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Abstract: Small farmers represent a majority of the European Union (EU) farming sector and are
considered the cornerstone of both the current and future sustainable EU agriculture. The dynamic
complexity of livestock systems hinders the understanding of its behaviour, as well as recognizing
the causes of problems and sources of resistance to applied policies and strategies. Livestock system
behaviour needs to be understood in order to find leverage points and identify efficient solutions.
The presented study depicts issues of small-scale beef cattle farmers in the market environment
from a systemic perspective. The common complexity of managing a company increases with
biological processes characterized by very long time periods, especially in the case of beef cattle
farming. The scenarios analysed by the computer simulation model presented in the study evaluate
the benefits of basic diversification into meat processing and a farm-to-table approach. The direct
contact of the farmer with the final consumers represents increased demand and requirements on
farmers’ entrepreneurship; nevertheless, such a strategy is a significant growth driver that allows
faster maximisation of the farm’s output, accelerates the return of the investments, strengthens the
market position of the farmer, and increases the farm’s sustainability.

Keywords: beef; computer simulation; direct supply to final consumers; farm management;
sustainable growth strategies; system dynamics

1. Introduction

Farmers, managers, and policymakers in agriculture commonly face problems of multi-criteria
decision-making and goals, which commonly contradict each other. Despite the fact the sustainable
farm strategies represent the key factor for the sustainability of the whole agri-food value chain [1]
and small farmers constitute the majority of the farming sector in the European Union (EU) and are
considered the cornerstone of the EU agriculture [2,3], the market position of the small-scale farmers is
very weak [4]. The sustainable economic strategies and risk mitigation frequently lead to diversification
(e.g., agritourism) [5,6], which is subject to the knowledge and skills of the farmer and could affect
their social identity.

Turner et al. [7] and Walters et al. [8] stress that agricultural and natural resource management
has the characteristics of a complex system. Management of a firm as a complex system comprises
understanding of dynamic complexity and the ability to a find leverage point where the ratio between
the achieved result and effort proves the most efficient [9,10]. Most people focus on the number of
elements when dealing with complex systems. Nevertheless, such complexity is called combinatorial
or detail complexity. Although the number of elements might represent a compounding aspect,
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dynamic complexity proves more influential and crucial for the understanding of the system’s
behaviour [9,11].

Dynamic complexity could arise even from systems with low-level combinatorial complexity [11,12].
The following attributes characterise dynamic complexity:

• Dynamics complexity emerges from the abundance and diversity of the interconnections
between elements.

• Dynamic complex systems evolve in time. Such systems rarely remain in equilibrium and changes
occur in various time scales.

• Actors and elements interconnect strongly; therefore, an action of one actor or element affects
others. Moreover, such actions must be considered from the dynamic point of view because
the system is governed by feedback and an action of an element influences the same element in
the future.

• A cause and its effect are often distant in time, and delays make the side effects less obvious. A cause
and its effect are typically non-proportional, which is further strengthened by the interconnections
of elements, feedbacks, and delays.

As a result, the behaviour of a dynamic complex system proves counterintuitive for problem
owners, policymakers, and managers [13]. Consequently, efforts often focus on dealing with the more
obvious symptoms, leaving the underlying problems unresolved. When dealing with scarce resources,
a high leverage action is desirable, but the leverage points in complex systems remain hidden for
common sense [9,10].

System dynamics, a discipline of system science that focuses on problems connected with
dynamic complexity, offers a tool to deal with such problems. Computer simulation overcomes the
limitations of human mental capacities and bounded rationality and provides a tool that improves the
understanding and predictability of complex systems [14,15]. Moreover, management flight simulators
allow controlled experiments in situations where an experiment with a real object of interest proves
impossible owing to cost, time, or ethical restrictions [11].

Every company deals with attributes of dynamic complexity and agriculture business is no
exception. Moreover, agriculture business has a large number of specifics with its biological processes
that enrich the interconnections between individual elements of the system. Biological processes are
characteristic for specific timing that may be in contradiction to administrative and economic terms
and may lead to production delays that are enormous in comparison with a common manufacturing
company [16]. From the livestock management perspective, cattle and buffalo production represents
the most demanding segment in the scope of investments, length of the breeding cycle, and fattening
time [17]. The long delay between the capacity extension and the benefits from this extension affects
the beef cattle breeding process. Extending the stables can take twice the gestation time and maturity
time before the first profit from such an extension occurs—first, calves from one’s own production
must mature to occupy the new capacity, subsequently, their calves must mature to the slaughter age.

Typically, researchers in agriculture apply computer simulations to analyse the trade-offs and
synergies among various fields of action to satisfy the requirements of growing food production and
achieving socio-economic goals without violating sustainability and environmental constraints [18–22].
Researchers in livestock science have applied computer simulations to management, analyses,
or predictions of livestock system behaviour for decades [23–26]. Computer simulation enables the
better understanding of the whole system. A simulation lowers the time, risk, and cost requirements
significantly compared with experiments with a real biological system. Nevertheless, the overall result
is subject to the modeller’s ability to express the system mathematically [27].

