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Preface 

The aim of this thesis was to evaluate alternative management options for the improvement of 

the smallholder dairy cattle production system in South Africa. Six chapters, addressing a 

number of topics and objectives, were generated to achieve this aim. Chapter I introduces the 

current study, by explaining the importance of dairy cattle farming, with particular emphasis 

on the smallholder system and its limitations. It also presents the aim, and objectives of the 

thesis. Chapter II presents an overview of the dairy sector in South Africa, and discusses the 

relevance of the dairy cattle performance traits evaluated in the current study. Additionally, it 

explains the methodologies used in addressing the objectives used to achieve the aim of this 

thesis. This includes a detailed discussion of the methodology used in comparative analysis, 

and the major processes involved in the development, and application of a bio-economic 

simulation model. Chapter III is a published benchmarking study (Trop Anim Health Prod, 

2018) that compared the productive and reproductive performance, as well as udder health 

status, of dairy cows in low-input smallholder, and high-input commercial production systems 

in South Africa. The objective of such benchmarking was to determine the performance 

potential of dairy cows under the smallholder system, in order to identify the performance lag 

as compared to the high-input system, and to develop recommendations for the development 

of the former. A typical smallholder dairy herd model was developed in Chapter IV, by 

adaptation, and implementation of a previously developed model for the high-input dairy herd 

production system in South Africa. This was done by applying a conceptual framework, 

describing smallholder dairy herd dynamics, breeding, feeding, production costs, and outputs 

such as production (milk & beef), revenues, and gross margins. The herd model considered, 

and integrated the biological, and economic factors influencing the smallholder production 

system, with the goal to determine how best the existing potential in herd profitability can be 

realized. Chapter V evaluated alternative strategies to improve smallholder dairy herd 

profitability, by simulating changes to the herd model developed in Chapter IV. Chapter VI 

gives a summary of the results reported in the previous chapters, discusses their implications 

on smallholder dairy farming, and presents the concluding remarks, and recommendations on 

how improvement in smallholder dairy herd profitability may be achieved. 

Ethics approval (EC160817-067) for the use of all data in this study was obtained from the 

Ethics Committee of the Faculty of Natural and Agricultural Sciences at the University of 

Pretoria. 
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Abstract 

The aim of this thesis was to evaluate alternative management options for the smallholder dairy 

cattle production system in South Africa (SA). Specific objectives included, were to benchmark 

cow performance in the smallholder (SH) against their counterparts in a high-input system (H), 

to develop a SH herd model, and to evaluate alternative management options for the 

improvement of smallholder dairy herd profitability.   

Data on production (305-day yields of milk, fat and protein), lactation length, somatic cell 

count (SCC), and reproductive traits (age at first calving (AFC), and calving interval (CI) 

obtained from the South African National Dairy Animal Improvement scheme (NDAIS) were 

used in a benchmarking study. Least squares means per trait were compared between the two 

systems, and lactation curves for production traits and SCC were plotted. Results revealed that 

mean yields of milk, fat and protein were significantly (P<0.05) lower in the SH (4 097±165, 

174±5.1 and 141±4.5 respectively) compared to the H system (6 921±141, 298±4.7, and 

245±4.1, respectively). Mean lactation length was significantly (P<0.05) shorter for the SH 

(308±15.1) compared to the H system (346±12.8). Log-transformed SCC was significantly 

(P<0.05) higher in the SH (2.41±0.01) relative to the H system (2.27±0.01). Cows in H herds 

exhibited typical lactation curves, in contrast to flat and low-peaking curves obtained for the 

SH system.  SH cows had significantly (P<0.05) older AFC (30±0.5) than those in the H system 

(27±0.5). There was no significant difference (P<0.05) in CI between the two systems.  

A bio-economic SH herd model was developed by adapting a previously developed model for 

the H system in SA. Parameters used were obtained from NDAIS, survey data, personal 

communications, and literature. The model integrated herd dynamics, outputs, nutrient energy 

requirements, management, and their associated economics. Nutrient energy requirements 

were estimated for maintenance, growth, reproduction, and lactation. The developed SH herd 

model was used to evaluate alternative herd management options, using the partial budget 

approach. Milk yield (MY), live weight (LW), AFC, and CI were used as indicators of cow 

performance. Herd management practices studied were herd size (HS), replacement rate (RR), 

feeding system (FS), breeding methods (natural service vs artificial insemination), and source 

of replacement heifers (raising vs. buying in). 

 Improvements in profitability were attained by increasing MY or increasing herd size, using 

small to medium sized cows, or reducing AFC, CI or RR. Break-even points were 3 687.4 

l/year, 500 kg, 29 months, 420 days and 25% for MY, LW, AFC, CI, and RR, respectively. 
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Profitability was mostly sensitive to the prices of milk and feed. A drop in the price of milk 

below R4.50/l or increase in the cost of feed above R5.60/kg DM generally resulted in non-

profitability. Relying on pasture only for feed was non-viable, and supplementation of pasture 

with concentrate was the most profitable feeding system. Feeding systems based on 

supplementation of pasture with concentrate, and silage were resilient to fluctuations in the 

price of milk, remaining profitable even when the price dropped to R4.10/l. Using artificial 

insemination or buying-in replacement heifers are additional management strategies that 

increase SH dairy farming profitability. These recommended management options should be 

used in combination for achieving maximum herd profitability. 

Keywords: Benchmarking, Bio-economic model, high-input, production, reproduction, 

simulation, smallholder, somatic cell count 
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CHAPTER I 

1.1. General introduction 

Dairy production has been an important part of the global agricultural system for decades. The 

livelihoods of more than half a billion people, comprising more than 140 million households, 

depend on milk production worldwide (Hemme & Otte, 2010; Lacto data, 2019). Dairy farming 

is increasing in importance globally, driven by the substantial shift in diets, and food 

consumption patterns towards livestock products (Hoffmann & Baumung, 2013; Herrero et al., 

2014; Hanrahan et al., 2018). In addition to its nutritional, and health-promoting attributes, 

milk production in especially smallholder system, is a reliable resource for income, and poverty 

alleviation (Ojango et al., 2017). Smallholder milk production also offers employment 

opportunities within the entire dairy value chain, through the creation of small-scale rural 

processors, and other intermediaries (Hemme & Otte, 2010).  

The smallholder livestock production system is mostly characterized by limited resources, a 

harsh production environment, and low input-output intensities, compared to the high-input 

commercial system. Flaten (2002), and Narayanan & Gulati (2002) described smallholder dairy 

production as a system, which comprises of less than two to five hectares of land, and two to 

20 heads of livestock. Ojango et al. (2017) defined smallholder dairy production as a system, 

where less than 10 head of cattle are reared on variable land sizes, typically of less than 4 

hectares. The definition of a smallholder dairy (SH) farm however, depends on the extent of 

the structural, and production environment of a particular region/country. In South Africa, a 

SH dairy farm may have more than 20 cows per herd, due to the larger herd sizes commonly 

found in the commercially oriented production system. In spite of these varying definitions, 

the smallholder production systems in most Sub-Saharan African countries face a similar 

challenge regarding relatively poor cow performance (Meissner et al., 2013; DAFF, 2014; 

Ojango et al., 2017). Poor cow performance impacts negatively on the economic efficiency, 

and the viability of individual herds, which constraints the potential outputs from the dairy 

industry.  

Development of the smallholder sector in South Africa is necessary, as it could transform SH 

dairy farming into a commercially competitive production system, while reducing poverty, 

boosting food security, and providing the much-needed animal products for feeding the 

growing population. This is apparent in countries like Kenya, and India, where smallholder 
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dairy development has contributed to increased milk production, and income generation (Staal 

et al., 2004; Grillenberger et al., 2006; Staal et al., 2006). 

Current information with regards to the performance of dairy cows in the SH dairy production 

system in South Africa is either lacking completely or very limited. This presents a serious 

constraint to any initiatives aimed towards the development of the SH dairy sector, as 

benchmarking of current performance is a major prerequisite to any form of improvement.  

Benchmarking is a diagnostic measure, which involves a comparative analysis of performance 

indicators between alternative production systems with similar production objectives (Bredrup 

& Bredrup, 1995; Wilson et al., 2005).  

The need for research to determine how to improve the performance efficiency of the 

smallholder dairy production system is imperative. Genetic improvement of economically 

important performance traits such as milk yield, and quality, reproduction, and health form the 

basis for the development of profitable dairy farming (Banga, 2009). However, the benefits 

from such an improvement would not be realized without appropriate management strategies. 

Different management options affecting herd performance should be evaluated to achieve 

efficient improvement of the production system. Simulation modelling could assist in the 

evaluation of alternative herd management practices affecting animals’ performance (at 

individual and herd levels), by determining, and comparing the impact of such management 

options (Oltenacu et al., 1980; Macdonald et al., 2007; Horváth et al., 2017). The use of 

simulation modelling also offers the opportunity for adoption of appropriate herd management 

strategies among smallholder dairy production systems across the Sub-Saharan Africa region.  

1.2. Aim and objectives 

The main aim of this study was to evaluate alternative management options for the 

improvement of the smallholder dairy cattle production system in South Africa. The objectives 

towards achieving this aim were to:  

i. Benchmark the productive and reproductive performance, as well as udder health status , 

of dairy cows in smallholder dairy herds against their counterparts in the high-input 

production system,  

ii. Develop a bio-economic model of a typical smallholder dairy herd, depicting current 

management practices and cow performance levels, 

iii. Evaluate alternative management strategies for the smallholder dairy herd production 

system, through simulated changes to the model developed in objective II, 
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iv. Study the implications of the alternative production models on the development of 

smallholder dairy farming in Sub-Saharan Africa.   

1.3. References   
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South Africa. Ph.D. thesis, University of the Free State, Bloemfontein, South Africa. 
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379-390. 
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CHAPTER II 

2. Literature review 

2.1. The agro-ecological areas for livestock production in South Africa 

The Republic of South Africa (SA) lies between ± 220, and 340S at the extreme end of the 

Southern part of Africa, having diverse climatic conditions ranging from semi-arid to 

subtropical and Mediterranean climates (Benhin, 2006). These diverse climatic conditions have 

a great impact on the agro-ecological areas in SA. The agro-ecological areas of South Africa 

include a large biome of grasslands, mainly in the central and coastal highland regions, 

separated by scattered biomes of forest, savannah, and Nama-karoo (Palmer & Ainslie, 2005). 

Approximately 80% of these agro-ecological areas is suitable for animal grazing, making 

natural pasture the cheapest feed source in the country (DAFF, 2015).  The availability, and 

quality of this pasture depend on the extent of the climatic conditions (e.g. summer, and winter 

season) in a particular production area (Mucina & Rutherford, 2006). The annual rainfall 

generally varies, from as low as <50 mm in the Richtersveldt on the border with Namibia, to 

as high as >3,000 mm in the mountainous areas of the South Western Cape, with an average of 

about 450 mm per annum (Palmer &Ainslie, 2005).  

2.2. Overview of the dairy sector in South Africa 

The dairy industry, which comprises approximately 1.3 million cows, is one of the most 

important agricultural sectors in the country (Meissner et al., 2013). It comprises over 1,200 

milk producers (Lacto data, 2019), employing almost 100,000 people across the value chain 

(DAFF, 2017). The SA dairy industry is characterized by low-input low-output smallholder, 

and high-input, highly productive production systems. These two production systems could be 

further differentiated by diverse herd sizes, which range from less than 50 in smallholder 

systems to more than 500 cows (Lassen, 2012; DAFF, 2015), with an average herd size of more 

than 350 milking cows in the high-input production system (Lacto data, 2019). The 

veld/pasture-based system constitutes the major feed source for the majority of low-input 

smallholder herds, with limited supplementation, and managerial inputs. On the other hand, the 

high-input production system is characterized by high genetic potential dairy cows, good 

quality management, and an intensive feeding system (Lacto data, 2019). The main feeding 

systems for high-input commercial dairy cattle in SA are total mixed ration (TMR), pasture, 

and/or a combination of the two feeding systems (Banga, 2009; Theron & Mostert, 2009). 

Farmers in the high-input system sell milk to dairy processors, whilst their contemporaries in 
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the low, and medium input-output system sell most of their milk directly to consumers, and 

only limited amounts to processors (DAFF, 2017). 

Dairy cattle are reared throughout the country, but most farms are concentrated in the coastal , 

and central provinces (DAF, 2017). This is probably driven by the favorable production 

environment in the coastal regions, and the proximity of markets, and processing facilities in 

the central areas like Gauteng province. South African dairy cattle include pure, crossed, and 

dual-purpose breeds. The major dairy breeds are Holstein-Friesian, Jersey, Ayrshire and 

Guernsey breeds (Maiwashe et al., 2006). Minor dairy cattle breeds include the Dairy 

Shorthorn, Brown-Swiss, and crossbred animals (Milk SA, 2013; de Ponte Bouwer et al., 

2013).  

2.3. Dairy cattle milk recording in South Africa 

The conventional dairy cattle milk recording scheme in South Africa started with the 

commencement of the national milk recording, and improvement scheme (NMRIS) in 1917 

(Banga, 2002). This scheme still strives to promote a productive, and economically vibrant 

milk production sector (ARC, 2016). Its objectives are achieved through regular monitoring, 

and evaluation of cows’ performance traits, research, and training, to promote effective 

management, feeding, and estimation of animals’ producing ability. Milk recording, and 

improvement services are provided by the Agricultural Research Council (ARC), and SA 

Studbook, and farmers participate on a voluntary basis. To participate in the scheme, a farmer 

needs to keep basic records such as animal identification (ID), parents IDs, animal birth, and 

calving dates, and use weighing tools approved by the International Committee for Animal 

Recording (ARC, 2016).  

Official milk testing, and recording are conducted on all the lactating cows within the herd, on 

a regular basis of 35-day intervals, generating 10 milk recording test-day events per herd per 

year (ARC, 2016). Milk yield from 2 or 3 milkings is recorded for each lactating cow in the 

herd on test day. Milk samples are collected from cow’s milk on each test day, and analyzed 

for fat content (%), protein content (%), somatic cell count (cells/ml), lactose content (%), and 

milk urea nitrogen (mg/dl). Test day yields of milk, fat, protein, and lactose are used to calculate 

yields for standard 305-d lactations, using ICAR guidelines. All milk recording data are stored 

on the National Livestock Database known as the INTERGIS (Integrated Registration and 

Genetic Information System). The data is used to generate herd reports that can be used by 

farmers as a management tool or by milk recording technicians, and relevant service providers 

for advisory work. It is also used as a resource for research, and to estimate breeding values for 
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making breeding decisions. Milk recording systems in South are accredited by ICAR, and the 

structure is presented in Figure 2.1.  

 

Figure 2.1: Schematic diagram of a milk recording system (adapted from ICAR, 2017) 

2.4. Dairy cattle performance traits 

The sustainability of dairy farming depends on the improvement of both the productive, and 

functional performance traits of dairy cows (Groen et al., 1997; Zwald et al., 2004; Miglior et 

al., 2005). The primary objective for improvement of these traits is to ensure efficient 

utilization of the input factors, in order to improve productivity, and optimize farm profitability. 

Major economically relevant traits of dairy cattle are discussed in the following sections.  

2.4.1. Production traits  

The profitability of dairy farming is significantly influenced by a number of production 

performance traits. These traits include measurable, consumable, and saleable outputs 

produced from a dairy cow. In a dairy production system, the overall production performance 

efficiency can best be measured by the components of milk. The rationale for measuring, and 

quantifying these production performance measures in dairy cows are herein discussed. 
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2.4.1.1. Yield traits 

The production performance of dairy cows is mainly determined by milk yield, and its 

components. Milk components mainly comprise fat, protein, milk urea nitrogen, lactose, 

minerals, vitamins, and water (Muehlhoff et al., 2013; Park & Haenlein, 2013).  Milk, fat, and 

protein yields are the primary production traits recorded for management, and genetic selection 

of dairy cattle (Miglior et al., 2005; ICAR, 2014). These traits are of major economic 

importance in most dairy industries, as they directly affect revenue from the sale of milk. Milk 

production is polygenetic in nature, and is partially controlled by genes that control secretory 

cells, and regulate milk yield in relation to nutritional intake (Davis, 1997). Feeding 

management practices, therefore, dictate the levels of milk, fat, and protein produced by a cow 

(Ganie et al., 2011). 

The basic measures of milk production are yield of milk in terms of weight (kg) or volume 

(litres), and percentages of milk components produced during a specific production period. 

Lactation length is standardised to 305-days, and yields of milk per lactation are calculated 

from test-day production records, with the test-days having intervals of 1 week, 1 month or 35 

days (Mostert, 2007; ICAR, 2014; Bucek et al., 2015). Incomplete lactations are usually 

extended to 305-days, while those longer than 305 days are standardized to 305 days (Interbull, 

2001; Mostert, 2007; ICAR, 2014).  

The length of a lactation is an indicator of the persistency of milk production (Syrstad, 1993), 

which influences the amount of milk, and components produced by a cow per lactation 

(Alphonsus & Essien, 2012; Hossein-Zadeh, 2013). Shorter lactation length is thus associated 

with decreased production (Madalena et al., 1992; Kumar et al., 2014a; Rahman et al., 2017). 

Estimates of least squares means for 305-days milk, and component yields as well as lactation 

length (LL), reported in some previous studies are summarized in Table 2.
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Table 2.1. Summary of the least squares means for 305-days milk and component yields and lactation length 

Country  Milk yield (kg)  F yield (kg) P yield (kg) LL (d)  Breed Source  

Bangladesh - - - 198±2.4 to 

266±1.2  

Crossbred Rahman  et al., 2017 

Egypt 7 638±0 to  

9 145±0      

- - - Holstein, Brown 

Swiss & their crosses 

El-Tarabany et al., 

2017 

Egypt 8 417±55.5  - - -  Holstein Hammoud & Salem, 

2013 

Ethiopia  3 604±38.4 - - - Holstein Ayalew et al., 2015  

Ethiopia  - - - 275±65.2 Crossbred Kumar et al., 2014a  

India 1 707±13.25 - - 296±2.3 Crossbred Wondifraw  et al., 

2013 

Ireland 4 230±43.5 to  

5 217±31.2 

193±3.8 to 

226±1.8 

168±3.1 to    

186±1.1 

- Holstein & Jersey and 

their crosses 

Coffey et al., 2016 

México  - - - 348±6.0 to 

358±5.8  

Holstein & Brown 

Swiss 

Rios-Utrera et al., 

2013  

Mexico  5 417±96 to  

4 807±131 

- - - Holstein & Holstein x 

Gyr 

Mellado et al., 2011 

Morocco 6 144±1 462.3   222±53.6 - 325±42.4 Holstein Talbi & Madidi, 2016 

Nepal - - 422±7.7 - Crossbred Paneru et al., 2016 

Pakistan  1 613±49.03  - - 240±5.5 Crossbred Hassan & Khan, 2013 

Pakistan -  - - 314±0.9 Holstein Sandhu et al., 2011  
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SA 6 330±117 to    

6 108±97 

252±4.7 to 

251±3.9 

202±3.5 to 

200±2.9 

- Holstein & Fleckvieh 

x Holstein 

Metaxas,  2016 

SA 5 398±95 to       

6 141±10 

246±3.0 to 

272±4.0 

194±2 to 246±3 - Jersey & Fleckvieh x 

Jersey 

Goni, 2014 

SA 5 347±1 156 to  

8 147±2 260 

251±54 to 310±83 200±43 to 

262±70 

- Holstein & Jersey Theron & Mostert, 

2009 

Sudan  -  - - 294±3.6  Friesian Abdel Gader et al., 

2007  

Thailand - - - 376±0.3 Crossbred Endris et al., 2012 

Turkey 5 725±149 - - 322±4.6  Ural, 2012 

USA 8 530 ± 89 to  9 

757±101.6 

319±3.2 to 

346±3.6 

277±2.7 to 

305±3.0 

- Holsteins, Holstein x 

Normande, 

Montbeliarde & 

Scandinavian Red 

Heins et al., 2006 

USA 6 408±76.7 to  8 

444±122.6 

321±4.3 to 

230±2.7 

205±2.3 to 

256±3.7 

- Jersey x Holstein & 

Holsteins 

Heins et al., 2008 

USA 11 417±86.4 409±3.3 352± 2.6 - Normande x Holstein, 

Montbéliarde x 

Holstein, 

Scandinavian Red x 

Holstein & Holsteins 

Heins & Hansen, 

2012 

F: fat; P: protein; kg: kilogram; LL: lactation length
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2.4.1.2. Lactation curve 

Pregnancy stimulates milk synthesis in the mammary glands, which reach potential capacity 

for milk secretion towards the end of the gestation period (Neville et al., 2002; Macciotta et 

al., 2011). Milk production typically shows a curvilinear pattern, which is termed a lactation 

curve. The lactation curve of an individual cow could be quantified by regressing test-day 

yields over the lactation period (Madouasse, 2009; Hering et al., 2016) or extrapolation from 

test-day yields using different algebraic models (Macciotta et al., 2011).  

The lactation curve consists of three distinct phases: initial milk let-down followed by an 

inclining phase to peak yield, a plateau, and then a declining phase until the cow is dried off. 

Concentrations of milk components often follow an inverse curve, decreasing from calving 

until the peak in yield, and then rising thereafter (Madouasse, 2009; Silvestre et al., 2009). 

Cows differ in their potential to attain each phase of the lactation curve, due to genetic, feeding 

or environmental influences (Wood 1967; Strandberg, & Lundberg, 1991; Boujenane & Hilal, 

2012). Persistency is important as it indicates an animal’s ability to produce, and maintain peak 

yield, under the prevailing production environment (Dekkers et al., 1998; Macciotta et al., 

2005). The shape of the lactation curve provides an excellent tool for efficient herd 

management, and improvement of dairy production.  

2.4.2. Functional traits of economic importance to the dairy industry 

The lifetime productive performance of a dairy cow is influenced by functional traits 

(Philipsson & Lindhé, 2003; Miglior et al., 2005; Oltenacu & Broom, 2010). Functional traits 

are mostly related to production costs rather than income, and they include udder health, fitness 

(reproduction, longevity), and efficiency of feed utilization (Miglior et al., 2005; Berry & 

Crowley, 2013; Cabrera, 2014). Economic efficiency of herd performance implies optimization 

of input factors to maximize the profit margin. Maximization of the profit margin could be 

attained not only by increasing outputs, but also through minimization of costs, which is of 

particular importance in the smallholder dairy production system. Most functional traits are 

difficult to record, especially in SH dairy farms. This overview of functional traits will focus 

on somatic cell count as an indicator of udder health, some easily recordable reproductive traits 

under the smallholder dairy production system, and longevity. 
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2.4.2.1. Somatic cell count 

Udder health of dairy cows should be monitored to enhance animal welfare, and to ensure milk 

production is sound, and hygienic. The most common way for monitoring the status of udder 

health within a dairy herd is by recording somatic cell count (SCC) per cow or bulk tank 

(Hamann, 2005).  Milk SCC (cells/ml) comprises of leukocytes, and epithelial cells, which 

increase in the presence of mastitis-causing bacteria as a result of an immune defensive 

response (Hamann, 2005; Brandt et al., 2010). An increase in the level of SCC in milk indicates 

possible infections of a cow/herd with subclinical or clinical mastitis (Bortolami et al., 2015; 

Gonçalves et al., 2016). The normal concentration of SCC in the milk of an uninfected cow is 

around 100,000 cells/ml, with an internationally accepted standard threshold of 200,000 

cells/ml (Schukken et al., 2003). A concentration above this threshold indicates potential 

infection with mastitis pathogens (Dodd & Booth, 2000; Brandt et al., 2010).  

Major causes of clinical, and subclinical mastitis include poor management of cow housing or 

the milking system (Abera et al., 2012; Katsande et al., 2013; Iraguha et al., 2015). Subclinical 

mastitis reduces milk yield, and content of fat, and casein in milk, and increases whey content, 

which negatively influence milk pH, cheese quality, and other milk processing properties 

(Seegers et al., 2003; Waldner et al., 2005;  Barbano et al., 2006; Ogola et al., 2007; Le 

Maréchal et al., 2011).  

