... 175 

Ruminal Degradation Kinetics and Statistical Analysis ...................................................... 176 

RESULTS AND DISCUSSION ............................................................................................. 177 

Amino Acids Content of Ryegrass ...................................................................................... 177 

Recovery of N as Amino Acids During Ruminal Incubations ............................................ 179 

Incubation Residues of CP and Individual Amino Acids .................................................... 182 

Ruminal Degradation Kinetic Parameters of CP and Individual Amino Acids .................. 183 

Effective Ruminal Degradability of CP and Individual Amino Acids ................................ 184 

Comparisons Among CP, AA, EAA, and NEAA Ruminal Degradation ............................ 186 



xiii 
 

CONCLUSIONS ..................................................................................................................... 188 

REFERENCES ........................................................................................................................ 189 

APPENDIX ............................................................................................................................. 193 

CHAPTER 7. CONCLUSION ............................................................................................. 200 

 

 

 

 

 

  



xiv 
 

LIST OF TABLES 

 

Table 3.1. A listing of references for the experimental data used for model evaluations and 
parameter estimation. .................................................................................................................... 83 
Table 3.2. Summary of the data compiled and used for model evaluations and parameter 
estimation. ..................................................................................................................................... 84 
Table 3.3. Particle size distribution (percent remaining on each screen) for ryegrass and different 
feeds used in dairy pasture-based ................................................................................................. 86 
Table 3.4. Model parameters reported by Li and Hanigan (2020), and after model 
reparameterization to the compiled data summarized in 3.2. ....................................................... 87 
Table 3.5. Residual error analyses for Molly predictions of grazing dairy cow trials before (I) and 
after (F) model reparameterization. .............................................................................................. 89 
Table 3.6. Global sensitivity of model digestive predictions to selected model parameters.1 ...... 91 
Table 3.7. Global sensitivity of model nitrogen excretion and animal performance predictions to 
selected parameters.1 ..................................................................................................................... 92 
Table 3.8. Model parameters resulting from 5-fold cross evaluation using pasture-based diets1. 93 
Table 3.9. Residual error analyses for Molly predictions after 5-fold cross evaluation using a 
compiled pasture-based diets dataset.1 .......................................................................................... 94 
Table 4.1. Descriptive summary of feeding groups data collected from Chilean dairy farms, and 
used for model evaluations and parameters estimation. ............................................................. 133 
Table 4.2. Description and initial values of model parameters selected, as well as values after 
reparameterization to whole Chilean dataset, Holstein-Friesian Chilean dataset or Jersey Chilean 
dataset separately, and Morales et al. (2021) dataset. ................................................................. 134 
Table 4.3. Chemical composition of reference feeds used for model simulations. Values were 
obtained from diets provided by the Chilean cooperative Colun. .............................................. 135 
Table 4.4. Input assumptions, composition of treatment diets, and animal performance 
predictions for simulated feeding systems. ................................................................................. 136 
Table 4.5. Residual error analyses for Molly predictions using mammary model parameters 
derived previously for North American H or New Zealand H-F derived, derived herein from the 
entire Chilean dataset, separately for Chilean H-F and Jersey cows, or from Morales et al. 
(2021)1......................................................................................................................................... 137 
Table 4.6. Model simulations of diets containing 0%, 50%, 70%, and 100% ryegrass and fed to a 
Holstein-Friesian dairy cow. ....................................................................................................... 138 
Table 4.7. Model simulations of using 0%, 50%, 70%, and 100% ryegrass inclusion in diets on 
energy metabolism in a Holstein-Friesian dairy cow. ................................................................ 139 
Table 5.1. Cattle breeds and their respective countries of origin present in the Chilean database 
used1. ........................................................................................................................................... 163 
Table 5.2. Phenotypic mean and standard deviation for milk, fat, and protein production (kg/per 
lactation), milk fat and protein content (%), somatic cell score, and calving interval (d) of some 
dairy genetic strains used in Chile. ............................................................................................. 165 



xv 
 

Table 5.3. Estimated least square means for milk, fat, and protein production of some dairy 
strains using different models, and their variance components predictions, models fitting, and 
comparisons. ............................................................................................................................... 166 
Table 5.4. Estimated least square means for somatic cell score and calving interval of some dairy 
strains using different models, and their variance components predictions, models fitting, and 
comparisons. ............................................................................................................................... 168 
Table 6.1. Crude protein and amino acid contents of ryegrass samples1. ................................... 193 
Table 6.2. Total amino acids (% of CP) measured in the original pasture samples and at different 
incubation times1. ........................................................................................................................ 195 
Table 6.3. In situ CP and individual AA degradation kinetic parameters of ryegrass samples1. 196 
Table 6.4. Extent of degradation of CP and individual AA of ryegrass predicted from in situ 
evaluations1. ................................................................................................................................ 197 
Table 6.5. Contrasts comparison (least square means differences ± EE) among CP, AA, essential 
(EAA) and non-essential AA (NEAA) fractions for the degradation kinetic parameters of 
ryegrass. ...................................................................................................................................... 198 

 

 

 

 

 

 

 

 

 

 

  



xvi 
 

LIST OF SUPPLEMENTAL TABLES 

 
Table S 3.1. Summary of the 14 studies selected for model evaluations and parameter estimation 
based on the defined criteria1 ........................................................................................................ 96 
Table S 3.2. Summary of the 11 additional studies included in model evaluations and parameter 
estimation ...................................................................................................................................... 97 
Table S 3.3. Multivariate regression analyses of residual errors for ruminal fermentation 
predictions after model reparameterization1 ................................................................................. 98 
Table S 3.4. Multivariate regression analyses of residual errors for ruminal outflow predictions 
after model reparameterization1 .................................................................................................... 99 
Table S 3.5. Multivariate regression analyses of residual errors for N excretion and fecal output 
predictions after model reparameterization1 ............................................................................... 100 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



xvii 
 

LIST OF FIGURES 

 

Figure 3.1. Observed (●, black) or residual (▲, red) versus predicted values after model 
reparameterization for: (A) ruminal ammonia concentrations (mmol/L); (B) ruminal non-
ammonia N outflow (kg/d); (C) ruminal non-ammonia, non-microbial N outflow (g/d); (D) 
ruminal microbial N outflow (kg/d); (E) fecal N excretion (kg/d); and (F) urinary N excretion 
(kg/d). The solid lines represent individual studies, while points represent the different treatments 
within each study. The dotted lines represent the line of unity. *indicates the smaller value of 
NANMN (Rearte et al., 2003) (Figure 3.1C) or the treatment with the greater value for fecal N 
excretion (Van Vuuren et al., 1992) (Figure 3.1E). .................................................................... 101 
Figure 3.2. Observed or calculated (●, black) or residual (▲, red) versus predicted values after 
model reparameterization for: (A) ruminal NDF outflow (kg/d); (B) ruminal ADF outflow 
(kg/d); (C) fecal NDF outflow (kg/d); and (D) fecal ADF outflow (kg/d). The solid lines 
represent individual studies, while points represent the different treatments within each study. 
The dotted lines represent the line of unity. *indicates Miller et al. (2001) trial. ....................... 102 
Figure 4.1. Lactation prediction curves using initial American or New Zealand H-F derived 
mammary model parameters values, or after reparameterization values derived to H-F or Jersey 
Chilean dataset. Dotted lines indicate the estimated day of peak production using H-F or Jersey 
Chilean new derived parameters. ................................................................................................ 140 
Figure 4.2. Total mammary enzyme activity, representing the total enzyme activity ................ 141 
Figure 4.3. Predicted maximal velocity for milk lactose synthesis (VmGl,Lm) and lactose synthesis 
(kg/d) during a whole lactation using previous derived mammary model parameters for 
American Holstein or derived after reparameterization to Holstein-Friesian or Jersey Chilean 
dataset. ........................................................................................................................................ 142 
Figure 4.4. Observed (●, black) or residual (▲, red) versus predicted values of milk production 
(kg/d), protein yield(kg/d), and fat yield (kg/d) after model mammary reparameterization to 
Holstein Friesian (A, C, and E) or Jersey Chilean dataset (B, D, and F). The dotted lines 
represent the line of unity. .......................................................................................................... 143 
Figure 6.1. Disappearance of CP and individual AA from ryegrass at different ruminal 
incubation times. A: values non-corrected by microbial contamination; B: values corrected by 
microbial contamination using the equation and microbial contamination parameters reported by 
González et al. (2007) and the microbial AA profile described by Sok et al. (2017). ................ 199 

 

 

 



1 
 

CHAPTER 1. GENERAL INTRODUCTION 

 

In the past, the use of grass from grazing land (pasture) was the primary source of feeding 

for cattle (Shalloo et al., 2018). Although the use of grazing is still ubiquitous worldwide, with 

daily management ranging from semi-nomadic to closely controlled intensive grazing, globally it 

is estimated that only 10 to 15% of milk production comes from pasture-based systems today 

(Wilkinson et al., 2020; Moscovici Joubran et al., 2021). This is associated with the fact that 

different countries have migrated to a more controlled feeding system, where animals are usually 

kept indoors, in order to maximize milk production (Spigarelli et al., 2020; Moscovici Joubran et 

al., 2021). However, pasture-based systems are an important alternative in countries were local 

environmental and climatological conditions, as well as soil properties are suitable for the growth 

of high-quality grasslands (Wilkinson et al., 2020). The main advantage attributed to the use of 

pasture-based system is the reduction in the production costs, through lower feed and labor 

expenses, and reduced capital investment. In general, constituting a more competitive system in 

the face of market fluctuations, such as low milk prices or the increase in the cost of supplies 

(Dillon et al., 2005). This is especially true where large areas of land are available at relatively 

low cost, which are not generally suitable for crop production, but they can be used to produce 

high quality edible products (Uddin and Kebreab, 2020). In addition, there is a renewed interest 

in the use of grazing, due to potential nutritional benefits of milk products, perceived benefits on 

the animal health, welfare and behavior by consumer, multiple potential ecosystem benefits (e.g., 

biodiversity preservation, carbon storage, erosion control, and water and nutrient cycling 

regulation), as well as helping to preserve some cultural practices and heritage in rural areas, all 

contributing to the sustainability of this type of productive system (D'Ottavio et al., 2018; Delaby 
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et al., 2020; Moscovici Joubran et al., 2021). Moreover, there is an important potential for 

market capitalization on grass-fed dairy products (Moscovici Joubran et al., 2021). 

 Despite the above, the use of pasture-based systems also has intrinsic limitations as the 

natural variation in the quantity and quality of available herbage, which is highly sensitive to 

climate variation, generally failing to fully meet the nutritional requirements of dairy cattle 

consuming grass only diets. This has led to the intensification of agricultural production practices 

as primary use of monocultures (use of sown pastures potentially affecting the habitats for small 

land animals, insects or birds), reliance on chemical fertilizers and herbicides (reducing the 

nutrient use efficiency and an increased risk of nutrient losses to air and water), use of irrigation, 

and use of supplementary concentrates; all of the above, in order to increase the feed supply and 

reduce variability (Delaby et al., 2020). Additionally, the low cost of pastures compared to other 

feeds, has led the maximize the inclusion of this in the cows’ diets, however, grasses usually 

present a high crude protein content, generally exceeding cows requirements. Thus, predominant 

pasture diets are generally unbalanced in nutrients, translated into a low nitrogen use efficiency, 

increasing the excretion of nitrogen to the environment (Beltran et al., 2022). 

The foregoing represents a great challenge, since the different factors that affect the 

herbage quality and quantity mentioned earlier, together with its relationship with animal intake, 

digestion, and nutrient utilization must be taken into account when formulating diets that must be 

profitable, but at the same time that they meet the nutritional requirements of dairy cows, as well 

as minimizing the loss of nutrients to the environment (Jacobs, 2014). This becomes more 

complex when considering that there is no clear consensus on the specific definition of pasture 

based-system, constituting a broad classification (Gillespie et al., 2009). This is evidenced by the 

heterogeneity of diets as well as dairy cattle breeds used among different countries that are 
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traditionally recognized for using pasture based-system (Penasa et al., 2010; Washburn and 

Mullen, 2014; Wales and Kolver, 2017). Due to this diversity in farmer goals and practices, 

additional information is required to properly characterize these systems, identifying key aspect 

that can be useful for their decision-making. 

Traditionally, the National Academies of Science, Engineering, and Medicine dairy 

nutrition model (formerly known as NRC), has been used as one of the reference models 

worldwide when calculating nutritional requirements for cows even for those including fresh 

pastures in their diets, but despite being a practical model it is empirical in nature, so it was 

developed predominantly with information from American Holstein cows in confinement 

consuming mixed diets, so these recommendations do not necessarily could be apply to pasture 

based-system conditions. Thus, the use of mechanistic models could represent an alternative, 

since they incorporate a biological representation of the underlying mechanisms of animal 

biology (Hanigan et al., 2006), so they could be used to identify mechanisms that could 

potentially differ in cows managed under different productive systems, and be used for precise 

their nutrition. Particularly, Molly model is a mechanistic and dynamic model that represent the 

biology of dairy cows (Baldwin, 1995), and it has been periodically improved and updated 

during the last 40 years. Despite of that, little work has been made with this using information 

from pasture-based diets. 

Thus, understanding the particularities of pasture inclusion on cows’ diets and their 

subsequent impact on the digestive processes, together with possible differences in the nutrient 

utilization of cows managed under grazing conditions, are challenges that must be elucidated in 

order to design strategies to improve the cows’ productive performance. Therefore, the 

objectives of this dissertation were as follows: 
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1) To review the existing literature on ration formulation for dairy cows in pasture-based 

systems, identifying limitations and potential improvement areas.  

2) To evaluate the adequacy of Molly model predictions of ruminal fermentation, nutrient 

digestion, and performance from cows consuming fresh ryegrass-based diets, identifying 

mechanisms that could be used to direct further model improvements. 

3) To evaluate the Molly model predictions of milk, fat and protein production using data 

from Holstein-Friesian and Jersey cows from Chile managed under pasture-based 

systems, identifying mechanisms that could be used to direct further model 

improvements. 

4) To identify the different dairy breeds and their crosses that are used in the Chilean dairy 

industry, determining if there are specific breed and heterosis effects on productive and 

some functional traits. 

5) To characterize the ruminal degradation dynamics of crude protein and individual amino 

acids from ryegrass at vegetative stage, generating information to improve the ration 

formulation in dairy cows in pasture-based systems. 
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CHAPTER 2. LITERATURE REVIEW: SYSTEM, PLANT, AND ANIMAL FACTORS 

CONTROLLING PASTURE INCLUSION ON COWS’ RATION FORMULATION 

 

ABSTRACT 

  

Diet formulation in a pasture-based dairy system is a challenge since the quality and 

quantity of available pasture, which generally constitutes the base diet, is constantly changing. 

The objective of this review was to identify potential system, plant, and animal factors and 

improvement areas that condition pasture inclusion when formulating diets for dairy cows in 

pasture-based systems. In practice, there is a wide diversity of pasture-based systems with 

predominant to minimal use of pasture requiring a more specific classification that potentially 

considers the amount and time of access to pasture, access to housing, length of grazing season, 

seasonality of calving, and level and way of supplementation. There are important differences in 

the nutritional quality between pasture species and even cultivars. However, under management 

practices that promote maintenance of pasture in a vegetative stage as well as controlling the 

availability of pasture, it is possible to achieve high dry matter intakes (~2.9 to 3.4% of live 

weight) of herbage with moderate to high diet energy density, protein supply and digestibility. 

The amount of grass to include in the diet will depend on several factors, such as the type of 

production system, the cost of supplementary feeds, the farmer's objective, but inclusions of 40 

to 50% of the diet potentially reduce costs while apparently not limiting voluntary feed intake. 

Considering that there seems to be a continuum of intermediate management systems, a better 

understanding of the factors inherent to the feed ingredients used, as well as the use of nutrients 

by cows, and potential interactions between animal x system should be addressed in greater 

depth. This requires a meta-analysis approach, generating information for the development and 
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improvement of mechanistic models, which allow to identify and quantify potential key factors 

that explain the phenomena, as well as directing the development of future research. 

 

Key words: dairy cow, nutrient limitation, pasture-based system, ration balancing 
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INTRODUCTION 

  

In temperate regions, such as northwestern Europe, New-Zealand or the southern Latin 

America, grass can be the main feed for dairy cattle (Van Vuuren and Van den Pol-van 

Dasselaar, 2007). These grazing systems use different species of grasses and legumes, but 

perennial ryegrass (Lolium perenne L.) is generally the predominant species used due to its high 

forage production and nutritional quality for grazing ruminants (Leaver, 1985).  

Pasture-based systems are generally associated with seasonal spring-calving, in which the 

main feed source during the year is the pasture directly consumed by grazing (Roche et al., 

2017). This system favors the use of animals of smaller size and production than in confinement 

systems, but it promotes production per area unit and animal robustness (the capacity to handle 

disturbances as changes in feed supply and quality, while maintaining their performance, 

reproduction, survival, among others) (Roche et al., 2018). However, a pasture-based system can 

vary from those for which pasture is the primary source of nutrients to systems in which pasture 

is only a supplemental forage for cattle primarily fed a partial mixed ration (PMR) (Washburn 

and Mullen, 2014). 

It has been reported that different dairy genetic strains (i.e., genotypes within breed from 

different countries) can potentially perform differently under different feeding systems (Jacobs, 

2014). This phenomenon is known as genotype × environment interaction, the physiological 

processes controlling these differences still need to be investigated in depth, but this suggests 

that there are animals that are more compatible to be used in each production system (Dillon, 

2007; Roche et al., 2017).  

Previous work has addressed nutritional limitations when formulating diets on pasture-

based systems (Kolver, 2000; Kolver, 2003) but recent reviews addressing the advantages and 
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potential restrictions in the inclusion of pasture in the diet of dairy cows, as well as its use in the 

different variants of pasture-based systems and animal genotypes, are lacking. Thus, 

understanding the particularities of dietary pasture inclusion and their subsequent impact on the 

cow digestive processes coupled with possible differences in the nutrient partitioning in cows 

selected under varying grazing conditions, is a challenge that must be elucidated to specify 

nutrient demands and improve predictive models. The purpose of this review is to identify 

potential system, plant, and animal factors and improvement areas that condition pasture dietary 

inclusion when formulating diets for dairy cows in pasture-based systems. 

DIVERSITY OF PASTURE-BASED DAIRY PRODUCTION SYSTEMS 

 

A production system can be defined as the processes or methods that transform resources 

into useful goods and services. A dairy production system comprises the set of agricultural 

management or practices and factors of production that, when integrated into a production 

process, condition the production and efficiency of the farm (Smith et al., 2002).  

Traditionally, dairy production systems are mainly classified according to the feeding 

source — primarily the use and access to pastures (restricted or unrestricted) —, being pasture-

based systems associated with animals that gather their feed directly from the paddock (grazing) 

and that generally spend the night in the same place (outdoor housing or open paddock). On the 

other hand, non-grass diets are associated with animals that are kept in special housing generally 

referred to as confinement (e.g., loose housing, tie stall, and free stall barns) where the feed is 

delivered directly to them usually as TMR diets (Mee and Boyle, 2020). The extent of the use 

and access to pasture and the type of housing results in a continuum of intermediate management 

systems, making it difficult to establish a clear boundary between systems. For example, grazing 

animals can have access to temporary confinement during the day for consumption of individual 
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supplements or in the form of PMR, or seasonal (e.g., winter or summer drought), while confined 

cows can be offered pasture through cut-and-carry (zero-grazing) (Van Vuuren and Van den Pol-

van Dasselaar, 2007; Mee and Boyle, 2020). 

The seasonality of calving is another relevant factor when classifying dairy production 

systems. This comprises two major categories; seasonal spring-calving, and non-seasonal calving 

systems (Boyle and Stockdale, 2011; Mayne et al., 2011). In the former, calvings are 

concentrated to coincide with the onset of grass growth in the spring to ensure 7 to 9 months of a 

predominantly pasture-based diet during the period when cows have the highest nutrient demand. 

In non-seasonal calving systems, cows calve throughout the year, since environmental conditions 

and feed availability can be partially controlled by using partial or total confinement during the 

year (Mayne et al., 2011). Seasonal autumn-calving it is a less common system, but it is justified 

in countries where milk produced in winter has a higher price. This system requires greater 

supplementation of conserved forages during fall and winter, but it can result in greater milk 

production per lactation than spring-calving, explained by greater lactational persistency. Also, a 

bi-seasonal calving system can be implemented when autumn allows an important growth of 

pastures (Pérez et al., 2007). 

Traditionally, the predominant grass or pasture-based dairy system is mainly associated 

with New Zealand dairies where around 80% of the DM intake comes from grass (grass grazed 

and grass silage), 7% from other crops, and 13% from supplements (Roche et al., 2017). A 

similar situation occurs in the Irish dairy system were annual grass intake also represent 80%, 

18% from concentrates and 2% from alternative forages (whole crop cereal silages, maize silage, 

and fodder beet) (O'Brien et al., 2018). Many other countries in Europe, and North and South 

America also include grass in the diets of their dairy cows, but in lesser inclusion rates than New 



11 
 

Zealand or Irish dairies, because the grazing season is shorter (e.g., less than 6 months due to 

adverse climatic conditions, requiring winter housing), or due to annual variability in pasture 

quality together with higher milk production of the cattle used, requiring the additional use of 

supplements (van den Pol-van Dasselaar et al., 2020; Morales et al., 2021). 

In Australia and New Zealand, different feeding systems have been defined based on the 

timing, purpose and amount of grazing and supplementary feed used. Thus, Wales and Kolver 

(2017) described 5 different feeding systems in each country, ranging from grazing only and 

little use of supplementary feed to solely TMR rations. 

For a more precise characterization of the productive systems, technical, economic, and 

social aspects can also be considered. Different efforts have been made, especially in developing 

countries, to categorize groups of producers according to similar realities to direct public policies 

as well as identifying particular technology needs (Smith et al., 2002). Important differences in 

the level of modernization among farms, with a wide margin for improvement in indicators, such 

as individual milk production and milk production per unit of area, stocking rate, labor 

efficiency, herd fertility, and milk quality have been identified (Gonzalez-Mejia et al., 2018). 

Thus, integrative, key performance indicators are required to properly account for the diversity in 

dairy systems and define cluster-specific improvement strategies.  

PARTICULARITIES OF PASTURE INCLUSION ON COWS DIETS 

 

Seasonal grazing systems are usually associated with multiple economic benefits as ease 

of establishment, lower infrastructure requirements, low operating expenses per kilogram of 

milk, and potential access to high-value markets because of perceived animal welfare benefits, as 

well as potential improvements on the nutritional quality of dairy products and farm 

sustainability (Roche et al., 2017; Moscovici Joubran et al., 2021). However, in most of the 
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countries that used grass-diets there is a wide variability in the feed-base throughout the year, so 

grass intake is not necessarily predominant in some seasons because of environmental 

conditions. These changes in grass availability have increased in recent years due to changing 

climatic conditions including extended winters (delaying the growth of pastures in early spring) 

and summer droughts, both requiring an increase in the delivery of supplementary feeds (Jacobs, 

2014; Beltran et al., 2022). Other factors that contribute to the use of supplements are exploiting 

the increasing genetic potential of cows, increasing out of season milk supply, or extend 

lactation, and the availability of relative cheaper agroindustry byproducts (Jacobs, 2014). 

Although the factors that affect grass intake, as well as the limitations of some macronutrients, 

have been discussed in the past (Kolver, 2000; Kolver, 2003), the former discussion was 

restricted to grass as a predominant or sole ingredient rather than as a variable component of the 

overall diet. 

Dry matter intake 

Factors influencing the dry matter herbage intake have been extensively discussed in the 

past (Bargo et al., 2003; Dillon, 2007; Taweel, 2007). These factors have been classified in 

environmental, plant factors, animal factors, and management. The former refers to climate and 

soil type, which condition the seasonality of pasture growth, directly affecting the grass 

availability. The wide variability in annual growth rates —almost null in winter or dry summers 

but exceeding 100 kg DM ha/d in spring (Ferris, 2007) — sets the first challenge; ensuring an 

adequate supply of quality pastures throughout the year. Strictly seasonal grazing systems have 

been able to deal with this problem, requiring animals with low individual production (generally 

not exceeding 5,000 kg of milk per lactation) but favoring production per hectare. In addition, 

this system requires strict reproductive management, so that the cows calve every 365 days and 
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in a short time frame (around 60 d) to avoid the dispersion of calvings and thus align the period 

of highest nutrient demand with the greatest grass availability (Roche et al., 2017). 

Some plant factors that maximize intake are sward structure and composition. Many 

grassland species are used for dairy cattle in temperate grass-based systems, highlighting white 

clover (Trifolium repens) among legumes and ryegrass (Lolium sp.) among grasses. 

Traditionally, mixed pastures of perennial ryegrass and white clover have been promoted by 

increasing DMI and milk production, while reducing the need for fertilization due to symbiotic 

nitrogen fixation (Dineen et al., 2018). However, given the difficulty of maintaining the 

necessary proportions of white clover in the pasture, as well as the constant genetic improvement 

in ryegrass, many farmers have adopted ryegrass monoculture and chemical fertilization. Genetic 

selection programs in perennial ryegrass (Lolium perenne L.) have significantly increase annual 

herbage production as well as persistence in different seasons, nutritional quality, as well as 

resistance to pests and diseases (Gilliland et al., 2021). Particularly, high sugar cultivars have 

been suggested as an option to increase DMI due its higher palatability. However, these results 

have been inconsistent. Similarly, cultivars with higher OM digestibility and ruminal fiber 

degradation have been proposed, but the difficulty of the measurements as well as the lack of 

variability have limited selection (Taweel, 2007). The chemical composition of grasses in a 

vegetative stage is relatively similar between species, however, the high seasonality in poorly 

selected species causes them to rapidly lignify and decrease their digestibility with respect to 

ryegrass. Increases in DMI using multi-species swards have been attributed to fast digestion of 

the soluble fraction of legumes, and a higher rate of particle breakdown and passage through the 

rumen compared to grasses. Also, increased digestion when a poor forage is supplemented by a 

high nitrogen content plant can be explained by stimulation of the microbial activity, and 



14 
 

modification of digestive processes in the rumen, including proteolysis and methane production 

when certain bioactive secondary metabolites, such as tannins, saponins or polyphenol oxidase 

are present (Niderkorn and Baumont, 2009). A better understanding of associative effects 

between grassland species could help to develop more sustainable and resilient systems. 

Animal factors that drive intake capacity are body weight, potential milk production, 

body condition score, stage of lactation, state of gestation, and age (Peyraud and Delagarde, 

2013). The comparison of a pasture-only diet versus TMR carried out by Kolver and Muller 

(1998), is generally referenced to demonstrate the difference in potential intakes among 

productive systems. In the previous study, recorded DMI were 19.0 and 23.4 kg/d, and milk 

productions were 29.6 and 44.1 kg/d, when comparing pasture-only diet versus TMR, 

respectively. Those values of intake and milk production on pasture diets can only be achieved in 

a short period of the grazing season. Thus, considering BCS losses and loss of pasture quality, 

theoretical average milk production based on grass diets is 20 kg/d (Ferris, 2007).  

Nutrition models have been developed to predict voluntary feed intake, however data 

from confinement systems is not representative of grazing animals. This is likely because intake 

is primarily controlled by physical distension of the gastrointestinal tract (primarily the rumen) in 

grazing conditions, instead of metabolic signals in confinement diets (Tedeschi et al., 2019). This 

is covered in greater detail in the fiber section. 

Voluntary DMI can also be affected by the water content of grass, which ranges from 12 

to 30% DM (Estrada et al., 2004).Values around 18% DM are observed in spring grass, which 

partially explain the higher intake of around 10% reported when comparing to fall pastures 

(around 14% DM) under the same management (Dillon, 2007). No effect in DMI has been found 

for external water (Estrada et al., 2004). 
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Different pasture management strategies have been developed to improve the allocation 

of dense young and leafy grass to cows, stimulate DMI and improve the efficiency of grassland 

utilization. Among the most outstanding practices are, herbage allowance (HA) and time of 

herbage allocation. The former is defined as the amount of pasture offered to the cow during one 

grazing day (usually expressed over ground level) and expressed in kg DM/cow per day, whereas 

the latter corresponds to the time within a day at which the new pasture (usually grazing strip) is 

allocated. Other practices that can affect pasture quality and availability, and therefore modify 

herbage DMI, are stocking rate, modifying the feeding frequency, time of cutting (especially in 

zero-grazing feeding systems), and rate of fertilization (Taweel, 2007; Roche et al., 2017).  

Energy 

Kolver (2003) reported that under good pasture management conditions, the herbage 

intake achieved by a cow of medium size and production (i.e., ~550 kg BW and producing 25 kg 

milk/d) is sufficient to cover its requirements but in larger cows and of greater production, 

energy would be the first limiting factor of the diet. The above was calculated using the CNCPS 

model, considering a daily energy requirement of almost 50 Mcal/d of metabolizable energy 

(ME) and an herbage DMI of 3.15% BW. Thus, the average ME concentration of the diet should 

be ~2.86 Mcal/kg DM. Maximum herbage intakes observed in spring grazing can potentially 

reach 3.5% BW (~ 19 kg DM/d), which can explain the almost 30 kg/d of milk production 

recorded by Kolver and Muller (1998). However, to sustain milk productions over 35 kg/d, it is 

necessary to exceed 60 Mcal of ME supply in the diet, and even under a maximum herbage 

intake scenario, energy concentrations of over 3.0 Mcal/kg DM of EM should be required 

(Kolver, 2003).  
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Fresh ryegrass can reach the target values of ~2.86 Mcal/kg DM) during a few months in 

spring, but then the energy density quickly decays to values of ~2.40 Mcal/kg DM in summer, 

while good energy values can also be recorded in autumn depending on pasture management 

(e.g., presence of dead material from summer) and even during winter in places where it does not 

snow (Fulkerson et al., 1998). High ME ryegrass cultivars have been proposed in recent years 

(Beechey-Gradwell, 2021), specially by increasing the fatty acid (FA) content. An increase of at 

least 0.25 Mcal of gross energy (GE)/kg DM have been suggested as the target to have a relevant 

impact on energy intake, however no more than +0.8 to 1.4 % of increased FA (DM basis) have 

been observed, translating to increases of +0.08 to 0.13 Mcal of GE/kg DM (Beechey-Gradwell, 

2021). 

Medium energy density grass is specially determined by the lower ether extract content 

(i.e., ~ 3% DM basis) and the lower proportion of non-fiber carbohydrates (NFC). Starch content 

of ryegrass is small averaging 1.5% DM basis, while water soluble carbohydrates (WSC) ranges 

from 5 to 25% DM, but varies widely with the plant phenological state and seasons (mainly 

associated with solar radiation) (Fulkerson and Donaghy, 2001). Spring ryegrass pasture 

generally averages ~15% WSC on a DM basis, while autumn values are around 5-10%, with the 

greater range values being associated with greater pre-grazing herbage mass and/or PM timing of 

herbage allocation (Beltrán et al., 2019). High sugar ryegrass cultivars (generally ranging 

between 15 to 25% WSC on DM basis) can potentially increase milk production because of a 

greater DMI (due to higher palatability), more balanced herbage composition (lower CP and 

NDF content) improving ruminal microbial production and digestibility, but these positive 

results are not consistent (Taweel, 2007). Neutral detergent-soluble fiber it is not a fraction that 

stands out in pastures, but it provides a proportion of the carbohydrate supply. It contains pectins, 
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β-glucans, galactans, and other organic compounds, but because it is generally calculated by 

difference, it is subject to large analytical measurement error. Grasses can contain between 2 to 

10% DM of pectins, and depending on the analytical technique used to determine sugars, it can 

reach values of 12.4 and 21.6% DM basis using WSC or ethanol-soluble carbohydrate 

determination, respectively (Voragen et al., 2009; Dineen et al., 2020). These inconsistencies in 

the soluble fiber pool size suggest that a standard procedure should be used to properly compare 

grasses (Dineen et al., 2020). Pasture diets generally average around 20% NFC but due to the 

important variation in carbohydrates fractions it can be as low as 10% in some seasons (Morales 

et al., 2021). Considering that values as high as 40% of NFC can be offered to dairy cows as long 

as a good supply of effective fiber in the diet is ensured, a limited energy contribution is 

expected from predominant grass diets (Kolver, 2000; NASEM, 2021). 

Although it is clear that the limited feed intake in grazing cows compared to TMR diets 

results in a nutrient restriction, this would only partially explain the lower performance of 

grazing cows. Kolver and Muller (1998) calculated that the intake reduction accounts for 61% of 

the decrease in milk production, while the difference was associated with grazing and walking 

activity, and different milk composition (Kolver, 2003). 

Protein 

The recommended content of CP in the diet of dairy cows varies between 16 and 17.5% 

on a DM basis, for cows producing around 30 and 50 kg/d of milk, respectively (NASEM, 2021). 

However, grasses have a variable CP content, ranging from 13 to 27% DM basis depending on 

the pasture species, phenological stage, fertilization, and season of the year (Keim et al., 2013). 

Because of this, predominant grass diets generally contain excessive CP (~18 to 21%), which is 

exacerbated when offered to medium production cows (Morales et al., 2021). The high CP 
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values are associated with the genetic selection of ryegrass to reduce the fiber content but 

increase the cellular content, which has generated a forage with high digestibility but difficult to 

balance in practice, therefore low nitrogen use efficiency (NUE) values of around 22% in strict 

grazing systems and up to 25% with grazing plus supplementation (Gilliland et al., 2021; Beltran 

et al., 2022). 

Although the use of CP constitutes a general guide when formulating diets, the main goal 

in protein nutrition are to characterize feeds for rumen-degradable protein (RDP) and digestible 

rumen-undegradable protein (RUP), predict the conversion of RDP into ruminal microbial CP 

(MCP), and determine the metabolizable protein (MP) and metabolizable amino acids (AA) use 

efficiencies (NASEM, 2021). Unfortunately, research on these topics has been developed to a 

lesser extent in pasture-based system because its use is less frequent worldwide, but mainly 

because of its high variation in the quantity and quality of the species used, as well as the 

additional difficulty in determining feed intake. 

Practical RDP recommendation for lactating cows is 10% DM basis, and ~ 6 to 7.5 % of 

RUP depending on milk production. This translates to 38 to 43% of RUP on a CP basis 

(NASEM, 2021). However, protein degradation kinetics for different grass species indicates that 

RDP content varies between 72 to 90% of CP depending on the season of the year (Keim et al., 

2013). Thus, ryegrass containing 25% CP with 85% RDP, will contain only 3.75% RUP on DM 

basis, which is limiting for dairy cows despite the excessive CP content. 

Ruminal degradation of dietary feed CP is an important factor influencing ruminal 

fermentation and AA supply to dairy cattle. RDP supplies the needs of N to ruminal 

microorganisms, being composed mainly of peptides, free AA, and ammonia. Ruminally 

synthesized MCP typically supplies most of the AA passing to the small intestine (~ 60% of N 
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flow to duodenum), being its synthesis affected by different factors including level of feed 

intake, degradation rate (Kd) of diet components in the rumen, and passage rate (Kp) of digesta 

from the rumen (Kolver, 2003; NASEM, 2021). Considering the low RUP content of fresh 

ryegrass and that CP ruminal degradations kinetics are used to calculate the degradation of 

individual AA (assuming they have the same degradative behavior) (Van Duinkerken et al., 

2011), the concern arises if the degradation of some AA could be underestimated, potentially 

limiting cows production. 

Protein degradation rate can be highly affected by grass cultivar, maturity and regrowth, 

averaging 23%/h in ryegrass (Sun et al., 2010). This high rate, together with smaller Kp values 

derived for forages comparing to concentrates (4.87 versus 5.28%/h, respectively), explain the 

high protein degradation of grasses (NASEM, 2021).  

Grasses are also characterized by having a high content of soluble protein, which ranges 

from 30 to 45%, but can reach values as high as 44 to 77% in ryegrass (Sun et al., 2010; Keim et 

al., 2013). Pastures are a source of rapid supply of N for ruminal microorganisms, however, 

given the high fraction A of the protein, part of it can also escape into the intestine, providing 

some free AA. Values of 8% have been reported for ruminal escape of soluble protein but this 

may vary for each subfraction (Volden et al., 2002). This suggests that diets excessive in N could 

provide bypass free AA and therefore increase MP —partially compensating for the limited 

MCP supply—, however, it should be considered that this will increase the blood and milk urea 

concentrations This has been associated to decreased fertility, predisposition to metabolic 

diseases, and increased environmental impact (Raboisson et al., 2017). 

In fresh grass, ruminal degradation rates are higher for CP than OM or NDF, and added 

to the low contribution of NFC, it has been suggested an asynchrony problem among the rumen 
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available N and fermentable carbohydrates in time, potentially affecting the production and 

efficiency of MCP synthesis (Sinclair et al., 1993) Although this theory is attractive as it 

considers the effect of diet within the day and the interaction of the different nutrients and 

subfractions, no clear evidence on ruminal nutrients asynchrony has been found in practice (Hall 

and Huntington, 2008). A more evident asynchrony effect would be expected under the feeding 

patterns of grass-based systems, where the animal is ingesting herbage with highly degradable 

protein and low NFC supply for several hours a day, and supplementary feeds (generally high 

starch grains) are only offered at milking times. However, only transient improvements in the 

capture of microbial N have been recorded, not affecting the whole animal N status (Kolver et 

al., 1998a). 

It was initially proposed by Kolver and Muller (1998) that pasture-based diets provide 

enough MP to sustain productions of around 38 kg/d. However, a later study providing ad 

libitum or restricted pasture intake (75% of ad libitum intake) to cows producing only 21.5 and 

20.9 kg milk/d, respectively, showed that several AA (arginine, methionine, and histidine) were 

limiting when determining intestinal supply and the apparent order of AA limiting production 

changed to methionine, lysine, and leucine, when intake was restricted (Kolver et al., 1999). 

Pacheco et al. (2003) determined the AA flux to mammary glands using the animals of Kolver et 

al. (1999) study, and found that isoleucine, leucine, valine and lysine were the EAA with the 

greatest partitioning towards the mammary gland, which could reflect a potentially limiting 

effect on milk protein synthesis, and the limiting of histidine was also suggested. The apparent 

inconsistency in order of amino acid limitation between studies may reflect differences in 

postabsorptive metabolism between individual amino acids (Kolver et al., 1999), which is in 

agreement with recent studies that contradict the single limiting AA theory, proposing that the 
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animal response should be seen in terms of a response surface, explained by multiple 

combinations of available AA (NASEM, 2021; Hanigan, 2022). It is important to note that the 

studies of Kolver et al. (1999) and Pacheco et al. (2003), did not calculate the intestinal 

absorption of each AA and only estimated them using previous coefficients calculated for other 

feeds such as soybean (Stern et al., 1985). An in vivo stable isotope-based approach to assess the 

absorbed AA from feeds was proposed by Estes et al. (2018) and it was extended by Huang et al. 

(2021) to characterize the AA origin (MCP or from RUP). Thus, this approach could be an 

alternative to properly assess the intestinal AA absorption from grasses before to move forward 

into the post-absorptive metabolism. 

Fiber  

Pregastric fermentation allows ruminants to extract much more energy from roughages 

than is possible by mammalian enzymes alone, but this evolutionary adaptation also makes them 

require a certain minimum amount of fiber to maintain proper rumen function. Thus, dietary 

fiber content can modify voluntary feed intake (mainly associated with reticulum-rumen 

distention), mastication and subsequent saliva production (an important ruminal buffer), 

fermentation and ruminal motility (affected by particle buoyancy and ruminal mat 

characteristics), and can even modify milk fat content (Allen, 1996; Westwood et al., 2003). 