When dealing with livestock, the difficulty of decision-making is somewhat mitigated by means
of computer simulations of the selection of appropriate breeding schemes, calving strategies, and herd
structure [28–31]. Computer simulation also proves its strengths in identifying cost-effective prevention and
control strategies for dealing with various livestock diseases [32–35]. Livestock production and management
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are deeply connected with the dynamics of the system [36,37]. The history dependence and a system’s
inertia increase the difficulty of understanding the sources and causes of the development and changes.

Modelling of livestock production and management must reflect the dynamic complexity of
the system; otherwise, it fails to capture the significant background of the problem and misses the
opportunity to interpret the sources of specific behaviour. The above-cited livestock simulations focus
on livestock from the regional or country perspective. Nevertheless, even individual farmers must
deal with the consequences of dynamic complexity.

The situation and the structure of the system of small farmers differ completely from the whole
country or region. This research focuses on that aspect. This work aims to develop an approach based
on system dynamics and achieve an understanding of the dynamic complexity of individual beef cattle
farming. By developing a computer simulation model (management flight simulator) of individual
beef cattle breeding farms, we hope to strengthen the position of a systemic approach in livestock
management, improve the understanding of such complex system, and show the achievable economic
strategy that improves the economic sustainability of small-scale beef farms. Such an approach will
lead to the identification of the inner drivers of individual cattle farming and identify the possible
sustainable and achievable strategy for dealing with the current market position of small farmers.
The consensus concerning the need of small farmers’ sustainability and competitiveness improvement
resulted in the support of our research on systemic approach and computer simulator for livestock
production by Technology Agency of the Czech Republic.

Cattle farming in the Czech Republic has gone through radical changes in recent decades
(from 3,359,976 cattle in 1991 to 1,421,242 in 2017 with the bottom of 1,343,686 in 2011) [38]).
Currently, about 24% of the total cattle livestock represents the production of cattle for slaughter [39].
The situation is characterised by low efficiency and 2.15% profitability of suckler cows production in
the Czech Republic [40], which is comparable to the low efficiency in other countries [41–43].

An international definition of a small farm remains unclear [3]. Czech agriculture is characterised by
a very high average of land area per farm. Depending on the thresholds used, the land area per farm
is often considered the highest in the EU. Therefore, the quintile approach to defining a farm as small
appears the most suitable. The reason is that a Czech farm of a size considered medium or large in other
countries has the same weak market position as small farms in other states and faces the same problems.

Despite that the Common Agricultural Policy goals are to support the sustainable EU agriculture
and understand the crucial role of small farmers [2,3], the development of Czech small beef farms
shows a decrease in the number of farmers and cattle production. A farm structure survey from
2016 [44] shows the fall of the agricultural holdings of natural persons with less than 100 cattle to
72.78% of the number in 2000 (from 12,577 holdings to 9140). The fall is caused also by the total
decrease in the agricultural holdings owned by natural persons that produce cattle—the number fell to
79.69% of the number of holdings in 2000. In terms of cattle, natural persons with less than 100 cattle
represent 52.38% of total cattle in comparison with 57.03% in 2000. Moreover, the total number of
agricultural holdings owned by natural persons decreased only to 98.69% of the total number in
2000, which indicates the change of the production to the more profitable agricultural products and
documents the unfavourable market position of the small cattle farms.

Throughout the project realization, we identified the strategy of direct distribution of the beef to
final consumers as the achievable and strong leverage of the farms’ economic situation. Comprehension
of the selected system through computer simulation answers the following question:

• How the direct distribution to the final consumer affects the economic viability of small scale-farms?
Both in comparison with capacity growth as well as in synergy with capacity growth.

The sustainability is frequently divided into three main tightly interconnected dimensions:
environmental, social, and economic sustainability [45–47]. However, in our research on the farm-to-table
strategy, we focus directly on only the economic dimension, which is conditioned to the other two
dimensions. The small beef farm’s economic sustainability then consists mainly of growth, investment,
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risk management, and productivity-increasing strategies [1,48] that lead to improvement or even
overcoming of the currently disadvantageous farmers’ market position.

Topics of sustainability, learning, and system perspective are connected, whether because of
the interdisciplinarity of the fields or the need for a holistic approach and an understanding of the
complex interconnections, interdependencies, and feedbacks [49–52]. The system dynamics approach
is always connected with education of the problem’s owner [53]. From the perspective of revisited
Bloom’s taxonomy [54], it allows the shift from “Foundations for Learning” [55] (p. 34) that consists of
remembering, understanding, and applying to higher levels of analysing, evaluating, and creating,
which require the more complex cognitive processes.

Answering the research question requires cooperation with livestock farmers, applying the
systems approach, and developing the computer simulation model that captures and expresses the
dynamic complexity of beef cattle farming at the individual level. Then, the model is parametrised
according to the situation of small Czech farmers.

The following sections consist of a detailed overview of the modelling process and describe the
main parts of the implemented management flight simulator. Subsequently, we simulate the scenarios
of growth strategies and the impact of direct distribution of the meat to final consumers; the section is
concluded by the archetypal case of a beef cattle farm.