Clinical mastitis is caused by pathogenic bacteria species (spp), such as Staphylococcus aureus, 

Streptococcus uberis, Mycoplasma, and Escherichia coli (Carrillo-Casas et al., 2012). It is 

clinically characterized by udder inflammation, and a persistent fever, which may affect the 

reproductive system, if it is not effectively treated (Lavon et al., 2010; Hudson et al., 2012; 

Wolfenson et al., 2015). The occurrence of clinical mastitis often results in huge economic 

losses from reduced milk yield, discarded milk or withdrawal of an animal from the milking 

cohort, treatment costs of sick cows, and increased culling rate.  

No clear clinical disorder or changes in milk are apparent during subclinical mastitis. Cows 

with subclinical mastitis are often identified through high level of SCC in milk (Schukken et 

al., 2003). Recording of SCC, therefore, serves multiple objectives, including the prevention 

of extra costs that may result from reduced milk yield, milk rejection, treatment, culling 

(Seegers et al., 2003; Halasa et al., 2009), identification of genetically superior mastitis 

resistant cows (Detilleux et al., 1997; Dube et al., 2008), and provision of a platform for 

monitoring, and evaluating udder health.  
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2.4.2.2. Reproductive traits 

A viable dairy production system depends on the reproductive performance of the cows 

(Andersen-Ranberg et al., 2003; Dobson et al., 2007; Inchaisri et al., 2010; Egger-Danner et 

al., 2015). Reproduction initiates, and determines an animal’s productive life (longevity). 

Earlier selection, and management of dairy cattle mainly focused on yield traits at the expense 

of reproductive, and other dairy relevant functional traits (Cammack et al., 2009; Cassandro, 

2014; Berry et al., 2016). In the past 2 decades, some dairy production industries have 

recognized this, and started to include reproductive traits in their selection, and management 

programmes (Cassandro, 2014; Berry et al., 2016). Inclusion of these reproductive traits has 

reversed the earlier deteriorating trend observed in dairy cows’ fertility (Berry et al., 2016; 

Crowe et al., 2018). 

Various measures may be used to evaluate the reproductive performance of dairy cows. These 

include, age at first calving (AFC), calving interval between successive parturitions (CI), 

inseminations per conception, conception rate, and non-return rate (NRR). Due to the ease of 

recording dates of birth and calving, AFC and CI are commonly available, and can be 

determined with a relative degree of accuracy under different dairy production systems, 

especially those participating in the routine milk recording, and improvement scheme (Olori et 

al., 2002; Gonza´lez-Recio et al., 2004; Mostert et al., 2010). Recording of insemination dates, 

and events related to pregnancy are often not compulsory for herds participating in the national 

milk recording, and improvement scheme as in the case of South Africa.   

Age at first calving: Age at first calving (AFC) is a measure of reproductive performance, 

which marks the beginning of the productive life of a dairy cow. It dependents on the genetic 

potential of a heifer calf to grow, sexually mature, and reproduce in the prevailing production 

environment. It determines the costs of rearing the heifer, before it becomes productive. Higher 

AFC is associated with an increase in the non-productive life of the heifer, from birth to first 

lactation (Heinrichs & Vazquez-Anon, 1993; Pirlo et al., 2000; Nilforooshan & Edriss, 2004).  

This results in an increase in the cost of rearing replacement heifers, reduces cow productive 

life, increases the generation interval, and thus slows genetic improvement (Lin et al., 1988; 

Tozer & Heinrichs, 2001; Do et al., 2013; Penev et al., 2014).  

Although AFC between 21 and 25 months was reported to be optimum for productive 

efficiency of dairy cows (Mourits et al., 1999; Pirlo et al., 2000; Cooke et al., 2013; Zavadilová 

& Štípková, 2013; Wathes et al., 2014), a range of ages have been reported (Table 2.2). The 
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economic impact of varying AFC needs to be evaluated for each production system, in order 

to provide guidance on herd management and improvement programmes (Meyer et al., 2004).  

Table 2.2. Summary of the estimated least squares means for age at first calving and calving 

interval reported for dairy cows in the literature 

Country  AFC (months)  CI (days)  Source  

Bangladesh  41±0.1 to 45±0.2 437±1 to 481±0.3 Rahman  et al., 2017 

Egypt  - 397±0 to 432±0 El-Tarabany et al., 2017 

Egypt  30±0.1 403±1.9 Hammoud et al., 2010 

Ethiopia  47±1.1 - Zereu et al., 2016 

Ethiopia 39±0.5 465±7.2 Worku et al., 2016 

Ethiopia  - 439±66.3 Kumar et al., 2014b  

Kenya - 468 ± 5.3 Ilatsia et al., 2007 

México -  389±3.8 to 402±4.2 Calderón-Robles et al., 

2011 

Pakistan  -  543±17.9  Hassan & Khan, 2013  

Pakistan  -  408±2.1  Sandhu et al., 2011  

South Africa 29.4±5.2 - Muller et al., 2014 

South Africa 26.2±3 - Goni, 2014 

Sudan 29±0.40 433±6.70 Abdel Gader et al., 2007 

Sudan 41±2.2 to 49±1.3 367±21.4 to 394±16.3 Ahmed et al., 2007 

Sudan  45±3.5  382± 8.3  Musa et al., 2005  

Turkey 27±0.6 403±7.8 Ural, 2012 

CI: calving interval; AFC: age at first calving 

Calving interval: Calving interval (CI) is the period between two successive parturitions, and 

is a good indicator of reproductive performance (Wall et al., 2003; Mostert et al., 2010). It is 

easy to record, and reflects the ability of a cow to re-calve successfully. It summarizes the 

postpartum interval to oestrous, conception, and gestation length (Berry et al., 2014).  

Shorter calving intervals are desirable for increased milk production, provision of female 

replacements, and or bull calves.  A longer CI decreases the animal’s productive life, and 

increases the rate of involuntary culling within a herd (Olori et al., 2002; Do et al., 2013). 

Higher culling rate increases replacement costs, and the proportion of younger animals, which 

reduces herd productivity (Boichard, 1990; Do et al., 2013). A wide range of CI has been 

reported in different dairy cow populations, as shown in Table 2.2. The economic impact of 
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these intervals should be evaluated under specific production system due to their variation with 

production circumstances (Gonza´lez-Recio et al., 2004; Němečková et al., 2015).  

2.4.2.3. Longevity 

Longevity is a lifetime or stayability trait, which is usually managed, and selected for indirectly. 

It is a measure of fitness, which determines the ability of a cow to survive both voluntary, and 

involuntary culling at different stages of a production cycle within the herd (van Doormal et 

al., 1985; Vollema & Groen, 1996). The cause of voluntary culling among dairy cows is mainly 

poor production performance, while involuntary culling is due to various reasons, which 

include poor udder health, diseases and infertility (Ahlman et al., 2011; Wu et al., 2012). The 

rates of culling (voluntary and involuntary), and survival are important parameters for 

modelling herd age structure, and evaluation of alternative herd management strategies in the 

bio-economic model (Hearnshaw et al., 2002).  

Decreasing the rate of involuntary culling by alleviating its causes (e.g. udder infection) allows 

for a more flexible voluntary culling strategy, and improves cow longevity (Vollema & Groen, 

1996). Extended longevity may improve herd productivity, and economic returns of dairy 

farming by reducing replacement costs, and increasing milk production (Hearnshaw et al., 

2002; Banga et al., 2014; De Vries, 2017).  

2.4.2.4. Live weight  

Most of the dairy producing countries including South Africa are currently experiencing a 

steady increase in production cost that is mainly caused by escalating feed costs (Lacto data, 

2019). An excessive increase in feed cost, which is not adequately compensated for by the farm 

gate price poses a threat to the viability of the dairy farmer. For example, the number of milk 

producers in South Africa declined from 3 551 in 2009 to 1 228 in 2019, mainly due to high 

production cost (Lacto data, 2019).  

This situation underscores the need for including traits relating to feed costs, particularly in the 

smallholder system, where the production margin is most fragile. Live weight (LW) is one of 

the economically relevant traits that could be used to mitigate the burden of feed cost. It is 

directly associated with dietary energy requirements for maintenance of body tissue functions 

in heifers, and cows (AFRC, 1993; NRC, 2001). A marginal increase in LW results in an 

increase in dietary energy requirements for maintenance, which particularly increase feeding 

cost over revenue in the dairy herds (Berry et al., 2005; Banga et al., 2014; Wahinya et al., 

2015). Insufficient supply of energy requirements for maintenance adversely affects 
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productivity, reproduction, and health in dairy cattle (Domecq et al., 1997; Roche et al., 2009; 

Tazangi et al., 2015; Singh et al., 2015; Stádník et al., 2017), which may lead to economic loss 

or increase in production cost. This entail the importance of matching dairy cattle LW with a 

production environment for efficient production, and increase profitability. 

2.5. Nutritional effects on productive and reproductive performance of dairy cows 

Expression of genetic potential for productive, and reproductive performance of a dairy cow is 

influenced by nutrient dry matter intake (Tas et al., 2005; Morrison & Patterson, 2007; Esposito 

et al., 2014; VandeHaar et al., 2016). Dry matter intake (DMI) represents the amount of 

nutrients (excluding moisture) that are available in feed for an animal’s consumption (Tas et 

al., 2005; Friggens et al., 2013). The essential nutrients for dairy cattle are: energy (fat and 

carbohydrates), protein (amino acids), vitamins, minerals, and water. Energy is the nutrient 

with the largest effect on dairy cows’ performance (Kunz et al., 1985; Butler, 2000; NRC, 

2001; Kitilit et al., 2016). The effect of energy level on dairy cows’ performance is more 

profound in pasture-based feeding systems, where dry matter, and metabolizable energy (ME) 

are often low (Clark et al., 1997). Energy deficiency often results in decreased production, poor 

reproduction, and a deterioration in health (Remppis et al., 2011; Chebel et al., 2018). Each 

stage of a dairy cow’s production cycle is physiologically distinct, and therefore has different 

energy requirements (NRC, 2001). Figure 2.2 illustrates the partitioning of feed energy in an 

animal’s body. The efficiency of converting ME into net energy (NE) varies according to the 

animal’s requirements for maintenance, growth, pregnancy and production (AFRC, 1993).  
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Figure 2.2: Partitioning of feed energy in an animal (Konandreas & Anderson, 1982)  

Adequate energy intake is important, especially during the transitional period (period around 

calving) in dairy cows, to replenish the deficit in ME. Late gestation, and early lactation periods 

in a dairy cow are often accompanied by two transient stages. Late gestation is characterized 

by a reduction in dry matter intake prepartum, approximately three weeks before calving, which 

results in a subsequent negative energy balance (NEB) 3 to 4 weeks postpartum, following the 

metabolic transition to peak milk yield (NRC, 2001; Opsomer, 2015). The level of NEB is 

reflected by the loss in body weight or BCS due to the mobilization of body reserves (Jílek et 

al., 2008). The extent of mobilization of adipose tissue to compensate the deficit in ME inputs 

varies, and depends on the relationships between the quantity, rate of increase, persistency of 

peak yield, and the ME intake (Opsomer, 2015). If the metabolic conditions or management 

practices impaired nutrient energy intake, this will drastically affect both body condition score, 

and lactation yield (Opsomer, 2015; Chebel et al., 2018).  

A balanced energy intake is also important for efficient reproduction. It has been well 

established that the partitioning of energy consumed by lactating dairy cows inherently favours 

maintenance, and milk yield, rather than reproduction (Bauman et al., 1980; Lucy, 2000). 

Consequently, NEB, and failure to replenish body energy reserves negatively affect 

reproductive performance of the dairy cow (Lopez et al., 2004; Wathes et al., 2007). Negative 
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energy balance, and poor body condition score delay normal ovarian cyclicity, inhibit follicular 

growth, and reduce fertility (Beam & Butler, 1999; Butler, 2001; Llewellyn et al., 2007). NEB 

is also associated with reduced concentrations of progesterone during the breeding period 

(Butler, 2003), which minimizes the probability of conception in dairy cows (Royal et al., 

2000; Butler, 2003).  

Excessive nutrient energy intake also negatively affects the productive lifetime of a dairy cow. 

Excessive energy intake by a dairy cow, prepartum, and during the dry period, can cause 

obesity, lower reproductive efficiency, and increase calving difficulties (Bindari et al., 2013). 

In heifers, excess energy intake may lead to over-conditioning (excess deposition of adipose 

tissue), which also increases metabolic disorders, dystocia, and subsequently reduces milk 

production (Akins, 2016). Adequate energy intake is essential for a dairy cow to maintain 

optimum body condition score, avoid metabolic stress, and achieve potential peak milk yield, 

and reproductive performance. Figure 2.3 summarizes the effects of energy imbalance on the 

reproductive performance of dairy cows. 

Figure 2.3: Summary of the effects of energy imbalance on the reproductive performance of 

dairy cows (Adapted from Lotthammer, 1991) 
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2.6. Benchmarking of dairy cow performance traits 

Livestock performance determines the economic returns from a farming operation, and is a 

measure of both animal productivity, and herd management quality. Dairy cow productivity is 

influenced by both production, and functional traits (Miglior et al., 2005; ICAR, 2014; Egger-

Danner et al., 2015).  

Recording of cow performance traits plays an important role in terms of monitoring, and 

evaluating dairy cows’ productivity (van der Westhuizen et al., 2006). Effective monitoring, 

and evaluation of livestock performance traits could be conducted through benchmarking. 

Benchmarking is a process of comparing an industry sub-sector to the industry best practices, 

with the aim of identifying weaknesses, and providing guidance for improvement (Lau et al., 

2005). The benchmarking process involves systematic measurement of performance indicators, 

as well as statistical analysis, and interpretation of the results in relation to the management 

practices (Manning et al., 2008). 

The performance of dairy cows, or livestock in general, may vary remarkably. This variation 

is mostly attributed to differences in genetic potential as well as non-genetic factors such as 

lactation stage, parity, year, and season of both birth, and calving, and herd management 

(feeding, health and milking system). These factors should be accounted for, when comparing 

the performance of different animals (Cai, 2014). In livestock, performance data are often 

unbalanced, making estimates of simple averages biased. 

The least squares means (lsmeans) procedure is ideal for predicting, and comparing group 

means of a particular response variable in different samples against each other (Cai, 2014). It 

adjusts the means for unbalanced, and biased sources of variance by implicitly or explicitly 

using least squares weights to optimize explained variance, minimize model error variance, 

exploit the resultant latent synthetic variables to score measured variables, and yield variance-

accounted-for size effects (Thompson, 1998; Graham, 2008).  

General linear models (GLMs) are widely used in statistical analysis of livestock performance 

data (Thompson, 1990; Taylor, 2007; Kollalpitiya et al., 2012; Worku et al., 2016). The 

analytic GLM statistics are readily available in many software packages, such as SAS® (SAS, 

2015), SPSS® (IBM Corp, 2016), Stata® (StataCorp, 2013), and R® (R Core Team, 2016) for 

prediction of lsmeans from linear models. The GLMs are suitable for modelling longitudinal, 

and discrete data as a function of linear explanatory (predictor) variables. The explanatory 

variables in GLM models could either be assumed as fixed effects, random effects, and/or both 

as mixed effects, plus the error terms (SAS, 2015).  
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2.7. Simulation models for the improvement of dairy cattle production systems 

The efficiency of a dairy production system is a result of complex interactions among 

interdependent bio-economic sub-systems that are partially or totally controlled by 

management practices (Groen, 1989). Poor cow performance is a major constraint to the 

smallholder dairy production system to contribute meaningfully to food security, and socio-

economic development in Sub-Saharan Africa (Ojango et al., 2017). Thus, there is a need to 

develop strategies to adopt management practices that will make the system more productive, 

competitive, and economically viable for sustainable production.  

In agriculture, management involves a decision-making process, where the available resources 

are allocated to a number of production alternatives to determine the best potential production 

efficiency (Lai et al., 2018). A critical aspect of good management is making the right decisions 

in order to achieve the desired production goals that earn profits (Jalvingh et al., 1991). A pre-

requisite for making the right decisions in livestock management rests upon prior knowledge 

of the system behavior, and the potential impact of various decisions on the biological, and 

economic efficiency of the production system (Jalvingh et al., 1991; Herrero et al., 1999).  

A systems approach, through bio-economic simulation modelling, offers great opportunities to 

study complex bio-economic production systems (Wilson & Morren, 1990; Sørensen, 1997; 

Herrero et al., 1999; Ashfield et al., 2013; Ash et al., 2015). A number of livestock simulation 

models have been developed, and are used in evaluating, and improving livestock production 

systems. Models previously developed include, among others, models for poultry (Groen et al., 

1998; Leinonen et al., 2015), pigs (Tess et al. 1983; Ali et al., 2018), sheep (Finlayson et al. 

1995; Bohan et al., 2016), beef cattle (Sanders & Cartwright 1979; Mulindwa et al., 2011) and 

dairy cattle (Banga, 2009; Kikuhara et al., 2009; Getaneh et al., 2017). Table 2.3 presents a 

summary of studies conducted on dairy cattle production systems using simulation models.  
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Table 2.3. Studies conducted on dairy cattle production systems using simulation models 

Reference Aim  

Brockington et al., 1983 To identify priority areas for applied research, to explore various 

combinations of herd potential and level of feeding, the behavior of 

different herd sizes and the potential returns from specific technical 

innovations 

Visscher et al., 1994 Derivation of economic weights for milk production traits, survival 

and mature body size for a pasture-based production system 

Herrero et al., 1999 Evaluation of dairy farm management scenarios using integrated 

simulation and multiple-criteria models, with reference to Costa Rica 

dairy farming 

Kahi & Nitter, 2004 Derivation of profit functions for pasture based dairy producers and 

estimate economic values for breeding objective traits. 

Pärna et al., 2005 Estimation of economic values for milk production, fat production, 

protein production, length of production life, calving interval and age 

at first service 

Kikuhara et al., 2009 Development of a mixed farming system model for dairy cattle in 

Japan 

Banga, 2009 Derivation of economic values for South African Holstein and Jersey 

cattle breeds 

Cunha et al., 2010 Comparison of the profitability of herds of Holstein and Jersey 

breeds, under varying milk price payment system 

Inchaisri et al., 2011 Calculating the economic effects of different voluntary waiting 

periods 

Giordano et al., 2011 Estimating  potential differences in profitability when applying 

different reproductive management strategies and comparing the 

economic outcomes of 3 reproductive management strategies for a 

specific dairy farm 

Galvão et al., 2013 Comparing the economic outcome of reproductive programs using 

estrus detection (ED), timed artificial insemination (TAI), or a 

combination of both (TAI-ED) 

Brun-Lafleur et al., 2013 Building an animal reproduction model sensitive to both milk yield 

and body condition score 

Ashfield et al., 2014 Simulating beef production from male and female calves born to 

Holstein-Friesian dairy cows 
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2.7.1. Simulation models 

A simulation model is a diagnostic approach for system analysis that provides detail on 

processes underlying the system under study (Spedding, 1988; Leon-Velarde & Quiroz, 2001, 

Butler et al., 2002; Jones et al., 2016). It could be referred to as a software experimentation 

process, set in an attempt to capture the underlying interaction, and behaviour of the system, 

and predict the impact of management options on the determinants of performance efficiency 

of the system (Dent & Anderson, 1971; Wilson & Morren, 1990; Leon-Velarde & Quiroz, 

2001,  Reinmuth & Dabbert, 2017 ). A major benefit of a simulation study is its ability to mimic 

a production system, and thereby minimize time, and financial costs required for the diagnosis 

of a complex range of management practices, production levels, and marketing policies 

(Spedding, 1988; Leon-Velarde & Quiroz, 2001). A model can be used by researchers alone or 

in co-operation with other stakeholders such as farmers or farm consultants to study the 

consequences of decision making or change in production environment (Reinmuth & Dabbert, 

2017). 

The major challenge in using simulation models in livestock production systems is their 

complexity, and the time required for construction, verification, and validation 

/experimentation. However, once developed, simulation models can be adapted to study 

problems for which it was not originally designed for (Anderson & Dent, 1971; Thornton & 

Herrero, 2001). The analysis of livestock production systems can conveniently be approached 

at the farm/herd level, where management decisions directly influence individual animals, and 

their productivity (Groen, 1989; Louhichi et al., 2010; Martin et al., 2013).  

2.7.2. Methodologies involved in the simulation model 

Simulation is the process through which man develops an idea in order to understand a system, 

and define the best available solution for the problems facing the system (Dent & Anderson, 

1971). The basic procedure of simulating the actual system involves model construction, 

verification, validation, and sensitivity analysis (Dent & Anderson, 1971; Anderson, 1972; de 

Vries, 1977; Kleijnen, 2009; Mateus & Franz, 2015; Iooss & Lemaître, 2015). These major 

procedures will be discussed in more detail: 

Construction: The conceptual description of a farming system forms an important initial step 

towards modelling the real system (Dent & Anderson, 1971, Reinmuth & Dabbert, 2017). It 

provides a platform for identifying the sort, and form of the data required for analysis. This 

serves to define the boundary of a system, and identify the relevance of the model with respect 

to the problem, and objective of the analysis (Dent & Anderson, 1971; de Vries, 1977; 
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Reinmuth & Dabbert, 2017).  The model must be simple, and consistent with the objectives of 

the farming system, and mimic the actual setups of the system. The framework for constructing 

or modelling a system can be described by identifying (Dent & Anderson, 1971): 

 Major sub-systems 

 Important components and relationships within each sub-system 

 Associations between sub-systems  

 Important environmental variables, and  

 Control points (e.g. management) 

Verification and validation: The simulation model needs to be verified, and validated before 

adoption for evaluation of a production system. The purpose of verification is to check the 

reliability of the model setup or equations to ensure the accuracy of prediction (Dent & 

Anderson, 1971; de Vries, 1977). Validation is used for authenticating the dynamics of the 

biological components of the real system with the corresponding components in the model. 

The validation of a model using empirical data sets the basis for experimentation, and 

evaluation of alternative options (Dent & Anderson, 1971; de Vries, 1977; van der Lee et al., 

1993; Reeves et al., 2011; Kebreab et al., 2019). 

The validation process requires operationalization of field testing or using historical biological 

data.  Such data are often expensive to collect, unavailable, and/or limited, rendering a very 

limited success of running a validation process (Dent & Anderson, 1971; van der Lee et al., 

1993; Jones et al., 2017). As a result, the decision to accept a model must essentially 

incorporate some elements of subjective judgment, which should be rational, and suitable for 

the required purpose (de Vries, 1977; Sørensen, 1990; Kebreab et al., 2019). This can be done 

by “calibration of a model”, i.e. adjusting some of the parameters, such that model behavior 

matches the set of the real system (Dent & Anderson, 1971; de Vries, 1977; Kebreab et al., 

2019). This implies that a modeler would have three options in dealing with the sources of the 

parameters required for building the model.  

 To use historical biological performance, and/ or experimental results of the real system 

under study, 

 To use the biological experimental results from the scientific literature, and  

 If certain functions are not directly obtainable from the real system and literature, a 

compatible reasonable biological assumption could be made. 

Sensitivity analysis: Sensitivity analysis is an essential stage in simulation modelling. 

Sensitivity analysis is an analysis of response surface, which assesses the relationship between 
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the inputs, and outputs of a model. This analysis is carried out by altering one or a combination 

of input and output variables, one-at-a-time, to observe the response of the model (Kleijnen, 

2009; Mateus & Franz, 2015; Iooss & Lemaître, 2015).  A number of objectives can be 

achieved through sensitivity analysis and may include the following (Kleijnen, 2009; Mateus 

& Franz, 2015; Iooss & Lemaître, 2015):   

 Mapping the behavior of outputs as a function of the inputs by focusing on a specific 

domain of inputs, 

 Identification, and prioritization of the most influential input variables, 

 Calibrating of model inputs, if the direction, and magnitude of sensitivity of model 

outputs are not practically, and biologically plausible, and 

 Gaining a better understanding of the simulated system, and its response to various 

production circumstances. 

