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ABSTRACT

The goal of the article is to implement the CTR Dairy model using the Visual Basic for Application 
(VBA) language of Microsoft Excel. CTR Dairy is a dynamic simulation model for grazing lactating 
dairy cows that predicts milk production and profit over feeding based on ruminal digestion and 
absorption of nutrients under discontinuous feeding schedules. The CTR Dairy model was originally 
developed as a research tool using a proprietary computer simulation software called SMART that 
required the SMART client to run the program. As SMART software is now discontinued, and its 
client is no longer available, rewriting the model in the VBA language using Microsoft Excel for 
inputs and outputs makes the program available to a broad range of users including dairy farmers, 
extension advisors, dairy nutrition consultants and researchers. Dairy farmers can use the new version 
of the CTR Dairy program to manipulate the herbage allowance and the access time to the grazing 
paddock, as well as the timing of supplemental feeding, to improve the utilization of the pasture and 
to increase the production of the milk.
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INTRODUCTION

CTR Dairy is a dynamic simulation model for grazing lactating dairy cows that predicts milk 
production and profit over feeding based on ruminal digestion and absorption of nutrients under 
discontinuous feeding schedules. The following biological background is based on Chilibroste (2008). 
While most rumen simulation models assume relatively ‘steady state’ conditions, the practical need for 
models that can represent discontinuous feeding regimes, caused by not feeding cattle totally mixed 
rations (TMR) that cause rumen pool sizes to vary with time of the day, was highlighted (Dijkstra 
et al., 2005). Compared with continuous feed input, discontinuous feeding may result in distinctly 
different profiles of non-glucogenic to glucogenic volatile fatty acids (VFA) and rumen pH values 
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that could temporarily negatively affect fiber degradation. Moreover, deviations from widely used 
Monod-equations, that represent microbial substrate utilization and growth in most metabolic models, 
may be transient conditions of the rumen ecosystem (Dijkstra et al., 2002).

In modern dairy management systems, it has become common to offer cows feed on an ad libitum 
basis. Confined cows are often kept in loose housing systems and, to prevent feed selection, are offered 
a TMR. Thus, feed intake becomes relatively independent of individually expressed intake behavior 
as the management objective is to make intake behavior a function of the diet, rather than of the 
animal. This contrasts to foraging cattle, where animal selection is integral to behaviour. Providing 
nutritionally balanced diets for foraging cattle is generally achieved by supplementing pasture with 
feed supplements at various times of the day. Cattle foraging behavior, and their strategies to obtain 
a balanced nutrient profile in pastoral ecosystems, are determined by their short and long-term 
physiological state, pasture availability, as well as the feeding level and type of supplements (Chilibroste 
et al., 2005). Feed intake behavior of cattle is characterized by alteration, during the day, of eating, 
rumination, rest and social activities (Gibb et al., 1997). Factors that control eating and grazing time 
are less well understood than factors that control intake rate, such as bite mass, time per bite and the 
ratio between prehension and manipulation of jaw movements (Chilibroste, 1999; Laca et al., 1994). 
Whereas short-term changes in metabolizable energy supply and gut fill are probably involved in 
controlling meal size and frequency, it is longterm signals, such as changes in body energy stores 
that influence dry matter (DM) intake. The role of learning on DM intake control was highlighted 
by Provenza (1995), although total DM intake and diet selection at grazing are mediated by different 
foraging strategies that result from integration by cattle of short and long-term information (Forbes, 
1995), suggesting a very complex process.

To represent and predict the unique processes of ingestion and digestion under discontinuous 
feeding situations, such as grazing, it is essential that a rumen model simulate the resulting diurnal 
fermentation processes. Recently, results of a series of grazing experiments that varied the allowed 
grazing time, as well as the combinations of rumen fill and fasting length before grazing, were used 
to evaluate a mechanistic, dynamic model (Chilibroste et al., 2001) that aimed to predict digestion 
and absorption of nutrients, and was based on a previously developed model (Dijkstra et al., 1996), 
in which cattle were fed sugarcane based diets. The increase in prediction error with increased length 
between two consecutive meals (Chilibroste et al., 2001), highlighted the need for diurnal definition 
of model parameters, such as fractional passage and degradation rates, and the dynamics and kinetics 
of soluble feed fractions in the rumen.