Current recommendations on dietary fiber inclusion ranges between 25 to 33% DM basis, 

depending on the fiber source and dietary starch content. Thus, for a diet containing 30% starch, 

a 25% NDF should be supplied and 75% of this (19% on DM basis) should come from forages 

(NASEM, 2021). Additionally, optimal dietary forage NDF can ranges from 17 to 27% DM 

basis, depending on dietary risk factors that could affect ruminal pH. Further concepts have been 

proposed to represent not only the fiber source but also its physical characteristics. Thus, 
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effective NDF (eNDF) is defined as the effectiveness of dietary fiber to maintain milkfat 

percentage, while physically effective NDF is the fraction of NDF that stimulates chewing 

activity and contributes to the floating mat of large particles in the rumen (Mertens, 1997; 

Westwood et al., 2003). However, lack of standard validated methods limits quantitative 

application of these concepts. Moreover, early studies have shown that particle size of fresh 

grasses varies significantly before and after chewing, which makes practical predictions difficult. 

Thus, long fiber particles (>1.18 mm) of chopped leaf and stem fractions of grasses were reduced 

from 0.85 and 0.86 g/g to 0.58 and 0.76 g/g after mastication, respectively (Poppi et al., 1981). 

This, added to the fact that the large particles of leaf and stems were ruminally retained at 

different times (16.1 and 20.2 h, respectively), and some large particles can escape to the rumen 

and be recovered in feces, explains the small estimated average values of 0.4 to 0.5 of eNDF for 

grasses (Poppi et al., 1981; Kolver et al., 1998b), ranging from 0.17 to 0.78 of eNDF (Kolver and 

de Veth, 2002).  

Traditionally, a minimum supply of NDF recommended in cows consuming good quality 

grass diets is 35% NDF and 17% eNDF (Kolver, 2000), however, given the wide variation in the 

NDF content of the grass, as well as in the eNDF value, the minimum dietary inclusion of fiber 

in practice is still unknown. It has been suggested that grazing cows can tolerate pH values close 

to 5.8 before OM fermentation and fiber digestibility are affected, which suggests that the 

required fiber content would be lower than TMR diets (de Veth and Kolver, 2001). Despite this, 

there are reports of subclinical acidosis in dairy herds during late winter and early spring, when 

pasture is fast growing and contains high concentrations of water and low concentrations of fiber 

(Westwood et al., 2003). A wide range for NDF ruminal degradation has been reported in the 

literature, which goes from 5 to 20%/h depending on the grass species, cultivar, and season, and 
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this can also be affected by the measurement techniques used (Sun et al., 2010; Keim et al., 

2013). This makes a general rule difficult to apply, and a better physical and chemical 

characterization of grasses seems to be required (Kolver and de Veth, 2002). 

An upper limit for fiber recommendations is also difficult to determine, and this would be 

mainly associated to a potential reduction in voluntary feed intake but also a reduction in the 

energy supply (Allen, 1996; Kolver, 2003). NDF generally ferments and passes from the 

reticulorumen more slowly than other dietary constituents, because it has a greater filling effect 

over time than non-fibrous feed components (Allen, 1996). Kolver (2003) in a sensitivity 

analysis of ryegrass characteristics, reported that an increase of 10% in NDF Kd (from 13 to 

14.3%/h) improved ME and MP allowable milk by 0.5 and 0.7 kg/d, respectively. Temperate 

grasses can have NDF values of around 30 to 50% depending on the species, season, maturity, 

fertilization, and pasture management (Keim et al., 2013), which explains the wide range of grass 

voluntary DMI observed in the different seasons (10 to 20 kg DM/d) (Morales et al., 2021). 

Kolver (2003) also considered ryegrass chemical composition in their sensitivity analysis, 

showing that a 10% increase in NDF (from 36 to 46% DM) reduced ME allowable milk by 0.7 

kg/d, which was associated with model predictions of a lower non-structural carbohydrate 

content and reduced synthesis of MCP, which also resulted in a lower AA-allowable milk 

production. Thus, considering the wide variation of NDF in temperate grasses, an important 

impact on milk production can be expected just by changing grass characteristics. 

WHAT IS THE IDEAL PASTURE INCLUSION? 

 

Several factors can potentially limit the amount of grassland available including climatic 

factors (seasons, droughts, rainfall and floods, wind, frost and snow, temperature, relative 

humidity, day length, sunlight, etc.), edaphic factors (fertility, pH, organic matter, soil structure, 
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topography, salinity, drainage, among others) and biotic factors (pests, parasites, diseases, 

microbial biomass, herbivore species, etc.) (Zhao et al., 2020; Gilliland et al., 2021). Given the 

wide variety of factors that limit the availability of pastures during the year, it is clear that this is 

not enough to reach the expected voluntary intake for much of the year (Dillon, 2007). This can 

be overcome in seasonal systems, when the agroclimatic conditions allow it, but they also have 

their respective limitations (Roche et al., 2017). A pasture-based system can vary from those for 

which pasture is used as the primary source of nutrients to systems in which pasture is only used 

as supplemental forage for cattle primarily fed at PMR. Due to this, factors such as the level of 

supplementation, calving seasonality, length of pasture growing season, and animal genotype, 

must be considered to determine the amount of feed needed and if it can be supplied by the 

available pasture at a given time (Washburn and Mullen, 2014). 

Supplementation is the provision of additional nutrients (mainly concentrate feeds, but 

forages are also offered) to achieve a target milk production and/or composition (Jacobs, 2014). 

Positive effects are generally observed with supplementation, but their response is variable 

depending on the amount of supplement offered and type of feed, as well as HA and intake, and 

the nutritive characteristics of the herbage (Bargo et al., 2003; Jacobs, 2014). A key factor 

behind this response in the substitution rate (SR), which in grazing systems, is the reduction in 

herbage DMI/kg DM of supplement consumed (Jacobs, 2014). Reported SR ranged from 0.11 to 

0.50 kg pasture/kg for concentrate (but greater values from 0.60 to 1.0 have also been reported), 

and 0.84 to 1.02 kg pasture/kg for grass silage (Bargo et al., 2003). This reduction in pasture 

DMI has been associated with the physical limitation of ruminal filling (explaining the greater 

replacement generated by high-fiber feeds), changes in feeding behavior (the contribution of 

energy feeds reduces grazing activity), and an alteration of the ruminal environment (concentrate 
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supply can potentially reduce ruminal pH affecting fiber degradation) (Bargo et al., 2003; Jacobs, 

2014).  

NDF intake has been described as a good predictor of potential DMI intake, specifically 

values of 1.2 + 0.1% of BW/d have been suggested (Mertens, 1987). Kolver and Muller (1998) 

reported values of 1.47 and 1.21% of NDF as %BW for cows consuming 19 kg DM of pasture 

and 23.4 kg DM TMR, respectively. Also, they reported an increases in DMI from 3.39 to 3.93% 

of BW when offering unrestricted pasture or TMR diet, respectively. Similar increases in DMI 

were observed when comparing grazing cows versus offering a PMR or TMR (3.58, 3.99, and 

4.15% of BW, respectively (Bargo et al., 2002b)) or when offering a low or high HA to 

supplemented versus concentrate supplemented cows (2.91 and 3.37% versus 3.85 and 3.97% of 

BW, respectively (Bargo et al., 2002a)). Auldist et al. (2017) tested different combinations of 

HA (15, 25 or 40 kg DM/cow day, measured at ground level) and supplementation (6, 10, 12 or 

14 kg DM/cow day). They found that higher HA partially increased DMI but decreased pasture 

utilization, and there was no difference in milk production among HA levels, while increasing 

PMR supplementation increased total DMI but pasture substitution was observed, and milk 

production was only significantly different at the higher PMR level. Similarly, a moderate 

increase in milk production (1.08 kg milk/kg concentrate) and a SR of 0.49 kg pasture/kg 

concentrate were reported by Bargo et al. (2004), when offering 1 kg corn-based concentrate/ 4 

kg milk to cows grazing an orchardgrass/bromegrass pasture. The aforementioned studies 

suggest that cows can consume high values of NDF, roughly 1.3 up to 1.8% of BW, but these 

values are importantly affected by HA and pasture quality, translating into DMI values of 2.9 to 

3.4% of BW. Supplementation with concentrates, PMR, or TMR can reach DMI values close to 

4% BW and even higher, but the productive response to supplementation is moderate and 
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decreasing (Bargo et al., 2002b; Auldist et al., 2017). It has been suggested that in grazing 

systems, for supplementary feeding to be profitable, milk-to-feed price ratio must be 

approximately 1.1, 1.5, and 4.5 when post-grazing residuals are ~20, 35, or 50 mm above ground 

level (Roche et al., 2017). However, where DMI is sought to be optimized, it seems that herbage 

inclusions of ~10 to 14 kg DM of high-quality pasture would allow "leaving space" for 

supplements and reaching intakes similar to those observed in TMR diets (Auldist et al., 2017). 

Under restricted grazing conditions (limited time or amount of grass), especially in 

seasons other than spring, the inclusion of a smaller portion of grass in the diet (<10 kg DM/d), 

has also been shown to have a positive impact. Specifically, by replacing more costly 

supplementary feeds but maintaining production levels, given its high digestibility (~ 85% DM 

in the vegetative stage) compared to other forages.  

CONSIDERATIONS OF GENOTYPE ON NUTRITION 

 

In previous sections, the wide diversity that exists in pasture-based systems has been 

discussed, as well as the factors that can modify the quality and quantity of available pasture and 

its intake by cows, together with their subsequent productive response. However, there is a 

growing amount of information supporting differences in productive responses, use of body 

reserves, reproductive, longevity, and health traits among and within dairy breeds, strains and 

even selection lines (Washburn and Mullen, 2014; Roche et al., 2017).  

The development of a “specialist grazing cow” has been promoted mainly for seasonal 

grazing systems and with low supplementation, suggesting a robust, autonomous and “easy care” 

cow (Roche et al., 2017; Roche et al., 2018). Attributes of such an animal include the capability 

to achieve large intakes of forage (covering their nutritional requirements almost entirely from 

grazed pastures), producing reasonable quantities of milk (i.e., 5500 to 7500 kg; 350 to 500 kg 
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milk fat and protein), capable of walking long distances (low risk of presenting lameness), high 

fertility (becoming pregnant within ~80 days of calving), and longevity (high permanence in the 

herd and good health) (Roche et al., 2018). 

Studies comparing different Holstein Friesian strains (New Zealand (NZ-HF) and North 

American (NA-HF)), with similar initial genetic values, have shown that under grazing 

conditions NZ-HF cows can eat a greater amount of grass and produce more milk solids 

expressed as a percentage of their BW, and also presented a lower mobilization of body reserves 

and better fertility than NA-HF (Jacobs, 2014). However, when a TMR diet was offered, NA-HF 

cows presented a higher DMI and milk production, while the NZ-HF presented a high SR, 

limited their DMI intake (Dillon, 2007; Jacobs, 2014). The existence of genotype × environment 

interactions suggest that the extremes of dairy production systems will benefit from 

individualized system-level breeding objectives (Roche et al., 2017). Thus, optimal breeds, 

strains, potential crossbreeds, and selection strategies will probably differ based on varying 

management constraints and farm business goals (Lush, 1960; Touchberry, 1992). Particularly, 

the use of various dairy breeds and their crosses is frequent in countries that use pasture-based 

systems, and some specific breed and heterosis effects have been reported (Penasa et al., 2010). 

This add an extra complexity when conducting genetic evaluations, so the relevance of these 

factors (potentially requiring correction factors) should be considered when estimating breeding 

values. 

From a nutritional standpoint, existing evidence suggests that cow genotype plays a role 

in determining the partition of nutrients, and consequently nutritional models should consider 

this variable to extend their predictions to different production systems and genotypes (Friggens 

et al., 2013). There is limited information on genetic parameters related to nutrition from grazing 
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dairy cows mainly due to the difficulty of determining DMI. However, reported heritability for 

DMI (0.10 - 0.30), energy balance (0.06 - 0.29), and cow digestibility (0.08 - 0.45) across 

lactations indicate that genetic variation exists and that genetic improvement is possible (Berry et 

al., 2007). It has been suggested the differences in energy use efficiency among high and low 

genetic merit cows could be associated with changes in mobilization of body reserves to support 

production, preferential partitioning of ME intake between milk and body tissue, change in 

energy utilization in the rumen, change in the efficiency of utilization of ME for milk production, 

and differences in maintenance ME requirements, while differences in NUE have been 

associated to partitioning of surplus N away from urine to feces and MP efficiency (i.e., milk 

protein output: MP intake) (Cheng et al., 2014). A detailed review of animal nutrient partitioning 

was developed by Friggens et al. (2013), concluding that to properly represent the “animal's 

priorities” on nutrient partitioning an explicit recognition of the role of both the genotype and the 

expression of this genotype through time is required. This considers an explicit representation of 

how genetic factors alter the partition of nutrients according to the different physiological state, 

as well as the homeostatic capacity of the animal. This topic has been partially explored in 

mechanistic research models (Friggens et al., 2013), however, additional information is required, 

especially in grazing systems in which various breeds are used, to develop models applicable to 

the field. 
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CONCLUSIONS 

 

Despite the wide variation in the inclusion of pasture in cows' diets, farms are generally 

grouped under the same heading of pasture-based system. This requires a more cluster-specific 

and standard classification to properly establish recommendations on the amount of dietary 

pasture inclusion; considering the amount and time of access to pasture, access to housing, length 

of grazing season, seasonality of calving, and quantity and method of supplementation. Variation 

in the nutritional quality of pastures during the year as well as the impact of different grazing 

management practices, together with the wide diversity of species and cultivars used, and the 

techniques used to estimate DMI, are sources of variation that should be considered when 

comparing the existing literature. Future studies should delve into the characterization of the 

nitrogenous and carbohydrate fractions of the grasses and supplements used, considering the 

various factors mentioned above. A better system classification could also potentially help to 

determine the animal genotype required to achieve the highest profitability according to each 

cluster and farmer goals, however, the available literature is very limited on this topic and is even 

more fragmented given the diversity of breeds used. In general, following the guidelines of an 

intensive grazing system, farmers normally try to maximize the use of grasses in the cows’ diets, 

however, this can limit the intake of DM, generate unbalanced diets, and decrease the NUE, 

generally resulting in a lower performance of the cows. This is more evident in intermediate 

systems (with pasture use plus different levels of supplementation), which use animals with 

moderate to high productive potential, where there seems to be an oversimplification in diets 

formulation, being generally excessive in N and moderate to low in non-fibrous carbohydrates. 

Low NUE is of particular concern in systems that use pasture, future studies should follow the 

advances in diet formulation used in confinement system, and address in depth the ruminal 
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degradation of PC and AA, as well as their intestinal absorption, and subsequent post-absorptive 

utilization, in order to create concrete strategies to face this problem. Considering that there 

seems to be a continuum of intermediate management systems, a better understanding of the 

factors inherent to the feed ingredients used, as well as the use of nutrients by cows, and 

potential interactions between animal x system should be addressed in greater depth. This 

requires a broad meta-analysis approach, ideally generating information for the development and 

improvement of mechanistic models, which allow to identify and quantify potential key factors 

that explain the phenomena mentioned above, as well as directing the development of future 

research. 
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CHAPTER 3. EVALUATION OF MOLLY MODEL PREDICTIONS OF RUMINAL 

FERMENTATION, NUTRIENT DIGESTION AND PERFORMANCE BY DAIRY 

COWS CONSUMING RYEGRASS-BASED DIETS 

 

Elsevier Inc. user license 2021. Adapted and reprinted for inclusion in author dissertation for 

non-commercial purposes according to Elsevier User Permission Guidelines. Morales, A. G., R. 

E. Vibart, M. M. Li, A. Jonker, D. Pacheco, and M. D. Hanigan. 2021. Evaluation of Molly 

model predictions of ruminal fermentation, nutrient digestion, and performance by dairy cows 

consuming ryegrass-based diets. J. Dairy Sci. 104(9):9676-9702. 

https://doi.org/10.3168/jds.2020-19740. 

ABSTRACT 

 

Several studies have been conducted to improve grazing management and 

supplementation in pasture-based systems. However, it is necessary to develop tools that 

integrate the available information linking the representation of biological processes with animal 

performance for use in decision making. The objective of this study was to evaluate the precision 

and accuracy of the Molly cow model predictions of ruminal fermentation, nutrient digestion, 

and animal performance by cows consuming pasture-based diets to identify model strengths and 

weaknesses, and to derive new digestive parameters when relevant. Model modifications for 

adipose tissue, protein synthesis in lean body mass and viscera representation were included. 

Data used for model evaluations were collected from 25 publications containing 115 treatment 

means sourced from studies conducted with lactating dairy cattle. The inclusion criteria were that 

diets contained ≥ 45% perennial ryegrass (Lolium perenne L.), and that dry matter intake, dietary 

https://doi.org/10.3168/jds.2020-19740
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ingredient composition, and nutrient digestion observations were reported. Animal performance 

and N excretion variables were also included if they were reported. Model performance was 

assessed before and after model reparameterization of selected digestive parameters, global 

sensitivity analysis was conducted after reparameterization, and a 5-fold cross evaluation was 

performed. Although rumen fermentation predictions were not significantly improved, rumen 

VFA absorption rates were recalculated, which improved the concordance correlation coefficient 

(CCC) for rumen propionate and ammonia concentration predictions but decreased CCC for 

acetate predictions. Similar degradation rates of crude protein were observed for grass and TMR 

diets, but RUP predictions seemed to be affected by the solubility of the protein source as was 

the intestinal digestibility coefficient. Ruminal fiber degradation was greater after 

reparameterization, driven primarily by hemicellulose degradation. Predictions of ruminal and 

fecal outflow of NDF and ADF, as well as total fecal output predictions, improved significantly 

after reparameterization. Blood urea N and urinary N excretion predictions resulted in similar 

accuracy using both sets of model parameters, while fecal N excretion predictions were 

significantly improved after reparameterization. Body weight and BCS predictions were greatly 

improved after model modifications and reparameterization. Before reparameterization, yield 

predictions for daily milk, milk fat, milk protein, and milk lactose were greatly overestimated 

(mean bias of 61.0%, 58.7%, 73.7%, and 64.6% of MSE, respectively). Although this problem 

was partially addressed by model modifications and reparameterization (mean bias of 3.2%, 

1.1%, 1.7%, and 0.4% of MSE, respectively), CCC values were still small. The ability of the 

model to predict grass digestion and animal performance in dairy cows consuming pasture-based 

diets was improved, demonstrating the applicability of this model to these productive systems. 

However, the failure to predict grass digestion based on standard model inputs without 
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reparameterization indicates there are still fundamental challenges in characterizing feeds for this 

model. 

 

Key words: mechanistic model, grazing, digestion, metabolism 
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INTRODUCTION 

  

It is estimated that 12% of the world’s milk production originates from grazing systems 

(Smith et al., 2013). This activity is mainly concentrated in temperate regions located between 

latitudes 30º and 60º with an annual rainfall of 500-2000 mm (Leaver, 1985). The primary 

countries making extensive use of grazing systems for milk production include New Zealand and 

southern Australia (over 95% of farms use grassland), western Europe (varying from 30% in 

Denmark to 100% in Ireland), and some countries in South America (e.g., around 85% in Chile) 

(Reijs et al., 2013; Washburn and Mullen, 2014; Knaus, 2016). Grazing is used by 10-20% of US 

dairy producers in parts of the Northeast and upper Midwest (Hanson et al., 1998). Generally, the 

proportion of grazed herbage in the diet varies according to country, the type of system, and 

season, ranging from 50% of annual dry matter intake (DMI) in systems with grazing seasons 

shorter than six months to 90% in countries with 12-month growing seasons (Leaver, 1985; 

O'Brien et al., 2018). Temperate grazing systems are generally characterized by the use of 

perennial ryegrass (Lolium perenne L.) as a predominant species due to its high forage 

production and nutritional quality for grazing ruminants (Forster et al., 2018).  

Pasture-based milk production systems may have intrinsic advantages over confinement 

systems in terms of lower environmental impact, competitive production costs, superior product 

quality, and better animal welfare (Hanrahan et al., 2018; O'Brien et al., 2018). However, 

systems making use of a high proportion of pasture have increased variability in animal 

production compared to those on total mixed rations (TMR) due to daily and seasonal variation 

in pasture composition, interactions with supplementary feeds, eating patterns, and management 

(Gregorini et al., 2006; Jacobs, 2014). 
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The mechanistic model Molly represents the underlying key biological aspects of 

digestion, metabolism, and production of a dairy cow (Baldwin, 1995). The model was 

developed, tested, and enhanced mainly using data from mixed diets that included conserved 

forages (e.g. corn silage and alfalfa hay) fed as a TMR (Hanigan et al., 2013; McNamara et al., 

2017). Considering that a key aim of a mechanistic model is to capture mechanisms that allow 

simulations across the full range of inputs, Molly could be a useful tool for the study of the 

nutritional response to fresh grass based diets (Li et al., 2018). Gregorini et al. (2015) suggested 

that the model could be applied to various grazing system interactions after improving its 

representation of fiber degradation. However, its ability to represent temperate pasture-based diet 

digestion after such changes has not been assessed. 

We hypothesized that the latest version of the Molly cow model properly represents 

ruminal fermentation and digestion from ryegrass-based diets, and no additional modifications 

should be needed. The objectives of this study were (1) to evaluate the adequacy of the latest 

version of the Molly model (Li and Hanigan, 2020) using data from cows consuming fresh 

ryegrass-based diets relative to ruminal fermentation, nutrient digestion, and animal 

performance; (2) if deficiencies were identified, to derive a model representative of ryegrass-

based diets; and (3) to identify underlying mechanisms that could be used to direct further model 

improvements.  

MATERIALS AND METHODS 

  

Model Description  

The model used was an updated version of the mechanistic and dynamic Molly cow 

model which was first described by Baldwin et al. (1987a; 1987b; 1987c). Briefly, diet 

characterization was provided as chemical entities (CP, fat, starch, soluble sugars, pectin, VFA, 
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lactic acid, glycerol, organic acids, NDF, ADF, ash, lignin, soluble CP, estimated RUP, NPN, 

urea, soluble starch, estimated rumen undegraded starch, estimated rumen undegraded ADF 

(RUADF), forage NDF (NDF in forage/total diet NDF), and roughage (fibrous feedstuffs/total 

DMI), while DMI was explicitly entered as well as initial values for body weight (BW), body 

condition score (BCS), and days in milk (DIM) (Hanigan et al., 2006). Additionally, particle size 

characterization of diets (based on a particle separator with 3 sieves) was needed as an input to 

the large, medium, and small particle pools in the rumen. Large and medium particles are subject 

to reduction by mastication, while medium and small particles are subject to rumen fermentation 

(as a function of particle surface area) and passage. Water-soluble and insoluble pools of 

nutrients are represented in the model, which are dependent on the solubility of the nutrients in 

the particulate pools (Gregorini et al., 2015). Although pectin, VFA, lactic acid, glycerol, and 

organic acids can be separately specified in model inputs, they are all combined with feed sugars 

in the soluble carbohydrates pool for modeling fermentation purposes (Baldwin, 1995). 

Soluble components can pass from the rumen or be fermented by rumen microbes and the 

products absorbed, while insoluble components are subject to degradation and entry into the 

soluble pool, or they can escape the ruminal degradation. Thus, ruminal particle passage 

(including undegraded feed particles, soluble nutrients, and microbes) is represented as a 

function of particle size, particle concentrations in the rumen, and liquid passage rate (Gregorini 

et al., 2015). Digesta outflow considers soluble (carbohydrates, amino acids, fats, and ash) and 

insoluble entities (starch, hemicellulose, cellulose, protein, lignin and ash), and microbes. 

Entities passing from the rumen can be digested and absorbed in the post-ruminal gastrointestinal 

tract or be excreted in feces (Baldwin et al., 1987c). Constant intestinal digestion coefficients are 

defined in the model for chemical entities (starch, holocellulose, fat, soluble and insoluble ash, 
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and insoluble protein) and for microbial nutrient content (protein and lipids). Soluble 

carbohydrates and amino acids passing to the intestine are considered 100% absorbable. Fecal 

components are calculated from indigested starch, holocellulose, protein, fat, lignin, and ash 

from the diet, and also from indigested microbes.  

In the model, tissue and organs are represented as pools for lean body mass (muscle and 

skin), viscera (liver, intestines, pancreas, and mammary glands), and adipose tissue. Metabolic 

transactions are aggregated at the pathway level representing protein synthesis and degradation, 

lipogenesis, esterification, lipolysis, and milk fat, protein and lactose synthesis. Finally, oxidative 

metabolism is explicitly accounted in terms of ATP production and utilization (Baldwin, 1995). 

Continuous model modifications and updates have been undertaken to improve representations 

of mechanistic functions and improve the model predictions as listed by Li and Hanigan (2020).  

Data Collection and Study Selection 

To identify peer review articles pertinent to the aim of this study an electronic search 

using different web-based platforms (Web of Science, CAB Abstracts, and Google Scholar) was 

performed. A list of keywords was used to account for 1) animal species (cow, cattle, dairy 

cows); 2) nutrient utilization (digestion, digestibility); 3) pasture species (Lolium perenne L., 

ryegrass, perennial ryegrass); and 4) productive system (pasture, pasture-based system, grazing). 

Boolean operators “AND” and “OR” were used for combine the different selected keywords. 

Searches included articles published in English and Spanish between 1970 and 2020. 

Around 70 publications were originally identified. Later, selected publications were 

screened based on 2 inclusion criteria. 1) Pasture inclusion: studies in which pasture intake 

represented 45% or more of the total diet (mean 77%), and the botanical composition of the 

forage was at least 70% perennial ryegrass (Lolium perenne L.) were selected; 2) Diet 
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composition and nutrient utilization data: studies selected for inclusion must have reported DMI, 

ingredient composition of the diets, and nutrient digestion variables (DM, OM, ADF, NDF, 

starch or protein digestibility, ruminal outflow, or fecal outflow) or those values could be 

calculated from the reported data. Additionally, ruminal fermentation variables (pH, ammonia, 

and VFA concentrations), milk production, milk composition, BW, BCS, blood urea N (BUN), 

and N excretion data reported in selected publications were also recorded when available for 

modeling purposes, but they were not used as selection criteria. Considering that only 3 of the 14 

selected studies using the established criteria reported changes in BW and only one reported 

BCS, a set of eleven studies conducted by the authors with grazing cows that reported BW and 

BCS were also included in this work to account for tissue mobilization in the whole animal 

model. Articles selected met the criteria of pasture inclusion (with the exception of some specific 

treatments), reported diet composition, and reported DMI, but they did not report diet digestion 

measurements. A separate list of initially selected articles and the added studies is provided in 

Supplemental Table S 3.1 and Table S 3.2. The final dataset included data from 25 publications 

representing 115 treatment means, conducted with lactating dairy cows (primarily Holstein-

Friesian) managed in pasture-based systems. A list of the references is provided in Table 3.1, and 

a descriptive summary of the dataset is presented in Table 3.2. 

 The initial BCS (a required model initialization input) was assumed to be 3.0 (scale 1 to 

5) when it was not reported, but the assumed values were excluded from evaluations of BCS 

predictions. Similarly, if initial body weight was not reported (3 studies representing 7 

treatments) an assumed value of 580 kg was used. Finally, DIM was not available in a single 

study and it was assumed to 150 d. 
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Further details of nutrient inputs required by the model are described by Hanigan et al. (2013). 

The nutrient composition values of individual ingredients were used in calculating dietary 

nutrients when they were reported. Missing nutrients were obtained from tabular values in 

Sauvant et al. (2004), and if they were not available, NRC (2001) values were used. Lignin and 

starch content of ryegrass were not commonly reported, therefore a value of 2% of DM was 

assumed for each one based on literature (Forde et al., 1976; Brice and Morrison, 1982). Dietary 

pectin, VFA, lactic acid, glycerol, and organic acids was not generally reported and assumed to 

be 5% of dietary DM based on other OM components plus ash summing to unity. Initial 

ruminally undegraded starch was assumed to be 25% of total starch for all the diet as reported by 

Patton et al. (2012) for diets including up to 4 kg of starch (the highest value observed was 3.66 

kg). 

Duodenal flows of ADF and NDF were reported for 2 and 5 studies, respectively, and 

those values were used to estimate in situ derived extent of ruminal fiber degradation, a required 

model input. Estimated extents of ADF and NDF degradation for the remaining studies were 

estimated using a fractional passage rate (Kp) of 5.5%/h for ryegrass, and a fractional 

degradation rate (Kd) of 13.9%/h as reported for pasture diets (Van Vuuren et al., 1992; Sun et 

al., 2010). Additionally, degradation rates for ryegrass silage and for concentrates were taken 

from studies that used pasture based-diets (Pulido et al., 2009a; Heeren et al., 2014).  

Dietary particle size values were needed as Molly inputs for the particle degradation and 

passage submodel (Gregorini et al., 2015; Li et al., 2018). Given that there is limited data 

available on particle size values of pasture diets (Waghorn et al., 1989), the prediction equations 

developed by Li et al. (2018) for total mixed rations (mean 51.8% of forage) were considered.  
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However, by using those equations resulted in overestimation of ruminal VFA and microbial N 

while pH was underestimated compared with observed values (123.92 versus 115.49 mmol/L, 

0.28 versus 0.24 kg/d, and 5.71 versus 6.13 for predicted and observed rumen VFA 

concentrations, microbial N and rumen pH, respectively). Considering that the extent of 

fermentation is associated with the small and medium particle pools in the model, the small and 

medium particle feed fractions may have been overestimated. Conversely, an apparent 

underestimation of the diet large particle fraction was also suggested. 

To address this data deficiency, representative feedstuffs from pasture-based systems 

were assessed for particle size and the results used as inputs for those ingredients. Ingredients 

that were assessed included ryegrass (diploid cultivar One50), ryegrass silage (stack and bale), 

corn silage (hybrid LG30211), ryegrass hay, concentrate mixture (60% grounded corn, 30% 

triticale and 10% expeller-extracted canola meal), pelleted concentrate, and partial TMR of 

varying proportions of pasture silage, corn silage, grounded corn, triticale grain, and expeller-

extracted canola meal, collected from five dairy farms in the southern area of Chile (Los Rios 

and Los Lagos regions) during July of 2019. Samples of ryegrass were taken above 4 cm using 

scissors, simulating the stubble remaining after grazing. Two ryegrass particle size profiles were 

selected, lower or upper 20 cm, to represent medium and high pasture allowances, respectively. 

Samples were taken from different random places across the paddocks. Silage samples were 

manually collected from different places and depths within the silos. Concentrate mixture and 

concentrate pellets were sampled from the feeders in the milking parlor when they were offered 

to the cows. Partial TMR samples were taken from the top, middle, and bottom levels of the 

TMR residing in the feed bunk at different locations immediately after feed was delivered. 

Particle size profiles of feedstuffs was determined using approximately 450 g of sample and a 
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Penn State Particle Separator (PSPS) with 3 sieves (4, 8, and 19 mm). The sampling procedure 

and particle distribution determinations were repeated three times per feedstuff, and the mean 

values were used to represent the particle size profiles for the work herein (Table 3.3). 

Preliminary analysis of outliers in the compiled data was made assuming outliers 

occurred at more than 3 standard deviations from the mean. Two treatment means for milk fat 

percentage (Mackle et al., 1996; Totty et al., 2013) and one for milk protein percentage (Totty et 

al., 2013) were higher than the criterion established, but considering that those values had 

biological meaning (Mackle et al. (1996) used Jersey cows, and Totty et al. (2013) used Friesian 

x Jersey crossbred cows), they were retained for model evaluations. 

Model Modifications 

Preliminary work in the grazing context (Morales et al., 2019) indicated that BW change 

(kg/d) and milk yield (kg/d) predictions were overestimated by the model. To address the BW 

problem, the representation of lean body (QPOth, kg) and visceral protein mass (QPVis, kg) was 

altered following the approach of Di Marco and Baldwin (1989) and Di Marco et al. (1989) with 

protein synthesis in the body (FAa,Poth) and visceral compartments (FAa,PVis for viscera). That 

model is based on the concept of DNA accumulation from conception to maturity and protein 

synthesis are driven by the need to achieve a target ratio of protein to DNA, reflecting the 

concept of a fixed cell size. Hyperplastic growth reflects accumulation of DNA and protein in 

concert, and hypertrophy reflects protein accumulation exceeding rates of DNA accumulation 

(Di Marco et al., 1987). Based on that concept, model protein synthesis equations were redefined 

including a target protein to DNA ratio for each compartment (FPOth, DNA and FPVis, DNA, mol/mol):  
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where VmAa,Poth and VmAa,PVis represented the maximal rates of protein synthesis for QPOth and 

QPVis (mol/d), OthDna and VisDna represented the mass of DNA in the Oth and Vis compartments 

(kg). DNA mass is calculated from constants values, while DNA accretion is obtained from the 

difference of DNA mass of current to the mature BW (Baldwin, 1995). KAa,POth and KAa,PVis 

represented the affinity constants for CAa (mol/L), AHor represented anabolic hormone (unitless 

with a reference point of 1), and CAa the plasma amino acid concentrations (mol/L). χ was added 

to allow adjustments of sensitivity to CAa and AHor, but it was set to a value of 1 and not 

considered further in this work. Protein degradation in each compartment was by mass action as 

originally defined.  

The original work indicated that the protein to DNA ratio increased until the animal 

reached approximately 300 kg (growing animals) and remained constant at weights above 300 

kg. Although this ratio had been proposed for use in protein accretion modeling, it had not been 

included in the Molly model (Di Marco et al., 1989). Therefore, we took this approach to scale 

the ratio of mass of DNA in lean body or viscera to their respective protein mass to a target cell 

size (FPOth, DNA and FPVis, DNA) as described in equations 1 and 2, in order to reduce the large 

deviations observed in the former ratio.  
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In the model, animal BW was used as an input to calculate initial tissue and organ 

weights, which dynamically changes during the simulation representing the balance of nutrient 

mobilization and deposition. Initial BCS was also a model input, which was used to calculate the 

initial adipose pool size based on the equations of Waltner et al. (1994). BCS change was 

simulated from adipose mass changes as: adipose tissue change/46.6 + initial BCS (Hanigan et 

al., 2007).  

A target BCS was previously defined in the model to accommodate body nutrient status 

as a driver of lactation hormone metabolism (synthesis and catabolism) (Hanigan et al., 2007). 

The target BCS was set to 3.0 in this work as in previous studies. However, we observed an 

overprediction of initial adipose tissue mass together with lower predictions of final BCS. To 

address this issue, we replaced the empirical estimation of target mass of adipose tissue (WtAdipT) 

described by Hanigan et al. (2007) with a value of 16% of initial BW (iBW) based on body fat 

values for cows in late lactation and postpartum (Andrew et al., 1994). While this addressed the 

initialization problem, using a fixed WtAdipT for growing animals results in inappropriate body 

composition targets as the animal grows. We addressed this problem for lactation hormone 

synthesis (FLHor, Syn, a unitless generic representation of the somatotropin axis) (Hanigan et al., 

2007) by representing the effects of WtAdip as a ratio to fat-free, non-pregnant EBW for both the 

target ratio and the ratio at any time: 
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where VmLHor,Syn represented the maximal rate of lactation hormone synthesis (unit/d); kAa and 

kGlc represented affinity constants for amino acids and glucose (mol/L); CGlc represented plasma 

glucose concentrations; CAa represented plasma amino acid concentrations; and χ and λ are 
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sensitivity exponents described by Hanigan et al. (2007). The ratio WtAdipT/iEBWNonFatNonUter 

represented the target WtAdip over the initial, non-pregnant, empty body weight; and 

WtAdip/EBWNonFatNonUter the ratio at any point in time. In this manner the target ratio (numerator) is 

a constant defined at model initialization, and the ratio WtAdip/EBWNonFatNonUter changes during the 

simulation reflecting the prevailing animal nutritional state.  

Model Settings, Parameters Estimation, and Reparameterization 

All simulations were conducted using acslX modeling software (version 3.1.4.2, Aegis 

Technologies Group Inc., Huntsville, AL). Differential equations were solved using a 4th order 

variable step Runge-Kutta integration algorithm with a maximum step size of 0.005 d. The 

model was set to simulate 14 d to ensure that steady state was achieved before comparison to the 

observed values. To account for some of the study effects during parameter estimations, the 

predicted dietary nutrients were compared with observed values and any bias within study was 

used to adjust ingredient nutrients for that study to align observed and predicted data (Hanigan et 

al., 2013; Li et al., 2018). 

An average mature body weight of 600 kg was set to represent medium-sized animals 

typically used in pasture-based systems. Milk lactose yield is mechanistically predicted in the 

model from mammary biosynthetic capacity. However, milk volume is assumed to be solely 

driven by the osmotic pull of lactose resulting in a constant lactose content of 4.62%. The 

FORSET VFA stoichiometric matrix (representing diets with a forage inclusion greater than 

60%) was selected to represent the high forage diets in the meta data (Gregorini et al., 2013). 

This set of stoichiometric coefficients was used to predict the ruminal fermentation pattern from 

different substrates (mol of individual VFA per mol of substrates fermented). Main differences 

from the MIXSET used for represent TMR diet are: 20% greater acetate production from soluble 
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carbohydrates and starch, and 9% less from cellulose; lower propionate from soluble 

carbohydrate, starch and hemicellulose (7%, 18%, and 35%, respectively), and 47% lower 

butyrate from soluble carbohydrates, while butyrate is greater from hemicellulose and cellulose 

(21% and 41%, respectively).  

Digestion parameters were initially set to reflect those reported by Li and Hanigan 

(2020). It is important to note that those updates were derived mainly from diets using preserved 

forages and grain mixes typical of North American diets fed to North American dairy cows. 

Following initial model evaluations and identification of deficiencies, a new set of 

parameter values was derived by fitting 24 model parameters to the data (reparameterization). 

Those parameters were selected based on the observed prediction errors and model structure and 

sensitivity. These included parameters involved in predictions of rumen pH; VFA and ammonia 

metabolism; ruminal fiber, protein and starch degradation and digestion; and those affected by 

the model modifications. A full list is provided in Table 3.4. No information was available to 

evaluate fat digestion. Starch digestion information was limited (only one study reported values). 

We chose to reparameterize starch as it seemed likely that starch digestion for the grass-based 

diets would vary from diets containing high amounts of corn grain. Considering that model 

modifications were included prior to the reparameterization, those changes were not 

independently evaluated in the current work, and thus the final model results reflect both the 

model changes and reparameterization. 

Model reparameterization was performed using the Direction Set algorithm to maximize 

the log-likelihood to find the best combination of parameter values that explain the observed data 

(Press et al., 2007). Due to acslX computational limitations a maximum of 19 parameters can be 

simultaneously estimated per solution. Parameters selected for each run were based on the flow 
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of nutrient digestion and utilization with ruminal fermentation and digestive parameters derived 

first followed by those related to nutrient partitioning with the fermentation and digestive 

parameters fixed to the prior solution. In the course of this work, several parameters were found 

to be uninfluential and thus were fixed and removed from the parameter derivation set. 

Constrains were used to avoid non-biological parameter values which can lead to unstable 

solutions. Intestinal digestion coefficients were bounded to a maximum of 1 and a minimum of 

0.  

Model Comparisons and Evaluation 

The accuracy and precision of model predictions before and after reparameterization 

were assessed by calculation of root mean squared errors (RMSE), mean bias, slope bias (Bibby 

and Toutenburg, 1977), and concordance correlation coefficients (CCC; Lin (1989)). 