2.7.3. Components of the bio-economic herd model  

The bio-economic herd model is composed of various input, and output components, as a 

consequence of management decisions. Inputs include both animal, and economic factors 

required to produce a unit output. Outputs are the indicators of the efficiency of input 

utilizationand that determine the economic return on inputs (Groen, 1989; Bourdon, 1998). The 

bio-economic model is built using diverse mathematical equations that simulate the 

relationships within, and between the biological, management, and economic inputs to 

determine their biological, and economic outputs (Agabriel et al., 2004; Bytyqi et al., 2015; 

Mcknight et al., 2019).  This process includes three integrated computational phases: The first 

is focused on simulating the components of biological systems combined with interactions 

among these components. The second phase simultaneously links the impact of management 

on biological entities in relation to their performance response. The third phase deals with the 

economic components, where gross margin analysis is conducted to determine the return on 

inputs invested. 

Management component: The management component represents part of the exogenous factors 

that influence livestock performance or farm operation (Groen, 1989; Agabriel et al., 2004; 

Bytyqi et al., 2015). This is mostly controllable by the farmer or farm manager, and may 

include the setting of production goals, feeding to achieve the production goals, decisions on 

mating age, herd size, breeding methods, and seasons, raising replacements on the farm, 

replacement, and culling rates etc. The alternative production management decisions could be 
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derived from different combinations of these mangement factors or different marketing 

strategies for the farming operation.  

Biological component: The main elements of the biological component are the cows in 

different stages of production cycles (growth, maintenance, lactation and pregnancy), and their 

respective outflow products. The main products in the simulation of a dairy production system 

are milk, calves, and cull cows (Groen, 1989; Kahi & Nitter, 2004; Banga, 2009).  In the 

simulation model, feed intake is primarily driven by the energy required to fulfill activities 

such as maintenance, growth, pregnancy, and lactation. Several mathematical functions are 

available for modelling the processes underlying an animal’s different physiological states, and 

the nutrients required to fulfill those physiological activities (NRC, 2001; AFRC., 1993; ARC, 

1980).  

Economic component: The economic component involves the processes for calculating costs 

and revenues associated with a specific management strategy, and production levels over a 

specific period of time (Groen, 1989; Bourdon, 1998; Dekkers et al., 2004). These processes 

require techniques to calculate the economic benefits of each management decision. Profit 

functions, and partial budgeting are techniques for calculating returns, costs, and resource 

utilization per unit of product, over a specified production period.  

Profit function: It is critical for any market-oriented livestock farming system to achieve a 

certain level of profit that would ensure its socio-economic obligation, and remain sustainable. 

Therefore, the profit function approach, including revenue, and related costs is of interest in 

livestock farming businesses. Accounting for production costs is necessary for input 

management, and determination of the competitiveness of a dairy farming system (Langrell et 

al., 2012; Viira et al., 2015).  Production costs are classified as fixed or variable costs (Harris 

& Freeman, 1993; Cesaro et al., 2008). Variable costs are those costs that vary with scale of 

production, such as feed costs, and reproduction costs. Fixed costs are constant within a 

specified period of time, irrespective of different production levels (growth, milk yield and 

quality), and may include buildings, depreciation, interest, rent, taxes, and insurance costs.  

Partial budget: Proper herd management does not only include estimates of costs, and returns, 

but also assessment, and development of better alternative production options. The profit 

function serves as a basis for the economic evaluation of alternative management strategies. 

Partial budgeting is a deterministic approach for decision making, which evaluates different 

management options by inducing marginal changes to the existing farm management plan 

(Harsh et al., 1981; Huirne & Dijkhuizen, 1997). This is accomplished by changing the value 
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of a single or combination of the production factors at a time, while all other production factors 

are held constant (Boehlje & Eidman, 1984; Brascamp et al., 1985; Kusumastuti et al., 2018). 

Such an approach allows the identification of the positive or negative impacts associated with 

a shift from the prevailing (base) situation to the alternative production options. A positive 

effect indicates a potential increase in net returns, while negative effect implies a reduction in 

net returns if the change is adopted (Dalsted & Gutierrez, 1990).  

As stated by Huirne & Dijkhuizen (1997), partial budgeting can provide the necessary details 

on enterprises, while bypassing the difficulties of allocating all the fixed, and overhead costs, 

using gross margin analysis. For example, variable costs tend to vary directly with small 

changes in the production levels, and are relatively easy to allocate to a specific enterprise 

(Huirne & Dijkhuizen, 1997). Partial budgeting offers the opportunity to explore a course of 

management action that matches a wide range of goals, which are ideal for smallholder dairy 

farmers, who widely differ in production ability. The process of partial budgeting can be 

summarized into three sections of economic analysis (Dalsted & Gutierrez, 1990):   

 Added returns  as a function of extra returns, and reduced costs,  

 Added costs associated with reduced returns, and extra costs, and 

 Net change in the return, e.g., gross margin or breakeven budgets. 

2.7.4. Classes of models for evaluation of livestock production systems 

Models can be classified based on the underlying processes (biological, and technical 

coefficients) influencing the production system (Veerkamp et al., 1995; Fisher, 2001; Jones et 

al., 2017). Different terms for the same type of models have been used in the literature, and 

Jalvingh (1993) attempted to group them into three structural categories as follows:  

i. Dynamic versus static: A dynamic model is explicitly time-dependent, as opposed to a 

static model, which does not contain time as a variable, and therefore, would not be 

able to simulate system behavior over time 

ii. Deterministic versus stochastic: A deterministic model is used to simulate specific 

outcomes given a set of specified input variables. In a deterministic model, the mean 

values of the input parameters are considered during evaluation (Brascamp, 1978). The 

stochastic model incorporates probabilistic or random elements to deal with uncertainty 

in the behavior of a system, and thereby, it is able to quantify, and compare the risks 

associated with different scenarios, and decisions. Unlike the deterministic model, the 

performance parameters in a stochastic model are described by their means, and 

variances (Wolfová et al., 2007; Jones et al., 2017). 
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iii. Optimization versus simulation: An optimization model determines the optimum 

solution given the objective function, and restrictions, whilst a simulation model 

calculates the outcome of a predefined set of variables.  

A livestock production system is an aggregate of complex, and interlinked bio-economic sub-

models. Its’ simulation requires multi-level modelling processes that include animal, herd, and 

intrinsic interactions of animal or herd with the environment through land use such as feeding 

system, and feed quality (Jones et al., 2017). From a practical point of view, this situation 

depicts a wide range of interrelationships among different sub-models. The combination of 

different classes of models is necessary to complement the limitation in each model, in order 

to establish a complete, and functional production system (Anderson, 1972; Reinmuth & 

Dabbert, 2017). In bio-economic simulation, the combination of linear dynamic programming 

along with deterministic, and/or stochastic procedures can be used to model a livestock 

production system (Brascamp, 1978; Wolfová et al., 2007; Fuerst-Waltl & Baumung, 2009; 

Wolf et al., 2013).  

Both dynamic, and deterministic models were used in the development of the Alberta Beef 

Production Simulation System (ABPSS) in Canada by Pang et al. (1999). The ABPSS included 

herd inventory, nutrient requirements, forage production, and economic sub-models that 

simulate the effects of production traits, and management strategies on the economic efficiency 

of the production system. The performance traits used to describe beef performance were cow’s 

mature weight, milk production, body condition score, calf birth weight, weaning weight, pre-

weaning, and post-weaning weight, calving, and weaning rates, and mortality. Banga (2009) 

used a deterministic model to develop breeding objectives for the high-input dairy cattle 

production system in South Africa. The traits included in the breeding objectives developed for 

this high-input system were: production (yield of milk, fat, and protein, and live weight), 

somatic cell count, longevity, and calving interval. Inchaisri et al. (2010) used a stochastic, and 

dynamic simulation model to compare the economic consequences of different scenarios 

(average and poor) of reproductive performance of dairy cows in the Netherlands. The 

reproductive measures evaluated included ovulation rate, oestrus detection rate, conception 

rate, the incidence rate of postpartum disorders, embryonic death rate, and voluntary waiting 

period. 

2.7.5. Application of bio-economic simulation models in system analysis 

The application of bio-economic simulation models generally depends on two important 

approaches: i) positive approach, and ii) normative approach (Groen, 1989; Janssen & van 
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Ittersum, 2007). The implementation of each or the combination of these approaches is guided 

by the purpose/objective of the study. The features of these two approaches are presented 

herein. 

The positive approach is aimed at modelling the interrelationships of the components of a 

production system, using complete or partial empirical data (Chai, 2005; Janssen & van 

Ittersum, 2007). Simulation of the bio-economic behaviour of a system, based on complete or 

partial empirical data, increases model reliability in representing the reality in the reference 

situation (Chai, 2005; Buysse et al., 2007). The positive approach is descriptive, and non-

optimizing in nature, and therefore, will not derive a solution for the problem facing the 

production system (Buysse et al., 2007). It is suitable for the evaluation of the impact of the 

past, and prevailing management decisions on the measures of system performance, such as 

milk yield, and profitability.  

On the other hand, the normative technique is an optimization approach, which determines 

what ought to happen to the system when it is subjected to alternative production options 

(Janssen & van Ittersum, 2007). It is prescriptive in nature, and can be used to search for the 

best or optimal alternative management options with regards to the problem facing the 

production system (Chai, 2005; Buysse et al., 2007; Janssen & van Ittersum, 2007). The 

approach is based on prior knowledge of the reference system to develop appropriate 

alternative production norms (Dent & Blackie, 1979; Janssen & van Ittersum, 2007). The 

norms are the references that describe what the farmers ought to do, in order to achieve the 

desired production objectives (Janssen & van Ittersum, 2007). In the current study, both 

positive, and normative approaches were used, respectively, to determine the baseline herd 

model, and evaluate ex-ante alternative smallholder herd production models. The aim of using 

the positive approach was to simulate the real system as closely as possible, and to provide the 

reference situation for assigning the magnitude, and direction of change during normative 

analysis.  

2.8. Conclusion   

The smallholder sector needs effective production management strategies, where herd 

productivity, and profitability are of crucial importance. This will establish a viable smallholder 

sector that contributes effectively to food security, and socio-economic development. To 

address this need, information on the key factors affecting dairy herds’ productivity, and 

profitability should be identified, recorded, and analysed to define the best production options. 

This review has therefore given an insight regarding indicators of dairy cow performance, and 
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their fundamental roles in the dairy production system. The development of a profitable, and 

sustainable dairy farming enterprise requires a holistic approach that identifies potential areas 

for improvement in the production system. Productivity is best evaluated through 

benchmarking of the performance measures of the target production system, against its better 

performing counterparts with similar production objectives. Benchmarking aids in developing 

an understanding of the overall performance of the industry sub-sectors, and identifies 

performance levels that could be used to guide the improvement of the weaker sub-sector. 

Dairy or livestock production, in general is dynamic, and influenced by different bio-economic 

components. Understanding these components, and their effects on productivity, and economic 

efficiency is important for practical, and efficient decision making. Different types, and 

approaches of simulation models have been developed, which are capable of combining these 

diverse production components. In these models, the production system, and its underlying 

biological, and economic process are mimicked, and their effect on productivity, and economic 

efficiency are quantified. These models can also simulate the effect of alternative management 

decisions (e.g. feed intake, calving interval herd dynamics) on herd performance. It can be 

concluded that the elements, and factors referred to above, can influence dairy herds’ 

productivity, and profitability, and should therefore be taken into consideration when 

investigating strategies for improvement of the smallholder production system. 
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CHAPTER III 

Comparative performance of dairy cows in low-input smallholder and 

high-input production systems in South Africa 

Published in Tropical Animal Health and Production, 50 (7), 1479-1484. 

Poster at the 50th SASAS Congress, 2017 

Abstract  

The aim of this study was to benchmark the performance of dairy cows in the low-input 

smallholder system against their counterparts in the high-input system, in South Africa.  Data 

comprised of cow performance records from the national dairy recording scheme. Performance 

measures included production (305-day yields of milk, fat and protein), lactation length, 

Somatic cell count (SCC), and reproductive traits, represented by age at first calving (AFC) 

and calving interval (CI). Least squares means of each trait were compared between the two 

systems, and lactation curves for production traits and SCC were plotted for each production 

system. Mean yields of milk, fat, and protein were significantly (P<0.05) lower in the 

smallholder (4,097±165, 174±5.1, and 141±4.5 respectively) compared to the high-input 

system (6,921±141, 298±4.7, and 245±4.1, respectively). Mean lactation length was 

significantly (P<0.05) shorter for the smallholder (308±15.1) than the high-input system 

(346±12.8). Log-transformed somatic cell count (SCS) was, however, significantly (P<0.05) 

higher in the smallholder (2.41±0.01) relative to the high-input system (2.27±0.01). Cows in 

high-input herds showed typical lactation curves, in contrast to the flat and low peaking curves 

obtained for the smallholder system. Cows on smallholder herds had their first calving 

significantly (P<0.05) older (30±0.5) than those in the high-input system (27±0.5). There was, 

however, no significant difference (P<0.05) in CI between the two systems. These results 

highlight large room for improvement of dairy cow performance in the smallholder system, 

and could assist in decision-making aimed at improving the productivity of the South African 

dairy industry. 

Keywords: lactation curve, production, reproduction, somatic cell count 
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3.1. Introduction  

The importance of livestock production for food security and socio-economic development has 

been widely recognized (Ndambi et al., 2007; Swanepoel et al., 2010). In this regard, 

development of dairy production systems could be considered as an effective means to improve 

food security, and income generation. Dairy farming is an important socio-economic sector in 

South Africa (SA), consisting of approximately 2.7 million dairy cows (DAFF, 2016), with the 

main breeds being Ayrshire, Guernsey, Holstein, and Jersey (Maiwashe et al., 2006). However, 

the domestic supply of milk has not been able to meet the continuously increasing national 

demand. According to DAFF (2016), the importation of milk, and milk products increased by 

12.7%, from 35 674 tons during 2013, to 40 199 tons during 2014. 

The South African dairy industry is heterogeneous, ranging from a low-input low-output 

smallholder system to a high-input, highly productive production system. The smallholder 

system is characterized by small herd sizes of between 2 and 50 cows per herd and low levels 

of production management. Feeding systems on these herds are generally constrained, 

influenced by agroecological factors, and the farmer’s socio-economic status. Natural pasture 

is the main feed source in smallholder systems, with limited supplementation. The high-input 

system, on the other hand, is highly developed and characterized by large herd sizes, exceeding 

a hundred cows per herd, with high levels of feeding, and management (Lacto Data, 2016). The 

main feeding systems for dairy cattle on high-input herds are total mixed ration (TMR), 

supplemented pasture-based systems or a combination of both (Theron & Mostert, 2009).  

Efforts have been in place for decades to improve dairy production in South Africa. A national 

dairy animal improvement Scheme (NDAIS) was established in SA in 1917 (Banga, 2000). 

This scheme was initially exclusive to stud and high-input commercial dairy cattle farmers. 

However, policy changes were initiated in recent years to include smallholder farmers in the 

scheme, with the aim of recording individual cow performance and ultimately implementing 

herd improvement programs (Banga, 2000).  

Information on the performance of the smallholder sector is virtually non-existent. This is in 

contrast to the high-input system, which has been studied extensively, and for which most 

phenotypic, genetic and economic parameters have been reported. This study forms part of a 

broader project, which aims to evaluate alternative smallholder dairy herd production models 

in South Africa. The aim of the current study was to benchmark the productive, and 

reproductive performance, as well as udder health status, of dairy cows on smallholder herds 

against their counterparts in the high-input commercial production system.  
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3.2. Materials and Methods 

Herds from both production systems were widely distributed in the various agro-ecological 

zones across South Africa. Data comprised of 305-day lactation and test-day records of multi-

breed dairy cows (Holstein, Jersey, Ayrshire, Guernsey, Dairy Shorthorn, Brown Swiss, 

Crossbreds) from smallholder (SH) and high-input (H) herds participating in the National Dairy 

Animal Improvement Scheme (NDAIS) during the period 2004 and 2016. Lactation yields of 

milk, fat and protein were standardized to 305 days by considering production at 305 days in 

milk for lactations longer than 305 days, and actual production for lactations shorter than 305 

days. All cows that did not meet the following criteria were removed from analyses: missing 

milk, fat, protein or SCC records, missing birth date, calving date or having AFC less than 18 

months or more than 55 months of age, and test day data recorded less than 5 days after calving. 

A random sample of 10% of the high-input herds was selected for analysis, due to the large 

size of the dataset. The lactation length was measured as the number of days between calving 

date, and the last censor lactation date within parity. The distribution of somatic cell count 

(SCC) (cells/ml) was skewed; hence it was transformed to log10 (SCC) or somatic cell score 

(SCS). The Statistical Analysis System version 9.4 (SAS Institute Inc. 2016) was used in data 

editing, and removal of outliers. The final edited data set respectively consisted of 3,723, and 

33,686 for 305-day lactation records, 18,972, and 106,446 test-day records of 1,450, and 28,677 

cows from 57 smallholder, and 103 high input herds respectively. The structures of the 305-

day lactation and test-day datasets, after editing, are presented in Table 3.1.   

Table 3.1. Structure of 305-day lactation and test-day data-set for smallholder and high-input 

production systems after editing 

Dataset  Components  Smallholder  High input system 

305 days lactation records    

Milk yield (kg) 3,723 62,917 

Fat yield (kg) 3,580 59,524 

Protein yield (kg) 3,555 60,225 

Test-day records    

Milk yield (kg) 18,972 106,446 

Fat (%) 17,106 105,377 

Protein (%) 16,945 105,674 

Somatic cell count 

(cell/ml)   

17,231 103,640 

Reproductive records    

 Age at first caving 1,450 28,677 

 Calving interval 658 18,973 

 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



54 

 

3.2.1. Statistical analyses  

The mean cow performance as measured by production (305-day yields of milk, fat and 

protein), lactation length, reproduction (age at first calving and calving interval) , and udder 

health (SCS) were adjusted for the fixed effects, and compared between the two systems, using 

the generalized linear model (GLM) procedure of the Statistical Analysis System (SAS, 2016). 

The model used is presented below in a matrix notation:   

y = μ + Xb + ε                          [3.1] 

Where; 

𝐲              : Vector of an observation for a performance trait,  

 𝛍             : Overall population mean (performance traits), 

 𝐛             : Vector of the fixed effects, 

 𝐗             : Incidence matrix relating observations to fixed effects, 

 𝛆              : Random residual error, which, is assumed to be normally, independently and   

        identically distributed with mean 0 and variance𝛔𝐞
𝟐 (𝐢. 𝐞. 𝐞~𝐍(𝟎, 𝐈𝛔𝐞

𝟐)).   

The fixed effects for production, lactation length, and CI were herd year season (HYS) of 

calving, breed, production system, and parity (excluded in the evaluation of CI). For AFC, the 

fixed effects were herd year season (HYS) of birth, breed, and production system. The fixed 

effects for SCS were herd test-date, parity, lactation stage, breed, and production system. The 

number of the contemporary groups varied for different traits, and ranged from 181 to 973 and 

836 to 1915, in smallholder, and high-input systems, respectively. 

Lactation curves for the production traits and SCS were plotted for each production system, 

using the test-day data. The curves were obtained by regressing the means of each performance 

trait on days in milk.   

3.3. Results  

This study aimed to benchmark the performance of smallholder dairy cows against their 

counterparts in the high-input production system. Unequal records and breeds used may have 

influenced the results of this study. These results provide baseline information on the 

production performance of dairy cows in the two production systems. The estimated least 

squares means with standard errors for the studied traits are presented in Table 3.2. 

 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



55 

 

Table 3.2. Least squares means, and standard errors (LSM ± SE) for, 305-day yields of milk 

(MY), fat (FY), and protein (PY), somatic cell score (SCS), age at first calving (AFC), 

and calving interval (CI) for cows in smallholder (SH), and high-input (H) commercial 

systems in South Africa 

System MY(kg)  FY(kg)  PY(kg)  LL (d) SCS  AFC(mn)  CI (d)  

SH 4 097±165a 174±5.1a 141±4.5a 308±15.1a 2.41±0.0a 30±0.5a 444±6.9a 

H 6 921±141b 298±4.7b 245±4.1b 346±12.8b 2.27±0.0b 27±0.5b 433±6.3a 

Means within the same column with different subscripts are significantly different (P<0.05)  

d: days; mn: month                              

On average, dairy cows in the high-input system produced 40.8%, 41.7% and 42.5%, more 

milk, fat, and protein (kg), respectively, per 305-day lactation than those in the smallholder 

system.  Figure 3.1 to 3.3 presents the respective average lactation curves of monthly test-day 

milk yield, and composition (fat and protein percent) in the two production systems. Milk yield 

lactation curve (Figure 3.1) for cows in the smallholder had a much lower peak, compared to 

their counterpart in the high-input production system. As expected, fat, and protein percentage 

(Figures 3.2 and 3.3), showed an opposite pattern to milk yield.  

 

Figure 3.1: Lactation curves for the average test-day milk yield of smallholder (SH), and high-

input (H) dairy cow 

 

0

5

10

15

20

25

30

5 40 75 110 145 180 215 250 285 320 355 390

M
ilk

 y
ie

ld
 (

k
g)

Days in milk

SH H

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



56 

 

 

Figure 3.2: Lactation curves for the average test-day fat content of smallholder (SH), and high-

input (H) dairy cows 

 

Figure 3.3: Lactation curves for the average test-day protein content of smallholder (SH), and 

high-input (H) dairy cows 

The means of SCS was significantly (P<0.05) higher by 5.7% in the smallholder system 

(2.41±0.01), compared to the high-input system (2.27±0.01). These means are equivalent to 

the means SCC (cells/ml) of 257x103 and 186x103, for smallholder, and high-input systems, 

respectively. Lactation curves of SCS decreased in the first 10 weeks after calving, and then 

increased with progressing lactation in both systems, with a higher peak observed in the 

smallholder system (Figure 3.4). 
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Figure 3.4: Lactation curves for the average somatic cell score of smallholder (SH), and high-

input (H) dairy cows 

Mean AFC differed significantly (P>0.05), with heifers in the smallholder system calving for 

the first time at an older age (30±0.5 months), compared to those in the high-input system 

(27±0.5 months). Means for CI did not differ significantly (P>0.05) between the two systems. 

3.4. Discussion 

Optimum production performance of a dairy cow is a pre-requisite for profitable, and 

sustainable farming. For this reason, smallholder dairy cows’ performance needs to be 

benchmarked against its competitive counterpart to determine their production potential, 

identifying production lag, and setting up goals to assist in management for improvement of 

farming business. Benchmarking may entail a number of standard reports comparing cows’ 

production, and reproductive performance (Frandsen, 2015).  

Milk production may be measured per lactation (usually standardized to 305 days) or as daily 

yield (Mostert, 2007). Cows in the smallholder system had produced significantly (P>0.05) 

less milk and milk components than those in the high-input system  Cows in the smallholder 

system also produced less kilogram of milk, fat, and protein per 305-day lactation compared to 

estimates reported in previous studies for South African dairy cattle. Theron and Mostert 

(2009) obtained least squares means (kg) of 5,347±1 156, and 8,147±2,260 for milk yield, 

251±54, and 310±83 for fat yield, and 200±43, and 262±70 for protein yield for South African 

Jersey, and Holstein breeds, respectively. Recently, Goni (2014) reported least squares means 

(kg) of 5,398±95, and 6,141±10 for milk yield, 246±3.0, and 272±4.0 for fat yield, and 194±2, 

and 246±3 respectively for Jersey, and Fleckvieh x Jersey cows in South African herds. On the 

other hand, the estimated means 305-day milk, fat, and protein yields (kg), for the high-input 
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system are within the estimates reported by Theron and Mostert (2009), and generally higher 

than those reported by Goni (2014).  