The CTR Dairy model was originally developed as a research tool using a proprietary computer 
simulation software called SMART that required the SMART client to run the program. As SMART 
software is now discontinued, and its client is no longer available, rewriting the model in the Visual 
Basic for Application (VBA) language using Microsoft Excel for inputs and outputs makes the 
program available to a broad range of users including dairy farmers, extension advisors, dairy nutrition 
consultants and researchers.

As its name suggests, the VBA language is closely related to Visual Basic and uses the Visual 
Basic Runtime Library. However, VBA code can only run within a host application such as Excel, 
rather than as a stand-alone program. Code written in VBA is compiled to Microsoft P-Code (packed 
code), which the host application (Excel) stores as a separate stream in its files (e.g., .xlsx, .xlsm). 
The intermediate code is then executed by a virtual machine (hosted by the host application). CTR 
Dairy saves data in text files encoded using the Extensible Markup Language (XML). These data 
files are both human-readable and machine-readable and also the CTR Dairy program to interact 
with other programs written in other programing languages.

As CTR Dairy does not formulate a ration, the user must first use a ration formulation program 
such as PC Dairy (Ahmadi et al, 2013) to formulate a least cost ration, and then use the unique feature 
of CTR Dairy to find the best feeding schedule to optimize milk production and to maximize profit 
over feeding.



International Journal of Agricultural and Environmental Information Systems
Volume 9 • Issue 3 • July-September 2018

76

Our goal is to implement the CTR Dairy model using the VBA language of Microsoft Excel 
as a decision-making tool. CTR Dairy a simulation model that aims to function under non-steady 
state conditions in order to allow prediction of nutrient availability in dairy cows managed under 
discontinuous feeding systems. The ultimate aim of this model is to provide scientists and advisers a 
sound tool to evaluate actual feeding strategies, as well as facilitate research on new ones.

CTR DAIRY MODEL DESCRIPTION

The following model description is based on Chilibroste (2008). The original model is an advanced 
version of the mechanistic and dynamic non-steady state rumen model of Chilibroste et al. (2001). 
New elements in the model include inclusion of chewing activities, a discrete lag time to represent 
the delay before rumen fermentation or passage can occur, as well as diurnal variation in rumen DM 
content (DMC), rumen pH and in fractional degradation rates of neutral detergent fibre (NDF) and 
rumen VFA absorption. The current model was built to operate with up to three discrete feeds, where 
pasture is defined as a feed, which can be offered in independent patterns to groups of cows. The 
expanded version of the model has 42 state variables, 30 of which deal with insoluble feed fractions, 
8 with soluble feed fractions and 4 are the rumen pools of ammonia, VFA, long chain fatty acids 
and microbial mass.

Although the underlying motivation to build the model came from dairy systems in which cows 
are grazed, and supplemented with forages(s) and/or concentrates (e.g., Chilibroste et al., 2003; 
Mattiauda et al., 2003), it can also function under a wide range of other feeding conditions in which 
cattle have unlimited access to feed. For example, feeding strategies that use grazed forage, silage or 
hay, supplements and concentrates fed at different times of the day, as well as TMR, can be evaluated. 
In the case of TMR feeding, the model provides up to three feed components of the TMR as the 
different feeds. Model outputs are the predicted rumen metabolite concentrations (including pH), 
rumen pool sizes of several defined fractions (including water), and absorption of classes of nutrients 
(i.e., glycogenic, aminogenic, lipogenic) at the rumen and intestinal level.