Significance of model changes was assessed by comparison of the squared residuals before and 

after model reparameterization using T-test for variables that were normally distributed (previous 

log transformation if relevant) or using a Mann-Whitney test for non-parametric data (Table 3.5 

). The tests guided interpretation of differences in RMSE (expressed as % of the mean) for a 

given variable, however model adequacy was determined using the combination of all indicators 

previously mentioned. The overall effects of the changes on model performance were assessed 

using a log-likelihood ratio test and Bayesian Information Criterion values (BIC; Schwarz 

(1978)). For these tests, the difference in degrees of freedom before and after reparameterization 

was 0 and thus 1 df difference was used to assign probability values. 

Model sensitivity of 19 derived parameters (maximum of simultaneous parameters for 

model estimations), was assessed using a global approach for 27 variables representing ruminal 

fermentation, ruminal outflow, fecal output, nitrogen metabolism and excretion, and animal 



   
 

52 
 

performance (Table 3.6 and Table 3.7). Parameters were selected based on the magnitude of 

parameter discrepancies after reparameterization as it was not possible to include all of them due 

to algorithm constraints. For this analysis, the Fourier amplitude sensitivity test based on Saltelli 

et al. (1999) was used. The parameters were randomly sampled from a flat distribution with 

boundaries of 70 and 130% of the final values (after reparameterization). Resampling was set to 

3 and the interference factor was set to 4 (Gregorini et al., 2015). These settings resulted in a 

sampling population of 439,185 simulations from which the global sensitivity coefficients were 

derived, and the analysis was repeated for each output variable.  

To further evaluate the veracity of parameter estimates, a 5-fold cross evaluation was 

performed. This approach was used rather than a semi-exhaustive method due to the 

computational requirements for the work. The dataset (115 treatments means) was divided in 5 

subsets of equal size (23 treatments). The same 19 model parameters used for global sensitive 

analyses were fitted to 4 of the 5 subsets (training data) and the derived parameter estimates were 

used with the model to predict the remaining subset (test data). Training data selection, 

parameter estimation, and model testing were conducted an additional 19 times and the overall 

results used to calculate variance and model performance estimates.  

Mixed model, multiple regression was performed to identify additional model elements 

that require improvement. This was achieved by regressing residuals for ruminal fermentation 

and digestion predictions on observed DMI, BW, and dietary nutrient composition (CP, fat, 

NSC, Starch, Sugars, NDF, ADF, ash, lignin, soluble CP, RUP, soluble starch, rumen 

undegraded ADF, forage NDF, and roughage). Such regressions allow identification of 

potentially missing nutrient actions or interactions. Study effects were included as a random 

variable and regressions were conducted using a backward elimination approach with a 
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significance level of 0.05. Multicollinearity was assessed by calculation of variance inflation 

factors with variables having variance inflation factors greater than 5 removed from the 

regression model (Craney and Surles, 2002). In these analyses, positive coefficients indicate the 

model under predicted responses to the independent variable, whereas negative coefficients 

imply overprediction of responses. Also, the presence of a significant relationship suggests that 

the model might not properly represent the effects or fate of that nutrient. A detailed residual 

analysis is provided in Supplemental Table S 3.3, Table S 3.4, and Table S 3.5. Part of the results 

are discussed in the manuscript when relevant; further association of residuals with model 

deficiencies has been previously discussed in similar work by Li et al. (2018).  

All statistical summaries of the data, data handling, residuals analyses, plots, RMSE and 

CCC estimations were conducted with R Studio (version 1.2.1335, RStudio Inc., Boston, MA, 

USA).  

RESULTS AND DISCUSSION 

 

As a mechanistic model, Molly can be expected to represent different feeding scenarios 

including those outside of the data used for derivation. However, at lower levels of integration 

the model uses empirical representation which may not capture the true relationship thereby 

affecting the ability to predict diets different than those used during model parameterization, i.e., 

pasture-based diets. 

Model predictions using the initial set of parameters had a Maximum Log Likelihood 

(MLL) value of -535, while after model reparameterization the MLL value was -99, which 

represents a substantial improvement. Additionally, BIC decreased after reparameterization from 
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1160 to 287 indicating that the North American parameter set was not representative of ryegrass-

based diets. 

As shown in Table 3.5, some ruminal fermentation variables were minimally improved 

after model reparameterization, and some predictions degraded slightly, which could suggest 

accommodation of some non-rumen variables occurred at the cost of lost precision in other 

predictions. This is an indication that the available data were not completely adequate for the 

objective. Similarly, ruminal N outflow predictions were not significantly improved, although 

the data was too limited to provide concluding remarks. This was supported by the high SD 

values obtained after the 5-fold cross evaluation. Ruminal fiber outflow, fecal output (DM, OM 

and fiber), milk and fecal N excretion, and animal performance predictions were improved after 

model reparameterization. These improvements in model performance suggest that grass nutrient 

digestibility deviates from expected based on the relationships observed for digestion of North 

American diets, which are largely absent of ryegrass. Thus, either the characterization of the 

diets or the model representations of digestion are deficient, and the model cannot be universally 

applied across diet types as expected. The improvements in predictions of ryegrass diet 

digestibility partially explain the improvements in animal performance predictions.  

Ruminal Metabolism 

pH and VFA. Prior to model reparameterization, ruminal pH and VFA concentrations had RMSE 

values of 2.9% and 14.6%, and CCC values of 0.17 and 0.26, respectively (Table 3.5). After 

reparameterization, the CCC for ruminal pH remained the same, and the CCC value for VFA 

decreased to 0.17. RMSE differences for individual VFA concentrations were not significant 

after reparameterization, while CCC values for ruminal acetate predictions improved but CCC 

for propionate worsened (Table 3.5).  
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Although RMSE and slope bias were negligible for pH predictions, variation explained 

by the model was a small fraction of the total variation as indicated by a low CCC value. This 

indicates that that the model is not capturing much of the intrinsic variation in the data either 

because the model is missing one or more key mechanisms or because random measurement 

error is large relative to the range in predictions. Li and Hanigan (2020) included ammonia 

effects on ruminal pH predictions to address this problem in a recent Molly update, but they 

found that pH predictions continued to lack precision. As pH affects fermentation and VFA 

absorption, a portion of the variation in VFA concentrations may be due to poor pH predictions. 

However, predictions of pH were only slightly sensitive to ruminal ammonia concentrations 

(Table 3.6). Volatile fatty acid concentrations had a stronger influence. This part of the model 

still requires additional work to improve pH predictions independently of the production system. 

A concerted effort using ruminal observations collected within day across varying diets is 

required to determine if the problem is due to unrepresentative sampling with respect to sampling 

location, sampling time relative to meals, eating patterns within the day, diet sorting, and feeding 

management. These problems can be exacerbated with pasture-based diets (Bannink et al., 2006). 

In the absence of characterization of some or all of these factors, the variation will appear as 

unexplained variation (Abrahamse et al., 2009). 

Concentrations of VFA in the rumen depend on the balance of VFA production and 

absorption where the latter is represented as a mass action function of each VFA (KAc,RumBld, 

KPr,RumBld and KBu,RumBld). In turn, pH predictions are driven by VFA (KVFApH,Rum) and ammonia 

concentrations (KAmpH,Rum) with an intercept to center the equation (KpH,Rum) (Table 3.4). The 

decrease in absorption rates of propionate and butyrate explained the reduced mean bias after 

reparameterization and resulted in increased ruminal propionate and butyrate concentrations 
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compared to the values before reparameterization. On the other hand, the absorption rate of 

acetate increased after reparameterization. Interestingly, the CCC value for ruminal acetate 

concentration decreased from 0.25 to 0.00 after reparameterization, while CCC values for 

propionate concentration increased from 0.35 to 0.42, primarily due to a decrease in the mean 

bias of propionate from 42.6% to 1.4%. The lack of concordance of acetate predictions and the 

greater slope bias (38.3%) likely indicates that there are factors affecting ruminal fermentation 

that are not being considered or the approach to representing acetate production was biased. 

Although modifications in VFA absorption rate constants resulted in a smaller molar 

proportion of acetate, acetate absorption rates and concentrations were increased relative to the 

prior model configuration reported by Li and Hanigan (2020). The changes may suggest 

inaccuracy in the predicted production rates or regulation of transport kinetics with the high 

forage diets that was not captured in the current equations. 

Extant rumen models represent substrates that originate from forages and concentrates as 

a common pool, which is an oversimplification for pasture-based diets where fresh pasture and 

concentrates are generally fed separately (Bannink et al., 1997). Although in most mechanistic 

rumen models, predictions of VFA are based on stoichiometric coefficients from chemical 

substrates, it has been reported that this approach is inaccurate for general application (i.e. 

coefficients derived for one forage type perform poorly when applied to another forage type) 

(e.g.,Friggens et al., 1998). Therefore, fresh ryegrass and cultivar variation within, may have not 

been well represented when deriving digestion and fermentation coefficients for high forage diets 

which were primarily composed of alfalfa, corn silage, and hay (Murphy et al., 1982; Ghimire et 

al., 2014). If the composition of VFA produced from grass-based diets is different than for other 

diet and forage types, this likely reflects altered microbial population structure elicited by 
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changes in diet composition, pH, and feeding patterns which is not currently captured in the 

model (Morvay et al., 2011; Gregorini et al., 2013; Bannink et al., 2016).  

Ammonia and microbial growth. Before reparameterization, the RMSE for ruminal ammonia 

concentrations was 42.3%, which remained largely unchanged (P = 0.9) at 37.8% after 

reparameterization. However, the mean bias decreased from 12.8% to 3.8%, the slope bias 

decreased from 14.2 to 6.3%, and the CCC increased from 0.51 to 0.62 after model 

reparameterization, indicating improved accuracy and precision (Figure 3.1A). This resulted 

from a decrease in the rate constant for ammonia absorption (KAm,RumBld) from 12.3 to 10.4 d-1 

(Table 3.4). At a pH of 6.5 or lower, ammonia (NH3) will be almost entirely ionized (around 

99%) and be absorbed as ammonium (NH4
+) via a putative K channel (Abdoun et al., 2006). The 

reduction in the ammonia absorption rate constant, KAm,RumBld, could be due to the greater K 

concentration in ryegrass diets (3% to 6% depending on season) as compared to typical TMR 

values of 1.0% to 1.2% (Crush et al., 1989; NRC, 2001). High K concentrations may 

competitively inhibit NH4
+ transport (Abdoun et al., 2006). However, other factors could affect 

urea recycling and NH3 absorption via saliva production as bicarbonate flux is only empirically 

represented in the model.  

It is important to note that the variation in ammonia concentrations in the dataset used 

(0.9 to 22.9 mmol/L) was larger than that reported by Li et al. (2019) (0.1 to 15.9 mmol/L). 

However, the accuracy of ammonia predictions remained moderate (Table 3.8) and the 

difference in ammonia absorption rate was also significant after the cross evaluation (Table 3.9), 

in support of the reparameterization.  

Additional improvements in NH3 predictions are likely related to data quality (ammonia 

concentrations are subject to the same sampling issues discussed for VFA and pH), with 
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important diurnal changes in rumen ammonia concentration in pasture-based diets, and thus 

sampling at given times may not be a reflection of steady state (Chilibroste et al., 2001; Beltrán 

et al., 2019a; Vibart et al., 2019). Finally, the kinetic parameters used to reflect inherent 

differences among ingredients may not reflect the complete nature of protein degradability for 

fresh temperate grasses which would affect ammonia predictions (Dineen et al., 2020b).  

The RMSE for microbial nitrogen prediction decreased from 23.9% to 20.7% after 

reparameterization but it was not significant. However, the slope bias decreased from 21.4% to 

3.5%, while the CCC value increased from 0.06 to 0.21 (Table 3.5). Microbial growth is 

represented in Molly as a function of fermentable substrate availability and subsequent 

conversion of ATP generated to microbial mass (YATP), a process affected by ruminal ammonia, 

dietary fat, and AA concentrations (Hanigan et al., 2013). 

The efficiency constant for yield of microbial mass per mol of ATP from fermentation 

(KYATP,Rum, g of microbial DM per mol of ATP ) was lower after reparameterization (Table 3.4). 

Similarly, the constant for the effect of ruminal concentrations of ammonia on microbial growth 

(KAmMi,Rum) decreased from 3.6 to 3.1 mmol/L (but SD of parameters overlap), and the sensitivity 

exponent to adjust the effect of ammonia on microbial growth (XEAm) decreased from 1.00 to 

0.69 mol/mol. The combination of changes result in an efficiency of 70% of maximal microbial 

yield at the mean ammonia concentration of 10.5 mmol/L as compared to 75% efficiency using 

the initial parameters. This suggests that microbial growth on high pasture diets is a less efficient 

process than in balanced mixed diets. The revised parameter value for KYATP,Rum was consistent 

during cross evaluations, however, the SD for KAmMi,Rum overlapped with the prior parameter 

suggesting that the revised estimate may not be a significant change (Table 3.8). 
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In fresh grass, ruminal degradation rates are higher for CP than OM or NDF (Van Vuuren 

et al., 1992), which has been suggested to cause a synchrony problem (Sinclair et al., 1993; 

Sinclair et al., 1995). Such an asynchrony of rumen available N and carbohydrates in time may 

influence the efficiency of microbial protein synthesis. Although the potential problem is at least 

partially mitigated by recycling of N to the rumen from blood urea (Hall and Huntington, 2008), 

which may explain why no clear evidence of the problem is observed in practice (Tedeschi et al., 

2019). If synchrony is important, it could explain a portion of the model imprecision herein 

because we were unable to consider within-day feeding effects due to lack of data. 

The residual analysis (Supplemental Table S 3.4) showed that NSC was positively 

correlated with microbial N passage residual errors (P < 0.01) with microbial protein production 

underestimated when diets contained less than 15% NSC. Those diets represented mainly 100% 

pasture diets. Also, the NSC concentrations indicated lush grass growth with a high fraction of 

digestible fiber and an NSC fraction composed primarily of soluble sugars. Under those 

conditions, the microbial growth is stimulated as previously discussed. Hristov and Ropp (2003) 

reported that greater concentrations of ruminally fermentable fiber may enhance transformation 

of ruminal ammonia to microbial N compensating for the low NSC content. Our use of a single 

degradability to represent pasture fiber regardless of grass quality could be the source of the 

residual error relationship with NSC. 

Starch and fiber degradation. In situ-based, ruminal starch degradation used to initialize the 

model was set to 75% for all diets, as there was not enough data available, however starch model 

parameters were refitted to evaluate how the model accommodated those values in relation to the 

data available in the other variables evaluated. After model reparameterization, the intercept 

(KRUSt,Rum) used to adjust the in situ based degradation estimates was essentially 0, and the slope 
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scalar (KslpRUSt,Rum) was 0.23 indicating that the initial rate of rumen degradation was greater than 

needed to achieve the predicted ruminal outflow which averaged 73.7% ± 8.0. Ruminal starch 

degradation of 89.2% was reported by Dineen et al. (2020a) in cows consuming perennial 

ryegrass plus 3.5 kg DM of rolled barley grain, which is greater than our initial assumption (but 

inside our range of predictions), which was most likely influenced by the starch source and 

processing (Patton et al., 2012). 

The intestinal starch digestion constant was found to be the maximum of 1.00 g digested / 

g starch intake (Table 3.4) and was consistent in cross evaluations (Table 3.8). This implies 

complete starch digestion in the intestines which may be possible if amylase activity remains 

high and total ruminal outflow of starch is low, but this is hardly reached in practice (Siciliano-

Jones and Murphy, 1989a). Van Vuuren et al. (1993) reported values of 0.95 (g/g) and 0.93 (g/g) 

for intestinal starch digestibility in cows consuming 9.3 kg/d of ryegrass plus 7 kg/d of starchy or 

fibrous concentrate, while Dineen et al. (2020a) reported 98% apparent starch digestibility in the 

total tract. Although a larger intestinal starch digestion seems to better represent pasture-based 

diets comparing a coefficient of 0.75 derived previously for TMR diets, 100% digestibility seems 

unlikely. Considering that we did not include fecal starch observations, the optimizer reached the 

maximum value. Small and large intestinal starch digestibility values of 0.9 are used in the 

Nordic feed evaluation system, which are likely more representative of pasture diets with lower 

to moderate supplementation (Volden and Larsen, 2011).  

A model limitation that could explain the larger starch intestinal digestion predicted is 

that this is a constant value in Molly. Also, a more detailed representation of microbial 

populations in the rumen submodel could help to improve ruminal starch outflow predictions and 

also improve total tract digestibly predictions. Particularly, it has been shown that rumen 
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protozoa play an important role in starch degradation, with protozoal concentration being 

positively related to ruminal pH. High forage diets appear to increase the populations of large 

ciliates which have a lower rumen passage rate which could increase starch degradability and 

even the starch content of protozoa may change according to diets (Volden et al., 1999; 

Westreicher-Kristen et al., 2018).  

Gregorini et al. (2015) described that the small and medium particle outflow is sensitive 

to parameters controlling liquid passage. Therefore, the rate constant for ruminal liquid outflow 

(Kliquid,Rum) was evaluated for reparameterization (Table 3.4). However, Kliquid,Rum, which controls 

ruminal digesta retention time, remained unchanged after reparameterization at 3.27 versus the 

prior 3.29 ± 0.01, suggesting that Kliquid,Rum is similar for pasture-based diets and that the 

improvement in predictions of fiber degradation and subsequent ruminal outflow was not 

attributed to Kliquid,Rum modifications (Table 3.5). 

Even though particle degradation and passage is represented in the model, the impact of 

mastication on particle size reduction is not well characterized for the full range of feeds in the 

literature (Waghorn et al., 1989; Gregorini et al., 2015). Thus, a better understanding of the 

particle size reduction and breakdown of forages could improve the understanding of the 

fermentative rumen activity and particle passage of grazed herbage from pasture-based diets.  

Ruminal Nutrient Outflow 

Non-ammonia N (NAN) and non-ammonia, non-microbial N (NANMN) passage. The RMSE for 

NAN and NANMN remained essentially unchanged (17.1% vs 16.0%, P < 0.82; and 24.1% vs 

29.5%, P < 0.30, respectively; Table 3.5). Mean bias numerically increased for both variables, 

but slope bias decreased, suggesting that NAN and NANMN may be better represented after 

reparameterization, but some factors are affecting the centering of the predictions (Figure 3.1B, 
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Figure 3.1C), unlike for microbial N (Figure 3.1D). Removing the lowest NANMN value from 

the dataset (78 g/d) resulted in a slight increase of CCC from 0.27 to 0.33 (Table 3.5); however 

given the size of the data set (11 treatment means, all from 100% pasture diets) and high SD after 

cross evaluation (Table 3.9), no conclusion regarding outliers can be made with any confidence. 

Some of the variation among studies may be explained by the different markers used [rare earth 

(Yb) or transition metals (Cr and Co)] (Hristov et al., 2019). 

Intercept and slope scalars for crude protein degradation (KRUP,Rum and KSlpRUP,Rum), 

should take values of 0 and 1, respectively, if the in situ data perfectly reflected in vivo responses 

to changes to in situ determined RUP. Previous slope estimates were 0.00042 and the intercept 

was near 2, indicating that the rate constant for protein degradation was 2× the rate determined in 

situ, and it is a static constant regardless of protein source and rate of degradation in situ (Li et 

al., 2019). This conclusion remains the same with respect to grass protein degradation given that 

the refit slope value remained constant. In this case, any predicted differences in NANMN 

outflow between, for example, soybean meal and protected soybean meal or among forage 

sources, would have to be driven by differences in solubility, the effects of soluble protein on 

microbial expression of protein and fiber degradative enzymes, as those are the only mechanisms 

represented in the model. The latter would affect ruminal retention times and thus affect the 

extent of protein degradation. White et al. (2017) also observed problems with the use of the in 

situ data to predict the extent of degradation and devised an alternative scheme based solely on 

solubility and undegradability. Although the in situ technique is thought to be a valid method for 

comparing the extent and kinetics of protein degradation of different feeds in the rumen, it 

presents some limitations such as low reproducibility and microbial contamination of feed 

residuals, as discussed by Hristov et al. (2019). Given the 10-fold difference in passage rates 
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between soluble and insoluble material (Gregorini et al., 2015), and the relatively large variance 

for observed NANMN flow, it is also possible that the optimizer is placing more emphasis on the 

use of solubility to drive differences among ingredients than on the use of Kd. The former has a 

very high (and inverse) correlation with ruminal escape, with 77-79% of the soluble CP being 

degraded (Choi and Choi, 2003), while the latter is more moderately correlated with ruminal 

escape. At a small particle Kp of 3.3%/h (associated with ruminal liquid outflow, Table 3.4), and 

a Kd of 8.3%/h (slope of 0 and intercept of 2 / 24 h), CP escape from the insoluble pool would be 

approximately 29%. Given an RMSE of 30%, and correlations of NANMN with solubility and 

Kd, it seems likely that Kd for CP may be discounted in favor of solubility. Excluding the 

question of the validity of using in situ Kd to drive model predictions of degradability, the model 

reparameterization suggests that no adjustments relative to typical North American diets are 

needed to predict undegraded protein outflow from the rumen for grass-based diets. However, 

one must be cautious on the latter, as the number of observations in the literature for ruminal 

outflow from grass are very limited with considerable unexplained variation among experiments. 

Ruminal NDF and ADF outflow. The RMSE for NDF outflow decreased from 24.1% to 18.6% 

(P < 0.01) and mean bias decreased from 62.6% to 4.0% after reparameterization. The RMSE for 

ADF outflow decreased from 38.8% to 19.0% (P < 0.01), and mean bias decreased from 36.1% 

to 1.1%. The CCC values increased from 0.49 to 0.75 for NDF and from 0.70 to 0.74 for ADF 

outflow (Table 3.5). Improvements in fiber outflow predictions after model reparameterization 

(Figure 3.2A and Figure 3.2B) were associated to greater intercept and slope scalar values used 

to adjust in situ cellulose degradation rates (KRUADF,Rum and KslpRUADF,Rum), increasing from 3.16 

to 3.86 and 1.68 to 1.99, respectively, indicating that grass fiber is more degradable than fiber 

from forage used in North American TMR diets. A greater KRUADF,Rum  intercept was required to 
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represent the greater degradability of fiber in the animal dataset. The greater slope captured the 

variation among pasture samples, suggesting that in situ observations captured the intrinsic 

variation. The increase in intercept and slope for fiber degradation explained the previous 

underestimation of fiber degradation with the original Molly settings, supporting that fiber from 

grass should perform better than expected relative to the TMR diets (Table 3.5).  

The mean daily predicted extent of ruminal degradation was 69% for NDF and 67% for 

ADF, however, this increased with increasing inclusion of grass in the diets. Rearte et al. (2003) 

reported greater ruminal disappearance for NDF (76.2%) and ADF (78.4%) in 100% pasture 

diets. Also, ruminal fiber degradation of ryegrass changes during the season due to changes in 

ratios of hemicellulose to cellulose, and the degree of lignification. Seasonal changes in the 

effective rumen degradability were reported to range from 80% in early-spring to 68% in fall, 

using a Kp of 5%/h (Keim et al., 2013).  

The scalar relating hemicellulose to cellulose (KHcCs1,Rum) after reparameterization 

increased from 0.40 to 0.60, which suggests that the rate of degradation of hemicellulose from 

grass is greater than previously predicted by Li et al. (2019) for preserved forages. Although 

KHcCs1,Rum is better represented after reparameterization, other factors may still limit 

hemicellulose degradation; we expected a ratio of hemicellulose to cellulose degradation rate of 

around 1 (Hanigan et al., 2013). Interestingly, an increase in hemicellulose content with ryegrass 

maturity has been reported, while cellulose tends to be constant. Animal studies carried out in 

different seasons were considered in this analysis, which might explain the lower degradability 

predicted for hemicellulose (Steg et al., 1994). Different fibrous supplements (i.e., pasture silage 

and hay) were included in the various diets as well, and these have variable carbohydrate 

fractions depending on the maturity of the forage harvested. 
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Although the model predicts NDF and ADF outflow with high accuracy after 

reparameterization, the residuals for ruminal NDF and ADF outflow were significantly 

correlated with dietary RUADF (P < 0.01) indicating that in situ derived estimates of fiber 

degradation did not fully capture the intrinsic digestibility of grass-based diets (Supplemental 

Table S 3.4). Temporal variation in dietary ingredients availability (i.e., supplements offered to 

grazing dairy cows), if it results in digestibility issues, would not have been captured in our 

analyses as we assumed all diets were fed as a TMR with a constant feeding rate. So any 

potential feed interactions would not have been captured through the in situ characterization. 

Also, rumen passage rate seems to be affected by the forage type, being greater in diets that 

include concentrates. Thus, the selection of a non-representative Kp value may contribute to the 

observed bias (Krizsan et al., 2010).  

Future improvements could include ruminal undegradable fiber content as an input to the 

model to better characterize the forages used since the quality of these also change during the 

season (Dineen et al., 2020b). 

Fecal Output of DM, OM, NDF, ADF, and Protein 

The RMSE for fecal DM excretion decreased from 40.3% to 17.7% (P < 0.01) after 

reparameterization. Similarly, RMSE for OM excretion decreased from 42.9% to 15.4% (P < 

0.01). Additionally, CCC values greatly increased from 0.33 to 0.64 and 0.31 to 0.71, 

respectively (Table 3.5). 

When evaluating the predictions for each study, it was evident that the Miller et al. 

(2001) study had a great influence on the predictions (Figure 3.2C and Figure 3.2D). 

Recalculation after excluding that data (without reparameterization) resulted in similar precision 

estimates for fecal NDF but CCC for fecal ADF predictions increased from 0.32 to 0.48 (P = 
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0.02) (Table 3.5). The study of Miller et al. (2001) was performed with late lactation cows in 

mid-Summer using a low quality grass (control pasture, 53.7% NDF and 29.2% of ADF), which 

likely explains the lower digestibility in that treatment (Table 3.1). Considering that in situ 

rumen degradability of fiber was estimated for this study, variation in intrinsic fiber degradation 

with forage maturity was not captured in the inputs. The model does not attempt to represent 

variation in fiber degradation rate by forage type and maturity; it is assumed that information is 

resident in the in situ derived rates provided as inputs. We have not explicitly evaluated the 

potential for use of nutrient characteristics to predict degradation rates.  

Conversely, the model predicts particulate Kp from liquid passage which is influenced by 

DMI and diet characteristics via ruminal osmolality. Apparent Kp is also affected by particle 

distribution in the diet. The kinetics of particle passage given 3 particle pools and interactions 

with liquid passage are more difficult to compare to the literature, however Kp predictions for 

grass and grass silage from the Nordic feed evaluation system (Huhtanen et al., 2006; Volden 

and Larsen, 2011) are less than the predicted herein. 

The intestinal (small plus large) digestion coefficient for fiber (KFiber,IntFec) previously 

solved for 0.11 g/g (Hanigan et al., 2013). However, after reparameterization, a value of 0.07 g/g 

was obtained in the current study. This can be explained by greater ruminal fiber degradation 

leaving the fiber remnant reaching the intestine with a greater content of lignin and reduced 

digestibility. Total-tract NDF digestibility predicted was 55.1% using the initial set of parameters 

and 65.2% after reparameterization, supporting the notion that most of grass fiber degradation 

occurs in the rumen. In general, total-tract NDF digestibility was greater than the 51% value 

previously reported for TMR diets (Li et al., 2018). Greater intestinal digestibility may be 

expected with higher forage supplementation (e.g., corn silage and alfalfa hay) if ruminal 
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degradation is more moderate, resulting in material of higher potential digestibility flowing to the 

intestines (Siciliano-Jones and Murphy, 1989a; b). 

Fiber intestinal digestibility coefficient is assumed constant in the model, future work 

could consider partially driving ruminal degradation and intestinal digestion relationships from 

forage type as for other extant models (Volden and Larsen, 2011). The latter is not a truly 

mechanistic approach, but it could be expanded to a representation of the amount and transit of 

digesta and enzymatic activity using, for example, the principles described for soluble fiber 

digestion (Taghipoor et al., 2014). Although a more detailed mechanistic representation of 

intestinal nutrient digestion would be helpful, the overall contribution of the intestine to total 

tract fiber digestion is relatively small thereby limiting the impact of any improvements.  

The RMSE for fecal N output decreased from 29.5% to 16.3% (P < 0.01) (Table 3.5). 

The intestinal digestion coefficient for protein (KProtein,IntFec) increased from 71% to 79% after 

reparameterization (Table 3.4), which resulted in a decreased mean bias from 53.6 to 2.4% and 

an increased CCC from 0.14 to 0.29. Diets selected had a high content of soluble protein (39%), 

which added to a likely lower rumen passage rate and could explain a greater degradation of CP. 

Thus, a lower amount of CP reached the intestine (130 g/d of NANMN versus 200 g/d for TMR 

diets) (Li et al., 2018). Therefore, the increase in CP digestibility is explained by the lesser 

content of RUP of pasture-based diets, together with an expected greater digestibility observed in 

grass in a vegetative stage (Buckner et al., 2013).  

Based on the reparameterization and cross evaluation, a greater protein digestibility value 

should be used to represent pasture-based diets. It is important to note that residual analysis of 

fecal protein output found a significant relationship with dietary NDF and ADF (Supplemental 

Table S 3.5). As mentioned, fiber rumen degradation and passage are affected by forage type and 
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by the extent of lignification due to maturity (Van Vuuren et al., 1992). Protein content decreases 

with maturity, and total tract indigestible protein increases (Buckner et al., 2013). Therefore, the 

use of a constant value for CP intestinal digestibility seems inadequate to represent the full 

spectrum of diets. 

Blood Urea N Concentration and Urinary N Excretion 

The RMSE for BUN concentrations marginally decreased after model reparameterization 

from 25.0% to 21.1% and it was not significant (Table 3.5). Mean bias decreased from 35.6% to 

0.3%, and slope bias increased from 4.8% to 22.6%. The slope bias was highly affected by a 

single extreme value (29.7 mg/dL) from a pasture diet with 26.2% CP (Totty et al., 2013) (Table 

3.2). This single value had less effect on CCC which improved from 0.36 to 0.55 after 

reparameterization (Table 3.5).  

Future improvements to BUN predictions should consider that BUN changes over the course of 

the day associate to grazing pattern, and therefore sampling time has an important effect on BUN 

values (Vaughan et al., 2002).  

Milk urea N (MUN) was not evaluated in this work, but it is important to note that in 

Molly, the predictions of MUN are based on the empirical equation of Kauffman and St-Pierre 

(2001), which rely on BUN concentrations. The role of transporters have been described in the 

control of MUN concentrations (Spek et al., 2012; Spek et al., 2016). Thus, a mechanistic 

representation of urea transport from blood to milk and vice versa might be needed in Molly to 

improve precision of BUN predictions.  

The RMSE for urinary N excretion decreased numerically from 19.2% to 15.9% after 

reparameterization but it was not significant. The CCC value slightly increased from 0.83 to 

0.88. The latter supports the notion that the model represents the mechanism of urinary N 
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excretion with high accuracy (Figure 3.1F). The rate constant for urea excretion by the kidney 

(KUr, BldUrin) decreased from 0.42 to 0.32 (mol−1) (Table 3.4), with an important reduction in mean 

bias from 36.5% to 3.8% for urinary N excretion. This was translated in a decrease of urinary N 

excretion, and an increase in BUN predictions in agreement with the observed data (Table 3.5). 

A reduced value for KUr, BldUrin after reparameterization indicates that the kidney clearance rate 

was reduced for those diets. This could reflect greater blood flow to the kidney when animals are 

consuming high N diets or different dietary mineral loads across the diet types, the latter 

affecting kidney filtration. The reduced clearance rate was consistent in the cross evaluations 

indicating the result is not unique to a subset of the data (Table 3.8). 

Li et al. (2019) discussed that urea recycling from glomerular filtrate should be 

considered to improve urinary urea predictions, and that NaCl played a role in renal mechanisms 

of urea absorption and excretion. Thus, the lower salt concentrations in grazing cow’s diets, due 

to lower or no supplementation, may explain the lower excretion rate (Spek et al., 2012). Since 

urea transporters play a role in concentrating urine and are partly responsible for the transport of 

urea-N in the renal medulla, the representation of that mechanism using mass action kinetics in 

the model may be an oversimplification (Røjen et al., 2011). 

Body Weight 

The RMSE for BW predictions significantly decreased from 8.5% to 3.2% (P < 0.01) 

after model modifications and reparameterization, and CCC increased from 0.59 to 0.91 (Table 

3.5). Model predictions before reparameterization were influenced by overestimated protein 

degradation activity as reflected in a BW decrease of 45 kg over just 14 d, and this also 

explained the previous overprediction of milk production. Model changes and parameterization 

resulted in the mean bias decreasing from 89.6% to 10.2%, explaining the improvement in 
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predictions of BW and milk yield (Table 3.5). Previous work had mainly focused on ruminal 

fermentation and digestion. Incorporation of a target protein to DNA ratio (FPoth, DNA) stabilized 

body protein and blood AA concentrations and avoided inappropriate changes in body size. 

However, the initial estimate for the ration of 6,470 mol/mol was too low as indicated by the 

derived value of 14,995 mol/mol (Table 3.4). Mean total blood AA concentrations were reduced 

from 7.5 mmol/L to 4.5 mmol/L. However, further reductions in AA concentrations are required 

as physiologic concentrations are approximately 2.6 mmol/L (Meijer et al., 1995). FPoth, DNA 

values changes as animals grow with reported muscle values around 1,000 mol/mol at 100 kg of 

carcass weight and increasing to 6,000 mol/mol at 400 kg (Di Marco et al., 1987). To properly 

address the protein and AA subsystem, additional data from longer-term studies supplemented 

with observations of N balance and blood AA concentrations are needed. It presumably would 

also be beneficial to de-aggregate the AA pool to reflect the impact of individual essential AA on 

milk protein output and tissue protein synthesis and balance. The inclusion FPoth, DNA resulted in 

improvements of animal BW and also proved to be a sensitive parameter relative to N 

metabolism and excretion and milk production and protein yield (Table 3.7). Although a greater 

value than expected was estimated by the reparameterization, it was consistent in cross 

evaluation (Table 3.8) and BW was predicted with greater accuracy (Table 3.9). Thus, the 

changes seem to be of value.  

Body Condition Score 

Reparameterization and model modifications resulted in the RMSE for BCS significantly 

decreasing from 19.0% to 14.1% (P < 0.01), and CCC value increasing from 0.31 to 0.45 (Table 

3.5). The intercept to adjust the initial mass of adipose tissue (KiAdip) adopted a value of -164 kg 

(Table 3.4), which was previously 41.9 kg less. After KiAdip adjustment, model predictions of 
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animal adipose tissue were more close to those reported by Andrew et al. (1994) for a cow of 

555 kg of BW in early (47.5 kg of adipose tissue) and late lactation (80.9 kg of adipose tissue). 

The smaller adipose tissue mass predicted for the grazing studies used, was associated with the 

fact that many of the Chilean studies selected were running at early lactation, mainly from 

autumn-calving seasons (Table 3.1), often with cows with lower BCS in this type of calving 

system (Pulido et al., 2010). The improvements in BCS predictions were consistent with the 

cross evaluation (Table 3.9), supporting the usefulness of model modifications. Interestingly, 

slope bias was negligible, suggesting that biological processes are properly represented and mean 

bias observed could be addressed with future revision of additional model nutrient partitioning 

parameters (e.g., lipolysis and lipogenesis). 

Milk Yield and Composition  

Although predicting animal performance was not the main focus of this study, it was 

included in order to have a whole view of Molly predictions, including the effect of 

reparameterized digestive improvements and model modifications in BW and adipose tissue 

mass representation, on animal performance. The RMSE for daily milk yield significantly 

decreased from (36.3% to 20.8%) after reparameterization (P < 0.01) (Table 3.5). Also, mean 

bias greatly decreased from 61% to 3.2%, which indicates that milk yield was greatly 

overestimated before reparameterization (average of 31.5 kg/d vs. 24.5 kg/d observed). 

Additionally, CCC increased from 0.02 to 0.13, however, this is far from the predictions reported 

for US Holstein Friesian cows on TMR diets (RMSE under 10%) (Hanigan et al., 2007). 

There was great variation in percentage milk components among the different animal 

studies. This was mainly due to the wide variety of dairy breeds used, different stages of 

lactation, and milk production volume (Table 3.2). After model reparameterization, RMSE for 
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milk fat percentage significantly decreased from 14.6% to 12.6% (P < 0.01), while RMSE for 

milk protein percentage decreased from 9.0% to 8.8% (P = 0.57). The CCC values increased 

from 0.17 to 0.32, and 0.10 to 0.11, respectively. The yield of each milk component (kg/d) was 

evaluated (Table 3.5) given that milk composition is a function of the component yields. The 

RMSE values decreased for milk fat from 46.7% to 22.8% (P < 0.01), protein yield from 43.4% 

to 20.7% (P < 0.01), and lactose yield from 40.9% to 21.9% (P < 0.01). Similarly, CCC values 

increased from -0.05 to 0.18, 0.01 to 0.12 and 0.14 to 0.36, respectively. 

Important improvements were observed in milk yield and milk components yield 

predictions (kg/d) after model reparameterization and modifications (lower mean and slope bias), 

with the exception of milk protein and lactose percentage. However, the accuracy of predictions 

was still low. It is important to note that CCC for animal performance predictions have not been 

reported previously, however, RMSE values reported by Hanigan et al. (2007) were smaller than 

those observed in this work (about 20%). This suggests that together with the need for additional 

improvements in the representation of diet digestion, it is likely that other model constants and 

parameters derived for North American Holstein cows may require reparameterization. Milk and 

milk content yields in Molly are represented in a mechanistic form through the representation of 

mammary cells and mammary enzyme activity. Although previous attempts were made to 

represent Holstein and New Zealand cows, different dairy breeds used and even crossbreeds may 

not be well represented (Hanigan et al., 2007). Finally, improvements in the energy and protein 

balance as previously discussed will likely impact nutrient availability and uptake by the 

mammary gland, being required a model evaluation using data from grazing studies over a full 

lactation to properly represent those processes (Murney et al., 2015). 
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Global Sensitivity Analysis and 5-fold Cross Evaluation 

As mentioned earlier, the model was highly sensitive to rumen pH related parameters 

(Table 3.6). This is expected given that Molly is a whole animal model, with digestive processes 

properly linked to animal performance. Intestinal digestive coefficients explained an important 

part of the variations of fecal outputs, and considering that they are assumed as constant in the 

model, a proper value should be used, in support of the reparameterization process. BUN 

concentrations were highly related to urinary urea excretion, which support N metabolism and 

excretion improvements after KUr, BldUrin reparameterization (Table 3.7). Around 50% of milk 

yield and solids variations were explained by the digestive parameters, while the other half was 

associated to FPoth, DNA. This supports the usefulness of our model modifications. 

No previous model cross evaluation has been performed for Molly model predictions due 

to this process require high computation intensity. Main findings were already included in the 

discussion, but it is remarkable that parameters estimate indicated that all of the parameters were 

very well defined by the data presenting low to moderate CV values (Table 3.8). Particularly, 

information of N passage variables was limited, which resulted in smaller CCC values and high 

SD (Table 3.9). Thus, no clear conclusions could be obtained from this information. On the other 

hand, the improvements in NDF and ADF ruminal outflow predictions were consistent with 

reparameterization, while accuracy of fecal output predictions was moderate and they presented 

a high SD (associate to the small number of observations). Animal performance predictions were 

consistent with reparameterization, presenting lower accuracy and moderate mean bias, 

suggesting the necessity of additional model parameters revision.  
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CONCLUSIONS 

  

The accuracy of the Molly cow model predictions of ruminal fermentation, nutrient 

digestion, and performance by dairy cows consuming fresh ryegrass-based diets was evaluated, 

and deficiencies particular to grass-based diets were identified. No improvements were observed 

for rumen pH predictions after reparameterization, but ruminal acetate absorption rate appears to 

be larger for pasture-based diets, while the rate of ammonia absorption seems to be smaller. 