The flat, and low peak lactation curves of cows in the smallholder system are a typical 

manifestation of inadequate feeding management (Burke et al., 2010). Usually, such cows are 

in poor body condition with low body reserves at calving, and are also not fed adequately 

during lactation. Even if they have the genetic potential for high production, cows may fail to 

express such potential due to insufficient energy or protein intake (Remppis et al., 2011; Urdl 

et al., 2015). The demand for energy is particularly high within 100 days after calving, when 

peak milk yield normally occurs. If this energy demand exceeds dry matter intake, as 

commonly in smallholder systems, this will affect both milk production and the animal’s body 

condition. Delaby et al. (2009) highlighted the sensitivity of milk yield to variation in feed 

intake, and body reserves of dairy cows, and indicated that feeding strategies have profound 

effects on milk quantity, and quality, particularly in terms of peak yield, and lactation. The 

observed lactation curves reflected the better feeding strategies in the high-input system. 

Lactation length (LL) is an indicator of the persistency of milk production (Syrstad, 1993), 

which, is of particular importance in the tropics. The harsh tropical production environment 

adversely affects milk yield, which often results in high proportions of short lactations 

(Hossein-Zadeh, 2013). The mean lactation lengths of cows in both systems were relatively 

longer than the standard 305-day lactation periods. However, the mean lactation length differed 

significantly (P>0.05) between the studied systems. Cows in high-input herds, on average, 

milked for 38 days more than those in the smallholder system.  

The low production performance of cows in the smallholder system is thus attributable to the 

flat and relatively short lactation curves. Peak production is one of the most important factors 

influencing lactation yield (Němečková et al., 2015). There is also a positive association 

between the length of lactation, and production (Alphonsus and Essien, 2012). 

The routine recording of somatic cell count (SCC) in dairy recording schemes provides a means 

to reduce economic losses through the monitoring of udder health, milk quality, and genetic 

selection (Mostert, 2007; Logar & Jeretina, 2015). High levels of SCC affect the price paid for 

milk, and increase milk wastage. Elevated levels of SCC are also associated with higher culling 

rates (Sewalem et al., 2006), and thereby increase replacement costs. Banga et al., (2014) found 

SCC to be among the most important traits in the breeding objectives of South African Holstein 

and Jersey cattle. The cows in the smallholder system had 5.7% higher lactation average SCC 
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than those in the high-input system. The observed mean SCC of 257x103 cells/ml is higher 

than the recommended threshold (200x103 cells/ml), indicating a high risk of udder infection 

among cows in the smallholder herds. On the other hand, the mean SCC for the high-input 

system was less than 200x103 cells/ml, indicating a lower rate of udder infection. 

The difference in udder health between the two systems was apparent in the trends of SCS 

lactation curves. The elevated levels of SCS, in the current study, could be associated with the 

mammary gland defense mechanism, following parturition. As lactation progresses, the risk of 

udder infection increases, and this may lead to extremely high levels of SCC, if cow udder 

health is not properly managed. Elevated levels of SCS observed in the smallholder system 

could be attributed to poor udder health management, which may also contribute to the lower 

production of cows on these herds, compared to those in the high-input system.  

A number of measures, including AFC, CI, inseminations per conception, conception rate, and 

non-return rate have been used to evaluate the reproductive performance of dairy cattle 

(Nieuwhof et al., 1989; Cassandro, 2014). Age at first calving, and CI were used in the current 

study as they were the only ones available from the routinely recorded data. They are indicators 

of the female’s age at reproductive maturity as well as its ability to conceive, calve and re-calve 

in the prevailing environment.  

The mean AFC observed in the high-input system (27±0.48 months) is lower, while that for 

the smallholder system (30±0.47 months) is higher than the estimate of 29.4±5.2 months, 

reported by Muller et al., (2014) for South African Holstein heifers, and 26.2±3 months 

reported by Goni (2014) in a crossbred Fleckvieh, and Jersey breed in South Africa. The mean 

AFC (months) for cows in the present study (30±0.47 and 27±0.48) were higher than the 

optimum age range of 22.5 to 23.5 months for a maximum lifetime profit (Meyer et al., 2004; 

Do et al., 2013).  

Declining female fertility, indicated by an increasing trend in calving interval, has previously 

been cited as a problem in South African dairy cattle herds (Makgahlela et al., 2008). Poor 

body condition as a result of a negative energy balance at calving, is associated with a poor 

postpartum ovarian activity or poor fertility. The poor body condition at calving of cows in the 

smallholder system, which can be inferred from the flat lactation curves, points to impaired 

fertility. This may partly explain the longer calving for cows in this system, compared to those 

on high-input herds.  
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In conclusion, these results have highlighted a comparably lower production performance, poor 

under health due to high SCC, and late AFC in smallholder system, compared to the high input 

system. Longer CI was observed in cows in the smallholder compared to the high-input system, 

although the difference was not significant. These results now provide baseline information on 

these indicators of cow performance, which is essential for identifying key focus areas or 

opportunities to improve smallholder dairy production. In addition, herds in each production 

system can be benchmarked on these performance indicators, in order to determine and monitor 

their performance vis-à-vis the average for the production system. Smallholder farmers need 

to select sires of appropriate genetic merit, and adopt improved feeding strategies to increase 

cows’ production, and reproductive performance. Improved heifer rearing will result in a 

reduction in AFC, while optimum body condition score at calving will result in cows achieving 

high-peaking, and longer lactations, as well as shorter CI. The smallholder farmers need to 

follow sound udder health management practices to reduce the relatively high level of SCC. 

Further research is underway to evaluate alternative management strategies to improve the 

performance of the smallholder dairy system.  
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CHAPTER IV 

Development of a simulation model for a smallholder dairy herd 

Abstract  

A positive, and normative model was developed to simulate a typical herd in the South African 

smallholder dairy cattle production system. The modelling process involved calibration of the 

parameters using the results of a survey, and individual cow performance records collected 

through the National Dairy Animal Recording Scheme. Where data were not available, 

parameters from literature were utilized, and or logical assumptions were made. Algorithmic 

matrices previously used to simulate an average herd in the high-input dairy cattle production 

system in South Africa were adapted to simulate the biological factors underlying the 

production processes within the smallholder herds. The model simulated the current 

smallholder dairy herd structure, animals’ biological activities in different stages of the 

production cycle, and their impact on nutrient energy intake, production costs, revenues and 

gross margin per year as a function of management decisions. Estimated total cost and revenue 

were R 16 461 per cow/year and R 18 087 per cow/year, respectively. Feeding Cost (78% of 

total costs), and milk revenue (91.7% of total revenue) appeared to be the most critical factors 

that influenced the gross margin of the simulated herds. The estimated gross margin (GM) was 

positive, implying profitable milk production under the simulated smallholder management 

practices. Economic efficiency is likely the most important objective for the smallholder 

farmers, and so profit maximization is critical to offset any production risks. A bio-economic 

herd model of this nature forms a suitable base for evaluation, and identification of alternative 

production options for improvement of herd profitability.   

Keywords: deterministic model, herd, normative, smallholder  

4.1. Introduction 

An important step towards improving the productive, and economic efficiencies of a system is 

to gain an understanding of the factors influencing the production processes (Walters et al., 

2016; Kebreab et al., 2019). A farming system, such as a smallholder dairy enterprise, is 

complex, and operates under a wide range of production factors (Ojango et al., 2017). These 

factors mostly include the animals’ inherent production potential, management (breeding 

methods, feeding systems, health, and labor), and the marketing system (Kavoi et al., 2010; 
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Manzana et al., 2014; Mbilu, 2015). The efficiency with which these factors are used, and 

interact will influence the productivity, and economic efficiency of the system.  

A system approach, through bio-economic simulation modelling, is a reliable tool for studying 

such complex processes (Dent & Thornton, 1988; Herrero et al., 1999). Bio-economic 

simulation models have been used in analyses of different livestock production systems, 

including chicken (Leinonen et al., 2015), pigs (Ali et al., 2018), sheep (Bohan et al., 2016); 

beef cattle (Krejčí et al., 2019), and dairy cattle (Kebreab et al., 2019). In cattle production 

systems, bio-economic analyses have been carried out through the development of a model of 

an average herd as the management unit (Sørensen, 1990; Banga, 2009; Bekara & Bareille, 

2019). An accurate description of the production management practices is important, in order 

to mimic the reference herd in the real system (Mayer et al., 1996; León-Velarde & Quiroz, 

2001; Kebreab et al., 2019).  This includes the description of the biological dynamic occurring 

within a herd, along with its economic input-outputs response (Dezetter et al., 2017). The 

current study was carried out to develop a model of a typical smallholder dairy herd in South 

Africa, using bio-economic simulation modelling.  

4.2. Materials and methods 

4.2.1. Model development  

Banga (2009) developed a normative, and deterministic (positive) bio-economic herd model, 

simulating an average high-input commercial dairy herd in South Africa. This modelling 

framework was adapted in the current study to represent a typical smallholder dairy herd. It is 

flexible, and capable of quantifying the underlying biological relationships, and their effect on 

the distribution of costs, and benefits over different stages of the animal’s productive life. A 

ClickCharts Diagram and Flowcharts software was used to create a visual representation of the 

simulated smallholder dairy herd model. Figure 4.1 presents the structure of the simulated 

baseline herd model, calibrated to reflect average management, and production performance of 

dairy cows within the smallholder production system.  

The inputs used in the simulation of a smallholder dairy cattle herd were obtained from several 

data sources. The performance records were obtained from the INTERGIS (Integrated 

Registration and Genetic Information System) for 59 smallholder dairy herds that participated 

in the national dairy animal improvement Scheme (NDAIS), from 1 January to 31 December 

2017. The economic inputs, and management practices were obtained from a survey (and 

supplementary personal communications) conducted on smallholder dairy farmers by the 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



66 

 

Agricultural Research Council (ARC) of South Africa (Muntswu et al., 2017). Some 

assumptions had to be made in cases where there was a complete lack of information, and these 

are indicated where applicable.  

The developed model, shown in Figure 4.1, consists of four primary input sub-models. Sub-

model (i) presents the herd structure in blue colour. Sub-model (ii) provides the performance 

response of different animal groups within the herd as a function of management practices in 

orange. Sub-model (iii) contains the feeding required to support the animals’ biological 

activities in green. Feeding requirements were calculated for cows, and replacement heifers. 

Sub-model (iv) links, and translates the outputs from the first three sub-models into economic 

values (i.e. input costs, revenues and gross margins) in yellow. A detailed description of each 

of the sub-models is presented below. 

Figure 4.1: Schematic presentation of the simulated smallholder dairy herd model 
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4.2.2. Herd structure sub-model 

The simulated herd structure is composed of four interdependent groups of animals, viz: (i) 

cows, (ii) calves, (iii) replacement heifers, and (iv) breeding bulls (Figure 4.1). Group (i) forms 

the primary component of the dairy production unit, which provides the basis for the herd 

composition, and production performance. The biological processes within this group are 

dynamic in nature, and the transition from one stage to the other is contingent on a set of 

biological events (breeding, pregnancy, calving and lactation), and management decisions such 

as culling, and replacement rates. The simulated herd was assumed to be in steady-state, and 

each cow within the herd had the opportunity of having seven reproductive cycles. Old, and 

open cows were assumed to be culled at the end of each year to maintain the desired herd size 

through the introduction of replacement heifers. 

Survey data indicated that smallholder farmers bought their replacement heifers as weaners, 

yearlings, pregnant heifers, and or used female calves produced on-farm as replacements. A 

general scenario of on-farm reared replacement heifers was considered in the simulation of an 

average herd. Excess heifers if available, were assumed to be sold at 21 months to correspond 

with the average age at first calving (AFC) of 29 months as observed from the INTERGIS 

records. All male calves were sold at a fixed price as being practiced by the majority of the 

smallholder farmers in the survey. 

Year-round breeding, and use of bulls for breeding purposes were the common practices among 

the smallholder farms according to the survey, and therefore were included in the current herd 

model. The average productive life of the cows started at 29 months of age, with a 420-day 

inter-calving period (Table 4.1). Average herd size for smallholder herds participating in the 

National Dairy Animal Recording Scheme was used to determine the number of cows. The 

herd model consisted of a non-specific breed of 20 milking cows in various parities as shown 

in Figure 4.2. 
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 Figure 4.2: Simulated herd dynamic of an average smallholder dairy cattle herd in South Africa 

4.2.3. Average cow performance  

Individual cow performance data, comprising lactation yields of milk, fat, and protein, as well 

as age at first calving, and calving interval, were obtained from the INTERGIS. Culling rate 

was estimated from the information received from the survey, which was based on the herd 

structure of an average herd of 20 lactating cows shown in Appendix A.1.  Average gestation 

length was assumed to be 280 days. The average cow mature live weights used by Banga (2009) 

for a pasture-based system were applied, since no information on live-weights was available 

for the smallholder system in South Africa. Table 4.1 contains the averages for measures of 

cow performance in the simulation of an average smallholder dairy herd in South Africa.  
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Table 4.1. Average performance of dairy cows used in simulation of an average smallholder 

dairy herd in South Africa 

 Parameter Abbreviation Value  

Milk yield (kg/year) MY 3 798.0 

Milk yield (l/year) ML  3 687.4 

Fat yield (kg/year) FY  187.7 

Protein yield (kg/year) PY 165.1 

Mature live weight (kg) LW 441.6 

Gestation length (days) GL 280.0 

Age at first calving (months) AFC  29.0 

Calving interval (days) CI 420.0 

Calf birth weight (kg) cbw 28.0 

Cow’s culling rate (%)  cr 25.0  

Calf mortality rate (%) cmr 9.0 

Calf birth weight: Calf birth weight is necessary to predict the animal’s live weight at different 

stages of growth. This weight was not available, hence it was estimated using the equation 

proposed by Roy (1980), considering the mature body weight of a dam (Equation 4.1):  

𝑊𝑐(𝑘𝑔) = (𝑊𝑚
0.73 − 28.89)/2.064                                                                        [4.1] 

Where; 

𝑊𝑐(𝑘𝑔)  : Weight of a calf in kilograms, 

𝑊𝑚(𝑘𝑔)  : Mature body weight of a dam in kilograms. 

 

Prediction of live weight: The animal’s live weight is important for the onset of puberty and 

management decisions, such as mating dates. It is also required for the estimation of the 

nutritional requirements of an animal at various ages and physiological states. Live weight was 

predicted for each month of age, starting from the first month after weaning (month 3), using 

the von Bertalanffy growth function proposed by Bakker & Koops (1978) as shown in Equation 

4.2: 

𝐿𝑊 = 𝑀{1 − (1 − (𝑤0 𝑀⁄ )
1

3⁄ )𝑒−𝑘𝑡 }3                                                             [4.2] 

Where; 

𝑴   : Mature weight (kg), 
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𝒘𝟎  : Birth weight (kg), 

𝒌  : Growth rate parameter, 

𝒕    : Age (months). 

4.2.4. Metabolizable energy requirements of a cow 

The common sources of feeds, and feeding management obtained via the survey were utilized 

as a base for calculation of metabolizable energy (ME) requirements for both cows and 

replacement heifers. Natural pasture feeding was the major feeding system practiced among 

smallholder dairy farmers. This feeding regime generally included an additional 2 kg of 

concentrate per day per cow.  During winter (June to July), an extra 2 kg of silage per day were 

given to the cows, to complement the decline in pasture quantity. Feed requirements of an 

individual cow (Kg dry matter) were calculated using ME content of the feed. Similar to other 

simulation studies (Banga, 2009; Demeter et al., 2011), it was assumed that nutrients other than 

energy were adequate in the diet. 

Objective measures of dry matter (DM) yields, and ME content of feed rations were not 

obtainable, since smallholder dairy cows are fed on a wide range of pasture, and 

supplementation. To obtain a reasonable estimate of these measures, an average DM yield of 

6 ton per hectare (ha) of pasture, taken from a range of DM yields across South African pasture 

lands, was used as the baseline (Palmer & Ainslie, 2005). In the case of feed energy content, it 

was assumed that pasture, concentrate, and silage, respectively, contained 7.5, 9.5 and 10.2 MJ 

ME /kg DM as these were minimum values reported by Stewart et al. (2016). These values 

were used to reflect the general characteristics of poor feed quality in the smallholder 

production system.  

Energy requirements (kg DM per cow per year) were estimated for maintenance, growth, 

pregnancy and production (lactation), less fasting, and energy metabolism during fat 

mobilization. Fat mobilization often occurs in dairy cows postpartum, due to an involuntary 

reduction in dry matter intake around parturition, and subsequent negative energy balance after 

calving (NRC, 2001; Opsomer, 2015). Total energy requirement was divided by the energy 

content of the feed (MJ ME/kg DM) to estimate the total DM requirements per cow per year.  

Energy (MJ ME) required by an individual animal was computed, using a specific energy 

conversion efficiency (k) also known as Efficiency of energy utilization (Table 4.2) for each 

physiological function following the principle recommended by the Agriculture, and Food 
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Research Council Technical Committee (AFRC, 1993). The metabolizable energy requirement 

was calculated using Equations 4.3.1 to 4.3.4 (AFRC, 1993).  

𝑘𝑚 = 0.35𝑞𝑚 + 0.503                                                                                       [4.3.1] 

𝑘𝑔 = 0.95𝑘𝑙                                                                                                            [4.3.2] 

𝑘𝑐 = 0.78𝑞𝑚 + 0.006                                                                                         [4.3.3] 

𝑘𝑙 = 0.35𝑞𝑚 + 0.420                                                                                           [4.3.4] 

Where; 

𝒌  : Efficiency of converting ME in net energy for  𝒎, 𝒈, 𝒄, 𝒂𝒏𝒅 𝒍 

𝒒𝒎  : Metabolisability of gross energy at maintenance, 

𝒎    : Metabolisability of gross energy for maintenance, 

𝒈  : Metabolisability of gross energy for growth, 

𝒄  : Metabolisability of gross energy for conceptus, 

𝒍  : Metabolisability of gross energy for lactation, 

Table 4.2. Efficiency of energy utilization (k-values) for different biological functions 

assuming a value of 0.6 for gross energy at maintenance 

ME requirement  k value1 

Maintenance 0.70 

Heifer growth 0.45 

Cow growth 0.59 

Pregnancy1 0.133 

Lactation 0.62 

1k-value assigned constant value, with no influence of qm implied (Adapted from Banga, 2009)  

Requirements for maintenance: The metabolizable energy for maintenance is required to 

maintain the normal metabolism of an animal, at equilibrium or fasting metabolism. It includes 

the energy required to support and maintain different physiological activities, which include 

breathing, maintenance of body temperature, digestion, and absorption of food, and physical 

activities such as walking, sleeping, and grazing (VandeHaar et al., 2016). The requirements 

for maintenance (𝑀𝐸𝑚) were calculated per month of age, for each parity, using equation 4.4 

(AFRC, 1993).  

𝑀𝐸𝑚 (𝑀𝐽 𝑑⁄ ) = (𝐹 + 𝐴)/𝐾𝑚                                                              [4.4] 

Where; 
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𝐹  : Fasting metabolism, 

𝐴  : Correction factor for activity allowance to account for the management system 

Equation 4.4.1 was used to calculate fasting metabolism as a function of the predicted average 

live weight (LW) for each respective lactation group, and month of age as given by ARC 

(1980): 

𝐹(𝑀𝐽 𝑑⁄ ) = 𝐶2{0.53(𝐿𝑊 1.08⁄ )0.67}                                                                 [4.4.1] 

The value of 1.08 is a factor that converts LW to body weight at fasting, as given by ARC 

(1980) and adopted by AFRC (1993). Accordingly, the value of 0.011 LW was used for activity 

allowance. 

Requirements for cow growth: Metabolizable energy requirement for cow growth (𝑀𝐸𝑔) were 

calculated for each month of age, within each parity group, using Equation 4.5 (AFRC, 1993): 

𝑀𝐸𝑔(𝑀𝐽 𝑘𝑔⁄ ) = (∆𝐿𝑊 × [𝐸𝑉𝑔])/𝑘𝑔                                                                           [4.5] 

Where; 

𝑬𝑽𝒈   : Energy value of 1 unit of live body gain, 

∆𝑳𝑾  : Change in live body weight. 

 The energy value of 1 unit of live body gain was calculated as follows (AFRC, 1993): 

EVg(MJ/kg) = {1.3(4.1 + 0.0332Wt − 0.000009W2
t)}/{1 − 0.1475LWG}   [4.5.1] 

Requirements for conceptus: Metabolizable energy requirements for conceptus (𝑀𝐸𝑐 ), were 

predicted for each week of pregnancy, up to 40 weeks of gestation, as a function of the expected 

calf birth weight, and days of gestation, using equation 4.6. 

𝑀𝐸𝑐 = 𝐸𝑐 𝐾𝑐⁄                                                                                              [4.6] 

Where; 

𝐸𝑐   : Energy retained for fetal growth (MJ/day), which was obtained by: 

 

𝐸𝑐  (𝑀𝐽) = 0.025𝑊0 (𝐸𝑡 × 0.0201𝑒−0.000057𝑡)                                             [4.6.1] 

Where;  

𝑊0               : Calf’s birth weight in kg, which was calculated using Equation 4.1, 

𝐸𝑡(𝑀𝐽)         : Energy retention at time t (𝑀𝐽, 𝑑𝑎𝑦𝑠)  in the gravid fetus, which is given by: 

𝑙𝑜𝑔10 (𝐸𝑡) = 151.665 − 151.64(𝑒−0.0000576𝑡 )                                                [4.6.2] 

Where;  

𝑡  : Days of gestation. 
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Requirements for lactation: The amount of energy required to produce a unit kilogram of milk 

depends on the quantity, and composition of the milk produced (Holmes et al., 2000; 

Woldegebriel et al., 2017). As a result, the metabolizable energy (𝑀𝐸𝑙 ) required for milk 

production was determined based on milk energy value, corrected for fat, and protein yields, 

per lactation, for each parity, using equation 4.7.  

𝑀𝐸𝑙 (𝑀𝐽) = (𝑌 × [𝐸𝑉𝑙 ]) 𝐾𝑙⁄                                                                                      [4.7] 

Where; 

𝒀  : Lactation milk yield (kg), 

𝑬𝑽𝒍   : Energy value of milk (MJ/kg). 

The energy value of milk was calculated using equation 4.7.1 as proposed by Tyrell & Reid 

(1965), and recommended by AFRC (1990): 

𝐸𝑉𝑙 (𝑀𝐽) = 0.0376(𝐹) + 0.0209(𝑃) + 0.94                                                      [4.7.1] 

Where; 

𝑭   : Butterfat yield (kg), 

𝑷   : Protein yield (kg). 

The energy content of milk components was assumed to be 56.1 MJ ME per kg milk fat, 31.8 

MJ ME per kg protein, and 1.84 MJ ME per liter of milk, following Holmes et al. (2000). 

4.2.5. Metabolizable energy requirements of a replacement heifer 

Energy requirements for replacement heifers were calculated for growth, and maintenance, 

using Equation 4.8 (AFRC, 1993). Heifers were fed pasture supplemented with 2 kg 

concentrate per day for the whole calendar year. During winter (June to July), an extra 2 kg 

DM of silage per day were given to the heifers, to complement the decline in pasture quantity 

and quality. These energy requirements were calculated from weaning up to 29 months of age 

before calving. Energy requirements for excess heifers were calculated from weaning up to 21 

months of age.   

𝑀𝐸𝑟(𝑀𝐽) = (𝐸𝑚 𝐾⁄ ) × 𝑙𝑛{𝐵 (𝐵 − 𝑅 − 1)⁄ }                                                    4.8  

Where; 

𝐸𝑚                    : Sum of fasting metabolism (F) and activity allowance (A) appropriate for 

particular feeding system 

 

𝐵 = 𝐾𝑚 (𝐾𝑚 − 𝐾𝑐 )⁄                                                                                              4.8.1 

𝐾 = 𝐾𝑚 × 𝑙𝑛(𝐾𝑚 𝐾𝑐⁄ )                                                                                         4.8.2  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



74 

 

Scaled energy retention (R) is given by: 

𝑅 = 𝐸𝑓 𝐾𝑚⁄                                                                                                             4.8.3 

𝐸𝑓 , was calculated from: 

𝐸𝑓(𝑀𝐽 𝑑⁄ ) = 𝐶4(𝐸𝑉𝑔 × ∆𝑊)                                                                                4.8.4 

Where; 

𝑪𝟒 = 𝟏. 𝟏𝟎, which is a correction factor for activity allowance in heifers   

∆𝑾    : Weight gain, 

𝑬𝑽𝒈   : Energy value of gain, which was calculated as: 

𝐸𝑉𝑔(𝑀𝐽 𝑘𝑔⁄ )

= 1.30(4.1 + 0.0332𝐿𝑊 − 0.000009𝐿𝑊2) (1 − 0.1475∆𝐿𝑊)        4.8.5 ⁄  

4.2.6. Economic sub-model 

The economic sub-model was linked to the feeding, and biological sub-models to estimate the 

gross margins (GM) generated from the production operation. The GM was estimated by 

accounting for the total net revenues of milk produced; net value of male calves, and excess 

female calves, salvage value of culled cows less the total production costs (Equation 4.9). The 

production costs, and revenues were estimated based on the average prices obtained from the 

survey, and personal communications. 