Software Description
The CTR Dairy program is written in VBA language that uses Microsoft Excel’s worksheets for 
input and output. Figure 1 shows the main menu of the program, which allows the user to enter input 
information, run the simulation, and view the outputs. To describe the program we use an example 
of Holstein dairy cows grazing on a legume pasture twice a day and being fed a mixed diet and a 
supplement twice a day.

Input Module
The user starts by entering animal information such as body weight, milk fat, protein and lactose 
proportions, milk price, number of cows in milk and daily body change. The user can then specify the 
same feeds used in the ration formulation, because both CTR Dairy and PC Dairy share a common 
feed library which contains 102 feeds with the same name and number. Finally, the user specifies 
amounts of feeds provided at any hour of the day up to 24 times daily.

Animal Information
The user uses the ‘Animal Information’ tab (Figure 2) to enter animal body weight, milk fat, protein 
and milk proportions, milk price, number of cows in milk, body weight change and rumen liquid 
passage rate. In our example, the body weight is 645 kg and the milk fat, protein, and lactose are 3.9, 
3.4 and 5.0%, respectively. The milk price is 0.30 US dollars per liter and there are 1000 cows in milk 
that do not gain or lose any body weight. The rumen liquid passage rate is usually about 0.12 1/h.
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Figure 1. Main Menu Screen

Figure 2. Animal Information Screen
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Feed Lists
Feeds in CTR are divided into three feed lists: Feedlist 1 contains pasture feeds, Feedlist 2 contains 
mixed feeds, and Feedlist 3 contains supplement feeds. However, any combination of feedstuffs can 
be used to create any feed list. The user can also change the names of the feed lists.

For each feed list the user adds their needed feeds (up to 20 total feeds) from the Standard or 
Alternate feed libraries. The user can modify any nutritive values in their selected feeds, but the user 
must enter the price for each feed and its amount in this feed list, with all feeds adding to 100% (in 
E27). Calculated average values for the feed lists are listed in the grey cells below the list of feeds 
in the feed list (Figure 3).

Feeding Schedule
The user specifies the amount and time of feeding for three feed lists in the daily feeding schedule 
tab (Figure 4). Feeds provided at any hour of the day is assumed to be eaten over 60 minutes. Use 
of all three feed lists is not required, but those that are selected can be fed up to 24 times per day. 
Feedlist names come from the ‘Feedlist’ tabs and the user can change names in those tabs if desired. 
In our example, the first grazing session on the legume pasture starts at 8:00 am and ends at noon. 
The second grazing session starts at 5:00 pm and ends at 7:00 pm. The total pasture intake is 8.05 
kg per day per head. The first supplementation in the amount of 4.72 kg is given at 6:00 am and the 
same supplementation for the same amount is given for the second time at 8:00 pm for a total of 9.44 
kg per day per head. The first corn silage diet in the amount of 3.86 kg is given at 3:00 pm and the 
same diet in the amount of 2.57 kg is given for the second time at 9:00 pm for a total of 6.44 kg per 
day per head. The daily intake is 23.92 kg per head.

Figure 3. Feed List Screen
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The user can change the feeding schedule and re-run the simulation model to determine effects 
of changes in the feeding schedule on milk production, profit projection and other key outputs. This 
is a key, and unique, feature of the CTR Dairy program.

Execution Module
The ruminal digestion and absorption of nutrients under discontinuous feeding schedules are calculated 
based on the original 2008 version of CTR Dairy (Chilibroste et al., 2008), but with the addition 
of the ability to predict milk production and profit over feeding. The program runs a simulation for 
7 days and, in each day, it simulates rumen dynamics minute by minute a total of 1,440 times, or 
10,080 times in the 7 days.

Output Module
The output tab (Figure 5) shows milk production, profit projection and other key parameters. For our 
sample herd, the program predicts 29.83 liters of milk per day per cow. Although the milk production 
can be as high as 37.03 liters based on the amount of available energy, but the limiting factor in milk 
production is the amount of available protein. The milk revenue is 8.95 USD per day per head, the 
feed cost is $7.02 USD per day per head and the profit over feeding is $1.93 per day per head.