Reparameterization of ruminal protein degradation and outflow suggest that efficiency of 

microbial production is smaller from pasture-based diets, while ruminal protein degradation rate 

seemed to be unaffected by protein source. However, a small amount of data was available 

limiting the reliability of those parameters. Ruminal fiber degradation was greater for pasture-

based diets, hemicellulose degradation in particular. Given that intestinal coefficients are 

constant in the model, the larger coefficients for protein and starch digestion derived should be 

more representative of pasture-based diets. Model modifications included in this work improved 

BW and adipose tissue representation of grazing cows, with subsequent improvement in animal 

performance predictions. Future work should evaluate other model parameters not included in 

this model evaluation as those related to nutrient partitioning and mammary gland representation. 

Model parameters that were different are recommended to be used for Molly predictions of dairy 

cows consuming pasture-based diets until variations between production systems are identified 

and unified in a sole mechanistic representation. 
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APPENDIX 

 

Table 3.1. A listing of references for the experimental data used for model evaluations and 
parameter estimation. 
 

Reference article Number of 
treatments 

Inclusion of 
pasture 

Season Dairy breed1 Country 

Studies that met selection criteria     
Van Vuuren et al. (1992) 4 100% Summer-Fall Friesian Netherlands 
Van Vuuren et al. (1993) 3 100% Summer-Fall Friesian Netherlands 

Mackle et al. (1996) 4 100% Spring Jersey and 
Friesian 

New Zealand 

Carruthers and Neil (1997) 2 100% Spring Friesian New Zealand 
Peyraud et al. (1997) 2 100% Spring Holstein France 

Valk et al. (2000) 12 82% Spring-Summer H-F Netherlands 
Miller et al. (2001) 2 76% Summer H-F UK 

Astigarraga et al. (2002) 3 95% Spring Holstein France 
Rearte et al. (2003) 2 100% Spring Holstein France 

O’Donovan and Delaby 
(2005) 

8 88% Spring-Summer H-F Ireland 

Taweel et al. (2005) 4 80% Summer H-F Netherlands 
Moorby et al. (2006) 2 80% Spring H-F UK 

Tas et al. (2006) 12 83% Summer H-F Netherlands 
Totty et al. (2013)3 1 100% Fall Friesian x 

Jersey 
New Zealand 

Added studies      
Pulido et al. (1999) 3 81% Spring H-F Chile 

Pulido and Leaver (2001) 17 80% Spring H-F UK 
Riquelme and Pulido 

(2008) 
4 76% Spring H-F Chile 

Pulido et al. (2009b) 4 77% Spring H-F Chile 
Pulido et al. (2010) 4 71% Fall H-F Chile 
Ruiz-Albarrán et al. 

(2012)2 
4 46% Fall H-F Chile 

Schöbitz et al. (2013)2 5 54% Fall H-F Chile 
Morales et al. (2014)2 2 38% Fall H-F Chile 
Pulido et al. (2015) 3 57% Fall H-F Chile 
Ruiz-Albarran et al. 

(2016)2 
4 41% Fall H-F Chile 

Beltrán et al. (2019b) 4 56% Fall H-F Chile 
1H-F refers to Holstein - Friesian cows. 
2These studies consider at least one treatment with less than 45% of pasture inclusion decreasing treatments mean. 
However, they were also included to consider variation in the diets. 
3Others treatments were not considered because they used different pasture species. 
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Table 3.2. Summary of the data compiled and used for model evaluations and parameter estimation. 
Variable1 N Mean SD Minimum Maximum 
BW, kg*      
   Initial (reported) 108 562.93 57.47 398.00 649.00 
   Initial (used in model evaluation) 65 562.65 55.81 398.00 649.00 
   Final 65 567.08 42.27 494.00 647.00 
BCS, 1 to 5*      
   Initial 48 2.64 0.28 2.20 3.10 
   Final 48 2.69 0.25 2.10 3.24 
DIM 115 146.13 60.94 49.00 287.00 
Milk yield, kg/d 106 24.50 4.55 12.60 32.70 
Milk fat, % 108 4.08 0.54 3.19 6.10 
Milk protein, % 108 3.27 0.20 2.82 4.10 
Milk lactose, % 42 4.61 0.14 4.32 4.97 
Chemical composition of total diet, % of DM      
   DM, % 115 26.11 9.02 14.60 52.06 
   CP 115 19.58 3.50 10.60 27.23 
   SP, % of CP 115 39.15 8.06 23.01 53.10 
   RUP, % of CP 115 23.78 4.92 15.84 37.43 
   NDF 115 41.46 5.66 28.71 53.73 
   ADF 115 21.05 3.19 15.05 31.48 
   Starch 115 7.76 5.11 1.96 24.04 
   WSC 115 12.68 4.04 3.23 27.10 
   Starch + WSC 115 20.43 5.17 10.41 35.82 
   Fat 115 2.91 0.34 2.13 3.86 
   Ash 115 8.85 1.30 4.97 11.60 
Ryegrass, % of DM intake 115 65.98 17.90 27.74 100.00 
Forage2, % of DM intake 115 82.72 10.50 49.36 100.00 
Intake, kg/d      
   DM 115 16.68 2.49 10.30 21.50 
   NDF 115 6.91 1.44 3.44 9.85 
   ADF 115 3.49 0.68 1.90 5.22 
   Starch + WSC 115 3.41 1.02 1.82 6.41 
   Total N 115 0.52 0.09 0.26 0.73 
Rumen fermentation      
   pH 36 6.13 0.17 5.80 6.60 
   Ammonia, mmol/L 36 10.51 5.69 0.90 22.90 
   Total VFA, mmol/L 28 115.49 18.40 70.30 147.40 
   Acetate, mmol/L 21 76.38 10.25 57.19 95.60 
   Propionate, mmol/L 21 25.76 3.21 20.05 32.08 
   Butyrate, mmol/L 21 16.11 2.54 12.21 22.84 
Ruminal outflow, kg/d      
   OM 11 5.68 1.06 4.10 7.24 
   Calculated NDF 115 2.29 0.60 0.89 4.04 
   Calculated ADF 115 1.18 0.62 0.35 2.59 
   Microbial N 25 0.24 0.07 0.11 0.34 
   Non-ammonia N 11 0.37 0.05 0.26 0.42 
   NANMN 11 0.13 0.03 0.08 0.16 
Fecal outflow, kg/d      
   DM 23 3.44 0.77 2.08 5.10 
   OM 54 3.10 0.66 1.63 4.47 
   NDF 39 1.75 0.62 0.97 2.83 
   ADF 9 1.08 0.29 0.66 1.66 
Blood urea N, mg/dL 31 18.26 4.11 12.40 29.68 
Nitrogen excretion g/d      
   Urine 34 216.55 78.97 69.00 340.00 
   Fecal 37 114.64 16.32 85.68 151.00 

1BW: Body weight, BCS: Body condition score; DIM; Days in milk; DM: Dry matter; CP: Crude protein; SP: Soluble protein; 
OM: Organic matter; RUP: Rumen undegradable protein; NDF: Neutral detergent fiber; ADF: Acid detergent fiber; WSC: Water 
soluble carbohydrates; VFA: Volatile fatty acids; NANMN: non-ammonia, non-microbial N. 
2Forage represents percentage of fibrous feedstuffs intake as pasture, hay, silage and supplementary crops.  



   
 

85 
 

*Initial BW and BCS were required as inputs to initialize the model but only treatments that reported initial and final values for 
BW and BCS were used for model evaluation of respective variables predictions.  
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Table 3.3. Particle size distribution (percent remaining on each screen) for ryegrass and different feeds used in dairy pasture-based 
systems collected from Chile. 

 

 
 

 
 
 
 

1 Values correspond to the average of 3 samples. 
2 Pasture samples were collected by cutting 4 cm above ground level. Two particle size profiles were estimated for ryegrass according to the herbage height. 
 
 

 

 

 

 

 

 

Screen Particle Size 
(mm)1 

Ryegrass2 

(<20 cm) 

Ryegrass2 

(≥20 cm) 

Stack 

silage 

Bale 
silage 

Corn 

silage 

Pasture 

hay 

Grain 
mix 

Pelleted 

concentrate 

Partial 
TMR 

Upper Sieve >19.0 91.80 94.59 38.57 69.23 14.49 85.71 0.56 0.00 21.03 

Middle Sieve 8.0 – 19.0 4.92 2.70 42.66 12.50 62.15 8.93 4.44 67.74 52.34 

Lower Sieve 4.0 – 8.0 1.64 1.35 10.23 9.62 15.89 3.57 14.44 30.91 17.76 

Bottom Pan <4.0 1.64 1.35 8.54 8.65 7.48 1.79 80.56 1.34 8.88 
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Table 3.4. Model parameters reported by Li and Hanigan (2020), and after model reparameterization to the compiled data summarized 
in 3.2. 

Model 
parameter Description 

Initial 
values SD 

Final 
values SD 

Ruminal      
  KRUSt,Rum Intercept scalar to adjust in situ determined ruminal starch 

degradation rates (mol-1) 0.16 0.02 1.64 × 10-3 5.57 × 10-4 

  KslpRUSt,Rum Slope scalar to adjust in situ determined ruminal starch 
degradation rates (mol-1) 1.38 0.06 0.23 4.69 × 10-6 

  Kliquid,Rum Rate constant for ruminal liquid outflow (d-1) 3.29 0.01 3.27 4.53 × 10-5 
  KRUADF,Rum Intercept scalar to adjust in situ determined ruminal cellulose 

degradation rates (mol-1) 3.16 0.11 3.86 2.98 × 10-5 

  KslpRUADF,Rum Slope scalar to adjust in situ determined ruminal cellulose 
degradation rates (mol-1) 1.68 0.02 1.99 6.70 × 10-5 

  KHcCs1,Rum Scalar to calculate the hemicellulose degradation rate 
constant from the cellulose rate constant(mol-1) 0.40 0.01 0.60 1.51 × 10-5 

  KRUP,Rum Intercept scalar to adjust in situ determined ruminal protein 
degradation rates (mol-1) 1.95 0.02 2.25 3.24 × 10-5 

  KslpRUP,Rum Slope scalar to adjust in situ determined ruminal protein 
degradation rates (mol-1) 4.20 × 10-4 3.10 × 10−5 4.20 × 10-4 3.59 × 10-10 

  KAmMi,Rum Constant for the effect of ammonia concentration on 
microbial growth (mol/L) 3.70 ×10−4 2.10 × 10−4 3.12 × 10−4 6.06 × 10-6 

  XEAm Exponential factor to adjust the effect of ammonia on 
microbial growth (mol/mol) 1.00 0.20 0.69 2.00 × 10-3 

  KYATP,Rum Efficiency constant defining the yield of microbial DM per 
mole of ATP (g/mol) 0.03 5.00 × 10−4 0.02 2.42 × 10-7 

  KAmpH,Rum Slope for ammonia effect on pH (mol−1) 10.02 2.00 × 10−3 4.31 3.56 × 10-5 
  KpH,Rum Intercept for pH prediction 7.16 4.00 × 10−3 7.20 2.39 × 10-4 
  KVFApH,Rum Slope for total VFA effect on pH (mol−1) 10.51 0.03 10.47 1.10 × 10-4 
  KAm,RumBld Rate constant for ammonia absorption (d-1) 12.29 0.15 10.39 3.40 × 10-4 
  KAc,RumBld Rate constant for acetate absorption (d-1) 5.02 0.05 5.87 1.01 × 10-4 
  KPr,RumBld Rate constant for propionate absorption (d-1) 7.69 1.00 × 10−3 7.43 9.43 × 10-5 
  KBu,RumBld Rate constant for butyrate absorption (d-1) 6.80 0.11 6.16 8.20 × 10-5 
Post-ruminal      
  KProtein,IntFec Intestinal digestion coefficient for protein (g/g) 0.71 0.03 0.79 1.52 × 10-5 
  KStarch,IntFec Intestinal digestion coefficient for starch (g/g) 0.75 0.01 1.00 1.57 × 10-5 
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  KFiber,IntFec Intestinal digestion coefficient for fiber (g/g) 0.11 2.00 × 10−3 0.07 4.86 × 10-7 
Urea excretion     
  KUr, BldUrin Rate constant for urea excretion by the kidney (mol−1) 0.42 5.00 × 10−3 0.32 4.03 × 10-6 
Body composition     
  FPoth, DNA Target protein to DNA ratio for lean body mass (mol/mol) 6470.00 --1 14995.10 0.29 
  KiAdip Intercept scalar to adjust the initial predicted mass of adipose 

tissue (kg) -122.10 --1 -164.00 0.07 
1Model parameters that have not been previously tested so a SD value is not available. 
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Table 3.5. Residual error analyses for Molly predictions of grazing dairy cow trials before (I) and after (F) model reparameterization. 

Items N Observed 
mean 

Predicted mean RMSE, 
 % mean 

Mean bias,  
% MSE 

Slope bias, 
 % MSE CCC P-value* 

I1 F2 I F I F I F I F  

Ruminal fermentation              
    pH 36 6.13 6.06 6.06 2.9 2.8 15.6 17.1 1.8 0.9 0.17 0.17 0.97 

    Ammonia, mmol/L 36 10.51 8.91 11.28 42.3 37.8 12.8 3.8 14.2 6.3 0.51 0.62 0.90 

    Total VFA, mmol/L 28 115.49 113.54 115.10 14.6 14.5 1.3 0.1 0.1 8.0 0.26 0.17 0.98 

    Acetate, mmol/L 21 76.38 76.14 74.62 12.5 14.8 0.1 2.4 1.9 38.3 0.25 0.00 0.52 

    Propionate, mmol/L 21 25.76 23.33 25.46 14.4(10.6) 10.1(7.4) 42.6 1.4 4.3 4.3 0.35(0.54) 0.42(0.59) 0.22 
    Butyrate, mmol/L 21 16.11 14.00 16.08 20.6 15.8 40.2 0.1 5.8 5.2 0.08 0.03 0.60 
Ruminal outflow, kg/d              

    Calculated NDF 115 2.29 2.99 2.20 24.1 18.6 62.6 4.0 17.7 11.8 0.49 0.75 <0.01 

    Calculated ADF 115 1.18 1.35 1.16 38.8 19.0 36.1 1.1 8.3 0.5 0.70 0.74 <0.01 
    Microbial N 25 0.24 0.22 0.22 23.9 20.7 0.1 7.0 21.4 3.5 0.06 0.21 0.67 
    NAN3 11 0.37 0.35 0.34 17.1 16.0 2.8 22.7 26.6 7.3 0.17 0.27 0.82 
    NANMN4 11 0.13 0.12 0.10 24.1(21.4) 29.5(28.6) 35.7 52.4 9.3 0.1 0.36(0.46) 0.27(0.33) 0.30 
Fecal outflow, kg/d              
    DM 23 3.44 4.63 3.26 40.3(43.4) 17.7(10.7) 73.2 10.1 10.2 4.6 0.33(0.35) 0.64(0.86) <0.01 
    OM 54 3.10 4.29 2.90 42.9 15.4 81.2 17.9 7.1 2.0 0.31 0.71 <0.01 

    NDF 39 1.75 3.07 2.38 83.3(87.2) 46.6(48.6) 81.8 58.9 4.3 2.9 0.14(0.14) 0.34(0.36) <0.01 
    ADF 9 1.08 1.43 1.25 39.3(47.9) 28.7(30.0) 66.3 24.1 3.0 7.1 0.28(0.29) 0.32(0.48) 0.09(0.02) 
Blood Urea N, mg/dL 31 18.26 15.55 18.06 25.0(24.9) 21.1(21.8) 35.6 0.3 4.8 22.6 0.36(0.25) 0.55(0.41) 0.27 
Nitrogen excretion g/d              
   Urine 34 216.55 241.66 223.29 19.2 15.9 36.5 3.8 7.1 3.1 0.83 0.88 0.97 
   Fecal 37 114.64 139.39 111.77 29.5(26.8) 16.3(14.6) 53.6 2.4 25.3 29.7 0.14(0.17) 0.29(0.39) <0.01 
Milk yield and composition           
    Milk yield, kg/d 106 24.50 31.45 23.56 36.3 20.8 61.0 3.2 13.3 19.7 0.02 0.13 <0.01 
    Milk fat, % 108 4.08 4.27 4.13 14.6 12.6 10.9 1.3 11.6 4.4 0.17 0.32 <0.01 
    Milk protein, % 108 3.27 3.50 3.49 9.0 8.8 60.0 57.7 0.5 0.6 0.10 0.11 0.57 
    Milk lactose,5 % 42 4.61 4.62 4.62 3.2 3.2 2.7 2.7 -- -- -- -- -- 
    Milk fat, kg/d 106 0.99 1.35 0.97 46.7 22.8 58.7 1.1 22.8 23.0 -0.05 0.18 <0.01 
    Milk protein, kg/d 106 0.80 1.10 0.82 43.4 20.7 73.7 1.7 7.8 18.3 0.01 0.12 <0.01 
    Milk lactose, kg/d 42 1.06 1.40 1.04 40.9 21.9 64.6 0.4 9.3 12.5 0.14 0.36 <0.01 
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BW, kg 65 567.08 521.66 561.27 8.5 3.2 89.6 10.2 0.5 9.5 0.59 0.91 <0.01 
BCS, 1 to 5 48 2.69 2.17 2.31 19.0 14.1 94.4 88.6 0.5 1.4 0.31 0.45 <0.01 

1 I (initial predictions) refers to the model predictions using the parameters derived by Li and Hanigan (2020). 
2 F (final predictions) refers to the model predictions after model reparameterization to pasture-based diets. 
3 NAN is non-ammonia N.  
4 NANMN is non-ammonia, non-microbial N. 
5 Milk lactose content is assumed as a fixed constant in the model (a value 4.62% was used) so slope bias and CCC values could be calculated. 
( ) RMSE and Concordance correlation coefficient values after removing Carruthers and Neil (1997) treatments for ruminal propionate predictions; after removing 
the treatment with the smaller value of NANMN (Rearte et al., 2003); after removing Miller et al., (2001) treatments for fecal DM, NDF, and ADF outflow; after 
removing the treatment with the greater value for fecal N excretion (Van Vuuren et al., 1992); or after removing the larger value of blood urea (Totty et al., 
2013). Only RMSE value for fecal ADF was significant after treatment removal and it is also presented in the table. 
*P-values were calculated to support the interpretation of RMSE, they were obtained from the comparison of the squared residuals before and after model 
reparameterization through T-test for variables normally distributed (previous log transformation) or Mann-Whitney test for non-parametric data.  
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Table 3.6. Global sensitivity of model digestive predictions to selected model parameters.1 
  Predicted model output3 

Model 
parameter2 

Ruminal fermentation  Ruminal outflow  Fecal output 
pH Am VFA Ac Pr Bu  MiN NAN NANMN NDF ADF  DM OM NDF ADF 

Ruminal             
  KRUADF,Rum                 0.001 
  KslpRUADF,Rum                  
  KHcCs1,Rum                  
  KRUP,Rum  0.017      0.002 0.833 0.389        
  KslpRUP,Rum                  
  KAmMi,Rum        0.010 0.002 0.005        
  KYATP,Rum        0.168 0.034 0.088        
  KAmpH,Rum 0.003  0.001 0.002 0.001 0.001  0.002 0.055 0.001 0.002 0.002  0.001 0.001 0.002 0.002 
  KpH,Rum 0.862 0.110 0.879 0.841 0.794 0.803  0.355 0.013 0.210 0.354 0.359  0.171 0.161 0.301 0.311 
  KVFApH,Rum 0.086 0.002 0.050 0.069  0.034  0.095  0.058 0.111 0.112  0.052 0.051 0.095 0.097 
  KAm,RumBld 0.002 0.803  0.001    0.011 0.002 0.005 0.002 0.002  0.001  0.001 0.001 
  KAc,RumBld 0.007 0.001 0.003 0.027 0.003 0.004  0.006 0.001 0.003 0.008 0.008  0.004 0.004 0.007 0.007 
  KPr,RumBld 0.005 0.001 0.002 0.005 0.069 0.003  0.003 0.001 0.001 0.004 0.004  0.002 0.002 0.003 0.003 
  KBu,RumBld 0.001   0.001  0.007  0.001   0.001 0.001    0.001 0.001 
Post-ruminal             
  KProtein,IntFec  0.001            0.362 0.394   
  KStarch,IntFec              0.008 0.076   
  KFiber,IntFec              0.088 0.085 0.149 0.103 
Urea excretion             
  KUr, BldUrin  0.036                
Body composition            
  FPoth, DNA  0.004                

119 parameters were selected based on discrepancies after reparameterization, this amount is the maximum limit of simultaneous model estimation. Parameter 
constrains were set to 70 and 130% of the final parameter estimates (Table 3.4). Data are expressed as a fraction of the total variance, explained by each model 
parameter selected, when predicting each specific variable. Values larger than three decimals are presented. 
2Definitions for each of the model parameters are given in Table 3.4. 
3Am = ammonia; Ac = ruminal acetate; Pr = ruminal propionate; Bu = ruminal butyrate; MiN = microbial nitrogen passage; NAN = nonammonia nitrogen 
passage; NANMN = nonammonia, nonmicrobial nitrogen passage. 
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Table 3.7. Global sensitivity of model nitrogen excretion and animal performance predictions to selected parameters.1 

Predicted model output3 
Model 
parameter2 

N metabolism and 
excretion 

 Animal performance 

BUN NUR FEC N  MY MF% MP% ML% MFY MPY MLY BW BCS 
Ruminal              
  KRUADF,Rum        0.001      
  KslpRUADF,Rum        0.001      
  KHcCs1,Rum        0.001      
  KRUP,Rum 0.004 0.028 0.002  0.005 0.001 0.009 0.001  0.005 0.005  0.007 
  KslpRUP,Rum        0.001      
  KAmMi,Rum        0.001      
  KYATP,Rum  0.001      0.001      
  KAmpH,Rum      0.001  0.001 0.001   0.001 0.001 
  KpH,Rum 0.059 0.242 0.001  0.002 0.794 0.331 0.001 0.873  0.002 0.584 0.685 
  KVFApH,Rum 0.002     0.045 0.001 0.001 0.051   0.019 0.012 
  KAm,RumBld  0.001    0.001  0.001 0.001     
  KAc,RumBld      0.003  0.001 0.004   0.001 0.009 
  KPr,RumBld      0.003 0.001 0.001 0.003   0.002 0.001 
  KBu,RumBld      0.001  0.001 0.001     
Post-ruminal              
  KProtein,IntFec 0.025 0.371 0.995  0.364 0.048 0.283 0.001  0.371 0.364 0.119 0.008 
  KStarch,IntFec 0.002 0.007   0.003 0.005 0.007 0.001 0.004 0.002 0.003 0.011 0.082 
  KFiber,IntFec      0.001 0.001 0.001 0.002    0.019 
Urea excretion              
  KUr, BldUrin 0.829 0.034      0.001      
Body composition             
  FPoth, DNA 0.064 0.273   0.579 0.044 0.212 0.001 0.003 0.575 0.579 0.197 0.022 

119 parameters were selected based on discrepancies after reparameterization, this amount is the maximum limit of simultaneous model estimation. Parameter 
constrains were set to 70 and 130% of the final parameter estimates (Table 3.4). Data are expressed as a fraction of the total variance, explained by each model 
parameter selected, when predicting each specific variable. Values larger than three decimals are presented. 
2Definitions for each of the model parameters are given in Table 3.4. 
3BUN = Blood urea N; NUR = Urinary N; FEC N = Fecal N; MY = Milk yield; MF% = Milk fat percentage; MP% = Milk protein percentage; ML% = Milk 
lactose percentage; MFY = Milk fat yield; MPY = Milk protein yield; MLY = Milk lactose yield. 
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Table 3.8. Model parameters resulting from 5-fold cross evaluation using pasture-based diets1. 
Model parameter 5-fold cross 

evaluation Mean SD CV2 
(%) SE of SD3 

Ruminal     
  KRUADF,Rum 4.66 1.18 25.32 1.53 × 10-4 
  KslpRUADF,Rum 1.58 0.21 13.29 2.79 × 10-5 
  KHcCs1,Rum 0.62 0.05 8.06 3.90 × 10-5 
  KRUP,Rum 1.93 0.21 10.88 9.00 × 10-5 
  KslpRUP,Rum 3.47 × 10-4 1.21 × 10−4 34.87 1.67 × 10-7 
  KAmMi,Rum 3.12 × 10−4 2.38 × 10-7 0.01 8.89 × 10-19 
  KYATP,Rum 0.02 2.78 × 10-3 13.90 1.09 × 10-6 
  KAmpH,Rum 3.23 0.87 26.93 5.48 × 10-3 
  KpH,Rum 7.23 0.10 1.38 3.29 × 10-3 
  KVFApH,Rum 10.14 1.15 11.34 0.30 
  KAm,RumBld 10.78 0.58 5.38 6.99 × 10-4 
  KAc,RumBld 6.26 0.33 5.27 5.08 × 10-4 
  KPr,RumBld 8.10 0.35 4.32 6.62 × 10-4 
  KBu,RumBld 6.99 0.31 4.43 5.20 × 10-4 
Post-ruminal     
  KProtein,IntFec 0.79 0.03 3.80 3.83 × 10-5 
  KStarch,IntFec 1.00 0.004 0.00 0.00 
  KFiber,IntFec 0.13 0.04 30.77 7.37 × 10-6 
Urea excretion    
  KUr, BldUrin 0.32 0.02 6.25 2.20 × 10-4 
Body composition    
  FPoth, DNA 15927.66 1270.90 7.98 0.74 

119 parameters were selected based on discrepancies after reparameterization, this amount is the maximum limit of simultaneous model estimation. A 5-fold 
cross evaluation was performed (group size used was 23 treatments and 20 repetitions were performed). 
2Coefficients of variation for parameter values after cross evaluation. 
3Correspond to the standard error of standard deviations obtained after each k-fold cross evaluation running. 
4No standard deviation was observed because the parameter reached the maximum biological value at each running. 
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Table 3.9. Residual error analyses for Molly predictions after 5-fold cross evaluation using a compiled pasture-based diets dataset.1 

 N2 
Observed 

Mean SD 
Predicted 

Mean SD 
RMSE, 
% mean SD 

Mean Bias, 
% MSE SD 

Slope Bias, 
% MSE SD CCC SD 

Ruminal fermentation            
pH 7 6.10 0.05 6.07 0.08 2.80 0.64 23.72 25.48 9.34 15.14 0.13 0.13 

Ammonia, mmol/L 7 9.60 1.57 11.15 1.08 43.15 10.68 21.05 23.88 10.36 14.26 0.48 0.22 
Total VFA, mmol/L 5 116.10 8.70 119.06 2.38 13.95 5.27 25.79 20.24 31.69 20.29 0.14 0.19 

Acetate, mmol/L 4 76.21 4.34 78.38 1.76 13.49 4.42 26.28 21.28 39.93 28.95 -0.14 0.15 
Propionate, mmol/L 4 26.05 1.50 25.72 0.72 9.57 2.80 35.34 31.58 21.24 23.03 0.37 0.24 
Butyrate, mmol/L 4 16.01 1.06 16.01 0.57 14.58 3.99 25.12 29.63 32.92 33.65 -0.05 0.33 

Ruminal outflow, kg/d            
Microbial N 5 0.24 0.02 0.22 0.02 19.92 5.97 35.32 30.09 29.91 30.01 -0.01 0.37 

NAN3 3 0.37 0.02 0.35 0.02 12.60 3.66 42.53 32.54 44.12 34.69 0.38 0.26 
NANMN4 3 0.14 0.02 0.11 0.01 23.82 5.27 80.07 24.09 16.73 24.49 0.17 0.26 

Calculated NDF 23 2.34 0.09 2.27 0.10 18.69 2.46 4.75 3.96 16.16 13.98 0.71 0.07 
Calculated ADF 23 1.20 0.04 1.19 0.06 19.35 2.35 4.94 9.20 9.14 7.29 0.69 0.05 

Fecal outflow, kg/d            
    DM 4 3.56 0.23 3.41 0.26 13.33 7.67 32.44 32.02 16.46 21.55 0.60 0.33 
    OM 10 3.20 0.16 2.98 0.10 15.80 3.13 22.51 20.10 12.05 20.04 0.58 0.19 
    NDF 8 1.79 0.23 2.31 0.12 42.52 17.02 51.33 23.33 5.67 6.16 0.33 0.24 
    ADF 3 1.08 0.11 1.20 0.08 24.01 6.18 70.21 37.42 7.57 16.19 0.23 0.25 

Blood Urea N, mg/dL 6 18.16 1.69 17.18 1.72 19.66 3.91 23.13 25.06 20.78 22.33 0.39 0.31 
Nitrogen excretion g/d            

   Urine 7 219.88 30.94 221.41 25.50 16.14 4.48 16.66 17.32 22.85 27.87 0.78 0.17 
   Fecal 7 117.64 6.97 113.66 5.98 16.83 3.40 18.50 16.11 37.26 22.64 0.14 0.37 

Animal performance            
    Milk yield, kg/d 21 24.86 0.94 23.64 0.49 20.71 2.10 8.62 10.53 22.86 13.64 0.08 0.14 

    Milk fat, % 21 4.06 0.08 4.17 0.07 11.93 2.20 10.31 13.41 8.56 9.72 0.37 0.16 
    Milk protein, % 21 3.28 0.03 3.49 0.01 8.55 0.90 58.04 14.77 2.37 2.48 0.12 0.07 
    Milk lactose,5 % 8 4.61 0.04 4.63 0.00 2.92 0.92 14.90 23.46 -- -- -- -- 

    Milk fat, kg/d 21 1.00 0.04 0.98 0.02 22.44 2.68 4.57 7.65 21.65 8.65 0.15 0.13 
    Milk protein, kg/d 21 0.81 0.03 0.82 0.02 20.38 2.02 3.81 4.56 22.83 12.59 0.06 0.13 
    Milk lactose, kg/d 8 1.08 0.10 1.05 0.04 21.64 4.35 17.04 20.25 23.45 26.22 0.30 0.28 

BW, kg 13 565.79 8.11 553.75 9.83 3.56 0.68 37.51 19.57 13.06 13.71 0.87 0.06 
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1A 5-fold cross evaluation w 
as performed (group size used was 23 treatments and 20 repetitions were performed). 
2 Average number of observations used in the 5-fold cross evaluation.  
3NAN is non-ammonia N.  
4 NANMN is non-ammonia, non-microbial N. 
5 Milk lactose content is assumed as a fixed constant in the model (a value 4.62% was used) so slope bias and CCC values could be calculated. 
 
 

BCS, 1 to 5 8 2.68 0.07 2.31 0.06 14.40 1.52 91.06 4.31 1.61 2.52 0.43 0.13 
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Table S 3.1. Summary of the 14 studies selected for model evaluations and parameter estimation 
based on the defined criteria1 

Variable2 N Mean SD Minimum Maximum 
BW, kg      
   Initial (total, included assumed values) 61 564.90 67.34 398.00 649.00 
   Initial (reported) 54 564.61 71.44 398.00 649.00 
   Initial (used in model evaluation) 11 573.64 46.48 546.00 646.00 
   Final (reported) 11 577.85 44.06 548.97 646.63 
BCS, 1 to 5      
   Initial (total, included assumed values) 61 2.98 0.08 2.56 3.04 
   Initial (reported and used in model evaluation) 8 2.84 0.19 2.56 3.04 
   Final (reported) 8 2.83 0.04 2.74 2.87 
DIM 61 169.90 49.00 61.00 264.00 
Milk yield, kg/d 52 24.79 4.87 12.60 32.70 
Milk fat, % 54 4.29 0.58 3.74 6.10 
Milk protein, % 54 3.33 0.22 2.82 4.10 
Milk lactose, % 25 4.63 0.17 4.36 4.97 
Chemical composition of total diet, % of DM      
   DM, % 61 19.66 3.88 14.60 31.43 
   CP 61 18.02 3.39 10.60 26.20 
   SP, % of CP 61 44.57 3.90 26.63 53.10 
   RUP, % of CP 61 27.38 3.84 16.73 37.43 
   NDF 61 42.88 4.97 33.10 53.73 
   ADF 61 20.87 2.49 18.81 29.16 
   Starch 61 5.25 3.64 2.00 17.19 
   WSC 61 14.27 4.00 7.60 27.10 
   Starch + WSC 61 19.52 5.51 10.41 35.82 
   Fat 61 2.73 0.25 2.13 3.83 
   Ash 61 9.51 1.07 6.20 11.60 
Ryegrass, % of DM intake 61 86.36 9.38 56.36 100.00 
Forage3, % of DM intake 61 86.36 9.38 56.36 100.00 
Intake, kg/d      
   DM 61 17.57 2.67 10.3 21.5 
   NDF 61 7.50 1.30 4.63 9.85 
   ADF 61 3.64 0.58 2.26 5.22 
   Starch + WSC 61 3.44 1.18 1.82 6.41 
   Total N 61 0.50 0.11 0.26 0.73 
Rumen fermentation      
   pH 21 6.11 0.20 5.80 6.60 
   Ammonia, mmol/L 21 11.31 6.56 0.90 22.90 
   Total VFA, mmol/L 21 122.77 13.16 95.00 147.40 
   Acetate, mmol/L 21 76.38 10.25 57.19 95.60 
   Propionate, mmol/L 21 25.76 3.21 20.05 32.08 
   Butyrate, mmol/L 21 16.11 2.54 12.21 22.84 
Ruminal outflow, kg/d      
   OM 11 5.68 1.06 4.10 7.24 
   Calculated NDF 61 2.25 0.55 0.89 3.10 
   Calculated ADF 61 1.11 0.21 0.64 1.64 
   Microbial N 18 0.23 0.06 0.11 0.34 
   Non-ammonia N 11 0.37 0.05 0.26 0.43 
   NANMN 11 0.13 0.03 0.08 0.16 
Blood urea N, mg/dL 1 29.68 -- -- -- 
Nitrogen excretion g/d      
   Urine 30 216.06 83.57 69.00 340.00 

1Fecal outflow values were not included because they are the same as those presented in Table 3.2 
2BW: Body weight, BCS: Body condition score; DIM; Days in milk; DM: Dry matter; CP: Crude protein; SP: Soluble protein; 
OM: Organic matter; RUP: Rumen undegradable protein; NDF: Neutral detergent fiber; ADF: Acid detergent fiber; WSC: Water 
soluble carbohydrates; VFA: Volatile fatty acids; NANMN: non-ammonia, non-microbial N. 
3Forage represents percentage of fibrous feedstuffs intake as pasture, hay, silage and supplementary crops.  
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Table S 3.2. Summary of the 11 additional studies included in model evaluations and parameter 
estimation 

Variable1 N Mean SD Minimum Maximum 
BW, kg      
   Initial (All initial values were reported and used 
in model evaluation) 

54 560.70 39.47 492.00 631.00 

   Final (reported) 54 564.88 41.98 498.38 644.78 
BCS, 1 to 5      
   Initial (total, including assumed values) 54 2.70 0.30 2.20 3.10 
   Initial (reported and used in model evaluation) 40 2.60 0.28 2.20 3.10 
   Final (reported) 40 2.66 0.26 2.10 3.24 
DIM 54 137.53 64.00 54.00 287.00 
Milk yield, kg/d 54 24.23 4.25 13.10 32.60 
Milk fat, % 54 3.86 0.39 3.19 4.98 
Milk protein, % 54 3.21 0.14 2.94 3.68 
Milk lactose, % 17 4.57 0.09 4.32 4.68 
Chemical composition of total diet, % of DM      
   DM, % 54 33.40 7.48 15.35 52.06 
   CP 54 21.33 2.73 14.90 27.23 
   SP, % of CP 54 33.02 7.09 23.01 47.60 
   RUP, % of CP 54 19.71 1.89 15.84 25.05 
   NDF 54 39.84 6.00 28.71 51.30 
   ADF 54 21.26 3.84 15.05 31.48 
   Starch 54 10.59 5.07 1.96 24.04 
   WSC 54 10.87 3.27 3.23 16.20 
   Starch + WSC 54 21.46 4.59 14.02 32.76 
   Fat 54 3.12 0.32 2.50 3.86 
   Ash 54 8.10 1.13 4.97 10.50 
Ryegrass, % of DM intake 54 65.98 17.90 27.74 100.00 
Forage2, % of DM intake 54 78.61 10.25 49.36 100.00 
Intake, kg/d      
   DM 54 15.69 1.84 11.10 19.60 
   NDF 54 6.24 1.31 3.44 8.98 
   ADF 54 3.31 0.74 1.90 5.15 
   Starch + WSC 54 3.37 0.82 1.93 5.59 
   Total N 54 0.53 0.06 0.36 0.66 
Rumen fermentation      
   pH 15 6.15 0.12 5.85 6.31 
   Ammonia, mmol/L 15 9.38 4.14 5.26 17.40 
   Total VFA, mmol/L 7 93.67 14.33 70.30 106.00 
Ruminal outflow, kg/d      
   Calculated NDF 54 2.34 0.66 1.13 4.04 
   Calculated ADF 54 1.26 0.44 0.62 2.59 
   Microbial N 7 0.25 0.01 0.22 0.26 
Blood urea N, mg/dL 30 17.88 3.58 12.40 25.20 
Nitrogen excretion g/d      
   Urine 4 220.25 32.45 187.00 251.00 

1BW: Body weight, BCS: Body condition score; DIM; Days in milk; DM: Dry matter; CP: Crude protein; SP: Soluble protein; 
RUP: Rumen undegradable protein; NDF: Neutral detergent fiber; ADF: Acid detergent fiber; WSC: Water soluble carbohydrates; 
VFA: Volatile fatty acids. 
2Forage represents percentage of fibrous feedstuffs intake as pasture, hay, silage and supplementary crops.  
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Table S 3.3. Multivariate regression analyses of residual errors for ruminal fermentation 
predictions after model reparameterization1 
Independent 
variables2 

pH Ammonia, 
mmol/L 

VFA, 
mmol/L 

Acetate, 
mmol/L 

Propionate, 
mmol/L 

Butyrate, 
mmol/L 

Intercept -0.97 0.07 -0.04 5.3 × 10-2 0.01 -0.03 
BW, kg       
DMI, kg 0.032 

(1.2) 
-6.3 × 10-4 

(1.1) 
  -3.2 × 10-4 

(1.6) 
-6.0 × 10-4 

(1.6) 
CP, % DM  -7.2 × 10-4 

(3.8) 
1.5 × 10-3 

(1.2) 
   

Fat, % DM       
NSC, % DM    -8.2 × 10-4 

(1.5) 
  

Starch, % DM  -4.9 × 10-4 

(1.6) 
    

Sugars, % DM  -7.5 × 10-4 
(3.8) 

    

NDF, % DM  -6.4 × 10-4 

(1.4) 
-1.6 × 10-3 

(1.4) 
-2.2 × 10-3 

(2.8) 
 -2.0 × 10-4 

(1.2) 
ADF, % DM    5.4 × 10-3 

(3.3) 
  

Ash, % DM       
Roughage, % DMI       
Soluble CP, %CP 0.01 

(1.7) 
   -2.4 × 10-4 

(1.6) 
-2.0 × 10-4 

(1.6) 
RUP, %CP    9.0 × 10-4 

(2.0) 
  

Soluble Starch, % 
total starch intake 

   -4.9 × 10-4 

(1.2) 
  

Rumen undegraded 
ADF, % total ADF 
intake 

0.02 
(2.1) 

     

Forage NDF, % 
total NDF intake 

      

R2 0.40 0.38 0.51 0.46 0.64 0.79 
1Study effect was included as a random variable.  
2Independent variables listed were significant (P < 0.05). Values presented correspond to 
regression coefficients for significant variables. Variance inflation factors are shown in 
parentheses. 
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Table S 3.4. Multivariate regression analyses of residual errors for ruminal outflow predictions 
after model reparameterization1 
Independent 
variables2 

Microbial 
N, kg/d 

NAN3, 
kg/d 

NANMN3, 
kg/d 

NDF, 
kg/d 

ADF, 
     kg/d 

Intercept -0.15 0.87 0.29 -3.01 -2.22 
BW, kg  -0.001 

(1.2) 
   

DMI, kg     -0.04 
(1.2) 

 

CP, % DM    0.04 
(1.9) 

0.02 

(1.4) 
Fat, % DM  -0.05 

(1.6) 
-0.07 (1.4)   

NSC, % DM 0.003 
(1.5) 

    

Starch, % DM      
Sugars, % DM    -0.01 

(1.7) 
 

NDF, % DM    0.02 

(1.3) 
0.01 

(1.2) 
ADF, % DM      
Ash, % DM  -0.02 

(1.8) 
 0.04 

(2.0) 
0.03 

(1.9) 
Roughage, % DMI   -8.3 × 10-4 

(2.0) 
  

Soluble CP, %CP      
RUP, %CP      
Soluble Starch, % 
total starch intake 

     

Rumen undegraded 
ADF, % total ADF 
intake 

   0.05 
(1.9) 

0.03 
(1.5) 

Forage NDF, % 
total NDF intake 

     

R2 0.32 0.24 0.91 0.78 0.78 
1Study effect was included as a random variable.  
2Independent variables listed were significant (P < 0.05). Values presented correspond to 
regression coefficients for significant variables. Variance inflation factors are shown in 
parentheses. 
3 NAN = non-ammonia N; NANMN = non-ammonia, non-microbial N. 
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Table S 3.5. Multivariate regression analyses of residual errors for N excretion and fecal output 
predictions after model reparameterization1 
Independent 
variables2 

Urinary N, 
kg/d 

FECN, 
kg/d 

FECDM, 
kg/d 

FECOM, 
kg/d 

FECNDF, 
kg/d 

FECADF, 
kg/d 

Intercept -0.08 -0.25 3.45 0.40 -0.85 -1.03 
BW, kg       
DMI, kg     -0.08 

(2.2) 
-0.18 (1.1)  

CP, % DM -0.003 
(1.5) 

     

Fat, % DM       
NSC, % DM       
Starch, % DM      0.08 (1.5) 
Sugars, % DM       
NDF, % DM -0.003 

(1.1) 
0.005 
(3.6) 

0.06 
(2.1) 

  0.04 (1.7) 

ADF, % DM  -0.008 
(3.5) 

  0.07 (1.1)  

Ash, % DM 0.01 (1.5)  -0.19 
(1.9) 

   

Roughage, % DMI       
Soluble CP, %CP       
RUP, %CP  0.003 

(3.8) 
    

Soluble Starch, % 
total starch intake 

      

Rumen undegraded 
ADF, % total ADF 
intake 

    0.05 (1.0)  

Forage NDF, % 
total NDF intake 

      

R2 0.60 0.56 0.68 0.41 0.65 0.86 
1Study effect was included as a random variable.  
2Independent variables listed were significant (P < 0.05). Values presented correspond to 
regression coefficients for significant variables. Variance inflation factors are shown in 
parentheses. 
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A                                                                                               B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C                                                                                               D 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E                                                                                               F 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1. Observed (●, black) or residual (▲, red) versus predicted values after model reparameterization for: (A) 
ruminal ammonia concentrations (mmol/L); (B) ruminal non-ammonia N outflow (kg/d); (C) ruminal non-ammonia, 
non-microbial N outflow (g/d); (D) ruminal microbial N outflow (kg/d); (E) fecal N excretion (kg/d); and (F) urinary 
N excretion (kg/d). The solid lines represent individual studies, while points represent the different treatments within 
each study. The dotted lines represent the line of unity. *indicates the smaller value of NANMN (Rearte et al., 2003) 
(Figure 3.1C) or the treatment with the greater value for fecal N excretion (Van Vuuren et al., 1992) (Figure 3.1E). 