𝐺𝑀 = 𝑇r − 𝑇C                                                                                                                      [4.9] 

𝑮𝑴   : Gross margin, 

𝑻𝒓   : Total revenue received from the sale of outputs, 

𝑻𝒄  : Total costs associated with the production of outputs. 

Total revenue: Total revenue was defined as the total financial incentive received from selling 

an output X at a certain price P. Gross margin: (𝐺𝑀) was calculated, using Equation 4 .9.1.  

Tr = ∑ PXn                                                                                                                   [4.9.1] 

𝑷   : Price of output, 

𝑿  : Type of outputs, 

𝒏  : Number of output, from1 to nth . 

The average prices used to calculate revenue from the sale of milk, and culled animal were 

obtained from the survey. The price of the male calves was set per head, while the prices for 

excess heifers, and culled cows were calculated per kg of dressed body weight (Table 4.3). 
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Table 4.3. Average prices of outputs from smallholder dairy herd obtained from the survey 

Type of output unit Price (ZAR) 

Milk  Liter  4.00 

Male calf  head  510.00 

Culled female calf kg 28.00 

Culled cow kg 22.50 

 

Total production costs: Total production costs were calculated using Equation 4.9.2. 

𝑇𝑐 = (𝐹𝑐 + 𝑉𝑐 )                                                                                                             [4.9.2] 

𝑻𝒄   : Total production costs, 

𝑽𝒄  : Variable feed cost, 

𝑭𝒄  : Fixed operation costs excluding overhead costs (housing and other capital 

investment costs). 

Variable costs were mainly generated from feeding. The costs of feeding were estimated using 

the actual feed costs of dry matter (kg) consumed from silage (sil), concentrate (conc), and the 

opportunity cost of pasture (pas) feeding per year. The estimated average price (R/kg) of 

pasture, concentrate and silage received from the survey were 1.1, 5.6, and 3.5, respectively. 

4.2.7. Model verification, validation and sensitivity analyses  

Model verification, validation, and sensitivity analysis are essential steps in model 

development, and simulation studies. The purpose of verification is to check the reliability of 

the setup of a model or equations to ensure the accuracy of prediction (Richardson et al., 2008). 

Model validation is performed through calibration, using field data, in order to verify its 

accuracy in reproducing the observed behavior, and response of the real system (Dent & 

Blackie, 1979; Richardson et al., 2008). Sensitivity analysis is conducted to enhance decision-

making, and recommendations for ex-ante production alternatives or risk assessment of 

production uncertainties, by inducing changes to the biological, economic, and or management 

parameters (Dent & Blackie, 1979; Groen, 1989). The developed model was verified by 

checking the correctness of mathematical matrices, and consistency of any logical assumptions 

throughout the modelling process. It was adapted, with minor modifications, from a previous 

model developed, and validated by Banga (2009). The sensitivity analysis of this herd model, 

to determine its robustness to varying production, and economic circumstances, will be 

conducted in the simulation of alternative herd production practices in Chapter 5.      
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4.3. Results  

This section presents the results of the main outputs of the resultant model, which mainly 

comprise of nutrient energy requirement for animals’ performance, production costs, revenue 

streams, and the gross marginal returns expressed per cow per year. It is important to note that 

these results presented in Figure 4.3, and Table 4.4, are based on an average herd, and variation 

within the whole production system was not assessed. Average dairy cows’ performances, 

particularly milk production levels, and the equivalent mature body weight at a different stages 

of the production cycle were used to estimate the requirements for maintenance, growth, 

reproduction/pregnancy, and milk production/lactation (Figure 4.3). Among these 

physiological activities, lactation/milk production accounted for the highest proportion of total 

energy intake per year (22,603.1 MJ), followed by maintenance (21,683.7 MJ/year), pregnancy 

(1,482.4 MJ/year), and growth (529.7 MJ/year). The energy utilized for maintenance, and 

growth of a heifer was estimated at 10,282.5 MJ of ME per year. The total metabolizable energy 

intake for all these physiological activities was estimated at 56,581.5 MJ per cow per year 

(Table 4.4). This translates to a dry matter consumption of 7,225 kg per cow per year (Table 

4.4).  

 

Figure 4.3: Estimated metabolizable energy requirements (MJ) of a cow and replacement heifer 

per year in an average smallholder dairy cattle herd in South Africa 

The calculated annual production costs (C), revenues (R), and the gross margin (GM) per cow 

are presented in Table 4.4. The calculated total annual production cost was R 16,460.7 per cow 

per year. A total revenue of R 18 087.3 was estimated per cow per year. A positive annual gross 

margin of R 1 627 per cow was forecasted for an average smallholder farmer. 
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Table 4.4. The simulated metabolizable energy requirements, dry matter intake, production 

costs, revenues and gross margin per cow and year 

Item  Value  

Total energy requirement (MJ) 56 581.5 

Total dry matter consumed (kg) 7 225.0 

Cost (ZAR/Rand)  

Cow's health 358.0 

Heifer's health 212.0 

Breeding bull   1 272.2 

Cow’s feeding (R/head) 10 012.4 

Heifer’s Feeding 2740.1 

Calf’s Feeding (R/head)  105.0 

Labor cost 1 146.0 

Electricity  91.0 

Recording and other logistics 235.0 

Transport  289.0 

Total cost 16 460.7 

Revenue (ZAR)  

Milk sale  16 593.4 

Culled animals (cow, male and female calves) 1 493.9 

Total revenue per head 18 087.3 

Gross margin (R/head) 1 626.6 

4.4. Discussion 

The results from the current study are crucial for understanding the potential impact of 

management decisions on the key factors affecting the animals’ performance, and the economic 

efficiency of smallholder dairy cattle herds. Several extrinsic factors have been reported to 

have an effect on cows’ performance, but nutritional factors appeared to be a major factor with 

the greatest effect on dairy cows’ performance (Burke et al., 2010; Remppis et al., 2011; Urdl 

et al., 2015). This was evident in the study conducted by Abin et al. (2018); where the 

performance of dairy cows in the smallholder herds was poor, reflecting low nutritional levels 

compared to their counterparts in the high-input production system.   
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Dairy cows in the low-input smallholder systems are often offered veld or natural pasture-based 

feeds, supplemented with small amount of concentrates, and silage during pasture shortage as 

in the case of the current study. Pasture-based feeds (especially natural veld) are mostly low in 

metabolizable energy content (Clark et al., 1997; Kolver, 2003; Mucina & Rutherford, 2006), 

and if not improved (e.g. using N fertilizer) or supplemented with high quality concentrates 

will impair the potential performance of dairy cows (Dillon et al., 1997; Peres et al., 2012; 

Macdonald et al., 2017). As a result, feed metabolizable energy (ME) (MJ/kg DMI) was used 

to simulate the impact of feeding management on the biological processes that influence the 

performance of dairy cattle in the current study. The metabolizable energy consumed by an 

individual dairy animal is generally partitioned for maintenance, and growth in heifers, and for 

reproduction, and lactation in mature cows (AFRC, 1993; MacDonald et al., 2008; Bach et al., 

2020). The first priority of a dairy cow is to satisfy its energy requirement for maintenance 

(Bauman et al., 1980; Lucy, 2000). Thereafter, the energy retained will be partitioned for other 

physiological activities with a greater proportion directed towards milk production (Lucy, 

2000; Bauman et al., 2004; Vandehaar et al., 2016).  

The total dry matter intake (DMI) in this study is higher than the reported results of 4 982.0 kg 

by Lopez-Villalobos et al. (2000), and 3 313.0kg to 4 511.0kg of DM by Khan (2009) 

respectively. These differences could be explained by the difference in milk production levels, 

and mature live weights in the different systems (Macdonald et al., 2008). Additionally, these 

comparative studies were performed in New Zealand (Lopez-Villalobos et al., 2000), and 

Bangladesh (Khan, 2009), which made use of planted pastures with much higher nutritive 

values. Natural veld, and even unimproved pastures in South Africa have low protein, and 

energy levels, which decrease even further in the dry season (De Waal, 1990; Williams et al., 

2016). Cows that are fed a lower quality feed (low energy density) have to consume a greater 

quantity of DM, in order to fulfil their basal nutrient energy requirements (Korver, 1982; Dong 

et al., 2015a & b). Cows of different mature body weights have different sized of internal 

organs, and therefore, different energy requirements for maintenance. For example, a dairy cow 

of a larger body size has large internal viscera/liver mass that increases its metabolic rate , and 

energy requirement for maintenance (Oldenbroek, 1988; Ortigues & Visseiche 1995; 

Manafiazar et al., 2012).  

The aim of the economic analysis was to assess the financial performance (strengths and / or 

weaknesses) of the smallholder dairy cattle production system using gross margin (GM)  

analysis. In this study, GM was defined as the difference between the annual revenue received 
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from the gross output, and the total production costs that are directly associated with the 

production operation. The total annual production cost incurred to produce 3 687.4 liter of milk, 

187.7 kg of fat and 165.1 kg of protein from an average cow of 450 kg mature live weight was 

R 16 460.7. Approximately 78% of this total production cost could be apportioned to feeding 

costs. Similarly, feeding was cited as the major contributor of production costs in dairy farmi ng 

systems in South Africa, Morocco, Uganda, and Cameroon by Ndambi & Hemme (2009), and 

smallholder dairy cattle in Kenya by Kibiego et al. (2015). These results demonstrated that 

irrespective of country, and production system, feed costs remained the most expense input in 

dairy farming.  

The estimated total annual revenue received from the sales of milk, and animals (culled cows, 

excess heifers and male calves) was R 18 087.3. The largest proportion of this revenue was 

received from the sale of milk with animals/carcasses contributing only 8.3% to the total 

revenue. This result is consistent with the findings of Ndambi & Hemme (2009), who reported 

that a higher proportion of total revenue of dairy farms in South African, Uganda, and 

Cameroon came from the sale of milk.  

The estimated gross margin for the simulated smallholder herds was positive, implying a 

profitable farming operation. However, given the inherent risks of the production conditions 

(high volatility of input costs vis-à-vis reduced gate price of milk sales) in the dairy industry, 

the estimated GM of R 1 626.6 may not be optimum to offset an upward shift in production 

costs. Additionally, it was difficult to accurately include all the direct costs of the key input 

factors such as feeding, supplementation, and veterinary service in the smallholder dairy cattle 

production system. These factors may have led to an underestimation of production costs, and 

an overestimation of the GM.   

4.5. Conclusion and recommendations 

In this chapter, a normative, and deterministic bio-economic model was developed, which 

simulate an average South African smallholder dairy herd. The structure of the developed 

model included biological, and economic sub-models. The biological sub-model simulated 

animals’ growth as a function of birth, and mature body weights, herd’s mortality, culling rate, 

and replacement events. The model also computed nutrient requirements for maintenance, 

growth, pregnancy, and milk production. The economic model calculated the related 

production costs, revenues, and gross margin of the smallholder dairy farming operation. This 

model provides a baseline for evaluation of the alternative production options for SH herds. 
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Such analyses should focus on generating knowledge required to develop tactical plans that 

would benefit farmers in the short, and long-term. This could include investigating the impact 

of changing factors such as herd size, and herd structure, feeding strategies, cow production, 

and reproductive performance on herd profitability.  
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CHAPTER V 

Evaluation of alternative herd production models for improvement of 

smallholder dairy herd profitability  

Abstract 

The main aim of this study was to evaluate alternative herd production models for the 

improvement of smallholder (SH) dairy herd profitability in South Africa. This was achieved 

by a partial budget approach, through stepwise changes to the base (average) SH herd model. 

Alternative models were developed by simulating different levels of cow performance, and 

herd management practices, and the profitability of each model was determined. Milk yield 

(MY), live weight (LW), age at first calving (AFC), and calving interval (CI) were used as 

indicators of cow performance. Herd management practices studied were herd size (HS), 

replacement rate (RR), feeding system (FS), breeding methods (natural service vs artificial 

insemination), and source of herd replacement heifers (raising vs buying in). Improvements in 

profitability were attained by increasing MY or increasing herd size, using small to medium 

sized cows, reducing AFC, CI or RR. Break-even points were 3 687.4 l/year, 500 kg, 29 

months, 420 days, and 25% for MY, LW, AFC, CI, and RR, respectively. The effects of cow 

performance on profitability were mostly sensitive to the prices of milk, and feed. In general, 

profitability was either negative or extremely low, if the price of milk dropped below R4.50/l 

or the cost of feed exceeded R5.60/kg DM. Relying on natural pasture only for feed was non-

viable, and supplementation of pasture with concentrate was the most profitable feeding 

system. Feeding systems based on supplementation of pasture with concentrate, and silage 

were resilient to fluctuations in the price of milk, remaining profitable even when the price 

dropped to R4.10/l. Adoption of artificial insemination, and buying herd replacement heifers 

are additional management strategies that minimize production cost, and increase dairy farming 

profitability.    

Keywords: alternative, partial budget, production model, profitability 

5.1. Introduction 

An agricultural production system is an aggregate of components, which must function jointly 

within the prescribed boundaries to achieve specific objectives of its beneficiaries (Dillon, 

1992). The smallholder dairy production system is such a system, with farmers, and consumers 

as its beneficiaries. A clear objective of modern dairy farming is to improve cow performance 
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in order to maximize profit (Goddard & Grainger, 2004; Masuku & Belete, 2014; Bach et al., 

2020).  In South Africa (SA), and Sub-Saharan Africa (SAA) in general, the performance of 

smallholder dairy cows is poor (Ojango et al., 2017; Abin et al., 2018), which impacts 

negatively on herd profitability. It is, therefore, important to develop management strategies 

that would improve the performance of smallholder dairy cows, in order to increase herd 

profitability. Models depicting the most profitable cow performance levels, and herd 

management practices are valuable in guiding the development of such strategies. 

In the past, bio-economic simulation models have been used to support decision making 

intended to address management problems of economic importance in dairy farming (Banga, 

2009; Ashfield et al., 2014; Diakité et al., 2019). In these models, animals’ biological 

components, herd management, and the associated economic parameters were studied 

simultaneously. The bio-economic simulation models for dairy cattle mostly focused on 

improvement of economically important traits such as milk yield, mature live weight, and 

calving interval (Kahi & Nitter, 2004; Banga, 2009; Seyedsharifi et al., 2018). Cow 

performance of these traits represented the primary biological indicators for productivity, and 

the economic efficiency of the herd.  

Additional management factors such as herd size, replacement rate, feeding systems, breeding, 

and rearing methods also influence herd productivity, and should be optimized in order to 

maximize profit. An evaluation of the effect of changes in all these production factors is 

important in determining the most profitable herd models (Kristensen et al., 2008; Krpalkova 

et al., 2016; Armengol & Fraile, 2018). Therefore, comparing the current versus alternative 

production models is necessary to support sound decision making. This can be achieved 

through the application of the deterministic, and normative simulation model (Groen, 1989; 

Dekkers, 1991, Banga, 2009; Mbuthia et al., 2015). This model is normally combined with a 

profit function to calculate herd profit under the current, and alternative production conditions. 

The effect of varying production parameters or herd management practices on profit is 

determined through the use of either partial budgeting or partial differentiation, along with the 

profit function (Wolfová et al., 2007; Mbuthia et al., 2015; Sánchez et al., 2020). The current 

study was carried out to evaluate the profitability of alternative SH dairy herd production 

models, using a deterministic, and normative modelling approach. The specific objectives were 

to firstly evaluate the economic impact of varying production, and reproductive performance 

levels, and secondly assess the effect of alternative herd management practices on SH herd 

profitability.  
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5.2. Materials and methods 

A normative, and deterministic smallholder dairy herd model (SHDM), developed in chapter 

IV was used to determine the impact of varying cow performance levels, and alternative 

management practices on herd profitability. Information on dairy cows’ performance, and its 

associated economic and management practices were used in the simulation of the SHDM. The 

performance records were obtained from the INTERGIS (Integrated Registration and Genetic 

Information System) for 59 smallholder dairy herds. The economic inputs, and management 

practices were obtained from a survey (and supplementary personal communications) 

conducted on smallholder dairy farmers by the Agricultural Research Council (ARC) of South 

Africa (Muntswu et al., 2017). A ClickCharts Diagram and Flowcharts software was used in 

creating a visual representation of the SHDM.  A brief overview of this model is provided here, 

as a detailed description has already been presented in chapter IV.  

The model is made up of three components, which reflect the characteristics of an average SH 

dairy herd in South Africa, viz: i) a biological sub-model simulates herd structure, cow 

performance (production, reproduction, and longevity), and cow’s mature live weight (LW); 

ii) a feeding sub-model, which estimates feed requirements based on nutrient energy 

requirements for maintenance, and growth of cows, and replacement heifers, pregnancy, and 

lactation (milk production); iii) an economic sub-model, which calculates herd profit (gross 

margins) based on production costs, and revenue streams.  

A sensitivity analysis was conducted to explore how each production model responds to 

changes in prices of feed (R/kgDM), and milk (R/l) due to market fluctuations. This was 

performed by varying prices by ±20% for a specific parameter, while all other parameters 

remained constant. This is important to determine the robustness of the models to market 

changes (Groen, 1986).  

5.2.1. Cow performance indicators 

Cows’ performance indicators that were used to model alternative herds, as well as their levels 

in the model at the base situation are presented in Table 5.1. Values for productive, and 

reproductive traits were obtained from data for SH dairy herds participating in the national milk 

recording scheme, and are summarized in an earlier study (Abin et al., 2018). Birth, and mature 

weights were obtained from an earlier study by Banga (2009).  
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Table 5.1. Average performance of cows in the smallholder dairy production system of South 

Africa 

 Parameters Abbreviation Value  

Milk yield (kg) MY 3798 

Milk yield (l) ML  3687 

Fat yield (kg) FY  178 

Protein yield (kg) PY 149 

Mature live weight (kg) LW 450 

Age at first calving (months) AFC  29 

Calving interval (days) CI 420 

Calf birth weight (kg) cbw 28 

Replacement rate (%)  RR 25  

5.2.2. Alternative herd production models 

 Alternative herd models were simulated by varying one management factor (cow performance 

level or management practice), while all other management variables remained constant. The 

base situation (i.e. average herd) developed in chapter IV, was used as the benchmark. The 

alternative production models investigated are presented in Tables 5.2 to 5.8.  

5.2.2.1. Milk production and live weight:  

The effect of average annual milk production per cow on herd profitability was determined by 

varying milk yield by 5%, 10%, and 15% below and above the base situation (Table 5.2). The 

effect of average mature live weight was assessed in the same way (Table 5.2).  

Table 5.2. Alternative levels of milk yield (volume), and mature live weight 

Scenarios Milk yield (l)/cow/year Live weight(kg) 

-15 % 3134.3 382.5  

-10 % 3318.7 405.0  

-5 % 3503.1 427.5 

Base  3687.4  450.0  

+5 % 3871.8 472.5  

+10 % 4056.2 495.0 

+15 % 4240.5 517.5  
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5.2.2.2. Reproduction:  

Age at first calving and calving interval were used to simulate the effect of reproductive 

performance on SH dairy herd profitability. The two traits were varied by incremental, and 

decremental intervals of 30, and 60 days, relative to the base situation (Table 5.3). 

Table 5.3. Alternative levels of age at first calving and calving interval 

Scenarios Unit 

Age at first calving Months (Mn) 

-60 days 27 

-30 days 28 

Base  29  

+30 days 30  

+60 days 31  

Calving interval (CI)  Days (d) 

-60 days 460 

-30 days 390 

Base  420 

+30 days 450 

+60 days 480 

5.2.2.3. Replacement rate (longevity):  

Replacement rate was defined as the proportion of animals required to replace those culled to 

maintain a steady herd size, per year. Thus, replacement rate was a reflection of cow longevity, 

and was altered by 5%, 10%, and 15% below, and above the base situation (Table 5.4).  

Table 5.4. Alternative levels of replacement rate 

Scenarios Unit 

Replacement rate (RR) Percentage (%) 

-15 % 21.3 

-10 % 22.5 

-5 % 23.8 

Base  25.0 

+5 % 26.3 

+10 % 27.5 

+15 % 28.8 
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5.2.2.4. Herd size:  

Alternative herd sizes were simulated to determine the effect of varying herd size on herd 

profitability per cow per year (Table 5.5).  The herd structure was kept similar to that in the 

base situation. Herd structure here refers to the proportion of lactating cows in each parity (i.e. 

1 to 7 parity). 

Table 5.5. Alternative size for the smallholder dairy herd  

Scenarios Unit 

Herd size Number of cows 

-50 % 10  

-25 % 15  

Base  20  

+25 % 25  

+50 % 30  

5.2.2.5. Feeding systems  

Feed quality, and cost are major factors limiting milk yield, and herd profitability (Roche et 

al., 2006). Farmers may supplement natural pasture with purchased feeds to maximize the dry 

matter intake of their cows and improve milk production. Different supplementation strategies 

were simulated to evaluate their effectiveness in improving milk production, and herd 

profitability.  

Three alternative feeding strategies were simulated by changing the feeding system of the base 

situation. Based on total energy consumed by the cow, each feeding system had the effect of 

increasing or decreasing milk yield relative to the base situation. The estimated milk yield 

(l/cow/year) under these feeding systems are shown in Table 5.6. The base model assumed that 

natural pasture contained 7.5 MJ of ME/kg of DM, and that purchased silage, and concentrate 

contained 9.2 and 10.5 MJ of ME/kg of DM, respectively. The estimated ME of each kg of the 

feeding source and their respective price/kgDM, are shown in Table 5.7.  
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Table 5.6. Estimated milk yield from the different feeding systems simulated 

Feeding system Milk yield (l/cow/year) 

Pure pasture-base (P)  2124.0 

Pasture supplemented with silage (PS) 3067.9 

Pasture supplemented with concentrate (PC) 3790.7 

Pasture supplemented with silage and concentrate 3687.4 

 Silage was fed during dry season only. 

The feeding system for the base situation (PSC) was assumed to contain 6 375 kg DM from 

pasture (P) supplemented with 730 kg DM of concentrate (C) per cow per year, plus 120 kg 

DM of silage (S) per cow during the dry season (2 months). The cost of pasture per hectare 

was divided by the estimated amount of DM produced per hectare to calculate its price per kg 

DM. The simulated alternative feeding systems were:  

 Only pasture-based feeding, providing 7 225 kg DM per cow per year. 

 Pasture supplemented with silage (PS), providing 6 375 kg DM of pasture and 730 kg 

DM of silage per cow per year, with an additional 120 kg DM of silage per cow during 

the dry season,  

 Pasture supplemented with concentrates, providing 6 375 kg DM of pasture 

supplemented with 730 kg DM of concentrate per cow per year, with an additional 120 

kg DM of concentrate per cow during the dry season. 

Table 5.7. Metabolizable energy content and price of different feed sources 

Feed source   Metabolizable energy ( MJ/kgDM) Price (R/kgDM) 

Pasture  7.5  1.1  

Silage  9.2 3.5 

Concentrate 10.5 5.6 

5.2.2.6. Breeding method:  

The influence of the breeding method on herd profitability was assessed by comparing natural 

service, which is practiced in the base situation, with artificial insemination (AI) as an 

alternative. The price of AI varies depending on the quality of semen, and logistics involved 

with its delivery to the farm and its storage. In the current evaluation, a price of R 450 per 

insemination for average quality semen, including the charge for insemination was used 
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(personal communication: Dr. Vincent Fhulufhelo Ramukhithi, ARC Animal Production, 

Irene). The number of AI services per conception was varied from 1 to 4, in order to determine 

the impact of the efficiency of AI on smallholder herd profitability,  

5.2.2.7. Source of replacement heifers:  

Two different heifer replacement strategies were evaluated for their impact on smallholder herd 

profitability, and these are presented in Table 5.8. The current practice of raising replacement 

heifers on farm was compared with buying-in replacement heifers of varying genetic quality. 