The program also plots the key rumen parameters such as volume, pH, soluble crude protein 
pool, soluble carbohydrate pool, liquid pool, microbial pool, volatile fatty acid, and ammonia over 
hours of day (Figures 6 and 7).

Data Files
CTR Dairy uses the Extensible Markup Language (XML) to encode and save data files. Figure 8 
shows a section of the XML file that stores the animal information data. The name, value and unit 

Figure 4. Feeding Schedule Screen



International Journal of Agricultural and Environmental Information Systems
Volume 9 • Issue 3 • July-September 2018

80

Figure 5. Output Screen of CTR Dairy Program in a Tabular Format

Figure 6. Diurnal plots of Key Rumen Parameters (Rumen Volume, Soluble CP Pool, Soluble Carbohydrate Pool, and Liquid Pool) 
over the Day



International Journal of Agricultural and Environmental Information Systems
Volume 9 • Issue 3 • July-September 2018

81

Figure 7. Diurnal plots of Key Rumen Parameters (pH, VFA, Ammonia, and Microbial pool) over the Day

Figure 8. CTR Dairy data file encoded using XLM format
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of each parameter are stored in a pair of pointed bracket. For example, line 4 shows the value of 645 
kg for the body weight. This encoding is both human and machine-readable thereby allowing CTR 
Dairy to interact with other programs written in other programing languages.

BIOLOGICAL INTERPRETATION OF OUTPUTS

The rumen is essentially a fermentation chamber where plant fiber is broken down into smaller 
digestible components by bacteria and other microbes. To represent and predict the unique processes 
of ingestion and digestion under discontinuous feeding situations, such as grazing, it is essential that 
a rumen model simulate the resulting diurnal fermentation processes. Figures 6 and 7 show the plots 
of the key rumen parameters such as volume, pH, soluble crude protein pool, soluble carbohydrate 
pool, liquid pool, microbial pool, volatile fatty acid, and ammonia are plotted over hours of day.

The first plot in Figure 6 shows the diurnal plot of rumen volume over the day. The capacity of an 
adult dairy cow’s rumen is about 184 liters. In our example herd, the rumen volume ranges from 78 
to 100 liters. The plot shows a raise at 6:00 am when the first supplemental diet is given and another 
smaller raise at 8:00 am when the first grazing session is started. The third raise in the plot appears 
at 3:00 pm when the corn silage diet is given. The fourth, fifth, and sixth raises appear at 5:00 pm, 
8:00 pm, and 9:00 pm corresponding to the timing of the afternoon grazing session, the afternoon 
supplemental diet, and the evening corn silage diet, respectively.

The second plot in Figure 6 shows the diurnal plot of soluble crude protein pool over the day. In 
our example herd, the soluble CP pool ranges from 1 to 90 grams. At 6:00 am, just before the first 
supplemental diet is given, the curve is at its lowest level due to night fasting. The curve raises rapidly 
once the supplemental diet is given. It raises again at 8:00 am when the morning grazing session 
starts. It raises for the third time at 3:00 pm when the corn silage diet is given, and for the fourth 
time at 5:00 pm when the afternoon grazing session is started, and for the fifth time at 8:00 pm when 
the afternoon supplemental diet is given. The soluble CP pool keeps raising when the evening corn 
silage diet is given at 9:00 pm. It reaches its peak at 11 pm and then starts dropping until it reaches 
its lowest level at 6:00 am, just before the first supplemental diet is given.