* 

* 
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A                                                                                               B                 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C                                                                                               D 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2. Observed or calculated (●, black) or residual (▲, red) versus predicted values after model 
reparameterization for: (A) ruminal NDF outflow (kg/d); (B) ruminal ADF outflow (kg/d); (C) fecal NDF outflow 
(kg/d); and (D) fecal ADF outflow (kg/d). The solid lines represent individual studies, while points represent the 
different treatments within each study. The dotted lines represent the line of unity. *indicates Miller et al. (2001) 
trial. 
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CHAPTER 4. REVISION OF MAMMARY PARAMETERS IN MOLLY MODEL FOR 1 

HOLSTEIN AND JERSEY COWS, AND ITS EFFECT ON MODEL PREDICTIONS OF 2 

PASTURE-BASED DIETS 3 

 4 

ABSTRACT 5 

 6 

Milk production and composition differences have been described among dairy breeds, 7 

but separating diet effects from animal genetic contribution is a challenge, so this information is 8 

necessary to better understand breed particularities and design strategies to optimize animal 9 

potential. The objective of this study was to evaluate the precision and accuracy of the Molly 10 

cow model predictions of milk production, milk protein and fat production, and milk protein and 11 

fat content from a Chilean dataset containing Holstein Friesian and Jersey cows, and to address 12 

any deficiencies by reparameterization of model mammary parameters. Additionally, the 13 

improved model was used to predict the nitrogen and energy fluxes from different productive 14 

systems, considering 0%, 50%, 70%, and 100% of ryegrass inclusion, to identify potential diet 15 

improvement areas. Data used for model evaluations and parameterization was collected from 18 16 

Chilean commercial dairy farms, including 180 group cows’ diets (153 from Holstein Friesian 17 

and 27 from Jersey cows) with different inclusion of ryegrass. Eleven model parameters 18 

representing mammary cell number and growth patterns, mammary enzyme activity, and milk 19 

components synthesis were selected to perform model reparameterization. Model predictions of 20 

the whole Chilean dataset, using previously derived mammary parameters, were moderately 21 

accurate (CCC value of 0.52) for milk production but milk fat and protein contents were 22 

inaccurately predicted (CCC values of 0.07 and -0.07, respectively). After reparameterization of 23 

mammary parameters to the whole dataset, milk production and milk solids production 24 
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predictions were improved (CCC values of 0.74, 0.72 and 0.63) but the accuracy of milk protein 25 

and fat content remained low (CCC values of 0.07 and 0.12). Separately model mammary 26 

reparameterization using data from Holstein Friesian and Jersey cows improved both milk 27 

production and milk solids production and content predictions.  The model parameters for 28 

Holsteins and Jerseys were different indicating different patterns in the synthesis of milk solids 29 

during lactation in each dairy breed. This seems to be associated with different mammary cells 30 

number and cellular apoptosis. Jersey cows seem to possess greater mammary synthetic capacity 31 

for protein and fat. Model simulations of diets including different proportions of ryegrass 32 

inclusion confirm that predominant pasture diets in a vegetative stage can sustain moderate milk 33 

production and that energy supply seems to be limiting production. New model derived 34 

parameters are recommended to be used to represent differences among dairy breeds under 35 

grazing conditions. 36 

 37 

Key words: mammary gland, modelling, lactation, grazing cow 38 

 39 

 40 

 41 

 42 
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 44 

 45 

 46 

 47 



   
 

105 
 

INTRODUCTION 48 

 49 

Mechanistic models in animal nutrition are built based on causal relationships, seeking to 50 

integrate the cumulative biological knowledge in order to serve as a support tool for decision 51 

making (Ellis et al., 2020). Molly is a mechanistic whole cow model (Baldwin et al., 1987a; 52 

Baldwin et al., 1987b; Baldwin et al., 1987c), that is aggregated at the pathway level, which 53 

allows it to make predictions of a wide range of biological variables mainly for research 54 

purposes (Hanigan et al., 2006). Continuos Molly model updates and evaluations have been 55 

conducted to improve the representation of mechanistic functions and model parameter 56 

estimates. Previous work has focused on ruminal metabolism, nutrient digestion, mammary 57 

activity, hormone representation, gestational nutrient use, and nutrient partitioning between milk 58 

and body stores, resulting in significant improvements in the accuracy and precision of 59 

predictions (Hanigan et al., 2007; Hanigan et al., 2009; Hanigan et al., 2013; Gregorini et al., 60 

2015; Li et al., 2019; Li and Hanigan, 2020).  61 

Although the Molly model has mainly been parameterized using North American diets, 62 

and it was not originally intended for pasture-based diet predictions (France, 2013), some effort 63 

has been made to improve ruminal fermentation and methane prediction (Gregorini et al., 2013), 64 

and intake and ruminal digesta outflow representation, including pasture diets (Gregorini et al., 65 

2015), as well as mammary parameters from NZ cows under grazing conditions (Hanigan et al., 66 

2007). Recently the precision and accuracy from predictions of ruminal fermentation, nutrient 67 

digestion and performance by cows consuming ryegrass-based diets was evaluated (Morales et 68 

al., 2021). These authors reported that Molly had good precision when estimating ruminal 69 

fermentation and nutrient digestion, but it was necessary to re-derive some parameters (mainly to 70 

represent the greater ryegrass digestibility observed) to center the predictions and improve their 71 
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accuracy. Morales et al. (2021) reparameterization of Molly digestive parameters and additional 72 

model modifications for adipose tissue and protein synthesis representations, resulted also in 73 

improved accuracy of predictions for milk production and milk composition. 74 

Considering that important improvements have been made in representations of 75 

digestion, absorption, and nutrient partitioning, a re-evaluation of milk production and milk 76 

composition predictions is warranted. This if further supported by prior observations of slope 77 

bias for milk fat and milk protein predictions (Hanigan et al., 2007; Hanigan et al., 2009).  78 

Because dairy genetics affects milk production and composition, efforts have been made 79 

to derive breed specific Molly parameters to describe mammary activity for North American and 80 

New Zealand Holstein-Friesian (H-F) genotypes (Hanigan et al., 2007; Hanigan et al., 2009). 81 

However, the work was specific to H-F strains. Additional work is needed to define cell and cell 82 

activity parameters for other dairy breeds. It is also possible that mammary activity may adapt to 83 

feeding management, and thus grazing and intensively managed cows may exhibit apparent 84 

differences in mammary activity. Particularly, Chilean cows are managed under grazing 85 

conditions but with different levels of supplementation. Thus, the question arises if any of the 86 

previously derived set of mammary parameters in Molly (for American Holstein or NZ H-F) 87 

could represent those cows or they require a new set of parameters. 88 

We hypothesized that the Molly model mammary parameters previously derived for 89 

grazing NZ-HF would better represent Chilean cows, but none of the previous parameter sets 90 

would adequately represent Jersey dairy cows. The objectives of this study were 1) to evaluate 91 

the precision and accuracy of predictions of milk, milk protein, and milk fat production for a 92 

Chilean dataset containing H-F and Jersey cows by the Molly cow model with modifications 93 

described by Morales et al. (2021) using previous mammary parameters derived for North 94 
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American or NZ Holstein-Friesian; 2) to assess the need to derive new model mammary 95 

parameters to better represent H-F and Jersey cows, and 3) to use the model (with improvements 96 

if warranted) to predict the nitrogen and energy fluxes from different productive systems, 97 

considering 0%, 50%, 70%, and 100% of ryegrass inclusion, to identify potential improvements 98 

areas.  99 

MATERIALS AND METHODS 100 

 101 

Model Description 102 

The model used was the mechanistic and dynamic Molly cow model described by 103 

Baldwin et al. (1987a; b; c) with modifications by Baldwin (1995); Hanigan and collaborators 104 

(Hanigan et al., 2006; 2007; 2009; 2013; Gregorini et al., 2015; Li et al., 2019; Li and Hanigan, 105 

2020); and the recent work to better represent grass digestion (Morales et al. (2021). 106 

Data Collection  107 

Data used for model evaluations and parameterization was provided by the Chilean dairy 108 

Cooperative COLUN (La Unión, Chile). Information from 18 commercial dairy farms under the 109 

professional nutritional advice of COLUN during the period December 2018 to December 2019 110 

was selected. Farms selected were located in Los Ríos (39°48′30″ S, 73°14′30″ W) and Los 111 

Lagos (41°28′18″ S, 72°56′12″ W) regions in southern Chile. The inclusion criteria were that: 112 

diets were formulated based on chemical analysis of the feedstuffs used (Rock River Laboratory, 113 

Inc., Temuco, Chile); and farms reported group estimates of DMI, milk production, and milk 114 

solids. Productive records were considered only after a minimum of 14 days following a new diet 115 

to allow for diet acclimation. 116 

A total of 180 group diets were selected, 153 from H-F and 27 from Jersey cows 117 

(information from 8 group diets came from ~ 50% crossbreed Jersey with Chilean H-F, while all 118 
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the others came from straight breed cows), which were offered to 34,368 lactating dairy cows 119 

(91% H-F cows) from December 2018 to December 2019 (13 summer, 22 fall, 102 winter, and 120 

43 spring group diets). In six farms, dairy heifers were fed in separate groups, representing 3,968 121 

animals (11.5% of the total data), while 3,818 heifers were H-F, and the remaining 4% were 122 

Jersey. On 12 farms, cows were grouped into transition, low production, medium production, and 123 

high production pens and fed 4 different diets. On 6 farms, all the cows were managed in a single 124 

feeding group. Information from just a single time-point was available for 5 farms. For the 125 

remaining 13 farms, the average number of repeated records was 5.6 ± 3.9 from approximately 126 

7,500 individual animals. A descriptive summary of the feeding group data is presented in Table 127 

4.1. 128 

The diets were formulated by the COLUN nutritional advisory team based on periodic 129 

feed analyses using AMTS (version 4.13, Groton, NY) or NRC (2001) software (Washington, 130 

DC). Group feed intake animal performance was assessed and recorded biweekly or monthly 131 

depending on farm management. Pasture DMI was calculated using the pre-grazing compressed 132 

sward height, measured using a rising plate meter (Filip's folding plate pasture meter, Jenquip, 133 

New Zealand), taking 100 measurements randomly walking the paddocks in a "W" pattern. The 134 

herbage mass was calculated by converting the compressed sward height into kg DM ha−1 using 135 

a linear regression equation developed for each season (Canseco et al., 2007). The same method 136 

was used to evaluate the post-grazing residual, and the difference was divided by the number of 137 

animals yielding average group pasture DMI. The intake of concentrates (pellets and mixed 138 

grains), and other forages (hay, silages, and supplementary crops) were also determined by 139 

group. The formulated diets stored in the software were corrected to reflect offered diets nutrient 140 

intakes. Diets ranged between 0 and 72% ryegrass (Lolium perenne) predominant pastures, with 141 
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a mean of 25.9% ± 19.4. The particle size distribution of each diet was calculated based on the 142 

reference data described by Morales et al. (2021). The chemical composition of group diets and 143 

average nutrient intakes are presented in Table 4.1. 144 

Model Settings and Model Simulations 145 

The model was coded in and used with the ACSLX modeling software (version 3.1.4.2, 146 

Aegis Technologies Group Inc., Huntsville, AL). Model differential equations were solved using 147 

a 4th order variable step Runge-Kutta integration algorithm with a maximum step size of 0.005 d. 148 

The model was set to simulate 14 d to ensure that it had reached steady state before comparison 149 

to the observed values on day 14 of the run. 150 

The average mature BW was set at 600 kg to represent Holstein Friesian cows, while a 151 

mature BW of 480 kg was set for Jersey crossbred cows. The FORSET VFA stoichiometric 152 

matrix (representing diets with a forage inclusion greater than 60%) was selected to represent the 153 

high forage diets (average 63,9%; Table 4.1). Details of model VFA stoichiometry constructs are 154 

described by Gregorini et al. (2013). Observed milk lactose content data was not available, so a 155 

constant lactose content of 4.62% was assumed for all the cows. Lactose production is 156 

mechanistically predicted in the model from mammary biosynthetic capacity and milk protein, 157 

and drives milk production based on its high osmotic potential. 158 

The most updated set of model parameters, which were reported by Li and Hanigan 159 

(2020), were used to conduct model simulations. Additionally, a set of 24 digestive model 160 

parameters derived by Morales et al. (2021) to improve the representation of pasture-based diet 161 

was used. The dietary and productive information compiled from the180 group diets (henceforth 162 

referred as Chilean dataset) were used to perform the model simulations, using both the model 163 
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mammary parameters representing North American Holstein or derived from NZ Holstein-164 

Friesian (Hanigan et al., 2007; Hanigan et al., 2009). 165 

Model Reparameterization 166 

Eleven model parameters representing mammary growth and decay patterns, mammary 167 

enzymatic activity, and milk components synthesis were selected to perform model 168 

reparameterization. Those parameters were selected based on previous reported prediction errors, 169 

model structure, and suitability of data available to derivation of new parameter values. The 170 

selected parameters are presented in Table 4.2. Model reparameterization was performed using 171 

the entire Chilean dataset, and splitting it by H-F cows (153 groups diets) and Jersey cows (27 172 

group diets). Additionally, the dataset compiled by Morales et al. (2021) including 115 treatment 173 

means sourced from studies conducted worldwide with different breeds of dairy cattle 174 

consuming diets dominant in perennial ryegrass was selected to reparameterize the model and 175 

serve as a benchmark. 176 

In Table 4.2 are presented the estimated parameters for the entire Chilean dataset, 177 

Holstein-Friesian Chilean dataset or Jersey Chilean dataset separately, and Morales et al. (2021) 178 

dataset. The parameters were derived using the Direction Set algorithm to maximize the log-179 

likelihood to find the best combination of parameter values that explain the observed data (Press 180 

et al., 2007). Standard deviation (SD) of parameters predicted is not presented because when the 181 

subject has a single observation, they need to be derived by the model using a Monte Carlo 182 

approach, which takes several months of computational work. Thus, the SD reported by Hanigan 183 

et al. (2007) and Hanigan et al. (2009) where used to compare model parameters when needed. 184 
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Model Evaluation 185 

The accuracy and precision of model predictions before and after reparameterization 186 

were assessed by calculation of root mean squared errors (RMSE, expressed as % of the mean), 187 

and mean bias and slope bias (expressed as % of the MSE; Bibby and Toutenburg, 1977), and 188 

concordance correlation coefficients (CCC; Lin (1989)). The tests guided interpretation of 189 

differences for a given variable, however, model adequacy was determined using the 190 

combination of all indicators previously mentioned. The overall effects of the changes on model 191 

performance were assessed by the Bayesian Information Criterion values (BIC; Schwarz (1978)).  192 

Model Simulations of Nitrogen and Energy Fluxes 193 

The Molly model is mainly considered a research model, but it allows the opportunity of 194 

testing and explore different animal nutrition and metabolism key aspects that can be used in 195 

application models. A simulation work was performed to test the recent model improvements 196 

using the new mammary parameters derived for H-F cows. 197 

To examine the effects of nutritional changes on nitrogen and energy efficiency, four 198 

diets were designed to broadly represent the different feeding systems used in Chile. These 199 

consisted of primarily of varying ryegrass (Lolium perenne L.) inclusion in the diets: 1) P0; 200 

TMR containing corn silage, pasture silage, triticale silage, alfalfa hay, steam-rolled corn, corn 201 

gluten meal, and soybean meal; 2) P50; partial TMR containing 50% of a spring ryegrass pasture 202 

plus 50% of the TMR described above; 3) P70; diet containing 70% of a spring ryegrass pasture 203 

plus 30% of commercial starchy pellet; and 4) P100; diet containing 100% of a spring ryegrass 204 

pasture. Reference diets selected and feed ingredients, as well as values of feed composition 205 

used, were taken from the records of commercial diets provided by the dairy cooperative 206 
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COLUN. Chemical composition of feeds ingredients used in model simulation are presented in 207 

Table 4.3 and composition of treatments diets is presented in Table 4.4.  208 

The reference animal simulated was assumed to be a H-F dairy cow weighing 600 kg and 209 

70 d in milk (base on the expected peak of lactation), and BCS 3.0. In addition, DMI was set at 210 

24, 20, 18.5 and 17 kg for treatments P0, P50, P70, and P100, respectively. Those quantities 211 

were selected based on reported literature using similar diets, particularly Vibart et al. (2008) 212 

was used as reference for P0 and P50, while Riquelme and Pulido (2008) and Pulido et al. 213 

(2009b) were used for P70 and P100. Also, values were adjusted based on observed intake in the 214 

Chilean dairy commercial group’s diets.  215 

Digestive parameters described by Li and Hanigan (2020) were used in P0 simulation to 216 

better represent digestion of TMR diets, while digestive parameters described by Morales et al. 217 

(2021) were used in the other treatment simulations to improve the representation of pasture 218 

digestion. Also, the new lactation module parameters derived in this work for H-F cows were 219 

used in all the treatments. Model values from d 14 of the simulation were used to represent 220 

steady state values. 221 

There was no replication for the experimental unit, so no statistical analyses were 222 

conducted for the simulation results. All evaluations of nitrogen and energy metabolism were 223 

assessed based on numeric differences. All statistical summaries of the data, data handling, 224 

residuals analyses, plots, and CCC estimations were conducted with R Studio (version 1.2.1335, 225 

RStudio Inc., Boston, MA, USA).  226 

RESULTS AND DISCUSSION 227 

 228 

Previous efforts to represent mammary synthetic capacity found differences between 229 

genotypes in cell quantity and dynamics necessitating adjustment of some parameters to better 230 
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represent genetic potential. Using the Molly model, only two studies have addressed this issue 231 

(using the same database) using data from American and New Zealand H-F strains (Hanigan et 232 

al., 2007). Differences among other dairy breeds have not been characterized. 233 

As shown in Table 4.5, reparameterization to the Chilean dataset decreased mean bias 234 

and improved the maximum log likelihood (MLL) and BIC values (-916 and 1890 to -563 and 235 

1183, respectively), indicating that a model reparameterization could be necessary. Moreover, 236 

separate parameterizations for Chilean H-F and Jersey cows further increased model accuracy 237 

and precision for milk solids predictions. The MLL and BIC improved from -650.7 and 1356.7 to 238 

-314.3 and 683.9, respectively, for H-F cows and from -162.3 and 379.9 to -112.7 and 280.8, 239 

respectively, for Jersey cows. Thus, a separate set of some mammary parameters seems 240 

necessary according to dairy breeds. 241 

Model Predictions before Reparameterization 242 

The residual error analysis of predictions of the Chilean dataset using the North 243 

American Holstein or NZ H-F previously derived mammary parameters is shown in Table 4.5. 244 

The RMSE (% mean) for milk production predictions of the Chilean dataset were 33.1% and 245 

19.5% when using the American or New Zealand H-F derived parameters, respectively. This was 246 

primarily explained by an important mean bias of 73.2% (overprediction of 7.43 kg/d) using 247 

Holstein parameters, while a smaller RMSE was observed when using the NZ H-F parameters 248 

(9.23% of MSE and underprediction of 1.55 kg/d), but the latter presented a bigger slope bias 249 

(21.3%).  250 

Milk production has been mathematically explained by the interaction of the number of 251 

secretory mammary cells (QCells) and enzyme activity per active mammary cell (PEnz,Cell). 252 

Quantifications of the amount of mammary DNA have been used in the past to parameterize 253 
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these variables, but not all mammary cells are actually secretory and active, making estimates of 254 

mammary parenchymal volume and cell population difficult (Dijkstra et al., 1997). To simplify 255 

this, the Molly model works with an arbitrary number of cells which defines the genetic potential 256 

of the udder to produce milk (Baldwin, 1995). An amount of 1,000 cells was initially set by 257 

Baldwin et al. (1987a) as the number of mammary cells at parturition (QCells(T0)). In this work, 258 

according to the observed model predictions, it was expected that the productive potential of 259 

Chilean cows is at an intermediate level of the American and New Zealand H-F genotypes 260 

(Figure 4.1). 261 

Average milk production of whole Chilean dataset was 26.2 kg/d with 3.67% of crude 262 

protein and 4.49% of fat. Milk production systems in Chile importantly rely on the use of pasture 263 

for a portion of the diet (observed rations included from 0% of ryegrass in winter diets up to 264 

71.7% in spring, Table 4.1) and strategic use of supplements (Pulido et al., 2010). Farms 265 

included in this study had nutritional advice, so the cows reached between 6,500 to 9,000 266 

kg/lactation (Chuma-Alvarez et al., 2021), mainly depending on the supplementation level. This 267 

productive genetic potential is bigger than of those cows used by Aston et al. (1995) and Kolver 268 

et al. (2006), which were used to derive the New Zealand H-F mammary parameters (Hanigan et 269 

al., 2007). On the other hand, the high overestimation when using the American Holstein 270 

parameters is associated with the high emphasis that has been placed on this trait during the last 271 

60 years, easily exceeding 10,000 kg per lactation (Brito et al., 2021). 272 

Although moderate accuracies of predictions were observed for milk production (CCC 273 

values of 0.52 and 0.76 when using Holstein or NZ H-F parameters, respectively), high RMSE 274 

(% mean) values were observed for milk protein and fat production predictions of the Chilean 275 

dataset; reaching 25.9% and 29.7%, and 19.7% and 50.0% when using the American or NZ H-F 276 
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parameters, respectively (Table 4.5). The latter resulted in moderate accuracies for milk protein 277 

(CCC values of 0.60 and 0.74) but very low values for milk fat production (CCC values of 0.11 278 

and 0.02) when using Holstein or NZ H-F parameters, respectively. This was associated with the 279 

high milk solids content of Chilean cows, so even though milk production was highly 280 

overestimated using the Holstein parameters, fat yield was underestimated. On the other hand, 281 

despite milk protein and fat percentages recorded in the Chilean dataset were similar than those 282 

reported in New Zealand studies (Hanigan et al., 2007), due to underestimation of milk 283 

production, milk solids production was highly underestimated. This dichotomy partially explains 284 

the difficulty in model predictions when using parameters derived from other genotypes. This is 285 

further accentuated in Jersey cows, which registered a slightly lower average milk production 286 

(23.25 kg/d) but a significantly higher percentages of milk solids (4.04% CP and 5.56% fat). 287 

Model Predictions after Reparameterization to Chilean Dataset 288 

Mammary model parameter values after reparameterization to the entire Chilean dataset 289 

are presented in Table 4.2, while the respective residual error analysis of predictions is shown in 290 

Table 4.5. RMSE slightly decreased to 15.6% (% MSE). As expected, reparameterization 291 

resulted in a removal of the mean bias, however, slope bias increased for milk protein and fat 292 

production (13.0 and 9.73%, respectively). Thus, despite a significant improvement in accuracies 293 

of milk solid predictions (CCC values of 0.72 and 0.63 for milk fat and protein production, 294 

respectively), the accuracies for milk solids content remained low (CCC values of 0.07 and 0.12 295 

for milk fat and protein percentages, respectively). 296 

 A value of 1,270 was derived for QCells(T0) after model reparameterization to the whole 297 

Chilean dataset, which was even greater than previously derived value for North American 298 

Holstein cows (1,156 QCells(T0)). This was explained by the intimate and inverse relationship 299 
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among QCells and PEnz,Cell described by (Hanigan et al., 2007), where the derived value of 1,270 300 

mammary cells at a value of 8.3 PEnz,Cell, is equivalent to a value of about 1,000 mammary cells 301 

at the fixed value of 12.5 for PEnz,Cell used by Hanigan et al. (2007). This adjusted QCells(T0) value 302 

is in accordance with expectations for the moderate mammary genetic potential of Chilean cows, 303 

represented in the model by the total enzyme activity of all mammary cells (Figure 4.2). The 304 

greater value derived by secretory mammary cells at parturition was possible due to a bigger 305 

emphasis of the optimizer on this parameter to adjust the observed milk volume in the entire 306 

dataset with respect to the amount of milk solids, resulting in a smaller PEnz,Cell value. Dijkstra et 307 

al. (1997) described that around peak production, the cell activity might still increase even 308 

though the cell number is already in the declining phase (or the reverse). The combination of this 309 

phenomena causes little change in milk production but can affect the accuracy to fit the model.  310 

Total mammary cells is represented as a dynamic balance of cell division (KDecay), which 311 

decays in the transition period and mass-action cell death (KApoptosis) (Hanigan et al., 2007). The 312 

initial KDecay (Postpartum) value of 0.44 was derived by Hanigan et al. (2007) as a common value 313 

across H-F strains due to lack of data. When using the whole Chilean dataset for 314 

parameterization, a biologically infeasible value of 6.83 was derived. Values above 0.3 result in 315 

almost immediate cessation of cell growth after parturition resulting in no ascending portion of 316 

the cell growth curve (Hanigan et al., 2007). This is likely caused by a lack of data for the first 317 

20 days of lactation, and variance among breeds. 318 

Model Predictions after Separated Reparameterization to Dairy Breeds 319 

Mammary model parameter values after reparameterization to Chilean Holstein-Friesian 320 

or Jersey cows are presented in Table 4.2, while the respective residual error analysis of 321 

predictions is shown in Table 4.5. Reparameterization of H-F and Jersey cows, resulted in a 322 
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greater accuracy of predictions for milk production (CCC values of 0.69 and 0.90, respectively) 323 

compared to predictions using American Holstein parameters (CCC value of 0.52). Although 324 

milk production was moderately well predicted using New Zealand H-F parameters or after 325 

whole data reparameterization (CCC values of 0.76 and 0.74, respectively), accuracy of milk 326 

solids predictions was increased with dairy breed specific parameters, especially for milk solids 327 

percentages predictions (Table 4.5). 328 

Derivation of the parameter by breed evidenced differences in the shape of lactation 329 

curves among them (Figure 4.1). This phenomenon seems not to be associated with the rate of 330 

cell proliferation postpartum, since KDecay (Postpartum) took values 0.27 and 0.37 for H-F and Jersey, 331 

respectively, but Hanigan et al. (2007) reported a high standard deviation of 0.19 for this 332 

parameters. These values are within the range of 0.002 to 0.533 report by Dijkstra et al. (1997) 333 

using data from different species (mice, rats, golden hamsters, guinea pigs, and goats).  334 

Different cell death rate values were observed for H-F (1.00 × 10−3) and Jersey (1.74 × 335 

10−3). This indicates that H-F presented a greater lactation persistency. Also, simulated lactations 336 

using H-F parameters reached peak production on day 74, while Jersey cows reached peak 337 

production on day 81 (Figure 4.1). Jersey cows and they crosses are mainly managed under 338 

seasonal pasture-based systems in Chile (González-Verdugo et al., 2005), so they are selected by 339 

reproductive performance and ideally have one calving a year, explaining the smaller lactation 340 

persistence. This is in agreement with the smaller cell death rate value reported for NZ H-F 341 

genotypes (2.41 × 10−3), which are managed under strict grazing systems. On the other hand, H-342 

F cows, are generally managed under bi-seasonal calving systems (specially autumn calving) 343 

could generate lactation curves with a false double peak (resulting in a flattened curve with 344 

apparently good persistence), explained by the feed restriction during winter and overfeeding in 345 
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spring (Pérez et al., 2007). Aston et al. (1995) reported that cows subjected to restricted feeding 346 

recover their normal production after being re-established on the full diet, so this suggests that 347 

the cell capacity is dormant and can be potentially recovered (Vetharaniam et al., 2003a; 348 

Vetharaniam et al., 2003b; Strucken et al., 2015). This phenomena was not observed by Hanigan 349 

et al. (2007) in the information used to update the representation of the mammary gland in the 350 

Molly model, so they did not include it. 351 

The existence of differences in milk composition associated with dairy breeds has been 352 

known for years (Cerbulis and Farrell, 1975). However, milk composition is influenced by many 353 

other factors as nutrition, season, parity, stage of lactation, as well as the physiological state of 354 

the animal (Lim et al., 2020), being difficult to isolate the different effects. The Molly model 355 

considers a detailed nutrient metabolism representation, therefore it constitutes an interesting tool 356 

to explore the mammary metabolism (Hanigan et al., 2007; Hanigan et al., 2013). This utilizes a 357 

Michaelis-Menten equation forms to predict the milk solids productions, thus there is a maximal 358 

velocity for each one to reflect the maximum potential (Baldwin, 1995). Particularly, maximal 359 

velocity of milk lactose synthesis (VmGl,Lm) is in turn represented by: the maximum velocity of 360 

milk lactose synthesis at parturition (VmGl,Lm(T=0)), and the synthesis (kVm,Syn), decay (kVm,Decay), 361 

and degradation (kVm,Deg) of enzymatic activity for conversion of glucose to lactose in the 362 

mammary glands; with the purpose of accounting for changes in milk lactose synthesis during 363 

lactation (Hanigan et al., 2007; Hanigan et al., 2009). 364 

North American Holstein parameters previously derived for milk lactose synthesis were 365 

similar — with the exception of kVm,Deg— to those derived for H-F cows in this study, which 366 

explains the similar accuracies to predict milk volume by the model before and after 367 

reparameterization. This suggests that the differences in the prediction of milk solids would be 368 
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directly associated with fat and protein synthesis. In contrast, mammary parameters defining 369 

VmGl,Lm in Jersey cows were different, being translated into a smaller and different pattern of cell 370 

lactose synthesis capacity, mainly during the first third of lactation (Figure 4.3). Lim et al. (2020) 371 

reported a greater lactose content in Jersey cows, however, the content seems to be smaller at the 372 

beginning of lactation compared with H-F cows, which is in agreement with our findings. 373 

Besides, when lactose composition is corrected by animal and environmental factors, no 374 

differences were observed between dairy breeds (Alessio et al., 2016). This could be associated 375 

with the fact that, according to our findings, lactose production increases at a slower rate in 376 

Jersey cows, but it then reached or even exceeded H-F lactose production, so their synthesis 377 

pattern during lactation should be considered. Unfortunately, information on milk lactose content 378 

was not available for this study, so lactose parameters were mainly adjusted according to milk 379 

production during lactation and diet energy supply (Baldwin, 1995). Although both parameters 380 

present a strong correlation and the model mechanistically predicts lactose production, this could 381 

partially affect our predictions. Despite milk lactose is primarily associated with milk volume, 382 

the positive correlation between lactose production and protein and fat production indicates that 383 

the level of lactose synthesis likely influences milk production traits in ways other than merely 384 

via its osmotic action (Shahbazkia et al., 2010). Bleck et al. (2009) found a 13.5% greater 385 

concentration of α-Lactalbumin — protein involves directly in lactose synthesis— in Jersey 386 

compared to H-F cows. Moreover, they also found a strong correlation between α-Lactalbumin 387 

concentration and total protein and fat percentage, suggesting the existence of a potential shared 388 

mechanism controlling also the production of milk proteins (i.e., caseins, β-Lactoglobulin). 389 

Various polymorphisms have been describe for α-Lactalbumin in different breeds, so the 390 

question arises if this would have any productive implications (Visker et al., 2012) 391 
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Regarding milk protein synthesis predictions, the maximal velocity of milk protein 392 

synthesis (VmAa,Pm) was 14% and 18% bigger after reparameterization to H-F or Jersey cows, 393 

respectively. This could be associated to the higher selection pressure of Chilean cows for milk 394 

solids, due to raw milk payment scheme is mainly base on milk solids instead of milk volume 395 

(Uribe et al., 2017). Different mechanisms have been theorized to explain milk protein 396 

production as the local regulation of mammary blood flow to maintain ATP balance —397 

explaining the flow change due to postruminal glucose, insulin, and essential amino acids—, and 398 

the flexibility of net mammary uptakes of metabolites from blood (arterial concentrations seem 399 

to impact on the rate of mammary blood flow) (Cant et al., 2018). Although the Molly model is 400 

able to represent the degradation and partitioning of the main nutrients, these specific 401 

mechanisms are not represented, so it is not possible to precise what mechanisms explain the 402 

apparently greater protein synthesis between breeds. Ahmad et al. (2021) detected SNP variants 403 

in mammary epithelial cells between Jersey and Kashmiri cows (indigenous cows from India), 404 

finding that in Jersey cows significant SNPs were mainly involved in maintenance of lactation 405 

and production as amino acids metabolism (specifically glycine, serine, and threonine), insulin-406 

mediated glucose metabolism, glycerolipid metabolism, between others. Multiple pathways are 407 

involved in the transcriptional and posttranscriptional gene regulation of milk solids synthesis, so 408 

future research should also consider to studying the breed impact on those mechanisms (Osorio 409 

et al., 2016). 410 

Milk fatty acids in cows have two different origins; de novo synthesis of fatty acids (FA) 411 

from acetate and to a lesser extent β-hydroxybutyrate, and uptake of preformed FA from blood, 412 

which come from absorption in the digestive tract or mobilization from body reserves. Short and 413 

medium-chain FA (4 to 14 carbons) and a portion of the 16-C FA are derived from de novo FA 414 
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synthesis, and preformed FA account for the remaining 16-carbon and all of the longer-chain FA 415 

(>16 carbons) (Harvatine et al., 2009). Both milk FA synthesis pathways are represented in the 416 

Molly model, and they are regulated by the maximal velocity for milk fat synthesis from the 417 

novo (VmAc,Tm) and from preform fatty acids (VmFa,Tm), respectively. After separately 418 

reparameterization to H-F and Jersey cows, the latter presented a 20% bigger fat synthesis from 419 

de novo FA. This is in agreement with previous literature, where a bigger fraction of short and 420 

medium chains FA have been reported in Jersey cows, and also a bigger content of saturated 421 

fatty acids than H-F cows (Depeters et al., 1995; Soyeurt et al., 2006). VmAc,Tm value before 422 

reparameterization was significantly smaller which can partially associate to the genetic selection 423 

of Chilean cows as previously explained, and that this parameter has not been reparameterized 424 

since originally published (Baldwin, 1995), so the new parameters seems to better represent de 425 

novo FA synthesis. Maximal velocity of FA synthesis from preformed FA was also bigger for 426 

Jersey cows, but similar than original parameter value. Milk fat content and composition is 427 

importantly affected by nutrition, although Molly model account for nutrient utilization, no 428 

specific analysis were performed to account for differences in diets (Bionaz et al., 2020). No 429 

differences in microbial communities have been associate in H-F and Jersey cows, however a 430 

greater NDF digestibility and digesta passage rate (associate to a greater mastication) have been 431 

reported in Jersey cows (Aikman et al., 2008; Bainbridge et al., 2016). The latter, together with a 432 

lower maintenance requirement could partially explain the extra availability of energy to 433 

synthetize FA. Additionally, some differences in cell enzyme activities have been suggested 434 

(e.g., lower mammary activity of stearoyl-coenzyme A desaturase in Jersey cows) than can also 435 

explain the differences in FA synthesis among dairy breeds (Drackley et al., 2001). 436 
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Overall, independent reparameterization to H-F or Jersey cows improved both milk 437 

production and milk solids predictions. however, there is still room for improvements. Plots of 438 

residual analysis after separated reparameterization are presented in Figure 4.4. Milk, protein, 439 

and fat production prediction for H-F cows were partially improved after reparameterization, 440 

where cows with lower performance were overpredicted and those with higher production were 441 

underpredicted (Figure 4.4 A, C, E). The former can be associated that cows with smaller 442 

production were heifer. Although parity was identify has a potential source of variation in a 443 

previous study, no parameters were derived because of the limited data used (Hanigan et al., 444 