The genetic quality of the heifers was reflected in first lactation milk yield, and the heifer 

purchase price was commensurate with quality.  

Table 5.8. Scenarios for the average first lactation milk yield of herd replacement heifers per 

year 

Replacement 

source 

Milk yield level 

(litres/cow/year) 

Description of milk yield level  

Raised 3 501.2 Base (average) 

Bought in 3 501.2 Similar to base 

3 551.2 Replacement heifers superior to base by 

50 litters 

3 601.2 Replacement heifers superior to base by 

100 litters  

5.3. Results 

The results are mostly presented graphically, showing the revenue (TR) and costs (TC) 

associated with each scenario. Economic returns (gross margins) for each model are expressed 

as ZAR per cow in the herd per year. Detailed costs, and revenue items are contained in 

Appendices B.1- B.9 for more information. 

5.3.1. Milk yield 

Figure 5.1.1 shows the production costs, and revenues for varying levels of milk yield. 

Variation in revenue is attributable to the different quantities of milk available for marketing, 

and the costs associated with the production of those respective quantities is reflected by the 

total costs. Milk yield below 3 300 litres per cow is associated with negative gross margins (i.e. 

non-profitability). Positive gains in gross margins (GM) were achieved as milk yield per cow 

increased. This was due to the growth in revenue far outstripping the escalation in costs. A 15% 
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increase in milk yield per cow, resulted in a 13.8% increase in revenue, compared to a 2.7% 

increase in costs.  

 

Figure 5.1.1: Effects of varying levels of milk yield per cow per year on production cost and 

revenue per cow per year 

The sensitivity of gross margins to changes in prices of milk, and feed, for different levels of 

milk yield, are presented in Figure 5.1.2. At a milk price of R5.00/l all the simulated levels of 

milk yield are profitable (i.e. positive GM). The converse occurs if the price drops to R 4.10/l. 

On the other hand, all the simulated milk yield levels become profitable, when the feed price/kg 

DM is reduced to R 4.50/kgDM. At a feed price of R6.70/l only milk yields higher than 3 500 

l/cow/year result in positive GM.  

 

Figure 5.1.2: Sensitivity of gross margins for different levels of milk yield (l) to milk and feed 

prices 
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5.3.2. Live weight 

Figure 5.2.1 presents the effects of cow live weight (LW) on herd profitability. Altering cow 

live weight remarkably influences herd profitability, with higher live weight being associated 

with lower herd profitability. Gross margins decrease from R1 626.60 to –R495.30 per cow per 

year as the cows’ live weight increases from 450 to 517.5 kg. This is due to an exponential 

increase in cow maintenance costs, and marginal increase in revenue from the sale of cull cows. 

The break-even point is approximately 500 kg LW, demonstrating the maximum weight above 

which the enterprise becomes non-viable.  On the other hand, GM increase exponentially from 

R1 626.60 to R3 761.60 per cow per year as LW decreases from 450 kg to 383 kg.  

 

Figure 1.2.1: Effects of cow mature live weight on herd production cost, and revenue per cow 

per year 

The sensitivity of LW to milk and feed prices is illustrated in Figure 5.2.2. If the milk price 

drops to R4.10/l, it would not be viable to farm with cows heavier than 450 kg. A feed price of 

R6.70/kg DM would, on the other hand, reduce the break-even point for live weight to 450 kg.  

 

Figure 5.2.2: Sensitivity of gross margins of different cow live weights to milk and feed prices 
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5.3.3. Age at first calving and calving interval 

The economic effects of varying AFC and CI are presented in Figure 5.3.1. According to the 

model used, revenue is not directly affected by changes in AFC and CI, hence the flat graph 

for revenue. An increase in AFC from 29 months (base situation) to 31 months decreases GM 

by R445.50/cow/year. Alternatively, extending calving interval by 60 days from the base 

situation (420 days) reduces GM by R543.50/cow/year.  

 

Figure 5.3.1: The effects of alternative age at first calving and calving interval on production 

cost and revenue per cow per year 

 

Figure 5.3.2: Sensitivity of gross margins of different ages at first calving to milk and feed 

prices 

Both age at first calving, and calving interval are sensitive to the prices of milk, and feed 
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it results in a sharp decline in GM, a rise in feed price from R 5.60 to R 6.70/kgDM did not 

lead to non-profitability, for the AFC ranges simulated in the current study.  

 

Figure 5.3.3: Sensitivity of gross margin for different calving intervals to milk and feed price 

5.3.4. Replacement rate (longevity)  

There is a direct relationship between herd replacement rate (RR), and cow longevity, as high 

culling rates (poor longevity) implies high replacement rates. This relationship is shown in 

Table 5.9, for the parameters used in the current study.  
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Parameter  Base Alternative  
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The effect of replacement rate on gross margin/cow per year is presented in Figure 5.4.1. A 

decrease in replacement rate (i.e. increased longevity) was associated with an improvement in 

herd GM, while increasing replacement rate from 25% (base situation) to 28.8% resulted in an 

erosion of R 601 (37%) in GM. Every 5% increase in longevity, compared to the base situation, 
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Figure 5.4.1: The effect of replacement rate on herd production cost, and revenue per cow per 

year 

The sensitivity of gross margins for different replacement rates to changes in prices of milk 

and feed is shown in Figure 5.4.2. Gross margins decreased sharply as the milk price declined, 

becoming negative for all replacement rates higher than 25%, at the price of R4.10/l. Feed 

price, on the other hand, only resulted in non-profitability if it increased to R 6.70/Kg DM, and 

culling rate was higher than 27.5%.  

 

Figure 5.4.2: Sensitivity of gross margins for different replacement rates to milk and feed prices 
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Figure 5.5.1: The effects of alternative herd size on production cost and revenue per cow per 

year 

Figure 5.5.2 demonstrates the impact of variation in prices of milk/l, and feed/kgDM on gross 

margins of different herd sizes. Only herds with 20 cows or more are viable if the price of milk 

drops to R4.10/l. On the other hand, if the feed price increases to 6.70/kg DM, a herd with 10 

cows or less will not be profitable.   

 

Figure 5.5.2: Sensitivity of gross margins for variable herd sizes to milk and feed prices 
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Figure 5.6.1: The effects of different feeding systems on production cost and revenue per cow 

per year 

The sensitivity of profitability of the different feeding systems to variation in prices of milk 

(ZAR/l) and feed (ZAR/kgDM) is illustrated in Figure 5.6.2. A reduction in the milk price to 

R4.10/l results in the P and PS systems being unprofitable, with the P system only becoming 

profitable at R5 per liter. As expected, increasing the price of feed had a negative effect on 

profitability, for all feeding systems. The P system was the most affected, followed by PC. 

 

Figure 5.6.2: Sensitivity of gross margins of alternative feeding systems to milk and feed prices 

5.3.7. Breeding methods 

Figure 5.7.1 presents the annual herd revenue and production costs per cow, when using either 

natural service (NS) or artificial insemination (AI) for breeding. Since the breeding method 

will not have an immediate effect on production levels, revenue was assumed to be the same 

across all the breeding methods and scenarios. The estimated annual gross margin is R1 

627/cow/year for NS. The estimated annual gross margins for different scenarios of AI are R2 
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449, R1 999, R1 549 and R1 099/ cow/year for 1, 2, 3 and 4 services per conception, 

respectively. 

 

Figure 5.7.1: The effects of natural service and different number of artificial insemination per 

conception on production cost and revenue per cow per year 

The sensitivity analysis showing the effects of variation in milk price and feed cost on the gross 

margins for NS and AI is shown in Figure 5.7.2. Higher milk prices and lower feed costs 

increased the economic benefit of both breeding methods. Four or more inseminations per 

conception leads to non-viability, when the milk price is low (R 4/l) and/or feed cost is high (R 

6.70/kg DM).  

 

Figure 5.7.2: Sensitivity of gross margins for natural service and artificial insemination to milk 

and feed prices 
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5.3.8. Source of replacement heifers: 

Figure 5.8.1 shows the effects of raising and buying-in herd replacement heifers on SH dairy 

herd economic performance. Differences in milk yield levels, and costs of herd replacements 

explain the variation in gross margins across the different scenarios. Raising replacement 

heifers results in lower gross margins compared to buying them in. If the bought-in heifers are 

of similar genetic merit to those reared on farm, the gross margins are R1 627/cow/year, and 

R2 034/cow/year, respectively, for raising, and buying in. The economic advantage of buying 

in replacement heifers increases as the genetic merit (i.e. milk yield) of the bought-in heifers 

improves.  

 

Figure 5.8.1: The effects of raising and buying in herd replacement heifers with different milk 

yield (l) levels on production costs and revenue per cow per year 

Figure 5.8.2 presents the sensitivity of gross margins of replacement heifer sourcing options to 

variation in milk and feed prices. An increase in milk price from R4.10/l to R 5/l leads to an 

exponential increase in gross margins. On the other hand, an escalation in the price of feed 

results in a steady negative impact on gross margins. The response is, however, much more 
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Figure 5.8.2: Sensitivity of gross margins of raising, and buying in, herd replacement heifers 

with different milk yield (l) levels to milk and feed prices. 

5.4. Discussion 

One of the best ways to encourage farmers to adopt sound herd production strategies is through 

a demonstration of their economic benefits (Salmon et al., 2018).  Hence, the main aim of this 

study was to identify herd management strategies that will maximize profit for the smallholder 

dairy production system in South Africa. Such strategies should minimize production costs 

and/or maximize revenue per unit of product value (Visscher et al., 1994; Giordano et al., 

2011).  

Preceding work on the current study (Abin et al., 2018), identified poor cow performance as a 

major constraint to productivity of the smallholder dairy production system. The current results 

build on this research by investigating the impact of the different indicators of cow performance 

on herd profitability. Income from dairy farming is mainly determined by the yields of milk 

and its components, and its quality such as fat, and protein percentage as well as somatic cell 

count (Kahi & Nitter, 2004; Wolfova et al., 2007; Banga et al., 2014). Fitness traits, such as 

reproductive performance and survivability also influence dairy herd profitability, through 

their effects on income and production costs (Giordano et al., 2011; Do et al., 2013; Krpálková 

et al., 2017). In addition to cow performance, it was also pertinent to determine the impact that 

different herd management practices, such as herd size, and feeding methods, would have on 

herd profitability.  
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5.4.1. Milk yield  

Milk yield, and quality are the major determinants of revenue in dairy farming (Miglior et al., 

2017; Britt et al., 2018). In the smallholder production system, milk is mainly sold in the 

informal market (Opoola et al., 2019), with the price based on volume rather than 

compositional or hygienic quality. Hence, the current study focused on milk volume as one of 

the major indicators of cow performance. An increase in milk yield resulted in a lower increase 

in production costs relative to revenue from the additional milk. The increase in production 

costs reflects the cost of extra feed required to produce the additional milk. These findings 

agreed with Rodriguez et al. (2012), and VandeHaar et al. (2016), who attributed this trend to 

a non-linear increase in energy requirements that is associated with marginal increases in milk 

yield. There was a linear increase in revenue with an increase in milk yield, which explains the 

corresponding exponential increase in gross margin. Similar trends have been reported in other 

studies, especially when the milk price was based on volume (Kahi & Nitter, 2004; Khan, 2009; 

Kariuki et al., 2019). 

Low milk yield was identified as a constraint to SH herd profitability. The lowest gross margins 

(break-even point) were obtained when milk yield per cow was 3 319 litres per year. Thus, 

there is a large room to improve SH herd profitability by increasing milk yield.  Sensitivity 

analysis showed that significant improvement in SH herd profitability can be achieved by 

increasing the price of milk or by using cheaper feeds. A higher milk price can be realized by 

selling to more lucrative markets or adding value to the milk. Research to investigate the use 

of cheaper, and nutritious feeds may also contribute towards improved profitability of SH dairy 

herds.  

5.4.2. Live weight 

There is a strong justification for the inclusion of live weight as a breeding objective for dairy 

cattle (Visscher et al., 1994; Kahi & Nitter, 2004; Banga et al., 2014). This is mainly due to its 

effect on maintenance costs. The marginal increase in revenue associated with an increase in 

cow mature live weight was due to the additional income from culled animals. There is, 

however, a substantial escalation in maintenance costs associated with increase in cow live 

weight, which outweighed the corresponding gains in revenue. Thus, herd gross margins 

decreased as cows’ live weight increased. This concurred with other previous studies (Groen, 

1989; Banga et al., 2014; Wahinya et al., 2015), and was a result of higher feed costs associated 

with the rise in energy requirements for maintenance. Spelman & Garrick (1997) and Lopez-
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Villalobos et al. (2000) also reported that smaller cows were more profitable under a pasture-

based feeding system.  

The breakeven point for cow live weight was 500 kg, indicating that it would not be 

economically viable to farm with cows exceeding this weight under the smallholder dairy 

production system. Feeding levels in the smallholder production system are generally low, and 

consequently, the higher maintenance requirements associated with larger cows result in little 

energy being available for milk production, and other physiological needs.  

5.4.3. Reproductive performance 

Reproductive performance is one of the major determinants of dairy herd profitability 

(Esslemont & Peeler, 1993; Giordano et al., 2011). Age at first calving (AFC), and calving 

interval (CI) are commonly used indicators of cow reproductive performance. These two traits 

are influenced by, among other factors, the management, and feeding of heifers and cows 

(Ribeiro et al., 2008; Crowe et al., 2018). Given the available data, the model used in the 

current study was only able to account for the economic effects of AFC, and CI on maintenance 

requirements (nutrient energy).  

5.4.3.1. Age at first calving  

Increasing AFC from 29 months (base situation) by 30 days resulted in a 13.7% reduction in 

gross margins. This negative economic effect of increasing AFC has been reported previously, 

and may be attributed to increased costs of rearing heifers (Kahi & Nitter, 2004; Meyer et al., 

2004; SeyedSharifi et al., 2013). Reducing AFC below the current average (i.e. 29 months) 

would be a good management option towards the improvement of SH dairy herd profitability. 

A considerable increase in gross margins of R446.70/cow/year (27.5%) would be realized by 

reducing AFC by 60 days. A reduction in AFC to 27 months or less was also found to have a 

large economic impact by Pirlo et al. (2000) and Krpálková et al. (2014) as it would allow for 

optimal savings in heifer rearing costs. An added advantage of lower AFC, though not 

accounted for in the current model, is an increase in the number of productive days in a cow's 

lifetime (Ettema & Santos, 2004; Zavadilová & Štípková, 2013 Wathes et al., 2014).  

Reducing AFC is a complex, and challenging task. From a breeding perspective, it depends on 

the breeders’ decisions, and age at first service, which are in part influenced by genetics (De 

Jong, 1998; Makgahlela et al., 2008; Cooke et al., 2013), and nutrition (Heinrichs et al., 1993; 

Tozer & Heinrichs, 2001; Penev et al., 2014). Due to the available additive genetic variation 

in age at puberty (Makgahlela et al., 2008; Ghiasi et al., 2011; Kelleher et al., 2016), selection 
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could be used along with proper nutrition to achieve early calving in heifers. Proper nutrition 

is essential as it will improve body condition, and enhance growth and development of the 

reproductive system (Penev et al., 2014).  

5.4.3.2. Calving interval 

Increasing calving interval was associated with a decrease in gross margins, which is in 

agreement with several other studies (Veerkamp et al., 2002; Inchaisri et al., 2011; Do et al., 

2013; Krpálková et al., 2017). These results reflected a confounding economic effect of longer 

calving interval on herd profitability. An increase in CI, irrespective of herd production level, 

increase cows’ maintenance cost, as explained by Banga et al. (2014).       

Sensitivity analysis, however, indicated that the profitability of shorter CI was eroded by a drop 

in the milk price or increase in the price of feed.  For example, if the price of milk is reduced 

to R4.10/l, herd profitability would only be realized with a calving interval equal to or less than 

420 days. Factors such as high milk price, and lower feed cost may relatively dilute the effects 

of different levels of CI, and improve herd profitability.  

The widely recommended CI for profit maximization is 365 days (Esslemont et al., 2001; 

Evans et al., 2006; Ribeiro et al., 2012). Thus, there is much room for improving CI in 

smallholder dairy herds in South Africa, from the current average of 420 days. This can be 

achieved through improved feeding, and breeding management, particularly during the 

transition period, to ensure early re-conception of cows. Poor feeding, on the other hand, leads 

to a deterioration in the cow’s body condition, a delay in normal ovarian cyclicity, and an 

inhibition of follicular growth, and maturity (Butler, 2001; Llewellyn et al., 2007; Berry et al., 

2016).   

5.4.4. Replacement rate 

Generally, replacement is intended to compensate for both voluntary, and involuntary culling, 

in order to maintain the herd size at a steady state or introduce improved genetics in the herd. 

A comprehensive analysis of reasons for replacement of cows under the smallholder production 

system was difficult due to a lack of appropriate data. Hence, in the present study, replacement 

was assumed to compensate for losses owing to both voluntary, and involuntary culling, so as 

to maintain herd size at a steady state.  

Replacement rate is an indicator of cow longevity. A change in replacement rate (i.e. increased 

or decreased longevity) influences profitability through its effects on herd structure, and milk 
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yield. Low culling rates are a reflection of high cow longevity, which positively impacts on 

herd profitability. Increased cow longevity was previously associated with higher profit in the 

high-input dairy cattle production system in South Africa (Banga et al., 2013). The positive 

economic impact of increased longevity is mainly due to: i) an increase in average herd milk 

yield as a result of a larger proportion of higher producing older cows, ii) lower cost of energy 

requirements for growth due to a reduction in the proportion of younger cows, and iii) lower 

heifer rearing costs prompted by the reduced number of replacements needed to maintain the 

herd in a steady state (Kahi & Nitter, 2004; Banga et al., 2013; Liang & Cabrera, 2015).  

High culling rates (i.e. lower longevity) reduced revenue through an increased proportion of 

younger cows within the herd. The revenue lost due to high culling is generally not 

compensated for by the gains from the sale of cull cows. Thus, high replacement rate is a risk 

to smallholder dairy herd profitability. This risk is particularly high when the milk price is low 

and/or the feed price is high, as demonstrated by the sensitivity analysis. Smallholder dairy 

farmers should, therefore, adopt management strategies to minimize replacement (i.e. prolong 

cow longevity). A sound approach is to use cows that are better adapted to the relatively harsh 

smallholder production system.  

5.4.5. Herd size   

Capital investment costs were not included in this analysis, and the focus was on comparing 

different herd sizes, given a constant set of fixed costs (e.g. labour, mortgage/rent, equipment 

maintenance, electricity and transport), and with feed costs as the main variable cost. Larger 

herd size was associated with higher profitability per cow, primarily due to the dilution of fixed 

costs with increasing herd size. This result supported economies of scale for the improvement 

of smallholder dairy herd profitability, which was in agreement with some previous studies 

(Von Keyserlingk et al., 2013; Krpálková et al., 2016), and consistent with the current trend 

within the dairy industry (Thornton, 2010; Lacto data, 2019). Increasing cow numbers would, 

however, not be an easy strategy to improve SH dairy herd profitability, as it would require 

considerable capital outlay; thus, it should be considered with caution. It may also cause land 

degradation, since smallholder dairy farming relies mainly on natural pastures (Thornton, 

2010).  Increasing revenue through improved cow performance is, therefore, a more appealing 

option to improve herd profitability for smallholder dairy farmers. 
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5.4.6. Feeding systems 

Generally, dairy cattle farmers rely on different feed sources to formulate their feeding systems, 

which directly influence cows’ performance, and eventually herd profitability. Under the 

natural pasture-based system, farmers often have to provide additional feed as a supplement to 

improve milk production (Roche et al., 2006). It was, therefore, necessary to evaluate the 

effects of different supplementary feeds on the pasture-based smallholder system. The results 

provide information that may assist SH farmers to adopt feeding strategies that will improve 

the biological, and financial performance of their herds. Four different feeding systems were 

simulated to determine their comparative effects on herd profitability. The substitution rule was 

applied to the base situation, to form alternative feeding systems, for simplicity, and ease of 

adoption.  

The feeding system based on pasture only (P) had the lowest total production costs, and 

revenue; however it was unprofitable, with gross margins of -R871.00/cow/year. The highest 

production costs were incurred when pasture was supplemented with concentrate only (PC). In 

terms of profitability, PC had the highest gross margins (R1 712.20), followed by PSC (R1 

626.60), then PS (R754.80).  Similar economic effects of different feeding systems were also 

observed in earlier research by Tozer et al. (2003), Aguilar-Pérez et al. (2009), and Ashfield et 

al. (2014).  

The different feeding systems varied in nutritional (ME) content; hence they elicited variable 

levels of milk production. Dietary energy is an essential factor affecting the dairy cow’s 

metabolic ability for maintenance, growth, pregnancy, and milk production (ARC, 1980; 

AFRC, 1993; Macdonald et al., 2017) as used in the current model. The dietary energy 

consumed by a dairy cow is inherently directed to fulfill maintenance requirements prior to 

milk production, and other physiological activities (Bauman et al., 1980; Lucy, 2000). 

Consequently, the production potential of dairy cows cannot be fully expressed in a situation 

with a limited supply of energy, such as the P system.  The negative gross margin for the P 

system is therefore a reflection of its poor feed quality that resulted in exceptionally low milk 

yield.  

Milk production increased with supplementation of pasture with silage only (PS), silage plus 

concentrate (PSC), and concentrate only (PC), due to increased availability of metabolisable 

energy for milk production. Cows on the PC system produced 2.8% more milk than those on 

the PSC system. Conversely, milk yield under the PSC system was 42.4%, and 16.8% higher 
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than on the P, and PS systems, respectively. The value of the additional milk produced more 

than compensated the cost of supplementation; hence the increase in gross margins. Pasture 

plus concentrate (PC), and PSC feeding systems was economically more resilient as shown by 

sensitivity analysis. Supplementation of natural pasture with silage (PS) may be the only 

supplementation option for farmers who cannot afford concentrates. This system resulted in 

lower production costs but lower gross margins compared to PSC, and PC.  

5.4.7. Breeding methods:  

Dairy farmers may use either a natural service bull or artificial insemination (AI) to maintain 

their production process. Despite the benefits of AI, its adoption remains low among 

smallholder dairy farmers in developing countries. For example, in a study carried out in 

Zambia, it was reported that, depending on the province, only between 22% and 35.1% of 

smallholder farmers used AI (Kawambwa et al., 2014). The presumed high cost of AI was cited 

as one of the reasons behind its low adoption (Mwanga et al., 2019). The current study therefore 

aimed to compare the impact of using natural service bulls vs. AI on smallholder herd 

profitability. This knowledge may contribute in guiding smallholder farmers to decide on an 

appropriate breeding practice that would increase their herd profitability.  

In the current study, a herd using artificial insemination attained higher annual gross margins 

(R1 999/cow/year) than NS (R1 627/cow/year), when the insemination rate was 2 

inseminations per conception ,which represents a 22.9 % economic advantage. Similar 

economic advantages of AI over NS service were reported by Valergakis et al. (2007), and 

Lima et al. (2010). The high cost of acquiring, and feeding a breeding bull was identified as 

one the major constraint when using natural service (Ribeiro et al., 2012). 