2. Materials and Methods

Our research follows the iterative process in Figure 1, which characterises that the system
dynamics combine aspects of qualitative and quantitative research [8]. The first five steps are
relevant for the purposes of the research as the implementation of changes (sixth step) constitutes
a farmer’s responsibility.
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The whole process started with interviewing farmers [4,57]. For these purposes, we applied the
focus group interview method [58], which is well suited for a sample population with homogeneous
characteristics [59]. Addressing the topic by the focus group interview method elicits the interaction
and discussion, which strengthen the quality of generated responses [60,61]. This led to forming a
dynamic hypothesis [11] into a causal loop diagram, which identifies the main feedback loops. At this
stage, CATWOE (Customers, Actors, Transformation process, Worldview, Owner, Environmental
constraints) from the soft system methodology [62] was also adopted to help formulate the model
boundary, systemize the farmers’ opinions, and ensure that the model reflects all appropriate elements.
This stage is important to form the model structure and to reach the crucial “mental database” of
farmers’ [12] (pp. 143–144).

According to the interviews, we have defined the model assumptions that are reflected in the
model structure and tested scenarios. The small cattle beef production is modelled and simulated
according to the decision making common to the farmers. The production—breeding, capacity changes,
and slaughtering—is aimed to maximize the profit from meat, however, the farmer cannot influence
the prices of inputs and outputs. Farmers are dependent on the subsidies that represent the high
share of their income. Farmers’ satisfaction (being the farmer) and family tradition are frequently
superordinate to profitability. Family members often replace the paid stuff. Therefore, farmers could
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stay in the market when the situation is undesirable and subjects in different market areas would have
already left or been bankrupted.

One of the advantages of system dynamics approaches in comparison with other modelling
approaches is the deep understanding of interconnections between the elements of the system and
feedbacks that arise from these interconnections [63]. Figure 2 shows the main drivers and feedbacks
of beef cattle farming identified during the interviews. The aggregated high-level causal loop diagram
(CLD) summarises the main links among the core characteristics of a farm. CLD serves as a starting
point of the modelling process that allows capturing the farmers’ mental models and expresses
a hypothesis about the sources of the farm management dynamics.
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The plus (+) sign denotes positive polarity, that is, that if the independent variable increases
the dependent variable increases above what it would be. It also means that the dependent variable
decreases when the independent one decreases. On the contrary, the negative link polarity expressed
by the minus sign (−) denotes that if the independent variable increases, the dependent variable
decreases below what it would be. Similar to the positive polarity, negative polarity also captures
the opposite behaviour of the independent variable—if the independent variable falls, the dependent
variable grows. See Richardson [64] and Sterman [11] for details on the interpretation of CLD.

The source and driver of the behaviour of a system is its structure [10,65]. The dynamics arise from
the feedbacks denoted in Figure 2 as R for the reinforcing and B for the balancing loop. The loop denoted
as R1–3 stands for the main source of income from beef cattle breeding—money from slaughtering,
suckler cow subsidies, and sales of cattle for breeding. All three incomes grow with the size of the herd.
This drives the reinforcing loop through the investment into land and fixed capital (mainly buildings
and machinery), which together represent the maximum capacity for the herd size. The parallels
crossing the causal link express the delay that is common for the extension of a herd if a farmer does
not buy new cattle from others. These extensions lower the available resources via expenditures on
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the investment (B1 and B2) and via continuous maintenance and cultivation (B3). Although the land
subsidies are not strictly connected with livestock production, farmers consider R4 as a significant
driver of the farm’s performance.

Loops B4 and R5 are specific only for the farmers that diversify into meat processing and
distribute their products directly to the final consumers (dotted causal links in Figure 2). This strategy
drives the income from R5 and counteracts the reinforcing income loop that leads through the sales
to slaughterhouse.

However, the discussion with the farmers and the application of CATWOE identify the limits of
the reinforcing loops, which are unique for agriculture. In the soft system methodology, the CATWOE
part usually enriches the root definitions and conceptual models [62,66]. For our purposes, we use
the approach in the problem structuring phase to define the main stakeholders and elements of
the system [67,68], which results in the definition of the model boundary. Table 1 summarises
characteristics of the system in CATWOE framework—originally used for the proper formulation of
root definitions [62], which helps to systemise and express the farmers’ ideas of the reasons for cattle
farming and the current situation in the field. This soft method produces results based on mental
models of the current participants. If the participants were switched for the main actor in the market
or CATWOE was built for the whole cattle breeding sector of the whole country, the characteristics
would differ significantly.

Table 1. CATWOE of small-scale cattle farming.

CATWOE Category Farmers’ Situation

Customers

Suppliers
Butcher
Beef packer
Other farmers buying/selling cattle for breeding

Actors
Employees—family members
Other employees

Transformation process The input of money and effort is transformed
into meat production and land maintenance

Weltanschauung (Worldview) To secure the food for the society
To carry the family tradition

Owner Farmer

Environmental constraints

Subsidies per unit (cattle or hectare)
Availability of land
The possibility of buildings extension
Prices of inputs
Prices of own products

The final row in Table 1 clearly illustrates the market position of small farmers and influences
the model design. Environmental constraints in CATWOE include important factors and limits that
are considered given for the described system; they are out of the reach from the inside of the system.
Small Czech farmers have minimal influence on the prices of both inputs and their own products.
Fousekis et al. [69] describe a similar situation in the United States, where the wholesalers benefit from
an advantage over primary producers in the beef sector. Moreover, farmers often cannot decide on
the time and size of their own expansion because the core resource—the land—is unavailable at their
convenience. Instead, they acquire land when it is available.