2007). It has been reported that primiparous cows present a lower milk production at peak, 445 

resulting in a flat and shorter lactation curve (Masía et al., 2020). After reparameterization to 446 

Jersey cows’ data, no important bias was observed in low producing animal, which can be 447 

associated to the smaller number of heifers in the dataset (just 4%) (Figure 4.4 B, D, F). 448 

Underprediction of high producing cows could be associated to additional differences in H-F 449 

strains used in Chilean milk productive systems (Elzo et al., 2004). Thus, although it was 450 

possible to better represent the relationship between milk production and milk solids with the 451 

newly derived mammary parameters, a specific association among dairy genotypes used 452 

(purebreds and crossbreeds) and productive systems (pasture-based, mixed, confinement, etc.) 453 

seems necessary to better specify their genetic potential for modelling purposes. 454 

Lastly, reducing the number of observations to parameterize the model could lead to data 455 

overfitting. Thus, we decided to reparameterize the dataset compiled by Morales et al. (2021) 456 

because it included various H-F strains and Jersey cows. Interestingly, after reparameterization, 457 

milk production and milks solids accuracies were just slightly improved and some parameters as 458 

KDecay (Postpartum) resulted in a biologically infeasible value, similar to what happened when 459 
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reparameterizing the whole Chilean dataset (Table 4.2 and Table 4.5). This supports our results 460 

that a separate set of some model mammary parameters seems necessary to properly represent 461 

the genetic potential and mammary synthetic capacity in different dairy breeds.  462 

Model Simulations of Varying Ryegrass Inclusion in Diets. 463 

Chemical Composition of Diets and Animal Performance. Model assumptions, composition of 464 

treatment diets, and animal performance predictions for varying feeding systems are presented in 465 

Table 4.4. Simulated diets included increasing proportions of ryegrass, but other feeds also 466 

varied, so predicted animal responses should not be a linear of grass concentrations. They were 467 

created to represent feeding systems ranging from complete confinement to strict use of pasture 468 

(Wales and Kolver, 2017). As expected, milk production was directly related to the increase in 469 

DMI. N use efficiency (NUE) was smaller for P100 and greatest for P50 and P70 (Table 4.6). 470 

The greatest feed conversion efficiency was obtained for P100, and it was negatively related to 471 

DMI (Table 4.7). Thus, the marginal milk production response to DMI was curvilinear (Brown et 472 

al., 1977). The latter suggest that the greater DMI registered in P100 was not efficiently used, 473 

explained probably by the medium genetic productive potential of Chilean cows. This is in 474 

agreement with our newly derived mammary parameters, and it has been observed in the practice 475 

in studies using a similar ryegrass chemical composition (Pulido et al., 1999; Pulido et al., 2007; 476 

Pulido et al., 2009a). 477 

Nitrogen fluxes of simulations. Ryegrass inclusion in diets resulted in a linear increase in diets 478 

CP, reaching P100 a CP content of 22.2% (as expected based on ryegrass chemical composition), 479 

which is an evidently excess according to NASEM (2021) recommendations. In the same way, 480 

RDP supply increased with ryegrass inclusion, however, RUP was lower than 5% of DM in 50P, 481 

70P and 100P diets. Kolver and Muller (1998) identifies that the supply of ME was first-limiting 482 
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for the milk production of cows consuming high quality pasture rather than the supply of 483 

metabolizable protein or amino acids. According their prediction, ME of pasture diets is able to 484 

support milk productions up to 30 kg/d and metabolizable protein provided could be a limitation 485 

over 38 kg/d. The former was in agreement with our predictions for P100. Although P0 486 

presented the smaller CP content, due to high DMI, N intake was the highest of all diets and 487 

followed by P100. However, the amount of AA captured in microbes was similar among P50, 488 

P70, and P100, and it was ~23% greater in P0. This is explained by the smaller content of starch 489 

in those diets being the availability of fermentable carbohydrates the main limitation. Those 490 

finding are in agreement with the summary of Chilean diets, where average CP of diets was 491 

17,4% with a maximum of 22.8% (Table 4.1). Similarly, the average of starch content of diets 492 

was 21.1%, with a wide range of 11.5% up to 29.3%. Although this was partially corrected by 493 

the high content of sugar and soluble fiber of diets, NFC was still smaller than the recommended 494 

36% to 44% in many diets (NASEM, 2021). 495 

Despite digested microbial protein being only different in P0, digested RUP linearly 496 

decreased from P0 up to P100, resulting in a decrease of 11.7%, 15.5%, and 20.1% of absorbed 497 

AA in P50, P70, and P100, respectively, compared to P0. This was explained by the smaller 498 

content of RUP of ryegrass (Keim et al., 2013). The high RDP content of P100 (17.4% DM) and 499 

reduced microbial uptake of N, was translated in a 31.3% of extra blood urea entry compared to 500 

the other diets, and in a 54% and 45.2% of urinary urea and N excretion, respectively. The 501 

smaller supply of AA together with the high losses of N by urine explain the lower NUE in 502 

P100. Similar and even smaller NUE values have been reported by cows consuming predominant 503 

pasture diets, e.g., 26.6% for cows consuming ryegrass spring diets (Beltran et al., 2022). Despite 504 
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P0 having the highest intestinal AA absorption, its NUE was slightly smaller than P50 and P70 505 

probably due to the smaller digestion of CP and high excretion in urine. 506 

Energy fluxes of simulations. As expected, an increase in DMI from 100P up to 0P, resulted in an 507 

increase in gross energy (GE) intake (Table 4.7). However, the TMR used presented a smaller 508 

digestibility mainly associated to a lower degradation rate (kd) of FDN fraction of the forages 509 

used (i.e., pasture silage, corn silage, and alfalfa silage) compared to ryegrass (Table 4.3). This 510 

resulted in a GE/ME of 0.64, 0.73, 0.75, and 0.72 for P0, P50, P70, and P100, respectively. 511 

Similar kd values for NDF fraction of ryegrass have been previously reported, supporting the 512 

idea that fresh pasture in a vegetative stage can be highly digestible despite its high content of 513 

fiber (Sun et al., 2010; Morales et al., 2021). Also, a decrease of forage kd has been observed 514 

when they are used in combination with supplemented grains, as observed in P0 (Cajarville et al., 515 

2006).  516 

Absorbed energy from glucose was importantly smaller in P100 comparing to the other 517 

treatments, which was associate to the lower content of starch in ryegrass diet. However, the 518 

absorbed energy from acetate was similar among treatments despite of the differences in DMI. 519 

The smaller production of microbial protein due to the limitation of energy substrates together 520 

with the bigger absorption of precursors for de novo synthesis of FA in P0, explains the smaller 521 

milk production —associated with a lower lactose synthesis— and milk protein production but in 522 

turn the bigger production of milk fat compared to other treatments. 523 

Overall, feed conversion efficiency improved as ryegrass proportion increased, and this 524 

relation was maintained after that milk was energy corrected (Table 4.7). However, model 525 

predictions of body weight and body condition score, indicate that cows in P100 loosed body 526 

reserves to subsidize milk production, also providing additional preformed FA to milk fat 527 
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synthesis. In contrast, cows in P50, P70, and P100 linearly increased body weight, suggesting 528 

that despite an extra supply of nutrients they were less efficient in transforming them into milk, 529 

privileging the deposit in body reserves. This support the mammary model reparameterization, 530 

suggesting that Chilean cows have a moderate genetic potential to produce milk, and additional 531 

nutrient supply should be based on animal response and marginal economic return (Shalloo et al., 532 

2004; VandeHaar et al., 2016). Finally, pasture quality can importantly modify the animal 533 

response, we used high nutritive values to represent ryegrass based on data collected. However, 534 

the nutritive value can be affected by several factors like seasonality, pasture management, 535 

fertilization, among others (Wilkinson et al., 2020). Diets simulated importantly modifies the 536 

NUE and methane emissions as observed in this work, so there is room to their improvement in 537 

the Chilean dairies (Muñoz et al., 2016; Beltran et al., 2022). 538 
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CONCLUSIONS 551 

 552 

Model predictions of the whole Chilean dataset, using previously derived mammary 553 

parameters, were moderately accurate for milk production but milk fat and protein contents were 554 

inaccurately predicted. After mammary model reparameterization to the whole dataset, milk 555 

production and milk solids content predictions were improved but the accuracy of milk protein 556 

and fat percentages remained low. Separately model mammary reparameterization of Holstein 557 

Friesian and Jersey cows’ data, improved both milk production and milk solids predictions, 558 

being evidenced a different pattern in the synthesis of milk solids during lactation in each dairy 559 

breed. This seems to be associated with different mammary cells number and cellular apoptosis, 560 

which are related to the cow's productive genetic potential and selection goals. Moreover, the 561 

high milk solids content in Jersey cows seems to be associated with a bigger mammary synthetic 562 

capacity in some metabolic pathways. Model simulations of diets including different proportions 563 

of ryegrass inclusion confirm that predominant pasture diets can sustain moderate milk 564 

production and that energy supply seems to be limiting. Despite the high CP content, the low 565 

RUP content in ryegrass could also be a concern in high-producing cows. Although ryegrass has 566 

a high NDF content, it has a high kd and digestibility in the vegetative stage, so the question 567 

arises as to what would be the optimal inclusion in the diet that would not limit potential intake. 568 

 569 

 570 
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APPENDIX 

 

Table 4.1. Descriptive summary of feeding groups data collected from Chilean dairy farms, and 
used for model evaluations and parameters estimation. 
Variable N Mean SD Minimum Maximum 
BW all cows, kg 180 561 64.4 410 670 
BW Holstein Friesian cows, kg 153 581 48.1 435 670 
BW crossbred Jersey cows, kg 27 454 24.7 410 480 
DIM, d 180 156 90.3 20 304 
Milk production, kg/d 180 26.2 7.1 12.4 46.0 
Milk protein, % 180 3.7 0.4 3.3 4.6 
Milk fat, % 180 4.5 0.6 3.7 6.3 
Milk protein production, kg/d 180 1.0 0.3 0.5 1.5 
Milk fat production, kg/d 180 1.2 0.3 0.6 2.1 
Chemical composition of total diet, % of DM unless otherwise specified 
   DM, % 180 37.9 9.0 21.3 58.0 
   CP 180 17.4 2.2 11.7 22.8 
   SP1, % of CP 180 35.4 6.5 21.6 59.8 
   RDP 180 12.1 1.8 8.0 17.0 
   RUP 180 5.2 0.9 3.3 7.2 
   NDF 180 31.4 3.8 22.6 45.7 
   ADF 180 20.7 2.7 14.9 28.0 
   Sugars 180 7.4 1.5 4.4 12.2 
   Soluble fiber 180 9.5 2.5 4.8 16.9 
   Starch 180 21.1 4.2 11.5 29.3 
   NFC 180 37.9 3.3 27.2 47.8 
   Fat 180 3.5 0.7 2.5 5.1 
   Ash 180 8.1 1.2 5.3 12.4 
Pasture, % of DM intake 180 25.9 19.4 0.0 71.7 
Forage2, % of DM intake 180 63.9 7.3 45.6 79.9 
Intake, kg/d      
   DM 180 20.2 3.0 12.6 28.1 
   OM 180 18.6 2.7 11.4 26.0 
   NDF 180 6.3 0.8 4.0 8.3 
   ADF 180 4.1 0.6 2.5 5.4 
   NFC 180 7.7 1.5 4.3 12.0 
   CP 180 3.5 0.8 2.0 5.3 

1SP: Soluble protein. 

2Forage represent percentage of fibrous feedstuffs intake as pasture, hay, silage, and supplementary crops. 
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Table 4.2. Description and initial values of model parameters selected, as well as values after reparameterization to 

whole Chilean dataset, Holstein-Friesian Chilean dataset or Jersey Chilean dataset separately, and Morales et al. 

(2021) dataset. 

Model 
parameter 

Description Initial parameter 

Values1 ± SD 

Chilean 

(All Data) 

Chilean 

 (H-F Data) 

Chilean 
(Jersey Data) 

Morales et al. 
(2021) Data3 

QCells(T0) Total number of mammary 
cells at parturition 1156 ± 0.40 1270 919 1015 930 

KDecay 

(Postpartum) 
Decay rate for cell 
proliferation during 
postcalving 

0.44 ± 0.19 6.83 0.27 0.37 6.66 

KApoptosis Rate of cell death at any 
point in time 1.48 × 10−3 ± 4.70 × 10−6 1.00 × 10−3 1.00 × 10−3 1.74 × 10−3 1.00 × 10−3 

PEnz,Cell Scalar that represents the 
enzyme activity per active 
mammary cell 

12.50 ± 0.03 8.30 9.63± 10.68 12.11 

VmGl,Lm(T=0) Maximal velocity for milk 
lactose synthesis at 
parturition 

1.62 × 10−3 ± 3.20 × 10−6 1.59 × 10−3 1.61 × 10−3 8.09 × 10−4 1.61 × 10−3 

kVm,Syn Rate constant for milk 
lactose synthesis to represent 
lactose synthesis capacity 

4.10 × 10−2 ± 2.00 × 10−3 4.00 × 10−2 4.01 × 10−2 5.70 × 10−2 4.10 × 10−2 

kVm,Decay Rate constant for milk 
lactose decay to represent 
lactose synthesis capacity 

1.03 × 10−1 ± 5.00 × 10−3 1.02 × 10−1 8.58 × 10−2 5.12 × 10−2 1.03 × 10−1 

kVm,Deg Rate constant for milk 
lactose degradation to 
represent lactose synthesis 
capacity 

3.85 × 10−4 ± 9.01 × 10−6 1.93 × 10−4 1.93 × 10−4 1.93 × 10−4 3.48 x 10-4 

VmAa,Pm Maximal velocity for milk 
protein synthesis postcalving 2.22 × 10−3 ± 4.20 × 10−6 2.36 × 10−3 2.53 × 10−3 2.62 × 10−3 2.06 x 10-3 

VmAc,Tm2 Maximal velocity for milk 
fat synthesis from the novo, 
postcalving 

7.00 × 10−3 1.70 × 10−2 1.75 × 10−2 2.10 × 10−2 7.04 × 10−3 

VmFa,Tm2 Maximal velocity for milk 
fat synthesis from fatty 
acids, postcalving  

1.00 × 10−3 5.33 × 10−4 5.67 × 10−4 1.00 × 10−3 9.46 x 10-4 

1Parameter values were derived by Hanigan et al. (2007) and Hanigan et al. (2009). Table values corresponds to 

those derives for North American Holstein cows, while for New Zealand H-F a value of 792 was set to QCells(T0) and 

2.41 × 10−3 for KApoptosis (Hanigan et al., 2009). 

2VmAc,Tm and VmFa,Tm were originally reported by Baldwin (1995) and no previous SD values have been reported. 

3Holstein, Holstein-Friesian from different countries, Jersey, and H-F x Jersey crosses were present. 
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Table 4.3. Chemical composition of reference feeds used for model simulations. Values were obtained from diets provided by the 
Chilean cooperative Colun. 

 

Chemical 
composition, % of 
DM unless 
otherwise specified1 

Ryegrass, 
spring 

 

Pasture 
silage 

Starchy 
pellet 

Corn 
silage 

Soybean 
hulls 

Ground 
corn 

Soybean 
meal 

Triticale Alfalfa 
silage 

Steam-
rolled 
corn 

Corn 
gluten 
meal 

DM, % 16.0 43.8 88.0 32.0 93.4 84.9 90.1 87.3 45.8 85.1 91.6 
CP 22.5 14.8 11.0 7.7 13.2 7.5 51.2 12.7 16.6 8.2 65.5 
SP, % of CP 28.8 38.6 25.0 58.6 25.0 24.2 20.0 40.0 50.1 20.6 11.7 
RUP, % of CP 22.0 30.0 24.6 21.5 34.8 35.8 29.0 24.2 23.0 48.4 57.0 
aNDFom 42.8 46.1 16.7 40.9 65.9 7.7 10.0 14.2 45.0 10.9 7.1 
ADF 29.8 32.2 12.2 26.2 46.1 3.1 8.8 4.5 33.3 4.9 5.3 
Sugars 10.7 13.6 3.0 2.4 2.2 5.0 10.9 3.6 9.1 2.9 2.5 
Soluble fiber 7.2 9.1 8.0 9.7 10.6 4.6 16.7 4.3 14.4 0.5 2.6 
Starch 2.8 2.2 52.0 27.3 1.4 70.2 1.9 62.4 2.1 71.2 16.2 
Fat 3.3 2.4 3.8 2.4 1.4 3.5 1.6 1.3 2.3 4.6 2.7 
Ash 10.7 5.5 5.5 3.9 5.4 1.3 7.7 3.0 5.3 1.8 3.5 
Lignin 2.7 4.8 0.8 4.0 3.0 0.5 0.9 0.9 6.5 3.3 1.9 
NDF kd, % h-1 9.5 6.9 9.0 6.5 9.0 5.0 6.0 5.0 4.0 4.0 2.0 
NH3-N, % of total 
N 

0.0 4.7 0.0 7.2 0.0 0.0 0.0 0.0 1.9 0.3 0.0 

1SP: Soluble protein; aNDFom: amylase-treated neutral detergent fiber expressed on an organic matter basis, and correcting for ash contamination; NDF kd: 
Fractional rate of neutral detergent fiber ruminal degradation. 
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Table 4.4. Input assumptions, composition of treatment diets, and animal performance 

predictions for simulated feeding systems. 

Variable1 0P 50P 70P 100P 
Model assumptions     
   BW, kg 600 600 600 600 
   BCS, 1 to 5 3.0 3.0 3.0 3.0 
   DIM, d 70 70 70 70 
   DMI, kg 24 20 18.5 17.0 
Chemical composition of total diet, % of DM unless otherwise specified 
   DM, % 50.5 25.8 21.4 16.2 
   CP 16.8 17.9 18.8 22.2 
   SP, % of CP 32.2 29.4 28.2 28.8 
   RDP 10.0 13.1 14.6 17.4 
   RUP 6.8 4.8 4.2 4.8 
   NDF 28.6 37.3 34.6 42.2 
   ADF 18.6 25.3 24.8 29.3 
   Sugar 5.6 9.0 8.3 10.6 
   Soluble fiber 5.9 7.4 7.4 7.1 
   Starch 29.7 16.2 17.2 2.8 
   NFC 41.2 32.6 32.9 20.5 
   Fat 2.8 2.8 3.43 3.3 
   Ash 7.8 8.4 10.3 10.7 
   Pasture, % of DM intake 0 50 70 100 
   Forage2, % of DM intake 57.8 66.3 70 100 
Intake, kg/d     
   OM 18.6 18.3 16.6 15.2 
   NDF 6.0 7.5 6.4 7.2 
   ADF 4.0 5.1 4.6 5.0 
   NFC 8.3 6.5 6.1 3.5 
   CP 3.5 3.6 3.5 3.8 
Model predictions of animal performance3     
   Milk production, kg/d 36.4 34.1 33.0 31.5 
   Milk protein, % 3.37 3.36 3.37 3.38 
   Milk fat, % 3.81 3.56 3.97 4.87 
   Milk protein production, kg 1.23 1.15 1.11 1.06 
   Milk fat production, kg 1.38 1.21 1.31 1.54 
   Live body weight, kg 660 645 629 597 
   Body condition score, scale 1 to 5 3.08 3.08 3.01 2.81 

1SP: Soluble protein. 

2Forage represent percentage of fibrous feedstuffs intake as pasture, hay, silage, and supplementary crops. 

3Performance values predicted by the Molly model using the new lactation module parameters derived for 

Holstein Friesian cows reported in Table 4.2. 
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Table 4.5. Residual error analyses for Molly predictions using mammary model parameters derived 

previously for North American H or New Zealand H-F derived, derived herein from the entire Chilean 

dataset, separately for Chilean H-F and Jersey cows, or from Morales et al. (2021)1. 

Parameter Set Milk production, 
kg/d 

Milk protein, kg Milk fat, kg Milk protein, % Milk fat, % 

Number of observations      
   Initial American H 180 175 175 175 175 
   Initial NZ H-F 180 175 175 175 175 
   Chilean (all data) 180 175 175 175 175 
   Chilean (H-F) 153 151 151 151 151 
   Chilean (Jersey) 27 24 24 24 24 
   Morales et al. (2021) 106 106 106 108 108 
Observed mean      
   Chilean (all data) 26.2 0.97 1.18 3.67 4.49 
   Chilean (H-F) 26.7 0.96 1.16 3.61 4.32 
   Chilean (Jersey) 23.3 0.97 1.33 4.04 5.56 
   Morales et al. (2021) 24.5 0.80 0.99 3.27 4.08 
Predicted mean      
   Initial American H 33.6 1.17 1.09 3.48 3.34 
   Initial NZ H-F 24.6 0.86 0.71 3.04 3.49 
   Chilean (all data) 26.2 0.96 1.17 3.68 4.44 
   Chilean (H-F) 27.0 0.97 1.16 3.61 4.30 
   Chilean (Jersey) 23.4 0.97 1.23 4.09 5.28 
   Morales et al. (2021) 24.5 0.99 0.80 4.06 3.26 
RMSE, % mean      
   Initial American H 33.1 25.9 29.7 8.44 31.8 
   Initial NZ H-F 19.5 19.7 50.0 39.7 8.37 
   Chilean (all data) 15.6 16.1 19.2 6.36 12.6 
   Chilean (H-F) 16.4 16.4 18.1 3.66 7.69 
   Chilean (Jersey) 11.5 11.7 15.8 5.73 11.5 
   Morales et al. (2021) 18.5 20.1 18.2 12.4 5.67 
Mean bias, % MSE      
   Initial American H 73.2 65.2 6.51 37.1 64.8 
   Initial NZ H-F 9.23 33.6 64.9 66.7 35.8 
   Chilean (all data) 0.01 0.00 0.59 0.02 0.94 
   Chilean (H-F) 0.40 0.24 0.00 0.10 0.38 
   Chilean (Jersey) 0.50 0.06 22.2 5.11 18.9 
   Morales et al. (2021) 0.00 0.00 0.01 0.15 0.16 
Slope bias, % MSE      
   Initial American H 4.84 1.21 8.11 6.52 21.6 
   Initial NZ H-F 21.3 5.96 4.49 25.1 6.79 
   Chilean (all data) 11.1 13.0 9.73 1.07 9.86 
   Chilean (H-F) 9.40 11.9 15.2 0.35 32.2 
   Chilean (Jersey) 0.56 0.93 19.4 40.7 6.70 
   Morales et al. (2021) 7.30 9.59 4.25 3.32 0.22 
CCC      
   Initial American H 0.52 0.60 0.11 0.07 -0.07 
   Initial NZ H-F 0.76 0.74 0.02 -0.09 0.07 
   Chilean (all data) 0.74 0.72 0.63 0.07 0.12 
   Chilean (H-F) 0.69 0.68 0.65 0.27 0.23 
   Chilean (Jersey) 0.90 0.92 0.80 0.60 0.18 
   Morales et al. (2021) 0.22 0.30 0.23 0.32 0.19 

1Holstein, Holstein-Friesian from different countries, Jersey, and H-F x Jersey crosses were present. 
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Table 4.6. Model simulations of diets containing 0%, 50%, 70%, and 100% ryegrass and fed to a 
Holstein-Friesian dairy cow. 
 

Item P0 P50 P70 P100 
N balance, g N/d      
    N intake  646 573 558 604 
    Fecal N   186 142 137 133 
    Urinary N  220 198 210 304 
    Manure N 406 340 347 437 
    Retained N  68.2 69.5 56.1 24.7 
    Milk N  194 182 177 173 
Ruminal N Fluxes, g N/d      
    Degraded protein  347 323 330 396 
    Deaminated AA  237 232 242 307 
    AA captured in microbes   117 96.8 94.4 95.3 
    Free AA outflow  3.6 3.7 3.2 3.5 
    Ammonia captured in microbes    19 158 158 156 
    Ammonia outflow  28.5 38.4 40.2 58.4 
    Non-ammonia, non-microbial N 
outflow  290 250 231 211 

    Microbial N outflow  318 260 257 256 
    Total N outflow  636 548 528 526 
    Absorbed ammonia N  106 122 128 186 
Post-Rumen, g N/d      
    Digested microbial protein  204 167 166 165 
    Digested microbial non-protein  11.3 9.2 9.2 9.1 
    Digested RUP  204 193 179 163 
    Absorbed AA  412 364 348 331 
    Recycled urea captured in microbes    14.5 14.7 14.9 14.0 
Urea recycling, g N/d      
    Blood urea entry  331 322 334 432 
    Ruminal urea entry  60.6 60.3 60.7 57.1 
    Intestinal urea entry  57.8 59.0 59.7 56.2 
    Urinary urea excretion  186 170 183 277 
N use efficiency, g N milk/ 100 g N intake 30.4 31.7 31.7 28.7 
Manure production     
   Manure N/ DMI 16.9 17.0 18.8 25.7 
   Manure N/ milk production 11.2 10.0 10.5 13.9 
   Manure N/ energy-corrected milk 11.4 10.5 10.6 12.5 
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Table 4.7. Model simulations of using 0%, 50%, 70%, and 100% ryegrass inclusion in diets on 
energy metabolism in a Holstein-Friesian dairy cow. 
Item P0  P50  P70  P100  
Gross energy, Mcal  104  85.7  78.4  72.9  
Metabolizable energy, Mcal  66.8  62.3  58.7  52.5  
Fecal energy, Mcal  31.9  18.2  14.5  14.7  
Milk energy, Mcal  25.4  23.0  23.5  25.2  
Urinary energy, Mcal  1.0  0.9  1.0 1.5  
CH4 energy, Mcal  4.1  4.2  4.1  4.2  
Absorbed energy, Mcal  61.3  57.5  54.1 48.0  
    Energy from absorbed AA, Mcal  14.0  12.9 11.8  11.3  
    Energy from absorbed glucose, Mcal  9.4  12.9  10.1  3.8 
    Energy from absorbed lactate, Mcal  4.1 3.5 4.0 3.5 
    Energy from absorbed acetate, Mcal  14.0  13.1  12.8  12.9  
        Acetate from rumen, Mcal  8.0  8.2  8.0  8.2  
        Acetate from post-rumen, Mcal  6.0  4.8  4.9  4.7 
    Energy from absorbed propionate, Mcal  11.4  8.5  8.3  9.0  
        Propionate from rumen, Mcal  7.7  5.8  5.7  6.1 
        Propionate from post-rumen, Mcal  3.7  2.8  2.7  2.9  
    Energy from absorbed butyrate, Mcal  8.3  7.1  7.0  7.4  
        Butyrate from rumen, Mcal  5.3  4.5  4.4 4.7 
        Butyrate from post-rumen, Mcal  3.0  2.6 2.6 2.7  
Energy use efficiency     
    Feed conversion efficiency (FCE), milk  
    kg/kg of DMI 1.51 1.71 1.78 1.85 

    Corrected FCE, kg of energy-corrected 
    milk (ECM)/ kg of DMI 1.48 1.6 1.8 2.0 

Methane emissions     
    CH4, g/d 315 315 312 316 
    CH4, g CH4/ kg of DMI 13.1 15.8 16.9 18.6 
    CH4, g CH4/ kg of milk production 8.7 9.2 9.5 10.0 
    CH4, g CH4/ ECM 8.9 9.8 9.5 9.1 
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Figure 4.1. Lactation prediction curves using initial American or New Zealand H-F derived 
mammary model parameters values, or after reparameterization values derived to H-F or Jersey 
Chilean dataset. Dotted lines indicate the estimated day of peak production using H-F or Jersey 
Chilean new derived parameters. 
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Figure 4.2. Total mammary enzyme activity, representing the total enzyme activity 
of all active cells, during a whole lactation using previous derived mammary model parameters 
for Holstein and NZ H-HF or derived after reparameterization to H-F or Jersey Chilean dataset. 
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Figure 4.3. Predicted maximal velocity for milk lactose synthesis (VmGl,Lm) and lactose synthesis 
(kg/d) during a whole lactation using previous derived mammary model parameters for 
American Holstein or derived after reparameterization to Holstein-Friesian or Jersey Chilean 
dataset. 
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Figure 4.4. Observed (●, black) or residual (▲, red) versus predicted values of milk production 
(kg/d), protein yield(kg/d), and fat yield (kg/d) after model mammary reparameterization to 
Holstein Friesian (A, C, and E) or Jersey Chilean dataset (B, D, and F). The dotted lines 
represent the line of unity. 
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CHAPTER 5. INCLUSION OF HETEROSIS EFFECTS IMPROVES GENETIC 1 

PREDICTIONS FOR MILK PRODUCTIVE AND SOME FUNCTIONAL TRAITS IN 2 

CHILEAN CROSSBRED DAIRY COWS 3 

 4 

ABSTRACT 5 

 6 

 Traditional genetic evaluations require defining an appropriate model that considers the 7 

main factors affecting the evaluated traits, seeking to have a close prediction of the true breeding 8 

value. This can be complicated in crossbreeding populations, as it is the case in Chile, where 9 

many breeds are used and also these come from different countries. Particularly, the latter, it is 10 

not currently considered in the genetic models used in the country. The aims of this study were 11 

1) to determine if there are heterosis effects among some dairy genetic strains with Chilean 12 

Friesian cows on annual milk, fat and protein production, somatic cell count, and calving 13 

interval; and 2) to assess whether considering a more precise classification for dairy genetic 14 

strains, proportion of each specific genetic strain in crossbred cows, and/or heterosis effects can 15 

improve the cows’ genetic predictions comparing to the main current genetic model used in 16 

Chile. A total of 1,429,132 records from 586,624 cows that calved between 1998 and 2018 were 17 

provided by the cooperative COOPRINSEM (Osorno, Chile). Using pedigree information, the 18 

proportion of each cattle breed according to their different countries was calculated for each 19 

animal. Subsequently, genetic strains that presented a wide range of proportion with respect to 20 

the Chilean Friesian cows were selected. Thus, final dataset considered eight genetic strains: 21 

Chilean Friesian, French Holstein-Friesian, US-Holstein, US-Jersey, French Montbeliarde, New 22 

Zealander Holstein-Friesian, Swedish Red and White, and British Friesian, representing 369,755 23 

observations collected during 2009 to 2018. Productive (milk, fat and protein production per 24 
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lactation) and functional (somatic cell score and calving interval) traits information were also 25 

provided by COOPRINSEM. Four different models considering the current phenotypic breed 26 

categories used in Chile (M1), a more precise classification considering eight dairy genetic 27 

strains (M2), M2 plus the inclusion of a cross-classified effect of crossbreeding proportion with 28 

genetic strain categories (M3), and M3 plus the cross-classified effect of heterosis level with 29 

genetic strain categories (M4) were tested. Our results show that M4 was the best option to 30 

analyze the information of crossbred dairy cows from Chile. Also, this study suggests that there 31 

are specific effects for some genetic strains, as well as heterosis effects between some of these 32 

with Chilean Friesian for some traits. 33 

 34 

Key words: dairy cows, crossbreeding, heterosis, genetic evaluation 35 

 36 
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INTRODUCTION 47 

 48 

The cattle population in Chile has a predominant Iberian origin, being introduced by the 49 

Spanish conquerors in the 16th and 17th centuries (Sepúlveda and Sepúlveda, 2017). Later, from 50 

the mid-19th century to the beginning of the 20th century, European cattle were introduced by 51 

settlers, mainly Germans, in the south of the country. European Black Friesian (also called Black 52 

pied cattle) was the primarily imported breed, which adapted well for use in pasture-based 53 

systems under local conditions (Takeshima et al., 2015; De-la-Barra et al., 2019). Despite the fact 54 

that this breed had a moderate dairy aptitude it was considered a doble-purpose breed (Montaldo 55 

et al., 2017). Thus, in the mid-1970s, Holstein semen mainly from US and Canada were imported 56 

with the purpose of rapidly increasing milk production into the local dual-purpose Black and 57 

White European Friesian cattle population (Elzo et al., 2004). 58 

Current Chilean dairy population is mainly comprised of locally selected European 59 

Friesian cows (henceforth referred as Chilean Friesian cows), Holstein cows from different 60 

country origins (predominantly from USA), and their crossbred —simply referred as Chilean 61 

Holstein-Friesian cows— (De-la-Barra et al., 2019). Moreover, due to gradually changes in the 62 

payment schemes for raw milk —in favor of milk solids instead of milk volume— multiple dairy 63 

breeds originating from different countries have been introduced in Chile, forming a complex 64 

multibreed population (Elzo et al., 2004; Uribe et al., 2017). Despite the absence of a national 65 

breeding program, the Chilean Agricultural and Services Cooperative (COOPRINSEM) 66 

provides a private genetic evaluation service, but this only considers a broad classification for 67 

dairy breeds based primarily on phenotypes, not taking into account the country of origin 68 

(genetic strain), crossbreeding and the different proportion from each genetic strain, nor possible 69 

heterosis effects (Ferreira et al., 2010). We hypothesized that considering a more precise 70 
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classification for dairy genetic strains, as well as considering potential heterosis effects, will 71 

improve the genetic predictions of crossbred Chilean dairy cows. The aims of this study were 1) 72 

to determine if there are heterosis effects among some dairy genetic strains with Chilean Friesian 73 

cows on annual milk, fat and protein production, somatic cell count, and calving interval; and 2) 74 

to assess whether considering a more precise classification for dairy genetic strains, gene 75 

proportion of specific genetic strains in crossbred cows, and/or heterosis effects can improve the 76 

cows’ genetic predictions comparing to the current genetic model used in Chile. 77 

 78 

MATERIALS AND METHODS 79 

 80 

Dataset 81 

The information used in this study was provided by the Cooperative COOPRINSEM 82 

(Osorno, Chile), which has a private dairy recording program that covers almost 40% of the 83 

country's dairy cows. Available information included cows from the Central and mainly 84 

Southern regions of Chile (between latitudes 31° 36’ and 42° 06’ S), where the national dairy 85 

industry is concentrated (Chuma-Alvarez et al., 2021). A total of 1,429,132 records from 586,624 86 

cows that calved between 1998 and 2018 were initially considered.  87 

Calculation of Genetic Strains Proportions and Coefficients of Specific Heterosis 88 

Pedigree information, which was also registered by COOPRINSEM, only assigned a 89 

main breed to each animal, so the information from bulls’ countries of origin —which were 90 

assumed as purebred because of the high use of artificial insemination (AI) in the country— 91 

were used to calculate the proportion of breeds from different countries in the offspring. Also, 92 

founder cows that did not have pedigree records were assumed as purebred, so the main breed 93 

originally assigned in the records was kept. Fourteen breeds of cattle were identified along with 94 
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fifty-four countries of origin (Table 5.1), however, many of the possible crossbreeding 95 

combinations were not present in the population (animals with proportions from up to 11 96 

different genetic strain were observed) and information for many purebreds and crossbreeding 97 

proportions was limited, so a multibreed model was not possible to be applied. The proportion 98 

from different genetic strains in crossbred animals was calculated using the optiSel package with 99 

R Studio (version 2022.02.0, RStudio Inc., Boston, MA, USA) as follows:  100 

( ) / 2,p s d
i i iα α α= +       [1] 101 

where 𝛼𝛼𝑖𝑖
𝑝𝑝 is the proportion of genes from genetic strain 𝑖𝑖 in the progeny, 𝛼𝛼𝑖𝑖𝑠𝑠 is the 102 

proportion of genetic strain 𝑖𝑖 in the sire, and 𝛼𝛼𝑖𝑖𝑑𝑑 is the proportion of genetic strain 𝑖𝑖 in the dam 103 

(Penasa et al., 2010). 104 

The last 10 years of records were selected for subsequent analyzes (i.e., 2009 to 2018). 105 

Straight Chilean Friesian cows were set as the reference population and all possible pair 106 

combinations with individual genetic strains presented in the dataset were sorted. Dairy genetic 107 

strains that had animals with a wide range of proportion with respect to the Chilean Friesian 108 

cows, that is < 0.5, equal to 0.5, and ≥ 0.75, were selected. Based on this criteria, seven dairy 109 

genetic strains were selected: French Holstein-Friesian, US-Holstein, US-Jersey, French 110 

Montbeliarde, New Zealand Holstein-Friesian, Swedish Red and White, and British Friesian, 111 

which descriptive information is presented in Table 5.2. 112 

Coefficients of specific heterosis were calculated for pairs of combination among Chilean 113 

Friesian cows and the seven genetic strains selected. 114 

,p s d s d
ij i j j ihet α α α α= +       [2] 115 

where ℎ𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖
𝑝𝑝  is the coefficient of expected heterosis between proportions of Chilean 116 

Friesian 𝑖𝑖  and genetic strains 𝑗𝑗 in the progeny, 𝛼𝛼𝑖𝑖 𝑠𝑠𝛼𝛼𝑗𝑗 
𝑑𝑑 are proportions of i and genetic strains j in 117 
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the sire, and 𝛼𝛼𝑗𝑗 
𝑠𝑠𝛼𝛼𝑖𝑖 𝑑𝑑 are proportions of genetic strains 𝑗𝑗 and Chilean Friesian 𝑖𝑖 in the dam, 118 

respectively. No difference in heterosis was assumed to exist between reciprocal crosses. 119 

Recombination effects were not investigated in this study and a linear relationship between 120 

heterozygosity and heterosis (dominance model) was assumed (Penasa et al., 2010). 121 

Milk Productive and Functional Traits 122 

Cows’ performance information was obtained from the COOPRINSEM official milk 123 

recording system, which measures the monthly and individual production and milk fat, protein 124 

content and somatic cell score of enrolled cows. Cow traits included in this study were milk, fat, 125 

and protein production per lactation, as well as somatic cell score (SCS) and calving interval. 126 

These traits were 305-day production and mature equivalent adjusted (305-ME; calving number-127 

age-calving season) with methods developed and validated by COOPRINSEM (Chuma-Alvarez 128 

et al., 2021) based on Keown et al. (1986). Observations below or above three standard 129 

deviations from each genetic strain mean were deleted from the data set.  130 

Three periods of calving seasons were previously defined by COOPRINSEM to account 131 

for the effect of birth distribution across the years and their effect on milk productive traits: 132 

January to April (1), May to August (2) and September to December (3) (Chuma-Alvarez et al., 133 

2021). Thus, this information was used to create a herd–year–season (HYS) contemporary group 134 

effect. HYS levels with less than five observations were deleted from the dataset. Final dataset 135 

included 369,755 observations from 168,886 cows distributed on 10,924 HYS levels. 136 

Estimation of Variance Components, Models and Model Comparisons 137 

The variance components were estimated using a single animal trait model by the 138 

pedigree best linear unbiased procedure (A-BLUP). The pedigree-based relationship matrix (𝑨𝑨) 139 

reflects the probability that alleles are identical by descendent inherited from a common ancestor 140 
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(Wright, 1922). The diagonal element 𝑎𝑎𝑖𝑖𝑖𝑖, which is the numerator relationship coefficient 141 

between two animals 𝑖𝑖 and 𝑗𝑗 for a population of 𝑛𝑛 individuals is equal to 1 + 𝐹𝐹𝑗𝑗, where 𝐹𝐹𝑗𝑗  is the 142 

inbreeding coefficient of animal 𝑖𝑖. The off-diagonals of this matrix are twice the kinship 143 

coefficients and are equivalent to the numerators of Wright’s correlation coefficients (Wright, 144 