However, an increase in the number of AI services per conception could shift the economic 

advantage towards NS, as observed in the current study. A higher number of inseminations per 

conception increased the production costs, and resulted in a downward trend in gross margins 

from R1 627/cow/year in the base herd (NS) to R649/cow/year for a herd with an average of 4 

AI services per conception. The high costs associated with the need for many AI inseminations 

per conception, often forces smallholder farmers to opt for natural service (Murage & Ilatsia, 

2011; Ojango et al., 2017).  It can therefore be suggested that the introduction of services such 

as training of smallholder farmers on AI and subsidization of AI semen, would be necessary to 

capitalize on the benefits of AI.  
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5.4.8. Source of replacement heifers: 

Selecting the source of replacement heifers is a strategic management decision that influences 

herd profitability. Buying-in replacement heifers resulted in a cost saving of about 2.5% 

compared to raising them. The main reason for this difference was the high feeding costs 

associated with raising calves, which could range between at 48.5 to 64% of the heifer’s rearing 

costs (Gabler et al., 2000; Boulton et al., 2015). When the feed price decreased from R5.60 to 

R4.50 per kgDM, raising replacement heifers became more profitable than buying in 

replacement heifers. Practically, this is difficult to achieve as cheaper and good quality feed is 

not often readily available to smallholder farmers (Bebe 2003; Ojango et al., 2017).  

The evaluation of herd replacement strategies also considered the genetic quality of 

replacement heifers, in terms of milk production potential. This is because heifers’ milk yield 

has a direct impact on herd profitability through its effect on first lactation milk yield, and herd 

lifetime productivity (Le Cozler et al., 2008; Heinrichs et al., 2013; Liang & Cabrera, 2015). 

As expected, the advantage of herd replacements was bigger if bought-in heifers were of higher 

genetic quality than those raised on farm. Good quality heifers, however, tend to be more 

expensive, which presents a challenge to SH farmers. 

5.5. Conclusion and recommendations 

The aim of this study was to evaluate alternative herd production models for the improvement 

of SH dairy herd profitability in South Africa, using a normative, and deterministic herd model. 

Models were based on the current production environment within the smallholder dairy cattle 

production system in South Africa. The results of this research may, however, also be of use in 

decision making in other smallholder dairy production systems in Sub-Saharan Africa. The 

current study has revealed that profitability of SH dairy herds can significantly be influenced 

by cow performance, and management practices. In general, the models were found to be 

sensitive to the prices of milk, and feed. This was expected, since milk is the major contributor 

to income, and feed is the main variable cost. Thus, besides aiming for sound cow performance , 

and optimal management practices, SH farmers need to explore markets with higher milk prices 

as well as source cheaper feeds. Based on the model developed in the current study,  it can be 

concluded that low milk yield (volume), large cow body size, late AFC, longer CI, and high 

replacement rate have a negative impact on SH dairy herd profitability. The best models for 

improvement of SH dairy herd profitability, based on a combination of factors considered in 

the current study, may be summarized as follows:  
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 Farmers need to improve individual animal performance through higher milk yields in 

order to increase herd profitability. 

 Farmers need to farm with small or medium sized dairy cows to minimize cow 

maintenance costs. 

 Smallholder dairy farmers should properly manage heifer rearing to decrease AFC, as 

well as manage milking cows to reduce CI. Monitoring body condition score to ensure 

that cows maintain satisfactory BCS during, and after pregnancy, is crucial. 

 Farmers should attempt to reduce replacement rate by increasing cows’ longevity. They 

should decrease the percentage of first-lactation cows to increase herd average milk 

production.  

 Smallholder dairy farmers could increase their herd profitability through expansion of 

herd size. Despite the likely benefits of larger herd size, the huge initial capital cost 

would be an obstacle for smallholder famers. The impediments may include the capital 

cost for the purchase of more cows, extra land, and infrastructure such as milking 

facilities. A possible option for applying such a strategy would be through an 

amalgamation of different SH dairy herds under cooperatives or societies. This will 

enhance the opportunity to pool resources from individual farmers.  

 Supplementation of pasture is an important driver in improving SH dairy herd 

profitability.  

 Smallholder farmers can minimize costs by using AI, especially if they can achieve a 

high conception rate per service. Subsidization of an AI program is therefore necessary 

to aid SH dairy farmers to benefit from AI.  

 Buying in replacement heifers is a good strategy for SH farmers to decrease production 

costs and optimize herd profitability.  

 From a practical standpoint, it is unlikely that any single strategy will aid SH dairy 

farmers to fully realize the potential of their herds. It is therefore recommended that the 

different strategies be adopted in combination.  
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CHAPTER VI 

Critical review and Recommendations  

6.1. Introduction 

Cow productivity, and herd profitability are major factors determining the ability of a dairy 

farm to contribute to food security and socio-economic development. Improvement of cow 

productivity, and herd profitability depends on the implementation of appropriate production 

strategies (Oltenacu & Algers, 2005; Doole, 2014; Getaneh et al., 2017). Many of the 

commonly accepted strategies, and interventions may, however, not be suitable for certain 

production systems, such as smallholder farming. There is a general lack of information 

required to support decision making for achieving maximum herd profitability in the South 

African smallholder dairy production system.  

Due to the dynamic, and complex nature of livestock production systems, researchers have 

used a variety of tools to measure livestock productivity, and guide improvement policies. 

Benchmarking, and bio-economic simulation modelling are some of these decision supporting 

tools (Jalvingh, 1993; Banga, 2009; Goni et al., 2015).  

The aim of this thesis was to evaluate alternative management options for the improvement of 

the smallholder dairy cattle production system, using benchmarking, and simulation modelling. 

Three research objectives (Chapters III to V) were formulated, to achieve the main aim of this 

thesis. Firstly, benchmarking was conducted to determine cow productive performance in the 

South African smallholder dairy production system, relative to the high-input commercial 

production system. Secondly, a bio-economic model was developed to mimic, and understand 

the impact of current management practices, and cow performance on the economic 

performance of smallholder dairy herds. Finally, alternative production strategies were 

evaluated for their impact on smallholder dairy herd profitability. The practical implications of 

the results generated, and how they can be utilized to develop the smallholder dairy production 

system, will be discussed in this chapter.  
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6.2. Benchmarking of dairy cows’ performance in low-input smallholder and high-input 

production systems in South Africa  

Benchmarking at a farm level entails developing an understanding of the performance, and 

profitability of the herd operation, through comparison with an appropriate standard within the 

industry. Farmers can thus assess their herd’s performance, detect performance gaps, and adopt 

the best practices for improvement of the enterprise. In South Africa, the primary dairy industry 

is dualistic in nature, ranging from a low-input low-output smallholder production system (SH) 

to a high-input highly productive (H) commercial production system. The H system acted as 

an appropriate standard to which the SH system could be compared to determine its production 

potential. This exercise also served to identify opportunities, or focus areas, for developing the 

commercial SH dairy production system.  

Productive and reproductive performance:  

Both productive, and reproductive performance were inferior for dairy cows in the SH 

production system compared to those in the H system. Cows in the smallholder system 

produced significantly less milk, and milk components than those in the high-input system. 

The poor productive performance of dairy cows in the SH dairy cattle production system was 

also clearly manifested in low-peaking, and flat lactation curves. Additionally, lactation length 

(LL), which is an indicator of lactation persistency (Fadlelmoula et al., 2007), was significantly 

shorter in the SH dairy system compared to the high-input system. These results indicate an 

inadequacy in the productivity, and consequently constrained profitability in the SH system. 

Although several factors, including climate, and disease, may influence dairy cattle production 

performance (Liu et al., 2019), inadequate nutrition was clearly the major reason causing low 

milk production in the studied SH system.  

Dairy cows are genetically subjected to a greater risk of negative energy balance (NEB) 

particularly during the transitional period, around the third trimester, and early lactation period 

(Opsomer, 2015). The extent of the negative energy balance (NEB), and its effects on milk 

production depends on the quantity, and quality of feed offered to the dairy cows (Delaby et 

al., 2009, Remppis et al., 2011, Urdl et al., 2015). Restricted nutrient energy supply during this 

transitional period aggravates body tissue mobilization for cow maintenance, and milk 

production (Alphonsus & Essien, 2012; Maltz et al., 2013). This is manifested by an extreme 

decline in body condition, low peaking, and poorly persisting lactation curves (Němečková et 

al., 2015; Ferland et al., 2018).   

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



122 

 

The poor reproductive performance of the smallholder dairy cows in the current study was 

demonstrated by late AFC, and longer CI. Generally, poor reproductive performance implies 

economic losses (Haworth et al, 2008; Giordano et al., 2011). Late age at first calving and 

longer CI reduce lifetime productivity (milk yield and the number of calves born for 

replacement and sale), and increase production costs through an increase in rearing and 

breeding costs (Ribeiro et al., 2012; Do et al., 2013; Penev et al., 2014).  

The observed late AFC could mainly be attributed to poor feeding, particularly of energy, 

within the SH system. Underfeeding leads to energy deficiency for growth, which in turn 

reduces growth rate, delays age at puberty and increases age at calving in heifers (Bhatti et al., 

2007; Curtis et al., 2018). Nutrient energy deficiency has also been recognized as one of the 

major factors affecting reproductive performance in dairy cows (Drackley & Cardoso 2014; 

Humer et al., 2018). Insufficient nutrient energy for maintenance, milk production, and growth 

reduces nutrient load for reproduction, which leads to postpartum reproductive problems 

(Rodney et al., 2018). It impairs folliculogenesis, uterine involution, and ovulation, causing 

silent heat, and prolongs the interval from calving to conception (Llewellyn et al., 2007; Walsh 

et al., 2011; Crowe et al., 2018).  

Somatic cell count: 

Although milk somatic cell count is one of the most important indicators for monitoring udder 

health and milk quality (Mostert, 2007; Cinar et al., 2015), its value is often overlooked in 

smallholder systems. This may be due to ignorance regarding its importance, as well as the 

absence of an economic incentive attached to this trait under the SH production systems. The 

level of somatic cell count in milk signifies the status of mammary health, with a higher level 

above 200,000 cells/ml indicating an immune response against intra-mammary inflammation 

or infections (Schukken et al., 2003; IDF, 2013).  

The estimated mean SCC for SH herds was higher than the recommended threshold, and also 

higher than that recorded in the high-input system. High SCC levels demonstrate stressful 

conditions related to poor management practices within the SH system. For instance, excessive 

environmental heat or cold, dirty barns and improper milking practices predispose cows to 

inflammation or mammary infections (DeLong et al., 2017; Alhussien & Dang, 2018; Dalen et 

al., 2019; Bach et al., 2020). Therefore, higher levels of SCC suggest increased risk of udder 

damage among SH dairy cows. Damaged udders reduce milk production (Forsbäck, 2010; Li 

et al., 2014; Sabistino et al., 2020), predispose cows to involuntary culling, and finally, increase 
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replacement costs (Sewalem et al., 2006; Hadrich et al., 2018). High SCC may also reduce the 

farm gate price for those SH farmers who may need to access mainstream formal market. This 

is probably because of its negative effect on milk shelf life and flavor (Li et al., 2014; Murphy 

et al., 2016). Thus, SCC is an important management tool that can be used to detect udder 

subclinical infection, avoid production losses and increase herd profitability (DeLong et al., 

2017; Dalen et al., 2019). 

This study has contributed towards identifying the opportunities for improving SH dairy cattle 

farming. These opportunities include improving milk production, age at first calving (AFC) 

and calving interval (CI). Improvement of these performance measures could be realized 

through improved feeding/supplementation (Crowe et al., 2018). Improved feeding 

management will increase milk production, enhance growth and reproductive development in 

heifers for early breeding, before 16 months of age (Heinrichs et al., 2013), and reduce the 

length of the re-conception period in cows to less than 85 days postpartum (Kaewlamun et al., 

2011). Improvement of milk composition quality, as well as somatic cell count, is also 

necessary although these are currently not considered in the milk payment system for 

smallholder producers. Improving these will open up opportunities for the SH farmers to 

improve their milk price by selling directly to processors who require good milk composition 

and hygienic milk.  

6.3. Development of a herd simulation model for the smallholder dairy cattle  production 

system 

The aim of this part of the study was to develop a bio-economic simulation model of a typical 

smallholder (SH) dairy herd in South Africa, in order to evaluate alternative management 

interventions to improve SH dairy herd profitability. A positive, and normative smallholder 

herd model was developed by adapting a herd model that was previously developed for 

evaluation of the high-input commercial dairy production system in South Africa. The basic 

approaches for development of a model were applied (Dent & Anderson, 1971, Reinmuth & 

Dabbert, 2017), and these include the identification of: 

 Major sub-systems 

 Important components, and relationships within each sub-system 

 Association between sub-systems  

 Important environmental variables and  

 Control points (e.g. management) 
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Several herd sub-models were identified and incorporated into the main model, as described in 

Chapter 4. The utility of a dairy herd model lies in its ability to simulate animals’ nutrient 

requirements for maintenance, growth, pregnancy, and lactation/milk production. Nutrient 

requirements were estimated based on the principle of metabolizable energy requirements of 

dairy cows (AFRC, 1993). The model further integrated herd dynamics (e.g. herd structure), 

production costs associated with feeding, and other management aspects, and revenue from the 

sale of outputs, using a profit function. The inclusion of a profit function allowed the economic 

efficiency of each simulated production scenario to be evaluated. The model for an average 

smallholder herd in South Africa (current scenario) produced gross margins of R 1 626.60 per 

cow per year. The developed model generated baseline information on the relationships 

between the biological, and economic components of a typical SH dairy herd. 

This type of herd model is suitable for research designed for supporting planning, and decision-

making. The base model serves as a standard for comparison of individual herds, and a starting 

point for simulation of alternative production options. The biological, and management sub-

models offer the possibility of investigating the impact of alternative production options on 

herd profitability. In order to achieve this, alternative production options were investigated by 

varying cow performance indicators and certain management practices on herd profitability. 

6.4. The effects of alternative herd production options on smallholder dairy herd 

profitability 

An important goal of system analysis is to improve the output across one or more individual 

farms of a given class (Woodward et al., 2008). The benchmarking study and simulation model 

development were conducted to identify potential areas of improvement, in order to achieve 

impact on SH dairy herd profitability. Changes in these areas were simulated in the model, so 

as to evaluate alternative production strategies for the improvement of SH dairy herd 

profitability in South Africa. Alternative production options investigated included varying milk 

yield per cow, cow live weight, heifer’s age at first calving, calving interval, herd size, 

replacement rate, feeding systems, source of replacement heifers, and breeding method. The 

gross margins obtained for each production option were assessed for their sensitivity to the 

prices of milk, and feed. Fluctuations in input and output prices are unpredictable exogenous 

production events that inevitably influence dairy herd profitability (Groen, 1989; Kahi & 

Nitter, 2004; Arriola, 2016); hence, the need to assess their impact on the various production 

options.  
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Milk yield and quality:  

Low milk yield has been identified as one of the main reasons why dairy herds do not make a 

meaningful contribution to the socio-economic livelihoods of smallholder farmers in Sub-

Saharan Africa (Ojango et al., 2017). In the present study, farming was not viable if the milk 

yield dropped below 3 300 l/ cow/year; however, milk yield above 3687.40 l/cow/year was 

sufficient to offset up to a 48% increase in feeding costs. This underscores the importance of 

achieving high levels of milk yield, as a means of ensuring SH dairy herd profitability. High 

milk yield in dairy cattle could be achieved through proper feeding management, and stringent 

health measures such as control of somatic cell count in milk. Proper feeding, particularly 

during the pre-calving period, is a prerequisite for cows to maintain optimum body condition, 

and have sufficient body reserves to enable them to partition more nutrients to the mammary 

gland for milk production (Crookenden et al., 2017; Ferland et al., 2018; Bach et al., 2020). 

Controlling SCC alleviates the potential economic losses associated with high SCC levels, due 

to their effect on milk yield, and quality (Gonçalves et al., 2016; Hadrich et al., 2018; Sabistino 

et al., 2020).  

Cows’ mature live weight: 

Cow mature live weight had a remarkable influence on SH dairy herd profitability. Heavier 

cows were associated with lower profitability, which is attributable to higher feeding costs to 

meet the increase in maintenance requirements. This points to the unsuitability of heavy cows 

for the SH pasture-based production system. Natural pasture-based feeding systems, which are 

predominant in the smallholder system, are typically low in nutritive value. Heavy cows, which 

have high maintenance requirements, are therefore likely to receive limited nutrients to support 

milk production in such a production environment. Such cows are also likely to suffer excessive 

losses in body condition during early lactation, which negatively impacts on milk production 

as well as performance, including an increased risk of reproductive complications (Němečková 

et al., 2015; Ferland et al., 2018; Humer et al., 2018). Hence, smaller cows (less than 450 kg) 

are appealing for the SH production system, as they will improve both biological , and economic 

efficiency. Smaller framed cows required less energy for maintenance, and therefore, less cost, 

and more nutrient energy will be available for other physiological activities.     

Age at first calving and calving interval 

An increase in AFC or CI resulted in a reduction in profitability, due to an increase in 

production costs. The expected economic benefits from earlier AFC include a reduction in 
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rearing costs (decreasing both monetary & managerial loads), earlier income from milk 

production, and the delivery of a calf for replacement or sale (Do et al., 2013). Early AFC, 

below the current average of 29 months, should be a target for SH dairy farmers.  

Dairy herd profitability was affected by calving interval, which is in agreement with several 

other studies (Dono et al., 2013; Krpálková et al., 2016b). Increasing calving interval led to 

higher maintenance costs, resulting in a reduction in herd profitability. This underscores the 

importance of sound reproductive performance in dairy production. Management practices 

should focus on keeping CI close 365 days (one year) for optimum economic performance. A 

major factor requiring attention is nutritional management, as insufficient nutrient energy 

supply is one of the most important factors related to poor reproductive performance. 

Insufficient energy intake during late gestation increases the length of postpartum anestrous, 

increases the incidence of silent heats, reduces subsequent pregnancy rate, and increases days 

dry (Humer et al., 2018; Rodney et al., 2018). Extremely long dry periods (e.g. beyond 85 

days) are associated with high production costs due to an increase in maintenance costs, 

multiple inseminations, and treatments for reproductive failure (Chebel et al., 2018).  

Herd size 

Results of the current study indicate that larger herd size is desirable, as it results in higher 

profitability. This concurs with the views advocating larger herd size for the sake of efficiency 

(Rodriguez et al., 2012; Krpálková et al., 2016a). However, the possibility for increasing herd 

size may be hindered by a shortage of agricultural land, water, grazing areas (Thornton, 2010), 

and the cost of upgrading infrastructure such as milking facilities. Thus, adopting alternative 

strategies such as increasing milk yield, while maintaining the current herd size, could be a 

more practical approach for smallholder farmers.  

Replacement rate 

Replacement rate, in this study, was equal to culling rate, in order to maintain a fixed herd size. 

As replacement rate (RR) increased, the annual herd gross margins decreased. High 

replacement rate is usually caused by high rates of involuntary culling, which mainly result 

from poor biological, and management efficiency (Ansari-Lari et al., 2012; Shalloo et al., 2014 

De Vries & Marcondes, 2020). Common causes of involuntary culling are disease, infertility, 

leg and udder problems, and/or death (Ansari-Lari et al., 2012; Armengol & Fraile, 2018; De 

Vries & Marcondes, 2020).  
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Involuntary culling can be reduced through improved management or genetics. Low 

replacement rate, which implies increased cow longevity, improves lifetime cow performance, 

and increases the opportunity for voluntary culling, such as culling of older cows with low 

producing ability. Smallholder dairy farmers can improve longevity by using animal genotypes 

that are more adapted to their typically harsh environmental conditions.  

Feeding strategies 

In order to become competitive, SH dairy farmers need to be informed regarding different 

feeding strategies, and their impact on animal performance, and herd profitability. Provision of 

supplementary feeds to increase milk production, and profitability is a common practice among 

pasture-based commercial dairy farmers. 

The pasture-based feeding system, supplemented with 2kg DM of concentrate, produced the 

highest gross margins (GM), despite incurring the highest production costs. High GM attained 

for this feeding system was due to the higher level of energy supplied, which led to increased 

milk yield, with the greater revenue exceeding the increase in feed costs. This demonstrates the 

need to feed cows to achieve their production potential, in order to improve profitability, 

although this has cost implications.  Those farmers who cannot afford concentrates can opt for 

silage, as a less expensive feed supplement. 

Breeding methods 

Selection of a suitable breeding method is critical for reproductive management in dairy 

farming. Artificial insemination (AI) is widely used in dairy herds worldwide, due to its 

numerous benefits such as increased rate of genetic gain, eradicating venereal diseases, more 

accurate dry-off dates, reduced incidence of dystocia, and increased safety of farm employees 

(Norman et al., 2003; Vishwanath, 2003; Overton, 2005). Despite these benefits, SH dairy 

farmers mostly use natural service bulls, due to their perceived ease of management, and lower 

cost (Overton, 2005; Mwanga et al., 2019). Besides some disadvantages relative to AI, 

maintaining service sires may pose management challenges such as low libido, risk to 

personnel, and more importantly, impaired herd genetic progress (Ribeiro et al., 2012). 

In this study, AI was generally the more profitable breeding strategy, due to its lower cost. 

However, an increased number of AI services per conception (>3 services/conception) led to 

an escalation in costs, leading to AI becoming more expensive than NS. Thus, AI will become 

more attractive, and economically justifiable for SH dairy farmers only if it is conducted 

efficiently, and achieves high conception rates. Wide adoption of AI by SH farmers could be 
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achieved through subsidization of either the semen or insemination service. Efficient 

application of AI could be realized through training of the SH farmers, and provision of 

effective means to detect heat, such as heat patches.  The success of AI also depends to a large 

extent on the nutritional management of the dairy herd. Poor nutritional management impairs 

reproductive performance, which is manifested in low AI conception rates (Humer et al., 2018; 

Rodney et al., 2018).  

Heifer replacement method 

The source, and quality of replacement heifers are important considerations in a dairy 

operation, as they influence overall herd productivity. Farmers can raise their own 

replacements or buy them in from external sources. These two heifer replacement options, and 

their impact on SH dairy herd profitability, were investigated in the current study. 

 Buying in replacement heifers was more profitable than rearing them on-farm. Rearing heifers 

on farm appeared to be a more expensive option for SH farmers, due to high feeding costs. The 

economic advantage of buying in replacements is greater when the genetic merit of the bought-

in replacement heifers is superior to that of their predecessors. This advantage is, however, 

dependent on the heifers being fed properly, and calving in good body condition in order to 

realize their genetic potential (Le Cozler et al., 2008; Hawkins, 2019). Availability of cheaper 

high quality heifers is therefore essential to improve SH dairy herd productivity, and 

profitability.  In a situation where feed is not expensive, rearing high quality replacement 

heifers, bred through AI, would be a reasonable option. However, rearing replacement heifers 

is also demanding in terms of requirements for good management skills, and appropriate 

infrastructure (Boulton et al., 2015; Hawkins, 2019), which are not always available on 

smallholder farms.  

6.5. General conclusion 

The results generated in this study contribute baseline knowledge that can assist in improving 

the smallholder dairy production system in South Africa, and sub-Saharan Africa in general. 

Benchmarking of the current performance of the smallholder dairy production system, against 

the commercial system, provided knowledge of the areas that require focus, and attention for 

the improvement of smallholder dairy herd profitability. A variety of scenarios within different 

models were simulated, to account for the wide range of production, and management 

environments that are found in Africa, and the profitability of each scenario was assessed. The 

results obtained can serve to support sound smallholder dairy herd management, as well as 
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assist farmers to make informed decisions. This is of vital importance to the development of 

smallholder dairy farming in Sub-Saharan Africa, and will enable the smallholder dairy sector 

to contribute effectively to food security, job opportunities, and livelihoods. The recommended 

management options for improving SH dairy herd profitability are discussed in the following 

section. 

6.6. General recommendations 

Results emphasized the importance of improving SH cow productivity by increasing milk yield 

per cow per year above the current 3687.4 l, as well as reducing AFC below 29 months, and 

CI below 420 days. These interventions will increase SH herd profitability. Early AFC has the 

added advantage of reducing generation intervals, thus expediting genetic gain. These 

improvements could be achieved by using genetically superior animals, and adopting proper 

feeding management practices. Proper feeding is crucial for high producing cows, in order to 

satisfy their maintenance requirements, and ensure that sufficient nutrients are available for 

achieving their potential for milk production. It is also essential to feed heifers properly, so as 

to ensure their optimal growth, for early breeding in order to achieve young age at first calving. 