The third plot in Figure 6 shows the diurnal plot of soluble carbohydrate pool over the day. In 
our example herd, it ranges from 1 to 90 grams. Carbohydrate is the major component of ruminant 
diets and it differs widely in the rate and extent of fermentability in the rumen. In forage-based diets 
the cell wall polysaccharides (structural carbohydrates) are the primary source of energy whereas 
in cereal based diets the storage polysaccharides (starch and fructosans) provide most of the energy 
requirements. Microbes convert both the cell wall and storage polysaccharides to five and six carbon 
sugars. These sugars are rapidly fermented into SCFA and can provide up to 70% of the energy 
requirements of the cow (Fellner, 205).

The fourth plot in Figure 6 shows the diurnal plot of liquid pool over the day. In our example herd, 
it ranges from 200 to 400 grams and follows the same pattern of fluctuations as of the soluble CP pool.

The first plot in Figure 7 shows the diurnal plot of rumen pH over the day. In our example herd, 
the pH ranges from 6.0 to 6.8. A high pH (> 7) is seen on poor quality forage diets supplemented with 
urea. In high-producing dairy cows, acidosis (rumen pH < 6.0) is a common problem. This occurs 
when the cow eats too much rapidly digestible starch or sugar that creates acid and overwhelms the 
rumen’s buffering system. Most of the buffer in the rumen comes in the form of saliva that is generated 
when the cow chews her cud. Inadequate intake of long fiber that promotes rumination (cud-chewing) 
can also result in acidosis because it provides less salivary buffer to counteract the acid produced 
by grain fermentation. The rumen microbes, especially those that primarily digest fiber, are acid 
intolerant. They do not grow well in acid and they don’t digest feed, especially forages, well under 
acid conditions (de Ondarza, 2000). In our example herd, the rumen pH is at its peak at 6:00 am due 
to the night fasting. It drops rapidly when the first supplemental diet is given at 6:00 am. By 8:00 am 
the rumen pH approaches the acidosis level of about 6.0, but it raises again when the first grazing 
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session starts at 8:00 am. Each time a supplement diet or a corn silage dies is given, the rumen pH 
drops, and each time a grazing session starts, the rumen pH raises. Dairy farmers can use this plot 
to avoid the acidosis problem in their herds.

The second plot in Figure 7 shows the diurnal plot of the rumen VFA (Volatile Fatty Acid) pool 
over the day. The rumen provides a site where the rumen microorganisms can digest carbohydrates, 
proteins, and fiber. Through this digestion process, energy or volatile fatty acids (VFA’s) and microbial 
protein are produced (Penn State University, 2017). VFA are actually waste products from the rumen 
microbes but the cow absorbs them from her rumen and uses them as major source of energy. In our 
sample herd, the VFA ranges from 80 to 130 mM/L. At 6:00 am, just before the first supplemental 
diet is given, the curve is at its lowest level due to night fasting. The curve raises rapidly once the 
supplemental diet is given at 6:00 am. It raises slightly at 8:00 am when the morning grazing session 
starts. Then it drops slowly and reaches its second minimum at 3:00 pm, just before the corn silage 
diet is given. The curve keeps raising during the afternoon grazing session at 5:00 pm, the afternoon 
supplemental diet at 8:00 pm, and the evening corn silage diet at 9:00 pm. It reaches its peak at 11 pm 
and then starts dropping until it reaches its lowest level at 6:00 am, just before the first supplemental 
diet is given.

The third plot in Figure 7 shows the diurnal plot of the rumen ammonia over the day. Ammonia 
is the most important source of nitrogen for protein synthesis in the rumen. Ammonia concentration 
in the rumen can fluctuate between < 17 mg/L (low protein roughage) and as high as 680 mg/L 
following feeding of rapidly degraded protein (Fellner, 2005). Many microbes that use ammonia can 
also use amino acids or peptides. The use of ammonia is reduced in the presence of amino acids and 
peptides explaining the variability in ammonia concentrations in the rumen. In our example herd, 
the rumen ammonia ranges from 50 to 350 mg/L and follows the same pattern of fluctuations as of 
the soluble CP pool.