1922; Malécot, 1948). 145 

The repeatability linear models adopted for milk, protein and fat production, somatic cell 146 

score, and calving interval followed the general structure: 147 

𝐲𝐲 = 𝐗𝐗𝐗𝐗 + 𝐙𝐙𝐙𝐙+ 𝐖𝐖𝐖𝐖 + 𝐞𝐞 148 

where, 𝐲𝐲 is represented by the vector of dependent variables; 𝐗𝐗 is the incidence matrix for 149 

fixed effects; 𝛃𝛃  is the vector of fixed effects (contemporary groups, and covariables); 𝐙𝐙 is the 150 

incidence matrix for random effect of animal;  𝐮𝐮 is the vector of regression coefficients for 151 

random genetic values; 𝒄𝒄 is the vector of permanent environmental effects; 𝐖𝐖 is the incidence 152 

matrix for permanent environmental effect; and 𝐞𝐞 is the random residual effects associated with 153 

the observations.  154 

After the estimation of variance components, the BLUE (𝐛̂𝐛) and BLUP (𝐮𝐮�) were 155 

estimated simultaneously with the Mixed Model Equations (Henderson, 1975) as follows:  156 

�𝐛̂𝐛
𝐮𝐮�
� =  �𝐗𝐗′𝐗𝐗 𝐗𝐗′𝐙𝐙

𝐙𝐙′𝐗𝐗 𝐙𝐙′𝐙𝐙 + 𝐀𝐀−𝟏𝟏λ
�
−𝟏𝟏

 �𝐗𝐗′𝐲𝐲𝐙𝐙′𝐲𝐲� 157 

Where, λ = σe2
σu2
� , and A is the numerator relationship matrix described previously. 158 

In this study, we evaluated four different models with the inclusion of a new genetic 159 

strain classification and heterosis effects. Following the general structure presented above, the 160 

models included: 161 
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Model 1 (M1): 𝑦𝑦 is nth 305-ME milk production, fat production, protein production, 162 

somatic cell score, or calving interval of animal i, fixed effect of herd-year-season, and daily 163 

milking frequency (twice or thrice a day), and Cooprinsem breed categories currently in use that 164 

goes from A to E (Phenotypic classification of A; Holstein cows, B; Friesian cows, C; Jersey or 165 

their crosses, and D and E: corresponds to other breeds (these categories were used at different 166 

times in the past, and represent various phenotypes that do not fit the previous categories) as a 167 

covariable.  168 

Model 2 (M2): Similar to that described for M1, but previous breed category was 169 

replaced by a more precise classification considering eight dairy genetic strains presented in the 170 

dataset (A: Chilean Friesian, B: French Holstein-Friesian, C: US-Holstein, D: US-Jersey, E: 171 

French Montbeliarde, F: New Zealander Holstein-Friesian, G: Swedish Red and White, and H: 172 

British Friesian), which were selected based on the strain proportions as was mentioned above. 173 

Model 3 (M3): Similar to that described for M2, but with the inclusion of a cross-174 

classified effect of crossbreeding proportion with genetic strain categories from M2. 175 

Model 4 (M4): Similar to that described for M3, but with the inclusion of two cross-176 

classified effects: the first one is the crossbreeding proportion with genetic strain categories from 177 

M2, and the second is the effect of heterosis level with genetic strain categories from M2. 178 

The regressions were adjusted so that the least square means for each model can be 179 

compared to A category in M1 and to Chilean Friesian cows in models 2, 3, and 4.  180 

The variance components were estimated using BLUPF90+ software (Misztal et al., 181 

2022). Estimated breeding values, standard error (SE) of estimates, heritabilities for each trait 182 

(h²), -2Log restricted likelihood, and Akaike information criterion (AIC) for each model were 183 

provided by the same software.   184 
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Pairwise model comparisons were made using the pchisq function of R software (version 185 

2022.07.1, RStudio Inc., Boston, MA, USA). This compares the cumulative chi-square density of 186 

the null versus the alternative model through a likelihood ratio test. The increasing number of 187 

degrees of freedom, compared to M1, used to do the model comparisons were 3 (representing the 188 

additional 3 categories), 4 (representing additional 3 categories + the cross-classified effect of 189 

crossbreeding proportion), and 12 (representing additional 3 categories + the cross-classified 190 

effect of crossbreeding proportion + 8 heterosis effects) for M2, M3 and M4, respectively. A 191 

significance level of 95% (P<0.05) was stated for model comparisons. We used SE intervals (± 2 192 

SE) to do comparisons within each trait. Although the above has some limitations such as been 193 

more conservative (Payton et al., 2003), it decreases Type I error, so allows model comparisons. 194 

to be made. 195 

RESULTS AND DISCUSSION 196 

 197 

The estimated effect of increasing milk frequency from twice to thrice a day was 802, 198 

26.8, and 22.9 kg/lactation for milk, fat, and protein production, respectively. This represents an 199 

increased in around 11% of milk production, which is in agreement with previous reports of 200 

positive effect of an extra milking on animal performance (Erdman and Varner, 1995). The 201 

additional milking decreased SCS by 0.11, this positive effect has been previously reported 202 

(Smith et al., 2002), and could be associated to the more frequent removal of milk from the 203 

mammary glands and to the better management practices used in farms that apply this system. 204 

The effect of milk frequency was negligible for calving interval (0.003 days), which was in 205 

agreement with Amos et al. (1985), who did not find a relationship between milk frequency with 206 

cow’s reproductive performance. 207 
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The estimated heritabilities for milk, fat and protein production averaged 0.19, 0.20, and 208 

0.18, respectively, and 0.05 for calving interval. Fairly similar values were reported for Chuma-209 

Alvarez et al. (2021) using also Chilean data from Cooprinsem, but including cows records from 210 

1998 to 2015. Additionally, the heritability of SCS was estimated in this study, reaching an 211 

average value of 0.31. Seykora and McDaniel (1986) reported a heritability of 0.21 for SCS and 212 

generally reported values for straight breed populations are smaller than the one we obtained. 213 

The high genetic variance for SCS observed indicates that an important part of the genetic 214 

variation in the present population is caused by variation in genotypes (Visscher et al., 2008), 215 

which is associated with the diversity of genetic strains identified. Thus, the high heritability 216 

observed is of great interest for the development of future selection programs that could improve 217 

the mammary health in Chilean cows, contributing to improve the milk quality (increasing the 218 

price per liter of milk), reduce spending on treatments, and potentially decrease the elimination 219 

of cows (Blosser, 1979). 220 

The average phenotypic values for milk productive and functional traits for the different 221 

genetic strains evaluated in this study are presented in Table 5.2. These values corresponded to 222 

those obtained using M2 criteria for each genetic strain —including straight bred but also 223 

crossbred animals with any gene proportion for the respective genetic strain—, and although 224 

there were apparent differences between categories, the high standard deviations obtained show 225 

that there was high variability within each category. These results are shown with the purpose of 226 

highlighting the importance of clearly collecting and classifying information on breeds and their 227 

crosses. Breed effects on productive and fertility traits have been reported in the past (Hoekstra 228 

et al., 1994; Penasa et al., 2010), and interactions could be expected in crossbreeding programs. 229 

Additionally, traditional evaluation procedures ignore interbreed nonadditive genetic effects (e.g, 230 
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heterosis), and they assume that genetic parameters are the same in all breed groups (Elzo and 231 

Borjas, 2006). This led us to propose and evaluate different genetic models, increasing in 232 

complexity. 233 

In Table 5.3 are presented the estimates of breed effects in relation to Chilean Friesian 234 

cows on productive traits using different models, while same estimates for SCS and calving 235 

interval are presented in Table 5.4. Using M1, we obtained the greater AIC values for all the 236 

productive traits, and although M3 presented larger AIC values for SCS and calving interval, 237 

they were not significantly different, this means that M1 had the poorest fit to the data. 238 

As mentioned above, the breed classification used in M1 is only based on phenotype, and it just 239 

considers five categories. Moreover, the categories representing Holstein Friesian genetics (A 240 

and B) are mainly used in the practice by farmers, so most cows end up classified within them, 241 

resulting in an oversimplification when classifying the population of dairy cows in Chile. This 242 

probably explains why categories C, D, and E presented smaller estimates for milk production, 243 

since animals of other breeds are classified here, and these classifications were more used in the 244 

past. The smaller milk production observed also explains the lower milk fat production in C 245 

category and smaller milk protein production in categories D and E. Also, since those categories 246 

contain fewer recent observations, they probably do not consider the actual genetic progress. 247 

The model including a more precise classification of genetic strains (M2), resulted in 248 

smaller AIC values than M1, but they were just significant for milk production, milk protein, and 249 

calving interval when compared to M1. Particularly, M2 identified a greater milk production 250 

(218 kg/lactation) for US-Holstein cows compared to Chilean Friesian, but milk fat production 251 

was smaller by 3.37 kg/lactation in the former. Elzo et al. (2004) reported a difference of 1,422 252 

kg/lactation when comparing US/Canadian Holstein with Chilean Friesian. The smaller 253 
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difference obtained in M2 is partially explained for the improvement in nutrition management in 254 

the last 20 years and the diversity of productive systems used in Chile (Keim et al., 2015), 255 

however, it is evident that M2 is still an oversimplification given the diversity of proportions 256 

included in each genetic strain category, which makes it difficult to find differences due to the 257 

high variability (Table 5.2). Previous studies have identified differences in crossbreeding cows, 258 

according to the gene proportion of each breed (Hoekstra et al., 1994; Daltro et al., 2021), so the 259 

M2 approach requires more complexity. Interestingly, several genetic strains were significant for 260 

SCS estimates compared to Chilean Friesian when using M2, although this could be biased due 261 

to the limitations of M2 explained above, it have been reported differences in SCS among dairy 262 

breeds (Schutz, 1994), which has been used for selection using udder health indexes in some 263 

countries (Govignon-Gion et al., 2016). 264 

The regression approach of M3, cross-classifying gene proportion with genetic strain 265 

categories, was chosen to obtain an estimate of each straight genetic strain effect on each trait. 266 

This significantly decreased the AIC only for milk fat and protein production compared to the 267 

previous models. However, using this approach, it was possible to identify differences in several 268 

genetic strains with respect to Chilean Friesian for most of the evaluated traits. It is important to 269 

note, that M3 approach increased the standard errors in those genetic strains that had fewer 270 

observations, as indicated in Table 5.2. Thus, it is possible that there are additional differences 271 

among the genetic strains evaluated, which could be evidenced by increasing the number of 272 

observations, but we will limit to discuss those that met the SE criteria. As expected, the milk 273 

production difference among US-Holstein and Chilean Friesian was greater using M3, and 274 

interestingly also French Montbeliarde had a greater milk production. The latter has shown to 275 

performed well under grazing conditions and present high values of fat and protein (Koczura et 276 
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al., 2019), which is in agreement with our findings. British Friesian cows had a lower milk (-581 277 

kg/lactation) and protein production (-16 kg/lactation) compared to Chilean Friesian, which is 278 

explained by the fact that mainly British Friesian lines selected under grazing conditions were 279 

imported to Chile, corresponding to small-framed animals (Gibson, 1986). Although US-Jersey 280 

and NZ Friesian cows did not show significant differences in milk production with Chilean 281 

Friesian, they had greater milk fat production, while NZ Friesian also had greater milk protein 282 

production. Jersey and NZ Friesian cows are well known for have high milk solid contents, and 283 

our results are in agreement with local studies (González et al., 2002; González-Verdugo et al., 284 

2005). Estimates for SCS were greater in US-Holstein, which can be associated to the greater 285 

milk production, differences in management practices because of the productive systems, and 286 

also to higher susceptibility to mastitis, compared to the Friesian cows, as well to French and 287 

Swedish dairy strains, which are subject to genetic selection for mammary health traits 288 

(Govignon-Gion et al., 2016). No differences were observed for calving interval using M3, 289 

which can be associated to the lower genetic and environmental variance observed, so other 290 

factors that were not considered in this study as voluntary waiting period, heat detection, interval 291 

between services, dietary effects, among others, likely better explain this trait (Bozworth et al., 292 

1972). Previous studies have reported the same problem with calving interval, being generally 293 

recommended to use other traits with greater genetic variance when selecting for fertility (Dal 294 

Zotto et al., 2007; Chuma-Alvarez et al., 2021). 295 

Using M4, which included the approach of M3 and also the calculation of heterosis 296 

effects with respect to Chilean Friesian cows, it presented the smallest AIC. They were 297 

significantly different for all the traits when comparing to the previous models, with the 298 

exception of M2 for calving interval. Some genetic strain effects observed in M3 were still 299 
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significant as milk, fat and protein production, and SCS for US-Holstein, as well as milk fat for 300 

US-Jersey and Montbeliarde cows. Additionally, milk protein production was greater in US-301 

Jersey (42.1 kg/lactation), supporting its higher concentration of milk solids as discussed earlier 302 

(González-Verdugo et al., 2005). Penasa et al. (2010) also reported improvement in genetic 303 

predictions when including breed differences and specific heterosis effects in the Irish dairy 304 

cattle population, which shares similarities in their structure (use of various breeds and their 305 

crosses) and management (predominance of the pasture-based system), as the Chilean cattle. 306 

An heterosis effect of 117 kg/lactation was observed in US-Holstein for milk production. 307 

This is close to the 192 kg/lactation reported for first lactation US/Canadian Holstein versus 308 

Friesian cows in Chile (Elzo et al., 2004). Also, we found a heterosis effect of 2.0 and 2.2 309 

kg/lactation for milk fat and protein in Holstein cows, respectively, while Elzo et al. (2004) 310 

reported a value of 5.5 kg/lactation for both traits. This confirm that there is some degree of 311 

heterosis that should be taken into account for its use in crossbreeding programs, and also in the 312 

genetic models use when performing genetic evaluations. The latter could even have an impact 313 

in the ranking of animals when predicting breeding values (Penasa et al., 2010).  314 

Daltro et al. (2021) stated that the heterosis magnitude depends on the genetic dominance 315 

level of the trait and is related to the genetic distance between parental breeds. Thus, they found 316 

a greater heterosis of around 20% for Holstein and Gyr crosses. In our study, the heterosis effect 317 

of US-Holstein for milk production was 2.4%, while it was around 1% for milk solids, which is 318 

in agreement with the 1.9 to 2.4% values reported Jönsson (2015) for Swedish Holstein and 319 

Swedish Red crosses. Also, moderate heterosis values of 4.1 to 7.6% have been reported for 320 

productive traits among NZ Friesian and Jersey (Lembeye et al., 2016). Interestingly, we found a 321 

greater heterosis for milk fat of 4.9 and 8.7% for NZ Friesian and Red Swedish, respectively. 322 
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Similarly, heterosis for milk protein was 3.7% in NZ Friesian, but we observed a negative 323 

heterosis effect of -6.9% in US-Jersey. This can be partially explained by the positive selection 324 

for milk production in US-Jersey, so probably a dilution effect in milk content could be 325 

explained in a crossbred cow. However, this could also be affected by the low number of 326 

observations with strain proportion over 0.5 (only 5%), which could affect the predictions. 327 

Numerical improvements for heterosis in SCS were observed in several dairy strains, but the lack 328 

of significance can also be associated with the smaller number of observations for some genetic 329 

strains (Table 5.2). Heterosis in US-Holstein was positive for SCS, reaching a value of 5.7%. 330 

This is in agreement with the 2% of heterosis for somatic cell count reported by Jönsson (2015) 331 

in fist lactation Swedish Red and Swedish Holstein cross, indicating that crosses with Holstein 332 

strains can increase the risk of mastitis. Finally, all the genetic strains with the exception of 333 

Montbeliarde, presented different levels of heterosis for calving interval. Heterosis for US-334 

Holstein was positive (1%), while all the other were negative (ranging from 0.9 to 3.5%), which 335 

could be expected due to several reproductive problems reported for high producing cows in the 336 

literature (Buckley et al., 2014). The heterosis for this trait seems interesting to explore, since 337 

due to the low heritability, the use of crossbreeding could be an alternative to be used alongside 338 

direct selection.  339 

 340 

 341 

 342 

 343 

 344 
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CONCLUSIONS 345 

 346 

Our results show that the most complex model proposed in this study, that is, including 347 

genetic strains and heterosis effects, is the best option to analyze the information of crossbred 348 

dairy cows in Chile. Also, this study suggests that there are specific effects for some genetic 349 

strains, as well as heterosis effects between some of these with Chilean Friesian for some traits. 350 

The latter could impact the estimates of breeding values, and even affect the current rankings of 351 

animals. Furthermore, the estimated values of heterosis can be used to direct mating according to 352 

farmer goals and market demands. For some genetic strains there was little information 353 

available, so there could probably be other heterosis effects with Chilean Friesian cows. There 354 

was wide variation in some traits, such as milk production, within each genetic strain. This was 355 

mainly associated with the diversity of breeds used but it could interesting to assess the impact of 356 

production systems used in Chile, so future studies could consider this variable to explore the 357 

presence of genetic x environmental interactions. 358 

 359 

 360 

 361 
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APPENDIX 476 

Table 5.1. Cattle breeds and their respective countries of origin present in the Chilean database used1. 477 
Friesian Chilean, New Zealander, German, British. 

Holstein US-American, Canadian, French, Italian, Danish, Australian, Polish, Czech, Japanese, Austrian, Irish, Dutch, 

Spanish, Swedish, Finnish, Hungarian, New Zealander, Israeli, British, Estonian, Belgian, German. 

Jersey US-American, Danish, Australian, New Zealander, British, South African. 

Montbeliarde French. 

Red and White Swedish, Finnish, Norwegian, Danish. 

Guernsey US-American. 

Brow Swiss French, US-American, Czech, Italian. 

Ayrshire US-American, Finnish, Australian, Danish. 

Overo Colorado Chilean. 

KiwiCross New Zealander, Irish. 

Meuse-Rhine-Yssel German, Dutch. 

Angus Canadian. 

Limousin French. 

Simmental French. 
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1 Breeds and cattle countries of origin were listed in Table 5.1 according the relative number of records in the Chilean database. 478 

 479 
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Table 5.2. Phenotypic mean and standard deviation for milk, fat, and protein production (kg/per lactation), milk fat and protein content 
(%), somatic cell score, and calving interval (d) of some dairy genetic strains used in Chile. 

Dairy genetic 

 Strain1 

N° of 

observations2 

Milk 

(kg/lactation) 

Milk fat 

(kg/lactation) 

Milk protein 

(kg/lactation) 

Milk fat 

(%) 

Milk 

protein (%) 

Somatic cell 

score 

Calving 

Interval (d) 

Chilean Friesian 148,826 (70932) 7,084 ± 1955 259 ± 68.4 240.0 ± 63.8 3.71 ± 0.57 3.41 ± 0.25 2.75 ± 1.41 394 ± 66.7 

French H-F  522 (210) 7,159 ± 1394 266 ± 55.3 247.9 ± 47.4 3.72 ± 0.42 3.47 ± 0.20 2.73 ± 1.30 386 ± 51.0 

US-Holstein  201,293 (88843) 8,883 ± 2174 309 ± 74.9 293.0 ± 69.4 3.52 ± 0.54 3.31 ± 0.22 2.68 ± 1.44 406 ± 73.2 

US-Jersey 3,182 (1476) 7,086 ± 1693 290 ± 63.0 250.6 ± 54.7 4.16 ± 0.66 3.56 ± 0.27 2.67 ± 1.38 394 ± 68.3 

Montbeliarde 1,574 (686) 6,910 ± 1388 250 ± 53.7 234.8 ± 46.4 3.64 ± 0.45 3.41 ± 0.19 2.44 ± 1.40 397 ± 67.3 

NZ H-F 9,563 (4659) 7,004 ± 1628 283 ± 62.7 248.4 ± 55.9 4.09 ± 0.65 3.56 ± 0.27 2.70 ± 1.31 387 ± 58.8 

Swedish Red 2,249 (920) 8,148 ± 2038 294 ± 68.1 278.1 ± 69.4 3.66 ± 0.56 3.42 ± 0.21 2.23 ± 1.25 384 ± 59.2 

British Friesian 2,546 (1160) 6,612 ± 1349 254 ± 54.1 227.5 ± 44.9 3.87 ± 0.51 3.45 ± 0.21 2.49 ± 1.22 379 ± 56.6 

Total 369,755 

(168886) 

8,064 ± 2250 287 ± 75.8 269.4 ± 71.5 3.62 ± 0.57 3.36 ± 0.24 2.59 ± 1.34 391 ± 62.6 

1Animals included in each genetic strain corresponds to those categorized using the criteria of Model 2, that is, straight bred but also 
crossbred animals with Chilean Friesian having any gene proportion for the respective genetic strain. Only Chilean Friesian values 
correspond to for straight bred. 
2Values in parenthesis corresponds to individual animals per each category, while the total number of observations includes replicates. 
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Table 5.3. Estimated least square means for milk, fat, and protein production of some dairy strains using different models, and their 
variance components predictions, models fitting, and comparisons. 

Model 

Breed categories/genetic strains (Mean ± SE)  Variance components and model fitting2 Model comparisons3 
A1/ 

Chilean 
- F 

B1/ 
French - 

HF 

C1/ US -
Holstein 

D1/ US 
-Jersey 

E1/ 
French 
Mont. 

NZ - HF Swedish 
Red 

British 
Friesian 

  

𝜎𝜎𝑎𝑎2 
 

𝜎𝜎𝑝𝑝𝑝𝑝2  

 

 

𝜎𝜎𝑒𝑒2 

 

h2 ± SD AIC M1 M2 M3 M4 

Milk production (kg/lactation)                 

M11 0.00 -40.1 ± 
39.0 

-101 ± 
40.9* 

-127 ± 
31.8* 

-128 ± 
34.5* — — —  3.69 

× 105 
4.85 
× 105 

9.51 
× 105 

0.20 ± 
0.01 5820299 — P>0.01 P>0.01 P>0.01 

M2 0.00 53.2 ± 
419 

218 ± 
3.69* 

-96.6 ± 
75.4 

165 ± 
168 

1.34 ± 
28.9 

98.6 ± 
268.7 

-215 ± 
189 

 3.45 
× 105 

5.01 
× 105 

9.51 
× 105 

0.19 ± 
0.01 5820014  — P=0.50 P>0.01 

M3 0.00 135 ± 
286 

354 ± 
23.5* 

-196 ± 
135 

491 ± 
177* 

-75 ± 
86.5 

50.5 ± 
232 

-580.9 
± 224* 

 3.42 
× 105 

5.03 
× 105 

9.51 
× 105 

0.19 ± 
0.01 5820066   — P>0.01 

M4 0.00 190 ± 
490 

378 ± 
16.6* 

657 ± 
453 0.00 -265 ± 

186 
-595 ± 

581 
20.1 ± 

640 
 3.17 

× 105 
5.65 
× 105 

1.02 
× 106 

0.17 ± 
0.01 

3689566    — 

Heterosis 0.00 2.50 ± 
264 

117 ± 
10.2* 

-259 ± 
234 0.00 145 ± 

96.8 
401 ± 
295 

-396 ± 
327 

          

Milk fat (kg/lactation)                 

M11 0.00 -1.63 ± 
1.41 

-3.26 ± 
1.45* 

1.99 ± 
1.12 

-1.87 ± 
1.23 — — —  546 652 1371 0.21 ± 

0.01 3605395 — P=0.06 P>0.01 P>0.01 

M2 0.00 -1.52 ± 
1.47 

-3.37 ± 
1.54* 

1.71 ± 
1.20 

-2.38 ± 
1.30 

-2.38 ± 
1.30 

-2.38 ± 
1.30 

-2.38 ± 
1.30 

 535 666 1372 0.21 ± 
0.01 3605389  — P>0.01 P>0.01 

M3 0.00 15.9 ± 
10.8 

8.47 ± 
0.89* 

11.9 ± 
5.10* 

20.8 ± 
6.70* 

28.3 ± 
3.28* 

8.62 ± 
8.82 

-15.1 ± 
8.54 

 501 688 1372 0.20 ± 
0.01 3605236   — P>0.01 

M4 0.00 13.7 ± 
18.1 

8.50 ± 
0.89* 

40.2 ± 
17.3* 

28.0 ± 
11.6* 

6.88 ± 
6.57 

-33.7 ± 
20.4 

-4.90 ± 
25.4 

 498 690 1372 0.19 ± 
0.01 3605164    — 

Heterosis 0.00 2.31 ± 
9.35 

2.01 ± 
0.40* 

-14.0 ± 
8.73 

-3.96 ± 
5.98 

13.4 ± 
3.37* 

24.0 ± 
10.1* 

-4.40 ± 
12.4 

          

Milk protein (kg/lactation)                 

M11 0.00 -2.04 ± 
1.19 

-2.91 ± 
1.62 

-1.16 ± 
0.47* 

-2.25 ± 
0.96* — — —  337 474 960 0.19 ± 

0.01 3482476 — P>0.01 P>0.01 P>0.01 

M2 0.00 6.76 ± 
5.17 

5.08 ± 
2.89 

1.98 ± 
3.40 

5.79 ± 
3.96 

5.94 ± 
3.09 

4.46 ± 
7.16 

-6.83 ± 
3.70 

 317 487 961 0.18 ± 
0.01 3482357  — P>0.01 P>0.01 

M3 0.00 15.6 ± 
8.82 

8.90 ± 
0.73* 

5.94 ± 
4.14 

16.8 ± 
5.43* 

12.4 ± 
2.66* 

11.1 ± 
7.09 

-16.0 ± 
6.85* 

 312 490 960 0.18 ± 
0.01 3482326   — P>0.01 

M4 0.00 13.7 ± 
14.9 

8.84 ± 
0.73* 

42.1 ± 
14.3* 

16.7 ± 
9.59 

-1.34 ± 
5.44 

-14.3 ± 
16.9 

-6.72 ± 
21.0 

 309 491 961 0.18 ± 
0.01 3482245    — 

Heterosis 0.00 2.12 ± 
7.74 

2.16 ± 
0.33* 

-18.1 ± 
7.23* 

0.61 ± 
4.95 

8.96 ± 
2.79* 

14.7 ± 
8.40 

-3.93 ± 
10.3 

          

1Values for milk, fat and protein production (kg/lactation) presented in breed categories for model 1, corresponds to Cooprinsem breed categories A, B, C, D, and 
E, respectively. 

2 2
aσ : additive genetic variance; 

2
peσ : permanent environmental variance; 

2
eσ : residual variance; h2: heritability; and AIC: Akaike information criterion. 
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3Correspond to pairwise model comparisons, they follow the order of the model indicated in each row versus the model indicated in each column. 
* Indicate significance difference among breed/strain estimate compared to Chilean Friesian within each trait and for each model comparison. Values were 
calculated using SE intervals (± 2 SE). 
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Table 5.4. Estimated least square means for somatic cell score and calving interval of some dairy strains using different models, and 
their variance components predictions, models fitting, and comparisons. 

1Values for milk, fat and protein production (kg/lactation) presented in breed categories for model 1, corresponds to Cooprinsem breed categories A, B, C, D, and 
E, respectively. 

2 2
aσ : additive genetic variance; 

2
peσ : permanent environmental variance; 

2
eσ : residual variance; h2: heritability; and AIC: Akaike information criterion. 

3Correspond to pairwise model comparisons, they follow the order of the model indicated in each row versus the model indicated in each column. 
* Indicate significance difference among breed/strain estimate compared to Chilean Friesian within each trait and for each model comparison. Values were 
calculated using SE intervals (± 2 SE). 
 

 

Model1 

Breed categories/genetic strains (Mean ± SE)  Variance components and model fitting2 Model comparisons3 
A1/ 

Chilean 
- F 

B1/ 
French - 

HF 

C1/ US -
Holstein 

D1/ US 
-Jersey 

E1/ 
French 
Mont. 

NZ - HF Swedish 
Red 

British 
Friesian 

 
𝜎𝜎𝑎𝑎2 

 

𝜎𝜎𝑝𝑝𝑝𝑝2  

 

 

𝜎𝜎𝑒𝑒2 

 

 

h2 ± SD AIC M1 M2 M3 M4 

Somatic cell score                 

M11 0.00 0.02 ± 
0.04 

0.07 ± 
0.04 

-0.11 ± 
0.03* 

-0.20 ± 
0.03* — — —  0.58 0.21 1.05 0.31 ± 

0.01 1157427 — P=0.26 P=0.50 P>0.01 

M2 0.00 -0.35 ± 
0.08* 

0.11 ± 
0.01* 

0.02 ± 
0.02 

-0.28 ± 
0.04* 

-0.04 ± 
0.01* 

-0.05 ± 
0.06 

-0.19 ± 
0.04* 

 0.58 0.21 1.05 0.32 ± 
0.01 1157425  — P=0.50 P>0.01 

M3 0.00 -0.85 ± 
0.31* 

0.10 ± 
0.03* 

0.04 ± 
0.15 

-0.53 ± 
0.20* 

-0.13 ± 
0.10 

-1.10 ± 
0.27* 

-0.59 ± 
0.27* 

 0.58 0.21 1.05 0.31 ± 
0.01 1157492   — P>0.01 

M4 0.00 -0.45 ± 
0.48 

0.12 ± 
0.03* 

-0.36 ± 
0.45 

-0.28 ± 
0.31 

-0.11 ± 
0.17 

-0.67 ± 
0.53 

-1.02 ± 
0.66 

 0.58 0.21 1.05 0.31 ± 
0.01 1157283    — 

Heterosis 0.00 -0.20 ± 
0.24 

0.16 ± 
0.01* 

0.28 ± 
0.22 

-0.12 ± 
0.15 

-0.08 ± 
0.08 

-0.17 ± 
0.26 

-0.29 ± 
0.31 

          

Calving interval (days)                 

M11 0.00 -2.75 ± 
1.60 

-2.79 ± 
2.14 

-3.97 ± 
0.65* 

-2.60 ± 
1.33 — — —  229 224 4086 0.05 ± 

0.003 2921485 — P>0.01 P=0.50 P>0.01 

M2 0.00 -6.84 ± 
6.18 

6.51 ± 
3.16* 

-2.22 ± 
3.85 

-1.78 ± 
4.56 

-4.19 ± 
3.42 

-5.79 ± 
4.76 

-11.1 ± 
4.16*  

 194 247 4086 0.04 ± 
0.003 2921349  — P=0.50 P=0.50 

M3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  234 221 4085 0.05 ± 
0.004 2921546   — P>0.01 

M4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  206 240 4086 0.05 ± 
0.003 2921425    — 

Heterosis 0.00 -11.5 ± 
5.80* 

3.84 ± 
0.49* 

-5.81 ± 
2.64* 

-3.65 ± 
3.54 

-5.46 ± 
1.68* 

-7.58 ± 
3.76* 

-13.1 ± 
3.67* 
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CHAPTER 6. CHARACTERIZATION OF IN SITU RUMINAL DEGRADATION OF 

CRUDE PROTEIN AND INDIVIDUAL AMINO ACIDS FROM RYEGRASS  

 

ABSTRACT 

 

There is evidence in the literature suggesting that RUP amino acid profiles differ from 

that of the original feedstuff. However, due to lack of information of these variations among 

feedstuffs, specially from grasses, these potential differences are ignored in most nutrition 

models, probably contributing to some prediction errors for the animal N utilization. The 

objective of this study was to determine ruminal degradability of CP and individual amino acids 

from ryegrass in a vegetative stage. Herbage samples of ryegrass (Lolium perenne L.) in the 

vegetative stage were collected during winter, spring, and summer. Duplicate bags were 

incubated in the rumen of three cannulated cows for 4, 8, 12, 24, and 96 h. CP and AA profiles 

of the original samples and incubation residues were determined. A non-linear exponential 

model was fitted to the incubation residues over time to determine soluble (A) and insoluble (B) 

protein fractions and the rate of degradation (Kd) of the B fraction.  Potential degradability (PD) 

was assessed at a residence time of 96 h. Effective degradability (ED) was predicted from the 

resulting models using passage rates of 2, 5, and 8%/h. Degradation kinetic parameters were 

estimated for CP and each individual amino acid before and after mathematically correcting for 

microbial contamination. Significant differences in ruminal degradation kinetics were observed 

for ryegrass CP versus individual AA, particularly for the soluble fraction. Effective 

degradability of CP was on average just 1% higher than that for average amino acids, however, 

individual AA varied by ~5% in effective degradability from the lowest to the highest values. 

Specifically, effective degradability was the highest for Lys and smallest for Met and Arg. The 
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use of CP kinetics to predict amino acids degradation, can lead to over- or underpredictions 

depending on the amino acid.  

 

Key words: dairy cow, RUP profile, degradability, ryegrass 
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INTRODUCTION 

 

During the last 100 years, much research has been done in the area of nutritional 

assessment of feedstuffs and relating nutrient supply to nutritional requirements of cattle in 

different physiological states. This has allowed the development and periodic updating of 

mathematical nutrition models to support the formulation of diets on farms (NRC, 1989; 2001; 

NASEM, 2021). Models are simplified representations of mechanisms that govern natural 

phenomena. In the past, nutrition models were very empirical in nature, but over the past 30 

years, these have migrated to be more process-based (Hanigan, 2022). In particular, protein 

systems have advanced much in the understanding of the biology of protein utilization by cattle, 

considering at a certain degree a low-level representation of some processes, i.e. feed protein 

degradation in the rumen, microbial growth (capture of N), intestinal digestion, and post-

absorptive utilization (Tedeschi, 2015; Hanigan, 2022). 

 The proper characterization of rumen-degraded (RDP) and undegraded protein (RUP) 

fractions, and predicting the conversion of RDP into ruminal microbial protein (MCP) are the 

first steps to determine ruminal amino acid (AA) outflows from MCP and RUP (NASEM, 2021). 

These are vital to determining the absorption and subsequent utilization of nitrogen and AA. 

Despite this, available nutrition models — e.g., the French PDI (Rulquin et al., 1998), the Dutch 

DVE/OEB2010 system (Van Duinkerken et al., 2011), the Nordic NorFor feed evaluation system 

(Volden and Larsen, 2011), CNCPS (Van Amburgh et al., 2015), and NASEM (NASEM, 2021) 

— all assume that the AA profile of the RUP fraction is the same as in the original feedstuff, so 

the degradative behavior in the rumen of individual AA do not differ from that of CP. This issue 

was discussed  by Tamminga (1979), who stated that there would be differences in ruminal 

degradation among AA, based mainly on in vitro studies (Chalupa, 1976). Subsequent studies 
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have confirmed that there are changes in the AA profile of RUP of feeds during rumen exposure 

(Susmel et al., 1989; O'Mara et al., 1997; van Straalen et al., 1997). However, the extent of these 

changes appears to vary among feeds. Considering that the available information on AA 

composition values of the RUP fraction is limited to only a few feeds, additional work is 

required before this phenomenon can be considered in nutrition models (Erasmus et al., 1994).  

 Grass CP is highly degraded in the rumen, so despite the high N content, the contribution 

of RUP can be limited for some diets. For example, the CP content of ryegrass (Lolium sp.) 

ranges from 13 to 27% DM with RUP values of 10 to 25% of CP (Keim et al., 2013). Despite 

ryegrass being the main species used in temperate regions, information about the AA profile of 

the RUP fraction is limited (Edmunds et al., 2013). This becomes more relevant where grass 

represents a high proportion of the diet, so there could be potential deficiencies in the supply of 

some AA (Kolver et al., 1999). Furthermore, the nutritional composition of the grasses is 

affected by the phenological state, so there could be additional differences in the same species 

but at different seasons. The aim of this study was to determine the differences in ruminal 

degradability of CP and individual AA from ryegrass. 

 

MATERIALS AND METHODS 

 

The study was conducted at the Experimental Research Station of the Universidad 

Austral de Chile, Valdivia, Chile, and in situ incubation were performed during December of 

2022. All animal procedures were approved by the Universidad Austral Institutional Animal 

Care and Use Committee (Approval Number: 407/2020).  
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Animals, Housing, and Handling 

Three rumen cannulated, 2nd parity, lactating Holstein-Friesian dairy cows were used in 

this study. At the start of the trial, the cows averaged (mean ± SD) 15.2 ± 1.39 kg of DM intake, 

16.5 ± 1.11 kg of milk production/d, 487 ± 28.7 kg of BW, 228 ± 13.6 DIM, 30.0 ± 27.2 days of 

pregnancy, and BCS of 3.42 ± 0.14 (1 to 5 scale). 

Animals were housed in a tie-stall barn, equipped with individual feeders and automatic 

waterers. Cows were milked twice daily at 0700 and 1600 h in a milking parlor located adjacent 

to the barn (ca. 50 m walking on a flat topography). Two weeks prior to the start of the in situ 

trial, cows were acclimated to a diet containing (DM basis): 2.5 kg of a commercial pellet 

(Coagra S.A., Cayumapu, Chile) composed of corn grain, wheat, tritricale, soybean meal, wheat 

milling by-products, and urea; 1 kg of imported soybean meal (Biosur SpA., Osorno, Chile); 5 

kg of pelleted dry beet pulp (Iansagro S.A., Quepe, Chile), 6.5 kg of a predominant ryegrass 

pasture (Lolium perenne), which was harvested daily at an herbage mass of ~3,500 kg DM/ha 

(measured with a Filip's folding plate pasture meter, Jenquip, New Zealand); and 2 kg of pasture 

silage, which was previously harvested from the same research station. Also, a commercial 

mineral mix was included at 250 g as fed (Sal Mineral Alta Producción; Cooprinsem, Osorno, 

Chile). Cows were fed twice daily, after milking, at 0730 and 1630 h. Half a kilogram of 

commercial pellet was offered in each milking, to facilitate the handling of the animals according 

to the routine of the farm. Each feed was weighed separately and then manually mixed when 

offered in the feeders. Orts were collected and weighed daily, and the information was used to 

calculate individual feed intake. 
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Ryegrass Herbage Samples and In Situ Incubations 

Representative samples of about 800g each were collected from a perennial ryegrass 

pasture (Lolium perenne cv. Alto), on January 15th, August 15th, and November 17th of 2022, 

representing summer (under irrigation), winter, and spring seasons, respectively. Samples were 

taken at a herbage mass of 2,800 to 3,000 kg MS/ha above ground-level —measured with a 

Filip's folding plate pasture meter— to represent a plant at vegetative stage of maturity and a 

recommended pre-grazing herbage mass for dairy cows (Piña et al., 2020). The grass samples 

were cut 4 cm above ground level with shearing scissors, simulating the fraction potentially 

consumed by cows. Samples were oven dried at 60ºC for 48 hours and then milled through a 2-

mm sieve.  

Samples of 5 g dry matter (DM) were placed in Dacron bags (10 × 20 cm and pore size of 

50 μm; ANKOM Tech. Corp., Macedon, NY) and sealed. Duplicate samples were ruminally 

incubated in the three fistulated cows for 4, 8, 12, 24 and 96 h using a “staggered in / all out” 

sequence. After removal from the rumen, the bags were washed under running cold water until 

the water was clear and rinsed in a domestic washing machine with cold tap water for 30 

minutes. The 0 h bags were not placed in the rumen and the solubility was determined by 

soaking them in warm water (40 ºC) for 20 minutes. Incubation residues were freeze-dried, 

weighed, and the duplicate samples were combined within cow and incubation time. Also, 

incubation residues from 96 h bags were pooled across cows because of the small amounts 

recovered. N in the residues was determined at the Animal Nutrition Laboratory of the 

Universidad Austral de Chile (Valdivia, Chile) by combustion (Dumas method) and was used to 

calculate CP (990.03; AOAC, 2000).  Amino acid analyses was carried out at Cumberland 

Valley Analytical Services (Chambersburg, PA).  
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Determination of sulphur amino acids (Met and Cys) was assessed after performic acid 

oxidation for 16 h prior to acid hydrolysis (converting Met and Cys to the stable methionine 

sulfone and cysteic acid, respectively), then samples were hydrolyzed with 6 N HCl for 21 h and 

analyzed by High Performance Liquid Chromatography (982.30 E(b); AOAC, 2006). Other AA, 

with the exception of Trp (which was not determined), were not subjected to performic oxidation 

but the same acid hydrolysis protocol was used (994.12; AOAC, 1997). Determination of CP 

content (also by Dumas) and AA profile of ryegrass pastures before incubation was carried out at 

Cumberland Valley Analytical Services. 