These facts have an impact on the modelling of the reinforcing loops from Figure 2 and the model
boundary in Table 2. The growth possibility connected with the acquisition of land and buildings is
naturally an exogenous variable for small farmers. The model boundary [70] summarises the most
significant endogenous, exogenous, and excluded variables.
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Table 2. The model boundary of beef cattle farming problem. GHG, greenhouse gas.

Endogenous Variables Exogenous Variables Excluded Variables

Fixed capital stocks Acquisition of land Interest from savings
Depreciation Prices of sold cattle Weather impact

Cash flow Prices of purchased cattle Insurance
Livestock Land subsidies Taxes

Herd capacity Price level GHG emissions
Slaughtering Interest rates of bank loans

Calving Land rent
Cattle ageing Expenditures on land cultivation per ha

Land cultivation expenses
Maintenance expenses

Despite that some authors find the causal loop diagram sufficient solution for specific types of
problems [71,72], the core system dynamics’ tool to overcome the limits of human capacities to deal
with complex problems [11] and, therefore, the important step in the process of system dynamics
approach is the creation of simulation model [53,73]. A further development and extension of CLD in
Figure 2 leads to the stock and flow diagram (SFD) in Figure 3, which is closely connected with step 2
of the system dynamics process—conversion into equations—and constitutes the management flight
simulator. The interpretation of link polarities remains similar to the CLD. The clear mathematical
expression of the positive link is then defined in Equation (1):

δy
δx
> 0. (1)

Equation (2) shows the general mathematical expression of the negative link:

δy
δx
< 0, (2)

where x expresses the independent variable (at the beginning of the arrow) and y is the dependent
variable (aimed by the head of the link arrow). The box variables represent stocks (levels) in the system
and are mathematically expressed as definite integrals (3):

s =
∫ T

T0

(i− o)dt + sT0 , (3)

where s represents a stock variable, i comprises all inflows, o includes all outflows, graphically denoted
in SFD by pipes with faucets leading into the box variable or out from it, T0 is the initial time,
T constitutes the current time, and t is any time between T0 and T. See the work of [11] for an in-depth
explanation of stock and flow diagrams.

Figure 3 shows the SFD of the main subsystems of beef cattle farming. This phase requires
parametrisation, and thus collecting data from farmers. Many small farmers take the opportunity of
high flat-rate taxation, which makes accounting simpler. However, it results in a lack of data on the
economic subsystems of the given farms. The top part of Figure 3 shows the core of a farm and our
model—the structure of the herd, which is represented by only one variable in Figure 2, is developed
into the form of two interconnected ageing chains. Such a disaggregation of variables representing
the herd structure has two reasons. Firstly, it increases the trust of the farmers in the simulation
model as they can see that the modelling structure represents the main characteristics of their herd.
Secondly, the time series data on the livestock structure are usually well documented. Therefore, it is
possible to test the quality of the model on this subsystem and calculate the missing parameters.
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The bottom right part of Figure 3 represents the simplified structure of fixed capital.
Land constitutes the main variable. The possibility of buying or leasing land naturally represents an
exogenous variable for farmers. Therefore, the volume of other capital stocks (machinery, stables,
storage, and other non-residential buildings) depends on the land area at a farmer’s disposal.
Typically, three factors limit the overall herd capacity—land area, stable capacity, and storage capacity.
Stables are split into sections for cattle below 24 months old and cattle over 24 months of age.
However, the land and storage capacity use coefficients for various age categories of cattle from the
herd structure subsystem. The service life of buildings and machinery arises from the parameters of
the perpetual inventory method for estimations by the Czech Statistical Office [74]. For the cases of
missing data concerning the construction period, findings from two databases were used (the business
register and the statistics of building approvals). The average construction period of buildings for
animal production amounts to 2.99 years [75].

The central bottom part of Figure 3 shows the economic subsystem of a farm. A diagram of this
structure requires aggregation of the inputs (e.g., revenues from slaughter come from various variables
of herd structure) to remain readable.

The model describes the main characteristics of a farm in a dynamic form and evaluates the impact
of decisions on a farm’s future performance. The system dynamics approach allows evaluating a “what
if” analysis [11,76]. The management flight simulator enables the ability to design, test, and evaluate
the impact of various scenarios and strategies. The model simulates the consequences of decisions
and changes of environmental conditions in time. A comparison of the development scenarios allows
choosing the most efficient strategy subject to given conditions.