The fourth plot in Figure 7 shows the diurnal plot of the microbial pool over the day. Ruminants, 
such as cattle, rely upon a rich and diverse community of symbiotic ruminal microbes to digest their 
feed. These symbionts are capable of fermenting host-indigestible feed into nutrient sources usable 
by the host, such as volatile fatty acids. The host requires ruminal fermentation products for body 
maintenance and growth and milk production (Kelsea et al, 2015). In our example herd, the microbial 
pool ranges from 1800 to 2400 g and follows the same pattern of fluctuations as of the soluble CP pool.

DISCUSSION AND CONCLUSION

An important feature of the new version of CTR Dairy program compared to other dairy cattle feeding 
programs is its unique ability to predict milk production and profit over feed cost based on the timing 
of grazing sessions and supplement feeding. To demonstrate the economic impact of using the CTR 
Dairy as a decision support tool, the simulation program is run by two scenarios as described below.

In the first scenario, a herd of 1000 cows in milk is grazed once a day for three hours from 
7:00 am to 10:00 am on a legume pasture. The dry matter intake from grazing is 6.60 kg/cow/day. 
A supplemental feed, in the form of a corn concentration, is given twice a day at 5:00 am and 3:00 
pm at the rate of 3.05 kg/cow/feeding. Another supplemental feed, in the form of a corn silage, is 
given once a day at 4:00 pm at the rate of 4.30 kg/cow/feeding. The cow body weight is 550 kg and 
the body weight loss is 0.3 kg/day. Milk has 3.7% fat, 3.0% protein, and 4.9% lactose. Milk price is 
$0.30/litter. The legume pasture costs $35.0/metric ton As Fed, the corn concentration costs $120/
metric ton As Fed, and the corn silage costs $80/metric ton As Fed.

Running the simulation with the first scenario with the feed intake of 17.0 kg/cow/day and the 
feed cost of $4.08/cow/day, predicts a milk production of 23.65 litter/cow/day with a milk revenue of 
$7.10/cow/day. The profit over feeding is $3.012 /day/cow or $3,012/day/herd or $1,102,239/year/herd.

In the second scenario, all the input information, including cow body weight, cow body loss, 
milk composition, milk price, feed intake, feed cost, and feeding schedule is the same as in the first 
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scenario except the supplemental feed in the form of a corn silage is given at 9:00 am instead of 4:00 
pm at the same rate of 4.30 kg/head/feeding.

Running the simulation with the second scenario with the same feed intake of 17.0 kg/cow/day 
and the same feed cost of $4.08/cow/day, predicts a different milk production of 24.23 litter/cow/day 
with a different milk revenue of $7.27/cow/day. The profit over feeding is $3.186/day/cow or $3,186/
day/herd or $1,166,245/year/herd. A single change in the feeding schedule (giving the corn silage 
supplemental feed at 9:00 am instead of 4:00 pm) increases the profit over feeding from $1,102,239/
year/herd to $1,166,245/year/herd, a difference of $64,006/year/herd.

Dairy farmers can use the new version of the CTR Dairy program to manipulate the herbage 
allowance and the access time to the grazing paddock, as well as the timing of supplemental feeding, 
to improve the utilization of the pasture and to increase the production of the milk. Dairy nutrition 
consultants can use the plots of the key rumen parameters as diagnostic tools for the ingestion and 
digestion processes in grazing dairy cows.

In terms of software engineering, using Microsoft Excel with its embedded VBA language for 
implementing the CTR Dairy model has several advantages: (1) The Excel software is widely available 
and intended users are mostly familiar with its operation; (2) Excel worksheets can be used for input 
screens and output tables and plots with minimal coding; (3) The Excel worksheets can also be used 
to store and manage feed libraries needed for the simulation program; (4) Advanced users can easily 
add new worksheets and plots to the output module using the familiar Excel menu; (5) The VBA 
language, embedded in Excel, is a full-featured programming language that can be used to rapidly 
implement a simulation model and make it available to a broad range of audiences without the need 
for a proprietary simulation software package.
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