Microbial Contamination Correction 

Mathematical correction for microbial contamination was performed using the 

exponential model described by González et al. (2007): 

(1 )ftM m e−= − ,              [1] 

where M represents the microbial contamination of bag residues, expressed as proportion of CP. 

The asymptotic value m corresponds to the microbial component of the feed undegradable fraction 

(proportion), whereas, f represents the rate of microbial accumulation (h-1) on feed particles. 

Values of 0.745 and 0.076 for m and f, respectively, were observed for ryegrass by González et al. 

(2007), and thus adopted for use in eqn. [1]. Given M, the microbial AA profile described by Sok 

et al. (2017) was used to calculate the contribution of each individual AA from microbes and 

subtract that amount from incubation residues. It was assume that microbes had a 82.4% of true 

protein according to Sok et al. (2017). 
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Ruminal Degradation Kinetics and Statistical Analysis 

Degradation parameters were derived for CP and each AA according to Ørskov and 

McDonald (1979) using the NLIN procedure of SAS (version 9.4; Cary, NC). Model constants 

that were fitted included: the soluble fraction (A, %); the insoluble degradable fraction (B, %); 

and the fractional degradation rate (Kd, %/h). Undegradable protein fraction (C, %) was 

estimated as 100 – A – B. These parameters were used in the non-linear exponential model to 

calculate the CP and individual AA disappearance in the rumen at each incubation time (t). The 

potential degradability (PD) at t = 96 hour was calculated using equation 1, while the effective 

degradability (ED) was calculated using equation 2, assuming a constant ruminal passage rate 

(Kp) of 2, 5 and 8%/h. The Kp of 5%/h was selected based on the static value proposed for 

forages in (NASEM, 2021), while the extreme values were selected to evaluate their effects on 

ED. 

(1- )KdtPD A B e−= +                             [2] 

 

( / ( ))ED A B Kd Kd Kp= + +                   [3] 

  

Disappearance of CP and individual AA at the different ruminal incubation times were 

compared with a mixed model for repeated measures using the lmer function of lme4 package of 

R, within R Studio (version 2022.07.1, RStudio Inc., Boston, MA, USA). The model included 

the fixed effects of nutrient (CP and individual AA), incubation time, and their interaction. Cow 

and season (winter, spring, and summer) were included as random effects.  

The derived kinetic parameters (A, B, C, and Kd), PD, and ED were analyzed using a 

mixed model, including nutrient (CP and individual AA) as fixed effect, and season and cow as 
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random effects. Post-hoc contrasts were performed to compare CP vs. grouped AA, CP vs. 

essential AA (EAA) — Arg, His, Ile, Leu, Lys, Met, Phe, Thr, and Val—, CP vs. non-essential 

AA (NEAA) —Ala, Asp, Cys, Glu, Gly, Pro, Ser, and Tyr—, and EAA vs. NEAA. Multiple 

comparisons of means were performed using the Bonferroni correction with a significance level 

of 95% (P<0.05). Post hoc comparisons were also performed in R using the multcomp::cld 

function from multcomp package, while contrast comparison was performed using the contrast 

function of emmeans package. 

Calculations of disappearance of CP and individual AA at the different ruminal 

incubation times, degradation kinetic parameters, and contrasts were performed using the raw 

data (non-corrected) and after mathematical correction for microbial contamination. 

 

RESULTS AND DISCUSSION 

 

Amino Acids Content of Ryegrass 

The CP and AA content of ryegrass samples collected during different seasons at a 

similar phenological stage are presented in Table 6.1. Similar AA concentrations (%CP) were 

observed among seasons for both, EAA and NEAA, based on the low SD values. Early studies 

reported the AA composition of different forages, including ryegrass, concluding that just a few 

differences in the AA profile are expected among forages in a vegetative state (Wilson and 

Tilley, 1965; Eppendorfer, 1977). This is consistent with our results; however, some important 

differences were observed when comparing these AA profiles with other observations from the 

literature. For instance, the AA profile reported by Dineen et al. (2020) had lower AA content for 

almost all AA except Arg, His, and Lys (Table 6.1). This is mainly explained by the recovery of 
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N as AA (AAN) from the original sample. This was discussed by Dineen et al. (2020), 

highlighting that the NPN fraction is extremely dynamic in fresh forages, due to the content of 

amino-, amide-, ammonia-, nitrate-, purine-, betaine-, and choline-N. In this study, the proportion 

of AAN (which was recalculated as % of CP) was higher than that reported by Dineen et al. 

(2020), averaging 77.6% of CP versus 56.5% (Table 6.1), but similar to that reported by 

Edmunds et al. (2013). It is important to note, that when AA are reported as grams of AA-N per 

100 g of total N, the amount should be divided by 0.93 to account for the loss of 1 atom of N 

from Asn to Asp and from Gln to Glu during the hydrolysis process (Sok et al., 2017), which 

would increase the recovery values reported by Dineen et al. (2020) by around 7.5%. 

Interestingly, the EAA profile obtained in this study was fairly similar to that used in the 

NASEM (2021) library, probably because those values comes from average of multiple 

laboratory analyses. 

Another factor that can affect AA recovery is the methodological procedure used during 

AA hydrolysis. Lapierre et al. (2016) developed some corrections factors for hydration and 

recovery during a 24 h hydrolysis. The former corrects for the addition of a molecule of water 

across each peptide bond as the AA are hydrolyzed from the protein. This results in an average 

of a ~15% yield increase. Recovery correction factors are also recommended to account for those 

AA that are not fully released from the protein matrix at 24 h or are degraded in the acid after an 

early release from the protein (e.g., 21 h release). Although the use of correction factors is 

pertinent when available, these have not been derived for all feeds, and according to Dineen et al. 

(2020) they would not be necessary for ryegrass, with the exception of Ile and Val. The AA 

values corrected by hydrolysis and recovery factors are presented in Table 6.1. As expected, 

these corrections affected the proportion of AAN, decreasing the total recovery of AA.  
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Phenological state of the plant can also potentially affect the AA profile. To our 

knowledge, no studies have compared in detail the change in the AA profile of ryegrass 

according as the plant matures, however, based on studies comparing fresh grass with grass 

silage, a decrease in certain amino acids, such as Lys, can be expected (Edmunds et al., 2013). 

Considering that the study of Dineen et al. (2020) was carried out during summer, and that they 

mentioned that the shortfall of rain explained the low PC observed, a herbage in a more 

advanced state of maturity could partially explain the lower AA content compared to our study 

(Table 6.1). It would be recommended that future studies analyze the AA profile of ryegrass in 

an advanced stage of maturity, to assess whether this could affect the content of other AA. 

Among other factors that could modify the concentration of AA are the fertilization and 

soil composition. Eppendorfer (1977) reported that increased nitrogen fertilization increased the 

NPN fraction of the plant, reducing the AA content, however, the AA proportions expressed as 

100% true protein remained constant. 

Recovery of N as Amino Acids During Ruminal Incubations 

The total amount of AA (expressed as % CP) from the original samples and after ruminal 

incubation are presented in Table 6.2. As mentioned above, the ryegrass samples presented an 

important fraction of NPN, however, this fraction was affected by the ruminal incubation time. 

Although we did not have enough replicates to perform statistical analysis —particularly from 

original samples and at 96 h of incubation—, a numerical increased in AAN was observed after 

washing the samples (time 0 h), while a subsequent drop in this fraction was recorded as the 

ruminal incubation time was extended. The initial increased of AAN fraction after washing the 

samples can be associated to the removal of part of the NPN fraction (nitrite, ammonia, among 

others; Wilson and Tilley, 1965; Eppendorfer, 1977). Similar phenomena can be expected after 
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early ruminal incubation (i.e., time 4 h) but the increasing microbial contamination must be taken 

into account, while the subsequent decrease in AAN fraction could be partially associated to a 

continuous dilution effect of the potentially protein degradable fraction by the undegradable N 

fraction of ryegrass, particularly the undegraded protein at 96h of ruminal incubation was ~1%. 

Although this value was low, the CP content of incubation residues at time 24 and 96 h were 

around 8 to 10%, so this could partially explain the low values of AAN. Varvikko (1986) 

reported this same phenomenon after long term ruminal incubation, concluding that feed 

particles avoiding rumen degradation contained proportionately less true protein than the feeds 

originally ingested. Similarly, Skórko-Sajko et al. (1994) reported changes in the AAN fraction 

for different feeds. 

The amounts of neutral detergent insoluble nitrogen (NDIN) and acid detergent insoluble 

nitrogen (ADIN) were not determined in this study, but according to Dineen et al. (2020) they 

were 3.7 and 0.7% of DM, respectively, for fresh ryegrass. This means that the fiber-bound 

protein was 3% of DM, which can potentially delay or limit the total CP degradation from 

ryegrass. Although the former probably explains most of the reduction of AAN fraction after 

ruminal incubation, it could be hypothesized that the measurement technique could also play a 

role, since the hydrolysis process seeks to release the AA bound to the protein matrix of the feed, 

but it is unknown if this process could be less efficient in releasing the AA from the lesser 

degradable fraction of feed, which is concentrated in the bag degradation residues (Lapierre et 

al., 2019). 

Bacterial N contamination of in situ residual N has been reported in the literature (Nocek 

and Grant, 1987). Different correction methods have been developed to address this issue, 

however they are not frequently applied due to labor and cost (Vanzant et al., 1998). A wide 
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range of N microbial contamination has been reported in the literature, being as small as 0.9% 

and as great as 8.6% after 16 h incubation, and varying among feeds (Erasmus et al., 1994), or 

around 50% at 16 h and over 90% at 96 h ruminal incubation, according to Nocek and Grant 

(1987). Particularly, this later study, only used a short manual-washing of bags, which likely 

overestimated the microbial contamination (Vanzant et al., 1998). Further studies, using 15N 

labeled feedstuffs or microbes, have found that the microbial contamination of feeds is not as 

high than that reported by Nocek and Grant (1987), and is affected by incubation time (González 

et al., 2001; Krawielitzki et al., 2006; Kamoun et al., 2007; Parand and Spek, 2021). Also, 

microbial contamination seems to be highly feed-dependent, being more important in fibrous 

feeds. This is due to microbial colonization of cell wall components, which will be greater for 

high fiber feeds and mature forages, while feeds with low N content also presented a higher N 

microbial contamination probably because of a dilution effect of feed N (González et al., 2001). 

In our study, we did not analytically corrected the incubation residues by microbial 

contamination, and we recognize that this could be a limitation in this study, but considering that 

we incubated young plants samples with very high CP content, and they were thoroughly 

washed, the impact of microbial contamination should be smaller. Finally, although we cannot 

rule out that microbial contamination affected the AAN recovery at different incubation times, 

this seems unlikely since an increase in the NPN fraction was observed in the residues as the 

incubation extended, but just a small NPN fraction of 17.6% has been reported in the literature 

for microbial protein (Sok et al., 2017), which supports that microbial contamination in our 

samples was probably low. This is in agreement with Varvikko (1986), who found similar 

differences in AAN recovery at different incubation times, even after microbial contamination 

correction. Despite of the above, we matematically corrected by microbial contamination based 
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on González et al. (2007), estimating a contamination of bag residues of 19.5%, 33.9%, 44.6%, 

62.5%, and 74.4% for incubations times 4, 8, 12, 24, and 96, respectively. This further decreased 

AAN recovery, so this phenomenon would not be related to microbial contamination. 

Incubation Residues of CP and Individual Amino Acids 

Significant differences were observed for incubation residues by CP or individual AA 

(P<0.01), incubation time (P<0.01), and for their interaction (P<0.01). Disappearance of CP and 

individual AA at the different incubation time points are presented in Figure 6.1. Previous 

studies evaluating the effect of ruminal exposure on dietary AA has been addresed using in vitro 

procedures (Chalupa, 1976), or inspired by the use of the mobile nylon bag technique (González 

et al., 2001; Edmunds et al., 2013), so based on the latter most studies have just tested AA 

degradation at a fixed time point (i.e., 12 or 16 h). Thus, studies considering several incubation 

times points are rare (Varvikko, 1986; Von Keyserlingk et al., 1998), probably because they are 

more laborious and expensive. Moreover, we are not aware of previous studies including enough 

incubation times points and replicates, that allow determination of the actual rate of 

disappearance of individual AA in the rumen. This limitation has been recognize by Von 

Keyserlingk et al. (1998), and could lead to incorrect conclusions, especially when comparing 2 

AA profiles (before and after incubation), omiting possible variation at different time points. In 

Figure 6.1, differences in the disappearance among CP and the different AA were mainly 

significant from time 0 to 12, with the exception of Ile, Lys, Met, Pro, Tyr, and CP, which were 

still significant at time 24 (Figure 6.1A). Considering that most of the AA degration occurs 

within 5 h (Varvikko, 1986), and rumen retention of feedstuffs varies depending on intake and 

rate of passage (Von Keyserlingk et al., 1998), the available literature —mainly using a fixed 

incubation time point— could be underestimating the differences in individual AA ruminal 
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degradation. The latter was more evident after correcting by microbial contamination, where in 

general AA seems to be degraded at a faster rate than CP, being almost fully degraded by hour 

24 (Figure 6.1B). 

Ruminal Degradation Kinetic Parameters of CP and Individual Amino Acids 

The comparisons of soluble, and insoluble fractions, and rates of degradation among CP 

and individual AA are presented in Table 6.3. The soluble fraction of CP was significantly 

greater than that of most of the AA, with the exception of Ala, Lys, Phe, and Glu. The latter was 

consistent after microbial contamination correction, but additionally there were not differences 

with the soluble fractions of Tyr, Asp, and Pro. This suggests that there are differences in the 

soluble fraction of some individual AA, which could be related to chemical or physical 

properties of ryegrass proteins. Tamminga (1979) mentioned that solubility of feed protein is 

partly determined by the relative amount of albumins and globulins —which have a high 

solubility—, and prolamins and glutelins, which are less soluble. This has been poorly studied, 

but there is evidence that suggests changes in albumin and globulin content according to 

different ryegrass cultivars and fertilization level (Stuczynski et al., 1974). Future studies could 

deepen the characterization of the type of proteins present in the forages and their respective AA 

profile, which could be helpful in predicting changes in the nutritional composition of the plant.  

The insoluble fraction of CP averaged 50.9%, which is in agreement with Keim et al. 

(2013) who reported a similar value of 51.9% for the B fraction in early-spring ryegrass. 

Considering the smaller C fraction recorded (0.32% and 0.14% for CP and average AA, 

respectively), the order and magnitude of the B fractions were basically the opposite for A 

fractions. 
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The fractional degradation rate was greater for Hys compared to CP, Met, and Cys before 

microbial contamination correction. However, the differences in Kd values significantly changes 

after correcting by microbial contamination, being Tyr and Lys the AA with greater Kd values. 

This is explained by the high content of these AA in the microbial protein (Sok et al., 2017) in 

relation to the ryegrass content, so this could lead to overpredicting RUP supply of Tyr and Lys 

when using non-corrected values. Interestingly, after correcting the values, the Kd increased for 

all the AA, indicating a general underprediction of the degradation of fraction B when using non-

corrected values.  

It should be noted that greater differences among AA were observed in the A fraction 

compared with Kd. This could partially explain the contradictory results obtained in the past 

about the existence of differences among the AA profile of the original feedstuff with the 

respective AA profile of the RUP, since feeds with a low soluble fraction will probably show 

little or no difference in the RUP-AA profile, while Kd will probably have an impact in just a 

few AA (González et al., 2001). 

Effective Ruminal Degradability of CP and Individual Amino Acids 

Calculated ED values using different ruminal passage rates are presented in Table 6.4. 

Using a Kp of 5%/h the CP effective degradability was 81.9% and 86.5%, before and after 

microbial contamination correction, respectively. Similar values have been reported by Keim et 

al. (2013), indicating that despite the high CP content, ryegrass is a relatively poor source of 

RUP. There were significant differences among AA, which was not greatly affected by the 

choice of Kp. Interestingly, the sulphur AA Cys and Met, presented the smaller ruminal 

degradation when using non-corrected values, and this remained true for Met after microbial 

contamination correction. This degradation behavior has been reported in vitro (Chalupa, 1976) 
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and in vivo (Tamminga, 1979; Skórko-Sajko et al., 1994; Weisbjerg et al., 1996) in different 

feedstuffs, mainly for Met, which is thought to be due to lower use by the microbes as they 

synthesize more of their needs (Tamminga, 1979). Lesser ruminal degradation of Cys has also 

been reported, however, this has been questioned due to contamination with digestive enzymes 

—which are very high in Cys content — when degradation has been determined at the intestinal 

level (Tamminga, 1979).  However, that was not the case in this study. 

Glu had greater ED than CP before correction, while Phe ED was greater when using Kp 

values of 2% and 8% (Table 6.4). High ruminal degradation of Phe has been reported by 

Erasmus et al. (1994), and the same for Glu (MacGregor et al., 1978; van Straalen et al., 1997). 

Although ruminal degradability of these AA was above average herein, this may not be the case 

across feedstuffs (Weisbjerg et al., 1996). After microbial contamination correction, ED values 

for Glu and Phe remained high but they were similar to CP ED. However, ED for Lys was 

greater than that of CP after correction, while His had numerically greater ED that CP but they 

were not significant. The high ruminal degradability of these AA is in agreement with previous 

studies (Varvikko, 1986; Weisbjerg et al., 1996; Paz et al., 2014). Considering all the existing 

literature indicating that these AA are often identified as the most-limiting for dairy cows 

(Schwab and Broderick, 2017), they should be especially taken into account when formulating 

diets with high ryegrass content. 

Despite the different factors that seems to potentially affect the ruminal degradation of 

AA as the AA profile of feedstuff, type of feed protein and their properties, distribution in the 

feed protein matrix (Taghizadeh et al., 2005; Hanigan, 2022), differences in AA transport of 

microbes (Tamminga, 1979), and ruminal AA interaction (Chalupa, 1976); it was possible to 

identify groups of AA that present similar ruminal degradation patterns (Table 6.4). This 
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supports the concept that differences in ruminal degradation are influenced by the type of 

feedstuff, and that an appropriate characterization of them would be necessary, ideally generating 

local databases. Also, all of the above makes it difficult to extrapolate our results to other feeds. 

Comparisons Among CP, AA, EAA, and NEAA Ruminal Degradation 

Contrasts comparing CP, and grouped AA, EAA, and NEAA are presented in Table 6.5. 

CP had a larger soluble fraction, averaging 7.5% greater when compared to grouped AA, and this 

remained true after microbial contamination correction. This is in agreement with previous 

studies, that reported a bigger ruminal degradation of NPN fraction than AAN fraction, which 

was driven by the size of the NPN fraction of each feedstuff (van Straalen et al., 1997). 

Similarly, the soluble fraction of CP was also bigger than that of EAA and NEAA, which is 

expected due the greater NPN fraction of ryegrass. The A fraction of EAA was ~2% less than for 

NEAA. This was associated to the lower values of some particular AA as Met, Arg, Ile, and Leu. 

Due to the low content of the undegraded N fraction, contrasts for the B fraction were basically 

explained by A fraction behavior, and they follow the same significance. 

Contrasts comparisons for Kd of CP were significant, being -1.17%, -1.34%, and -0.97% 

smaller than that for grouped AA, EAA, and NEAA, respectively, and they remained significant 

after microbial contamination correction (Table 6.5). This was associated to the greater A 

fraction of CP, so a smaller B fraction was available for degradation. Kd for EAA was 0.37% 

greater compared to NEAA before correction, which was associated to the high Kd of His. 

However, they were not significantly different after microbial contamination correction. 

Effective degradability of CP was on average ~1% greater than that of grouped AA, and 

this was similar when comparing to EAA and NEAA (Table 6.5). These differences increased to 
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1.74%, 1,85%, and 1.61% after microbial contamination correction, respectively. Although this 

confirms that ruminal degradation of AA is different than that of CP, and the prediction of AA 

degradation based on CP kinetics can lead to some error, the relative error would be small. 

However, as was discussed earlier, there were difference in the ED for some AA, reaching 

differences of 6% and 5% among the lower and greater ED, when using non-corrected and 

corrected values, respectively, and this can be even greater at a higher Kp (Table 6.4). 

It is important to highlight that ED values obtained for ryegrass were in general greater 

than that reported for other feedstuffs (Skórko-Sajko et al., 1994; Paz et al., 2014). Lys was 

degraded more than CP, having a smaller concentration on RUP than expected based on CP 

kinetics, while the same situation seems to apply to Phe and His (numerical differences), they 

were not significantly different. This is in agreement with previous animal trials, which have 

reported potential limitations in the supply of those EAA (Kolver et al., 1999; Pacheco et al., 

2003).  

No differences were observed between ED for grouped EAA and NEAA (Table 6.5). van 

Straalen et al. (1997) have reported lower ruminal degradation of EAA compared to NEAA but it 

was variable among feedstuffs, while Paz et al. (2014) reported that AA have a similar 

degradation pattern as CP, but emphasizing that there are difference in the ruminal degradation 

of certain specific AA, which seems to be the case for ryegrass in this work. 
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CONCLUSIONS 

 

Significant differences were observed for ruminal degradation kinetics of ryegrass CP 

and individual AA. This can impact the RUP-AA profile, potentially introducing errors in 

predictions of individual AA ruminal degradation based on CP degradation kinetics. Although 

the average error is small, just around 1% of effective degradability and up to 1.7% after 

correction by microbial contamination, it can be higher for some specific EAA such as Lys and 

smaller for Met and Arg. The later, coupled with a high average CP degradability of ryegrass 

(81.9% and 86.5%, before and after microbial contamination correction, respectively) could 

predispose the animal to deficiencies in the supply of certain AA. The rate of ruminal 

degradation was similar among AA, but they were greater for Lys and Tyr, with degradation 

strongly affected by the soluble fraction. Future studies should delve into the causes that generate 

the variation of this fraction between feeds.  
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APPENDIX 

 

Table 6.1. Crude protein and amino acid contents of ryegrass samples1. 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CP and individual 
AA (% of CP) Non-corrected 

  

Hydration-corrected 
  Hydration + 

Recovery corrected 

 Literature values4 
     a b c 

CP, % DM 25.8 ± 1.42 
 

25.8 ± 1.42  25.8 ± 1.42  10.9 16.9 27.5 
Essential amino acids 

    
    

Arg 4.57 ± 0.12  4.09 ± 0.11  4.34 ± 0.11  4.74 8.30 4.10 
His 1.89 ± 0.14  1.67 ± 0.12  1.79 ± 0.13  1.74 2.60 1.94 
Ile 3.63 ± 0.21  3.13 ± 0.18  3.51 ± 0.21  3.71 2.20 3.96 

Leu 7.42 ± 0.38  6.40 ± 0.32  6.82 ± 0.34  7.43 4.00 7.39 
Lys 4.42 ± 0.43  3.88 ± 0.38  4.13 ± 0.40  4.42 5.10 4.85 
Met 1.61 ± 0.10  1.41 ± 0.08  1.49 ± 0.09  1.74 1.00 1.64 
Phe 5.20 ± 0.32  4.64 ± 0.29  4.92 ± 0.31  4.50 2.40 4.78 
Thr 3.68 ± 0.10  3.12 ± 0.09  3.33 ± 0.10  4.11 2.10 4.10 
Trp2 —  —  —  — 1.80 2.09 
Val 4.88 ± 0.17  4.13 ± 0.14  4.55 ± 0.16  5.14 3.10 5.22 

Non-essential amino acids         
Ala 5.59 ± 0.06  4.47 ± 0.05  4.65 ± 0.05  6.16 4.60 — 
Asp3 7.64 ± 0.18  6.61 ± 0.16  6.74 ± 0.16  8.22 4.40 — 
Cys 0.93 ± 0.03  0.79 ± 0.02  0.91 ± 0.03  1.11 0.50 — 
Glu3 10.9 ± 0.17  9.55 ± 0.19  10.1 ± 0.22  9.72 4.60 — 
Gly 4.53 ± 0.08  3.45 ± 0.06  3.79 ± 0.07  4.90 4.20 — 
Pro 4.21 ± 0.21  3.56 ± 0.18  3.69 ± 0.18  4.74 1.50 — 
Ser 3.51 ± 0.13  2.91 ± 0.11  3.26 ± 0.12  3.95 2.30 — 
Tyr 3.06 ± 0.27  2.76 ± 0.24  2.89 ± 0.26  2.69 1.80 — 

Total AA, % CP 77.6 ± 2.76  66.5 ± 2.40  70.9 ± 2.61  79.0 56.5 — 
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1AA content are presented as non-corrected values, and corrected by hydration or hydration and recovery according to Lapierre et al., 
(2016).2Trp was not determined in this study. 3Asp corresponds to the sum of Asp + Asn, while Glu it is the sum of Glu + Gln. 4Literature 
values corresponds to: a) Edmunds et al., (2013); b) Dineen et al., (2020); and c) NASEM (2021). 
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Table 6.2. Total amino acids (% of CP) measured in the original pasture samples and at different incubation times1. 

  Raw Feed T0 T4 T8 T12 T24 T96 
Non-microbial contamination corrected 
Raw data 77.6 ± 2.76 87.2 ± 4.15 83.8 ± 3.27 76.3 ± 4.80 75.3 ± 3.66 66.0 ± 4.80 54.8 ± 9.90 
Hydration corrected 66.5 ± 2.40 74.7 ± 3.57 71.8 ± 2.81 65.3 ± 4.12 64.4 ± 3.13 56.4 ± 4.10 46.8 ± 8.46 
Hydration + recovery corrected 70.9 ± 2.61 79.6 ± 3.81 76.5 ± 3.00 69.6 ± 4.38 68.7 ± 3.34 60.2 ± 4.37 50.0 ± 9.03 
Microbial contamination corrected2       
Raw data 77.6 ± 2.76 87.2 ± 4.15 84.4 ± 4.07 73.7 ± 7.26 70.4 ± 6.60 40.3 ± 12.8 7.18 ± 12.4 
Hydration corrected 66.5 ± 2.40 74.7 ± 3.57 72.3 ± 3.49 63.0 ± 6.23 60.1 ± 5.56 34.1 ± 10.9 5.87 ± 10.2 
Hydration + recovery corrected 70.9 ± 2.61 79.6 ± 3.81 77.0 ± 3.73 67.1 ± 6.64 64.0 ± 6.03 36.4 ± 11.6 6.43 ± 11.1 

1Amino acids content are presented as non-corrected values, and corrected by hydration or hydration and recovery according to Lapierre 
et al., (2016). T0 to T96 represent the ruminal incubation times from 0 to 96 hours, respectively. SD values were included whenever 
possible. 2Microbial contamination was corrected using the equation and parameters reported by González et al. (2007) and using the 
microbial AA profile described by Sok et al. (2017). 
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Table 6.3. In situ CP and individual AA degradation kinetic parameters of ryegrass samples1.  

 A fraction, %  B fraction, %  Kd, %/h 
  NCMC2 CMC2  NCMC CMC  NCMC CMC 
CP 48.2 fg 49.0 gh  50.9 a 50.7 ab  10.1 a 14.7 abcd 
Arg 34.9 a 38.1 abc  64.6 h 61.8 efg  11.7 ab 14.3 abc 
Met 35.1 a 36.3 a  64.3 gh 63.6 g  10.3 a 14.2 ab 
Ile 36.6 ab 37.4 ab  62.7 fgh 62.6 fg  11.7 ab 17.2 de 
Leu 37.9 abc 38.5 abc  61.5 efgh 61.3 efg  11.6 ab 15.1 abcd 
Gly 37.9 abc  38.7 abc  61.4 efgh 61.2 efg  10.9 ab 14.5 abc 
Cys 38.1 abc 39.2 abcd  60.3 defgh 60.4 defg  10.0 a 15.8 abcd 
Val 39.6 abcd 40.3 abcde  59.7 cdefg 59.6 defg  11.4 ab 15.3 abcd 
Ser 40.7 bcd 41.3 abcde  58.5 cdef 58.5 def  11.0 ab  15.3 abcd 
Tyr 41.3 bcd 41.9 bcdef  58.2 cdef 58.1 def  11.9 ab 18.7 e 
Asp 41.7 cde 42.4 bcdef  57.7 bcde 57.6 cdef  11.1 ab 16.8 cde 
Pro 41.9 cde 42.5 bcdef  57.5 bcde 57.3 cde  11.1 ab 14.0 a 
Thr 42.2 cde 41.6 bcde  57.1 bcde 58.3 def  11.5 ab 16.7 bcde 
His 42.2 cde 42.8 cdef  57.2 bcde 57.0 cde  12.4 b 16.0 abcd 
Ala 43.6 def 44.2 defg  55.7 bcd 55.7 bcd  11.3 ab 15.6 abcd 
Lys 43.7 def 44.4 efg  55.6 bc 55.6 bcd  11.4 ab 19.2 e 
Phe 46.4 efg 47.0 fgh  53.1 ab 52.9 abc  11.4 ab 15.4 abcd 
Glu 49.1 g 49.6 h  50.3 a 50.3 a  11.6 ab 16.7 bcde 

1The soluble fraction (A, %); the insoluble degradable fraction (B, %); and the fractional degradation rate (Kd, %/h). Different letters 
within a column represents significant differences (P<0.05). The order in which each individual AA are presented, correspond to that 
obtained for % of A fraction (increasing order) in non-microbial comtanination corrected values, in order to facilitate comparisons within 
CP or individual AA. 2 NCMC: non-corrected by microbial contamination; CMC: corrected by microbial contamination using the 
equation and microbial contamination parameters reported by González et al. (2007) and the microbial AA profile described by Sok et 
al. (2017). 
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Table 6.4. Extent of degradation of CP and individual AA of ryegrass predicted from in situ evaluations1.  

 ED2Kp=2%/h, %   ED5Kp=5%/h, %   ED8Kp=8%/h, % 
  NCMC2 CMC2 

 
  NCMC CMC 

 
  NCMC CMC 

CP 90.5 def 93.4 defg  CP 81.9 def 86.5 efg  CP 76.3 fg 81.5 fgh 
Cys 88.0 a 92.6 bcd  Cys 77.8 a 84.8 bcd  Met 70.9 a 76.5 a 
Met 88.9 b 91.8 a  Met 78.0 a 82.9 a  Cys 71.1 a 79.0 bcd 
Gly 89.7 bc 92.1 ab  Gly 79.6 b 83.7 ab  Arg 72.8 ab 76.9 a 
Ile 89.9 cd 93.1 cdef  Arg 79.7 b 83.1 a  Gly 72.9 abc 77.6 ab 
Ser 90.0 cd 92.9 bcdef  Ile 80.0 bc 85.4 cde  Ile 73.3 bc 79.6 bcdef 
Arg 90.0 cd 91.8 a  Leu 80.4 bcd 84.1 abc  Leu 73.8 bcd 78.1 ab 
Leu 90.2 cde 92.3 abc  Ser 80.5 bcd 85.1 bcde  Ser 74.1 bcde 79.4 bcde 
Val 90.2 cde 92.7 bcde  Val 80.6 bcd 84.8 bcd  Val 74.2 bcde 78.9 bcd 
Asp 90.3 cde 93.7 fgh  Asp 81.0 bcde 86.5 efg  Asp 74.7 bcdef 81.1 efg 
Pro 90.4 cde 92.3 abc  Pro 81.1 bcde 84.3 abc  Pro 74.8 cdef 78.5 abc 
Thr 90.6 def 93.5 efg  Thr 81.5 cdef 86.2 def  Thr 75.4 defg 80.7 defg 
Lys 90.6 def 94.5 i  Lys 81.7 def 88.1 h  Tyr 75.5 defg 82.3 gh 
Ala 90.8 efg 93.3 def  Tyr 81.7 def 87.5 fgh  Lys 75.7 defg 83.2 h 
Tyr 90.9 efg 94.2 ghi  Ala 81.9 def 86.0 def  Ala 75.9 efg 80.6 defg 
His 91.3 fgh 93.2 def  His 82.5 efg 85.8 de  His 76.5 fgh 80.4 cdefg 
Phe 91.5 gh 93.6 fgh  Phe 83.0 fg 86.6 efgh  Phe 77.3 gh 81.4 efgh 
Glu 91.8 h 94.4 hi  Glu 83.8 g 88.0 gh  Glu 78.4 h 83.3 h 

1The effective degradability (ED) was calculated using a ruminal passage rate (Kp) of 2%/h (ED2), 5%/h (ED5), or 8%/h (ED8). 
Different letters within a column represents significant differences (P<0.05). The order in which each individual AA are presented, 
correspond to that obtained for NCMC values, in order to facilitate comparisons with CMC values. 2 NCMC: non-corrected by microbial 
contamination; CMC: corrected by microbial contamination using the equation and microbial contamination parameters reported by 
González et al. (2007) and the microbial AA profile described by Sok et al. (2017). 
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Table 6.5. Contrasts comparison (least square means differences ± EE) among CP, AA, essential (EAA) and non-essential AA (NEAA) 
fractions for the degradation kinetic parameters of ryegrass. 

 CP vs. AA P-value  CP vs. EAA1 P-value  CP vs. NEAA2 P-value  EAA vs. NEAA P-value 

A fraction, %            

NCMC3 7.48 ± 0.97 <0.01  8.39 ± 0.99 <0.01  6.45 ± 0.99 <0.01  -1.94 ± 0.46 <0.01 

CMC3 7.44 ± 1.03 <0.01  8.27 ± 1.05 <0.01  6.50 ± 1.06 <0.01  -1.77 ± 0.48 <0.01 

B fraction, %            

NCMC -7.65 ± 0.92 <0.01  -8.64 ± 0.94 <0.01  -6.54 ± 0.95 <0.01  2.10 ± 0.43 <0.01 

CMC -7.62 ± 1.01 <0.01  -8.47 ± 1.03 <0.01  -6.67 ± 1.04 <0.01  1.81 ± 0.48 <0.01 

Kd, %/h            

NCMC -1.17 ± 0.39 <0.01  -1.34 ± 0.40 <0.01  -0.97 ± 0.40 0.02  0.37 ± 0.18 0.045 

CMC -1.27 ± 0.52 0.02  -1.27 ± 0.53 0.02  -1.27 ± 0.54 0.02  0.004 ± 0.25 0.98 

ED5Kp=5%/h, %            

NCMC 1.06 ± 0.31 <0.01  1.11 ± 0.32 <0.01  1.01 ± 0.32 <0.01  -0.09 ± 0.15 0.52 

CMC 1.74 ± 0.28 <0.01  1.85 ± 0.29 <0.01  1.61 ± 0.29 <0.01  -0.25 ± 0.13 0.07 

 
1EAA = sum of Arg, His, Ile, Leu, Lys, Met, Phe, Thr, and Val. Trp was not determined. 

2NEAA = sum of Ala, Asp, Cys, Glu, Gly, Pro, Ser, and Tyr. 

3NCMC: non-corrected by microbial contamination; CMC: corrected by microbial contamination using the equation and microbial 
contamination parameters reported by González et al. (2007) and the microbial AA profile described by Sok et al. (2017). 
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Figure 6.1. Disappearance of CP and individual AA from ryegrass at different ruminal incubation times. A: values non-corrected by 
microbial contamination; B: values corrected by microbial contamination using the equation and microbial contamination parameters 
reported by González et al. (2007) and the microbial AA profile described by Sok et al. (2017).
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CHAPTER 7. CONCLUSION 

 

The use of a mechanistic model, such as the Molly model, to explore the particularities of 

pasture inclusion in cattle diets and their subsequent impact on the digestive processes, indicates 

that the main nutrients explaining the differences between these diets compared to TMR were 

fiber and crude protein. A new set of some model parameters was necessary to better represent 

the higher degradability of cellulose and hemicellulose from ryegrass. Considering that NDF, 

ADF, and the in situ degradation of ADF are inputs for the model (representing the variation in 

fiber characteristics of the feedstuff), the need of some adjustment parameters by the model 

indicates that there are some problems in the proper characterization of fiber fractions. 

Particularly, the estimation of in situ degradation from analytical fractions (NDF and ADF) may 

not well represent the ruminal degradation of hemicellulose and cellulose, which are the 

chemical inputs to the model. The latter, resulted in an overprediction of the intestinal fiber 

digestion, and overall, in an underprediction of the total tract digestibility of fiber. Regarding CP 

metabolism, the yield of microbes per gram of fermentable substrates was overpredicted whereas 

predictions for TMR diets was found to be centered in the data. This resulted in lesser predicted 

rates of ammonia absorption. This indicates that there would be some differences in the rumen 

environment and in the availability of the different nutrients for ryegrass diets that could impact 

the microbes. Interestingly, although the typically high CP content of pasture diets usually results 

in elevated rumen ammonia concentration as well as high blood urea concentrations, the smaller 

ammonia absorption rate predicted by the model indicates that other mechanisms are driving 

ruminal N recycling. Additionally, greater CP and starch intestinal digestibility would be 

expected from ryegrass diets. All the above resulted in an improved representation of pasture 
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digestion, importantly improving the predictions of fecal outflow of DM, OM, N, and fiber. 

There were also some model modifications required to better represent adipose tissue and lean 

body mass of smaller cows. The latter resulted in improvements in the representation of nutrient 

partitioning to tissues, however, the predictions of milk and solids production were only 

significantly improved after a reparameterization of some mammary parameters. This indicates 

that cows managed on pasture-based systems, or perhaps genetic selection of cows for that 

system, results in different productive potential as compared to cows in an intensive management 

system. Additionally, as expected, there were differences in the pattern of milk solids synthesis 

between Holstein-Friesian and Jersey cows. Future studies should explore potential differences 

in some metabolic pathways related to mammary synthetic capacity among dairy breeds to gain 

an understanding of the mechanisms and the manipulation of those mechanisms to achieve 

breeds or strains that better fit farmer and market goals. Overall, the revision of the Molly model 

parameters resulted in important improvements in the predictions of diets including pasture. 

Thus, this has a big potential as a research model for exploring gaps in the knowledge about 

pasture-based systems and directing future research, as well as the alternative of generating 

simulations to better understand different feeding scenarios and create practical 

recommendations.  

This work evidenced the high diversity of dairy breeds used in pasture-based systems, 

taking the Chilean dairy industry as an example. Moreover, those breeds come from different 

countries, so they may have some particularities in productive and functional traits depending on 

the environmental conditions and goals under which they were selected. This study confirmed 

that there are specific effects for some genetic strains, as well as heterosis effects between some 

of these with Chilean Friesian cows. Thus, genetic models should incorporate these variables in 
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order to properly estimate breeding values. The estimated values for strains and heterosis effects 

in this work could be used to direct mating according to farmer goals and market demands, as 

well as inputs to direct future selection programs. 

This work confirms that there are significant differences among CP and individual AA 

ruminal degradation kinetics for ryegrass. This can impact the RUP-AA profile, potentially 

introducing errors when predicting the individual AA ruminal degradation based on CP kinetics. 

Moreover, due to the high degradability of CP from fresh ryegrass, there could be some potential 

limitations in the supply of some essential amino acids, especially in high producing cows 

consuming predominant ryegrass diets. Future studies should explore MP-AA supply in order to 

identify specific AA limitations, and potentially design strategies to provide these AA in the diet 

and limiting the pasture inclusion to the “right amount”, so reducing the excessive supply of N 

but at the same time providing a balance supply of AA that promote the milk and solids 

production. 
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