For the first part of the analysis, we create the theoretical model cattle farm. The herd consists
of 100 animals in total where the shares of the categories are in equilibrium. These shares were
obtained from the simulation of 1000 randomly generated herds. All these artificial herds converged
to the equilibrium structure. Other data were mostly obtained from the Institute of Agricultural
Economics and Information [77] and Czech Statistical Office [38,78], and from interviews with farmers,
the summary of the model settings with the specification of the source for the individual parameters is
in the Appendix A Table A1. Then, we compare the scenarios of capacity extension and the impact of
the farm-to-table strategy. In case the scenario’s circumstances require the identification of the best
solution, we apply the Powell optimization [79,80] with multiple starts (10 vector points).

The system dynamics models adapt the sensitivity analysis to deal with the uncertainty of
the parameters and to identify the impact of the parameter change on the system behavior [81,82].
The sensitivity analysis is in the Figure A1 and Table A2 followed by the summary of the model testing.

From our previous research [4], we know that there is usually nothing like the “average farmer”
and, despite that the statistical data describe the situation in the country very well, the simulation
based on these data does not provide the answers on questions of individual farmers with the specific
real-life problems. In a different field, the research underutilization is called the “know–do gap” [83]
(p. 2), and it is well known that “the passive dissemination of information was generally ineffective
in altering practices no matter how important the issue or how valid the assessment methods” [84]
(p. 466). The movement towards the strengthening of the implementation methodology and case
studies is observable [85]. Therefore, the last part of the results presents the real case study of a selected
farm in the Plzeň Region. The owner agreed with the presentation of the results. That specific farm
was selected because it allows evaluating the impact of various development and growth scenarios.
The farm was founded in 1990 and focuses on the production of Beef Simmental. The farm represents
the archetype of growth inefficiency caused by dynamic complexity, but also utilises some of the
possible improvement opportunities. The specific of the farm rests in the realisation of farm-to-table
strategy since 2011. Various scenarios are compared and the impact of diverse decisions on the farms’
performance evaluated after an extension of the herd maximal capacity from 54 to 174 in 2009 (for all
cohorts from Figure 3). This significant extension resulted in a necessary reconstruction of stables in
2016 supported by investment subsidies, but also in a bank loan of nearly 75 thousand EUR with a
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20-year maturity. The parameters of the demonstration farm are in Table A3. The case study documents
the benefits of the farm-to-table strategy, but also shows the possibilities of computer simulation when
managing the dynamic complexity of beef farms.

3. Results

3.1. Farm-To-Table in Comparison with the Farms’ Capacity Extension

This section describes possibilities of the management flight simulator in the environment of a
beef cattle farm and expresses the shift of the economic situation of a farmer that realises the strategy
of direct delivery to final consumers. The presented results represent the outputs of steps 3–5 of the
system dynamics process from Figure 1. The first part presents the theoretical model that is set to
100 animals in equilibrium structure, which could be simply revaluated into percentage or recalculated
to the different size of the herd as a ratio to the real farm herd.

The simulated scenarios were focused on the extension of the farm capacity (land, stables, and
storage capacity) under three different circumstances:

• Natural herd turnover.
• Optimal purchases of the heavily pregnant heifers.
• Optimal purchases of the heavily pregnant heifers with the own processing and distribution of

the meat.

The scenarios were selected according to the research question and compare and evaluate the
impact of farmer’s effort to improve the economic situation via reinforcing loops R1–3 and R5 in
Figure 2. The result of the farm’s capacity extension could be significantly influenced by the acquisition
of the cattle to the herd, which has an impact on the time of capacity utilisation. Therefore, we also
added the evaluation of optimal acquisition of heavily pregnant heifers.

The main tracked variables are the number of cattle older than 24 months, because this part of
herd determines the other categories and measures the extent to which the farm’s capacity actually
extended. All categories of herd are measured by the number of heads. Only in cases of capacity
utilisation and specific subsidies in case studies, we use life stock coefficients [86]. For the description
of the farm’s economic situation, we selected the cash flow in EUR/month. The farmers have often
insufficient bookkeeping data—the cash flow is simply connected to flows in the herd and the indicator
is close to the farmer’s understanding of money they have at disposal.

To avoid the instability and oscillation of the herd structure [87–89], the optimal purchases of the
heavily pregnant heifers were limited by the culling fraction (7%). The objective function was set to
maximise the aggregated cash flow revaluated to prices of 2016. The course of the optimal purchases of
the heavily pregnant heifers according to the percentage growth of the farm’s capacity is in Figures A2
and A3. For these scenarios that evaluate the future development, we revaluate the parameters that
express the prices of inputs and outputs by the 10-year average inflation (1.9%) [78].

The initial simulations were focused on the dynamics of the capacity extension, especially on
the delay between the extension and full realisation of the benefits of the extension. The extension of
stables, land, and storage capacity in cattle farming is subject to the long periods of natural turnover,
but could be supported by the acquisition of cattle from the other farmers. The extension of the
small-scale farm is usually problematic because of the inability of the farmer to decide when to expand.
The management simulator could provide the efficient tool to measure the result of various strategies
and identify the optimal one.