Sound nutritional management also serves to enhance cow body condition, which is necessary 

for improving productive, and reproductive performance.  

The current feeding system for SH dairy herds could be improved by adopting appropriate 

supplementation programmes.  Supplementation of natural pasture with concentrate, silage, or 

a combination of both, will increase nutrient energy supply, which will improve milk yield, 

and reproductive performance. Although pasture supplementation is expensive, the resultant 

improvement in cow performance would more than compensate the additional costs. 

It is recommended that smallholder dairy farmers use breeds that can provide a balance 

between low production costs, and high milk yield (i.e. breeds that are adapted to the harsh 

smallholder production environment). Cows of small or medium body weight (below 500 kg 

mature live weight) are preferable, as they will minimize maintenance costs. 

Smallholder farmers should embrace sound udder health management practices such as teat 

cleaning, and disinfection of the whole udder, in order to achieve good udder health. This will 

enhance herd profit through minimization of milk loss, and production costs. 

Larger herd size will improve smallholder dairy herd profitability; however, this is difficult as 

it entails high capital investment. Smallholder farmers should focus on improving cow 

longevity, in order to reduce replacement rate. This will improve herd profitability by 
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minimizing replacement costs, and increasing overall herd milk production. Alleviating the 

major causes of involuntary culling such as udder infection, and poor reproductive performance 

provides an opportunity to improve cows’ longevity.  

Provided that it is conducted efficiently, artificial insemination is more profitable, and 

therefore, preferred over natural service. In terms of sourcing herd replacements, it is advisable 

for smallholder farmers to buy-in replacement heifers, instead of raising their own. Besides 

being more cost-effective, buying in heifers provides an opportunity to improve herd genetics 

by ensuring that the replacement heifers are of superior genetic quality.  

Overall, it is recommended that these strategies should be adopted in combination, in order to 

achieve maximum benefits. Continued animal performance recording (e.g. firstly basic 

recording of animal identity, and reproduction records, but also traits such as calving ease, and 

stillbirths, mastitis incidence, number of inseminations, veterinary costs etc.) will be vital for 

the regular, and accurate evaluation of herds’ performance, and profitability. 

Although this falls outside the scope of this study, it is recommended that the results of this 

study be utilized to build policy frameworks for developing the smallholder dairy sector, by 

stakeholders such governments, and non-governmental organizations. These could include 

supporting programmes such as AI, heifer replacement, and supply of production inputs (e.g. 

feed supplements, and veterinary services).  Such policy frameworks would enable SH farmers 

to cope with the high transaction costs associated with purchasing of extra land, infrastructure , 

and supplementary feeding. 

While the results generated in this thesis provide valuable information, further studies are 

needed. Such studies could include, for example, simulating additional scenarios such as one 

where the price of milk is based on volume as well as composition, and hygienic quality. Such 

analyses would be valuable to smallholder farmers who may wish to sell their milk on the 

formal market.   
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Appendix A.1. Age structure, survival, and production per age group for the simulated average smallholder dairy cattle herd of 20 cows in South 

Africa 

 Age 

group 

(parity) Age (months) Number Survival 

Number 

culled 

Milk yield 

(kg/cow/year) Milk yield (l/cow/year) 

Fat yield 

(kg/cow/year) 

Protein 

yield (kg/cow/year) 

Live weight 

(kg) 

 1 29 5.0 0.8 1.0 3606 3501 180 160 413 
 2 43 4.0 1.0 0.0 3814 3703 188 163 439 

 3 57 4.0 0.8 1.0 4046 3928 192 168 447 
 4 71 3.0 0.7 1.0 3970 3854 194 171 449 
 5 84 2.0 0.5 1.0 3781 3671 190 169 450 

 6 97 1.0 1.0 0.0 3613 3507 185 165 450 
 7 110 1.0 0.0 1.0 3404 3305 182 162 450 

Average 3.0 56.7   5.0 3798 3687.4 187.7 165.1 442 
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Appendix B.1. Summary result for the analysis of the milk yield (l/cow/year) production model 

MODEL  AVERAGE HERD MILK YIELD (L/COW/YEAR) 3 134.3 3318.7 3503.1  3 687.4 3871.8  4056.2 4240.5  

SOURCE OF PRODUCTION COST 

Item Cost (ZAR/cow) 

Animal's health  570.0  570.0  570.0  570.0  570.0  570.0  570.0 

Breeding bull   1 272.2 1 272.2 1 272.2 1 272.2 1 272.2 1 272.2 1 272.2 

Feeding (R/head) 12 406.1 12 556.6 12 707.0 12 857.5 13 008.0 13 158.4 13 308.9 

Labor cost 1 146.0 1 146.0 1 146.0 1 146.0 1 146.0 1 146.0 1 146.0 

Electricity   91.0  91.0  91.0  91.0  91.0  91.0  91.0 

Recording and other logistics  235.0  235.0  235.0  235.0  235.0  235.0  235.0 

Transport   289.0  289.0  289.0  289.0  289.0  289.0  289.0 

Total cost 16 009.3 16 159.8 16 310.2 16 460.7 16 611.2 16 761.6 16 912.1 

SOURCE OF INCOME  

Beef sales: 
  

Class No. sold Carcass wt (kg) Price  Price / unit Income (ZAR/herd) Income (ZAR/cow) 

Cull cows 5 216.40 22.5 kg 4 869.0 1 217.3 1 217.3 1 217.3 1 217.3 1 217.3 1 217.3 1 217.3 

yearlings 0.28 164.45 28 kg 4 604.5  64.5  64.5  64.5  64.5  64.5  64.5  64.5 

Bull calves 8.32 
 

510 Individual  4 243.2  212.2  212.2  212.2  212.2  212.2  212.2  212.2 

Sub-total 
 

1 493.9 1 493.9 1 493.9 1 493.9 1 493.9 1 493.9 1 493.9 

Milk sale: 

Average herd milk yield (l/cow/year) 3 134.3 3318.7 3503.1  3 687.4 3871.8  4056.2 4240.5  

Milk price (ZAR)/l 4.5 

 Income (ZAR/cow) 

Sub-total 14 104.4 14 934.1 15 763.7 16 593.4 17 423.1 18 252.8 19 082.4 
 

Total income 15 598.3 16 428.0 17 257.6 18 087.3 18 917.0 19 746.6 20 576.3 
 

GROSS MARGIN (ZAR/COW/YEAR) - 411.0  268.2  947.4 1 626.6 2 305.8 2 985.0 3 664.2 
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Appendix B.2. Summary result for the analysis of the live weight (kg) production model 

MODEL  MATURE COW LIVE WIGHT (KG) 382.5  405.0 427.5  450.0 472.5  495.0 517.5  

SOURCE OF PRODUCTION COST  

Item Cost (ZAR/cow) 

Animal's health  570.0  570.0  570.0  570.0  570.0  570.0  570.0 

Breeding bull   1 272.2 1 272.2 1 272.2 1 272.2 1 272.2 1 272.2 1 272.2 

Feeding (R/head) 10 530.1 11 306.0 12 080.1 12 857.5 13 625.5 14 398.2 15 171.7 

Labor cost 1 146.0 1 146.0 1 146.0 1 146.0 1 146.0 1 146.0 1 146.0 

Electricity   91.0  91.0  91.0  91.0  91.0  91.0  91.0 

Recording and other logistics   235.0  235.0  235.0  235.0  235.0  235.0  235.0 

Transport   289.0  289.0  289.0  289.0  289.0  289.0  289.0 

Total cost 14 133.3 14 909.2 15 683.3 16 460.7 17 228.7 18 001.4 18 774.9 
 

SOURCE OF INCOME  

Beef sales: 

Class No. sold Carcass Wt (kg) Price 

(ZAR) 

Price / unit Income (ZAR/herd) Income (ZAR/cow) 

Cull cows 5 183.9 22.5 R/kg 4138.3 1 034.6 1 095.5 1 156.4 1 217.3 1 278.1 1 339.0 1 399.9 

yearlings 0.28 139.5 28.0 R/kg 3907.2  54.7  58.0  61.2  64.5  67.7  70.9  74.2 

Bull calves 8.32 
 

510.0 Individual  4243.2  212.2  212.2  212.2  212.2  212.2  212.2  212.2 

Sub-total 1 301.4 1 365.6 1 429.7 1 493.9 1 558.0 1 622.1 1 686.2 

Milk sale: 

Average milk yield (l/cow/year) 3 687.4 3 687.4 3 687.4 3 687.4 3 687.4 3 687.4 3 687.4 

Milk price (ZAR)/l 4.5 

 Income (ZAR/cow) 

Sub-total 16 593.4 16 593.4 16 593.4 16 593.4 16 593.4 16 593.4 16 593.4 
 

Total income 17 894.8 17 959.0 18 023.1 18 087.3 18 151.4 18 215.5 18 279.6 
 

GROSS MARGIN (ZAR/COW/YEAR) 3 761.6 3 049.7 2 339.8 1 626.6  922.7  214.1 - 495.3 
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Appendix B.3. Summary result for the analysis of the age at first calving (months) model 

MODEL AGE AT FIRST CALVING (MONTHS) 27 28 29 30 31 

SOURCE OF PRODUCTION COST  

Item Cost (ZAR/cow) 

Animal's health  570.0  570.0  570.0  570.0  570.0 

Breeding bull   1 272.2 1 272.2 1 272.2 1 272.2 1 272.2 

Feeding (R/head) 12 407.0 12 632.5 12 857.5 13 082.1 13 306.2 

Labor cost 1 146.0 1 146.0 1 146.0 1 146.0 1 146.0 

Electricity   91.0  91.0  91.0  91.0  91.0 

Recording and other logistics   235.0  235.0  235.0  235.0  235.0 

Transport   289.0  289.0  289.0  289.0  289.0 

Total cost 16 010.2 16 235.7 16 460.7 16 685.3 16 909.4 
 

SOURCE OF INCOME  

Beef sales: 

Class No. sold Carcass Wt (kg) Price (ZAR) Price/unit Income (ZAR/herd) Income (ZAR/cow) 

Cull cows 5  216.4 22.5 R/kg 4 869.0 1 217.3 1 217.3 1 217.3 1 217.3 1 217.3 

yearlings 0.28  154.8 28 R/kg 4 333.6  60.7  62.6  64.5  66.2  67.8 

Bull calves 8.32 
 

510 Individual  4 243.2  212.2  212.2  212.2  212.2  212.2 

Sub-total 1 490.1 1 492.1 1 493.9 1 495.6 1 497.2 

Milk sale: 

Average milk yield (l/cow/year) 3 687.4 3 687.4 3 687.4 3 687.4 3 687.4 

Milk price (ZAR)/l 4.5 

 Income (ZAR/cow) 

Sub-total 16 593.4 16 593.4 16 593.4 16 593.4 16 593.4 
 

Total income 18 083.5 18 085.5 18 087.3 18 089.0 18 090.6 
 

GROSS MARGIN (ZAR/COW/YEAR) 2 073.3 1 849.8 1 626.6 1 403.7 1 181.1 
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Appendix B.4. Summary result for the analysis of the calving interval (days) model 

MODEL CALVING INTERVAL  (DAYS) 360  390  420  450  480 

SOURCE OF PRODUCTION COST  

Item Cost (ZAR/cow) 

Animal's health  570.0  570.0  570.0  570.0  570.0 

Breeding bull   1 272.2 1 272.2 1 272.2 1 272.2 1 272.2 

Feeding (R/head) 12 312.2 12 528.9 12 857.5 13 186.1 13 402.7 

Labor cost 1 146.0 1 146.0 1 146.0 1 146.0 1 146.0 

Electricity   91.0  91.0  91.0  91.0  91.0 

Recording and other logistics   235.0  235.0  235.0  235.0  235.0 

Transport   289.0  289.0  289.0  289.0  289.0 

Total cost 15 915.4 16 132.1 16 460.7 16 789.3 17 005.9 
 

SOURCE OF INCOME  

Beef sales: 

Class No. sold Carcass Wt (kg) Price (ZAR) Price / unit Income (ZAR/herd) Income ((ZAR)/cow) 

Cull cows 5  216.0 22.5 R/kg 4 861.1 1 215.3 1 216.3 1 217.3 1 218.2 1 219.0 

yearlings 0.28  164.4 28 R/kg 4 604.5  64.5  64.5  64.5  64.5  64.5 

Bull calves 8.32 
 

510 Individual  4 243.2  212.2  212.2  212.2  212.2  212.2 

Sub-total 1 491.9 1 492.9 1 493.9 1 494.8 1 495.6 

Milk sale: 

Average milk yield (l/cow/year) 3 687.4 3 687.4 3 687.4 3 687.4 3 687.4 

Milk price (ZAR)/l 4.5 
    

 Income (ZAR/cow) 

Sub-total 

 

16 593.4 16 593.4 16 593.4 16 593.4 16 593.4 

      

Total income 18 085.3 18 086.3 18 087.3 18 088.2 18 089.1 
 

GROSS MARGIN (ZAR/COW/YEAR) 2 169.9 1 954.3 1 626.6 1 298.9 1 083.1 
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Appendix B.5. Summary result for the analysis of the herd size (number of individual cows per herd) model 

MODEL HERD SIZE 10 15 20 25 30 

SOURCE OF PRODUCTION  

Item Cost 

(ZAR/cow) 

    

Animal's health  570.0  570.0  570.0  570.0  570.0 

Breeding bull   1 272.2 1 272.2 1 272.2 1 272.2 1 272.2 

Feeding (R/head) 12 584.3 12 766.4 12 857.5 12 912.1 12 948.6 

Labor cost 1 146.0 1 146.0 1 146.0 1 146.0 1 146.0 

Electricity   91.0  91.0  91.0  91.0  91.0 

Recording and other logistics   235.0  235.0  235.0  235.0  235.0 

Transport   289.0  289.0  289.0  289.0  289.0 

Total cost 16 187.5 16 369.6 16 460.7 16 515.3 16 551.8 
 

SOURCE OF INCOME 

Beef sales: 

Class No. sold Carcass Wt (kg) Price (ZAR) Price/unit Income (ZAR/herd) Income (ZAR/cow) 

Cull cows 2.5  216.4 22.5 R/kg 4 869.0 1 217.3 1 217.3 1 217.3 1 217.3 1 217.3 

yearlings -2.02  164.4 28.0 R/kg 4 604.5 - 930.1 - 267.1  64.5  263.4  396.0 

Bull calves 3.12 
 

510.0 Individual  1 591.2  159.1  194.5  212.2  222.8  229.8 

Sub-total  446.3 1 144.7 1 493.9 1 703.4 1 843.1 

Milk sale: 
     

Average milk yield (l/cow/year) 3 687.4 3 687.4 3 687.4 3 687.4 3 687.4 

Milk price (ZAR)/l  4.5 

 Income (ZAR/cow) 

Sub-total 16 593.4 16 593.4 16 593.4 16 593.4 16 593.4 
 

Total income 17 039.7 17 738.1 18 087.3 18 296.8 18 436.5 

  

GROSS MARGIN (ZAR/COW/YEAR)  852.2 1 368.5 1 626.6 1 781.5 1 884.7 
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Appendix B.6. Summary result for the analysis of the replacement rate model 

MODEL REPLACEMENT  RATE 21.3%   22.5%   23.8%   25%   26.3%   27.5%   28.8%  

SOURCE OF PRODUCTION COST (ZAR) 

Item Cost (ZAR/cow) 

Animal's health  570.0  570.0  570.0  570.0  570.0  570.0  570.0 

Breeding bull   1 272.2 1 272.2 1 272.2 1 272.2 1 272.2 1 272.2 1 272.2 

Feeding (R/head) 12 302.3 12 485.5 12 556.6 12 857.5 13 038.3 13 219.2 13 392.9 

Labor cost 1 146.0 1 146.0 1 146.0 1 146.0 1 146.0 1 146.0 1 146.0 

Electricity   91.0  91.0  91.0  91.0  91.0  91.0  91.0 

Recording and other logistics   235.0  235.0  235.0  235.0  235.0  235.0  235.0 

Transport   289.0  289.0  289.0  289.0  289.0  289.0  289.0 

Total cost 15 905.5 16 088.7 16 159.8 16 460.7 16 641.5 16 822.4 16 996.1 
 

SOURCE OF INCOME  

Beef sales: 

Class No. sold Carcass Wt (kg) Price 

(ZAR) 

Price/unit Income (ZAR/herd) Income (ZAR/cow) 

Cull cows 4.25  219.8 22.5 R/kg 4 945.1 1 050.8 1 105.8 1 160.5 1 217.3 1 272.0 1 326.8 1 379.9 

yearlings 1.03  164.4 28 R/kg 4 604.5  237.1  179.6  122.0  64.5  6.9 - 50.6 - 108.2 

Bull calves 8.32 
 

510 Individual  4 243.2  212.2  212.2  212.2  212.2  212.2  212.2  212.2 

Sub-total 1 500.1 1 497.5 1 494.7 1 493.9 1 491.1 1 488.3 1 483.8 

Milk sale: 

Average milk yield (l/cow/year) 3 699.7 3 695.9 3 691.7 3 687.4 3 683.2 3 679.0 3 675.1 

Milk price (ZAR)/l  4.5 
      

 Income (ZAR/cow) 

Sub-total 16 648.7 16 631.4 16 612.4 16 593.4 16 574.5 16 555.5 16 537.9 
 

Total income 18 148.8 18 128.9 18 107.2 18 087.3 18 065.6 18 043.8 18 021.8 
 

GROSS MARGIN (ZAR/COW/YEAR) 2 243.3 2 040.2 1 947.4 1 626.6 1 424.0 1 221.4 1 025.7 
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Appendix B.7. Summary result for the analysis of the feeding system (number of individual cows per herd) model  

MODEL FEEDING SYSTEM Pure-pasture Pasture plus 

silage 

Pasture plus  

concentrate 

Pasture and concentrate plus  

silage 

SOURCE OF PRODUCTION COST 

Item Cost (ZAR/cow) 

Animal's health  570.0  570.0  570.0  570.0 

Breeding bull   1 272.2 1 272.2 1 272.2 1 272.2 

Feeding (R/head) 8 319.5 10 941.6 13 236.6 12 857.5 

Labor cost 1 146.0 1 146.0 1 146.0 1 146.0 

Electricity   91.0  91.0  91.0  91.0 

Recording and other logistics   235.0  235.0  235.0  235.0 

Transport   289.0  289.0  289.0  289.0 

Total cost 11 922.7 14 544.8 16 839.8 16 460.7 
 

SOURCE OF INCOME  

Beef sales: 

Class No. sold Carcass Wt (kg) Price (ZAR) Price/unit Income (ZAR/herd) Income (ZAR/cow) 

Cull cows 5  216.4 22.50 R/kg 4 869.0 1 217.3 1 217.3 1 217.3 1 217.3 

yearlings 0.28  164.4 28 R/kg 4 604.5  64.5  64.5  64.5  64.5 

Bull calves 8.32 
 

510 individual 4 243.2  212.2  212.2  212.2  212.2 

Sub-total 1 493.9 1 493.9 1 493.9 1 493.9 

Milk sale: 

Average milk yield (l/cow/year) 2 124.0 3 067.9 3 790.7 3 687.4 

Milk price (ZAR)/l 4.5 
   

 Income (ZAR/cow) 

Sub-total 9 557.8 13 805.7 17 058.0 16 593.4 

  

Total income 11 051.7 15 299.6 18 551.9 18 087.3 
 

GROSS MARGIN (ZAR/COW/YEAR) - 871.0  754.8 1 712.2 1 626.6 
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Appendix B.8. Summary result for the analysis of the model for breeding methods 

MODEL BREEDING METHODS: natural services (NS) vs artificial insemination (AI) Natural service AI_1s AI_2s AI_3s AI_4s 

SOURCE OF PRODUCTION COST 

Item Cost (ZAR/cow) 

Animal's health  570.0  570.0  570.0  570.0  570.0 

Breeding bull   1 272.2  450.0  900.0 1 350.0 1 800.0 

Feeding (R/head) 12 857.5 12 857.5 12 857.5 12 857.5 12 857.5 

Labor cost 1 146.0 1 146.0 1 146.0 1 146.0 1 146.0 

Electricity   91.0  91.0  91.0  91.0  91.0 

Recording and other logistics   235.0  235.0  235.0  235.0  235.0 

Transport   289.0  289.0  289.0  289.0  289.0 

Total cost 16 460.7 15 638.5 16 088.5 16 538.5 16 988.5 
 

SOURCE OF INCOME  

Beef sales: 

Class No. sold Carcass Wt (kg) Price (ZAR) Price/unit Income (ZAR/herd) Income (ZAR/cow) 

Cull cows 5  216.4  22.5 R/kg 4 869.0 1 217.3 1 217.3 1 217.3 1 217.3 1 217.3 

yearlings 0.28  164.4  28.0 R/kg 4 604.5  64.5  64.5  64.5  64.5  64.5 

Bull calves 8.32 
 

 510.0 Individual  4 243.2  212.2  212.2  212.2  212.2  212.2 

Sub-total 1 493.9 1 493.9 1 493.9 1 493.9 1 493.9 

Milk sale: 

Average milk yield (l/cow/year) 2 124.0 3 067.9 3 790.7 3 687.4 3 687.4 

Milk price (ZAR)/l  4.5 
    

 Income (ZAR/cow) 

Sub-total 16 593.4 16 593.4 16 593.4 16 593.4 16 593.4 
 

Total income 18 087.3 18 087.3 18 087.3 18 087.3 18 087.3  

GROSS MARGIN (ZAR/COW/YEAR) 1 626.6 2 448.8 1 998.8 1 548.8 1 098.8 
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Appendix B.9. Summary result for the analysis of the model for source of replacement heifers  

MODEL  SOURCE OF REPLACEMENT HEIFERS Raised buying-in 

AVERAGE FIRST LACTATION MILK YIELD (L/COW/YEAR) 3 452.6  3 501.2

  

3 549.7

  

3 452.6

  

3 501.2  3 549.7 

SOURCE OF PRODUCTION COST  

Item Cost (ZAR/cow) 

Animal's health  570.0  570.0  570.0  570.0  570.0  570.0 

Breeding bull   1 272.2 1 272.2 1 272.2 1 272.2 1 272.2 1 272.2 

Feeding (R/head) 12 847.6 12 857.5 12 867.4 12 440.5 12 450.4 12 460.3 

Labor cost 1 146.0 1 146.0 1 146.0 1 146.0 1 146.0 1 146.0 

Electricity   91.0  91.0  91.0  91.0  91.0  91.0 

Recording and other logistics   235.0  235.0  235.0  235.0  235.0  235.0 

Transport   289.0  289.0  289.0  289.0  289.0  289.0 

Total cost 16 450.8 16 460.7 16 470.6 16 043.7 16 053.6 16 063.5 
 

SOURCE OF INCOME  

Beef sales: 

Class No. sold Carcass Wt (kg) Price (ZAR) Price/unit Income (ZAR/herd) Income (ZAR/cow) 
     

Cull cows 5 216.402 22.5 R/kg 4 869.0 1 217.3 1 217.3 1 217.3 1 217.3 1 217.3 1 217.3 

yearlings 0.28 164.4464 28 R/kg 4 604.5  64.5  64.5  64.5  64.5  64.5  64.5 

Bull calves 8.32 
 

510 Individual 4 243.2  212.2  212.2  212.2  212.2  212.2  212.2 

Sub-total 1 493.9 1 493.9 1 493.9 1 493.9 1 493.9 1 493.9 

Milk sale: 
           

Average herd milk yield (l/cow/year) 3 675.3 3 687.4 3 699.6 3 675.3 3 687.4 3 699.6 

Milk price (ZAR)/l 4.5 
     

 Income (ZAR/cow) 

Sub-total 16 538.8 16 593.4 16 648.0 16 538.8 16 593.4 16 648.0 
 

Total income 18 032.7 18 087.3 18 141.9 18 032.7 18 087.3 18 141.9 
 

GROSS MARGIN (ZAR/COW/YEAR) 1 581.9 1 626.6 1 671.3 1 989.0 2 033.7 2 078.4 
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