Figure 4 shows the dependency between the percentage extension of the farm capacity and years
from this extension to the point when the farm reaches the maximal cash flow. The time of natural
turnover is nearly double in comparison with the situation when the farmer optimise the heifers’
acquisition. The time to maximise the cash flow could be even lowered if the farmer realises the
farm-to-table strategy (scenario called “Optimal with direct distribution” in Figure 4). Parameters of
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the functions, expressing the relation between the capacity growth and the time that is necessary to
reach maximal possible cash flow, are in Table A4.
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Figure 5 shows the development of the cash flow under selected extension scenarios. The scenarios
differ in percentage extension of the farm capacity (0%, 20%, 40%, 60%, 80%, and 100% increase) and
evaluate the situation from the perspective of the common farm and the farm that diversifies into
direct sales of the meat to final consumers. The graph is visibly divided into two parts, where the
higher bunch of lines describes the development of cash flow in conditions of own meat processing the
lover part represents the situation when the farm sells the cattle to the slaughterhouse. For comparison,
the graph contains two lines representing the 100% increase of the capacity with natural herd turnover.

The initial decrease is caused by heifers’ acquisitions, but also by the decrease of sales of cattle
for rearing, which would be sold in the case of full capacity, but enter the herd after the extension.
According to the model assumptions, the model does not contain the bankruptcy structure, however, it
is clear that the significant capacity extension should be accompanied with the extension of the herd by
acquisitions of the heavily pregnant heifers. However, the revenues from cattle for slaughtering could
not cover these expenses. Especially, in the case of farms that sell the cattle to the slaughterhouse,
the cash flow could fall to negative numbers for a long period. The farmer must take this into
consideration during the preparation of the subsidy and loan requests. The figure depicts the benefits of
direct sales of meat to final consumers. Even the 100% capacity extension does not reach the level of the
farm’s cash flow without that extension, but with the own processing and distribution of meat. The cash
flow of the theoretical farm with direct distribution of the meat to final customers reaches the level
between 1602 EUR/month and 3353 EUR/month depending on the simulated scenario (total capacity
100 vs. 200). The farm that sells the cattle to the slaughterhouse (which is a dominant strategy in
individual cattle farming) reaches the cash flow between 459 EUR/month and 1081 EUR/month.
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Under the given circumstances, the capacity extension of the farm that sells the cattle to the
slaughterhouse must be more than 170% to reach the cash flow of the farm that does not increase the
capacity size, but realises own meat processing and distribution. Similarly, the cash flow of the farm
that sells the meat to final consumers falls to the level of the farm with double capacity size and sales
cattle to the slaughterhouse when the average price of meat falls to 81.3% (135.8 CZK/kg) of the actual
average price.

The farm-to-table strategy provides both higher and earlier maximal earnings in the case that the
farmer has the possibility to expand the capacity. Moreover, the higher cash flow also facilitates the
optimal heifers’ acquisitions as the bottom of the cash flow during the highest purchases falls only to
the level that is common for the farmer processing the meat.

3.2. Case Study

This section describes the application of the management flight simulator on the selected beef
cattle farm that illustrates the impact of the farm-to-table strategy on economic sustainability of the
farm. The significant difference to the previous section is that the costs are not only an average value
per cattle, but the model contains the fixed expenditures and variable expenditures relative to land and
other fixed capital. There are also delays between individual investment decisions (e.g., differences in
time of acquisition of land and stables), which are common in real farm management.

A comparison of six selected scenarios is provided, illustrating the current situation of the farm,
evaluating the decision of the farmer to process meat and identifying future steps that lead to full
utilization of stable capacity. The six scenarios compare the results of the application of direct sales of
meat to final customers with sales of cattle to the slaughterhouse. Both approaches are compared under
the circumstances of real capacity extension. The other scenarios evaluate the impact of the heavily
pregnant heifers’ acquisition. The scenarios reflect the effort of the farmer to enhance the economic
situation of the farm via the reinforcing loops R1–3 and R5.

The scenario “Basic” follows historical time series. The stable capacity increased to 174 cattle
(of which 64 are supposed for cows of age 24 months and more) in 2009, but the land area remains
equal to 104.5 ha until 2017 when the leasing opportunity allows the increase of the land for farm’s
purposes to 147.5 ha. After the stable extension, the farmer purchased five heavily pregnant heifers in
2010, two heavily pregnant heifers in 2012, and three more in 2015. The farmer stands out because of
vertical diversification. The farmer stopped selling cattle to a slaughterhouse in 2011, contracted a
butcher, and sells the meat himself instead. Thus, the whole process of producing meat remains under
the farmer’s control and such a decision led to an increase in the farmer’s selling prices with a minimal
need for initial investment. However, the farmer also takes the responsibility for the existence and
satisfaction of customer demand. The basic scenario contains no future cattle purchases or expanding
the herd via natural reproduction.

The comparison of the scenarios arises from the accumulation of cash flow measured in EUR/month
respectively aggregated cash flow measured in EUR. Table 3 summarizes the list of scenarios presented
and compared for the case study. The last column contains the difference between basic scenario
(farmer realises the direct distribution to the final consumers, but does not buy other heifers) with
other simulated scenarios. The constant difference is caused by the late capacity utilisation, and the
variable difference is caused by the different strategies, where the farm outputs can’t reach the same
levels. Figure 6 shows the two main indicators that represent the performance of the farm under the
conditions of the six scenarios—the number of cows older than 24 months (Figure 6a), which represents
livestock and main production capacity and aggregated cash flow before the subtraction of farmers’
family earnings (Figure 6b).
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Table 3. Case study—list of compared scenarios.

Title of Scenario
Own Meat

Processing and
Distribution

Future Cattle
Purchases

Reaching the
Maximal
Capacity

Difference to Basic
Scenario

Basic Yes No 2037 0

Basic+ Yes Actual scheme
until 2026 2029 +356.4 thousand EUR

Without meat
processing No No 2037 Loss growing in time

Without meat
processing+

No Actual scheme
until 2026 2029 Loss growing in time

Double historical
purchases Yes No 2030 +479.3 thousand EUR

Future purchase5 Yes 5 heifers for 5 years 2025 +535.6 thousand EUR
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To increase the sales, the farmer supported the sales of the meat by additional services. At the
beginning, he provided cooking courses focused on the beef preparation. However, as these courses
raised to be common in many restaurants, he changed the support services that reinforce loop R5
from Figure 2. The farmer also neglected the participation in farmers’ markets, which are supposed to
support the distribution of small-scale farmers’ products. However, the farmer finds it too expensive
and with very small value added. Nowadays, the services are focused on pedagogy, where clients
(mainly kids) experience taking care of cattle or, for example, flail the crops. Nevertheless, the demand
for the beef already reached the level that the farmer does not face the problem of unsold meat.
The support services were implemented into the model as a very simple structure from Figure 7.
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Diversification as an Opportunity

The scenario called “Without meat processing” follows the same steps as the “Basic” scenario, but
omits the diversification. The difference between these two scenarios expressed in aggregated cash
flow amounts to more than 56.9 thousand EUR in the period from 2011 to 2018. As the size of the
herd and the number of cattle for slaughter grows along with it, the annual difference increases, too.
The aggregated difference would come to more than 149.9 thousand EUR in 2025 and 242.7 thousand
EUR in 2030.

The scenario titled “Double historical purchases” shows a theoretical development of what would
happen if the farmer doubled the acquisitions of heavily pregnant heifers after 2009. The prices of
heifers varied between 1100 and 1300 EUR per heifer in the period from 2010 to 2015. Such a decision
would lead to faster capacity utilisation and, therefore, earlier maximisation of outputs and income
as a consequence. This scenario predicts the capacity of 64 cows older than two years being reached
by 2030, while the basic scenario reaches that maximum seven years later. After 2037, the output
and earnings of these runs reach the same level; however, this seven-year gap would result in the
difference of 479.3 thousand EUR of aggregated cash flow. The difference in time when the farm
reaches the maximal capacity proves even more important as 2037 represents a breaking point from
the expense point of view. The capacity expansion came with the necessity of the bank loan, due in
2037. Therefore, reaching the maximal outputs before that year eases the pressure of dealing with the
loan payments.

The scenario remains theoretical as the historical decisions are given. Therefore, simulations were
performed with similar results, but with a focus on future decision making. To prevent getting an
overly optimistic scenario, the highest purchase price from the real purchases since the stable extension
was used. The price amounted to nearly 1300 EUR per heavily pregnant heifer in prices of 2015.
The costs are revaluated to current prices of the given year on the basis of historical price indices and
the five-year average percentage change of the prices for the future estimation.

Various scenarios of quantity and frequency of purchases were tested for these purposes. In the
scenario titled “Future purchase5”, the farmer acquires five heavily pregnant heifers each year until 2022.
Under these conditions, the capacity of cows older than 24 months is reached in 2025. Such purchases
are still achievable without a significant effect on the cash flow throughout the period of heifer purchases
and lead to similar earnings to the “Double historical purchases” scenario by 2026. Larger purchases
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before 2022 would result in earlier maximisation of annual earnings, but the necessity to keep the
annual cash flow at a level still securing the income of the farmer’s family should be considered. On the
other hand, lower acquisition of heifers would result in a lower aggregated cash flow in comparison
with the “Double historical purchases” scenario. The difference between the aggregated cash flow of
this scenario and “Basic” reaches nearly 535.6 thousand EUR.

The scenarios “Basic+” and “Without meat processing+” project the real pattern of heifer
purchases of the farmer into the future. These scenarios assume that the farmer continues the purchases.
Therefore, the model simulates the heifer acquisition policy similar to the period after the stable
extension. Both scenarios simulate the purchases of three heavily pregnant heifers every two years
until 2026. The difference between these two scenarios corresponds to the difference between the first
two: “Basic+” contains the diversification, “Without meat processing+” does not. The right section of
Figure 4 shows that in the long term, even the “Basic” run without any further purchases of heifers is
more profitable than “Without meat processing+”. These scenarios estimate reaching the capacity in
2029. The difference of aggregated cash flow between the “Basic+” and “Future purchase5” scenarios
then amounts to nearly 179.2 thousand EUR before the flows of outputs and earnings reach an equal
level. In comparison with the biggest investment in the farm’s history, this sum represents 64.7%
of the total price of the stables acquired in 2009, including the reconstruction expenditures in 2016
(after revaluation of all figures into the prices of a single year). The impact of such income on the
budget of the farm increases considering the fact that the acquisition of stables was supported by a
60% investment subsidy. Consequently, the aggregated difference revaluated into the prices of 2016
represents 162% of the expenditures from the farm’s own sources (including the bank loan) connected
with the acquisition and reconstruction of the stables.

The diversification in terms of farm-to-table strategy decreases the dependence on subsidies as
the share of the non-investment subsidies falls from over 37% to less than 32%. If the farm does not
realise the meat processing, the annual cash flow could grow from 15.6 thousand EUR in 2018 when
the capacity is not fully utilised to nearly 84 thousand EUR when the herd reaches the full capacity.
On the other hand, the current annual cash flow could grow from 29.7 thousand EUR to more than 112
thousand EUR after reaching the full herd size in the scenarios where the farmer looks for a solution of
the weak position of a primary beef producer and realises the benefits of diversification. The difference
of income from slaughtering between these scenarios reaches the 45.3% of non-investment subsidies.
Also, the fixed asset turnover [57] grows from 9.6% without the farm’s own meat processing to 10.9%
when the farm processes, stores, and sells the meat.

The case study is the example of the farm-to-table strategy as a growth driver that significantly
improves the economic situation of the farm, which is tightly connected with the viability and economic
sustainability of the farm. The farmer actively grows through all main reinforcing loops, however,
it is clear that the R5 for diversification is the one that increases the efficiency and changes the farm’s
position. Despite the right decision of the farmer, which was made intuitively, the management flight
simulator still proves to be an efficient tool to improve the growth strategy, because the low heifer
acquisition delays the full benefit from the capacity extension.

4. Discussion

The structure of a system represents the source of its behaviour [10,65]. The presented dynamic
model simulates beef cattle production from the perspective of individual farm management.
The application of the system dynamics methodology enriches the understanding of the beef cattle
farm system and provides a tool for a what-if analysis. Although management and economic evaluation
of the farm represents the main goal, from the systemic perspective a modeller must consider the
physical structure of the herd as a core subsystem. The physical structure of the herd with the biological
processes, limitations, and delays determine the behaviour of economic subsystems of the farm.
Moreover, the herd structure was proven to be an efficient indicator for model validation because
farmers could provide the best real data series on the herd.
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A modeller’s ability to transform an economic and agricultural problem into a mathematical
form limits the benefits of simulation models [27]. Moreover, the methods of hard system thinking
(including computer simulation) have the disadvantage that a modeller could “lose touch with aspects
beyond the logic of the problem situation” and problem owners [62] (p. 765). To prevent that,
the whole process started with the interviews and farmers’ participation in the model and indicator
specification [57]. The mental data prove to be crucial for the understanding of the system [11,12] and
would remain inaccessible without direct cooperation.

Some of the simulated scenarios show the trap of the weak market position of primary producers
in the beef sector [40,69]. The case study was selected in order to show an opportunity for a small
farmer to escape the position of a mere primary producer. The simulated scenarios allow the ability to
clearly quantify the benefits of vertical diversification when the farmer enters the meat production
and distribution sector. Sale prices are commonly identified as the most significant aspect for the
profitability and margin value per ha [40,43]. However, a small producer lacks the market power to
change prices. Meat processing constitutes an opportunity for participating in the advantage of beef
packers. In the presented case study, the income per one slaughtered cattle increased by 50.2% or
76.3% depending on the gender of the cattle. The annual cash flow consequently grows by more than
33% upon utilising the full capacity in situation of the case study and even more if we use the official
statistics on average values of the parameters.

Because one of the fundamental modelling principles is that the modellers should always model
a problem and never the whole system [11,73], the model does not directly deal with the topic of
high greenhouse gas (GHG) emissions, which are a typical undesirable effect of cattle farming [90,91].
Nevertheless, in comparison with the simple growth of the herd size (which means the increase of
emissions), the farm-to-table strategy significantly improves the economic performance of the farmer.
Therefore, the farm-to-table represents the strategy that improves the economic sustainability that is
not accompanied by the direct negative effect on environmental sustainability.

The lack of opportunity to acquire more land frequently limits the growth possibilities of a farmer.
If the growth of the land area and facility capacity arises, the farmer must not underestimate the
investment into the herd. Agribusiness is specific for long delays that cannot be altered as they are
essential for biological processes [16,17]. From this perspective, the growth of the herd size depends on
the natural reproduction process. In the case of a significant extension, natural reproduction fails to fill
the capacity before the maturity of the long-term loan, which—on the other hand—proved necessary
for the investment into capacity. In other words, the investment does not attain its full utility and
the revenues do not reach the possible level during the period of increased expenditures because of
debt payments.

Underinvestment was the topic for the system dynamics approach from its origin [92]. “Growth and
underinvestment” also constitutes one of the system archetypes, that is, common patterns of behaviour
that occur in various fields and carry some typical (archetypal) problem [9]. Behaviour produced in a
system archetype is a kind of a trap. Nevertheless, if a manager identifies an archetype, it could be
considered as an opportunity [10]. Timely investment into the herd size allows the farmer to fully
utilize the production capacities and reach the maximal level of income earlier. The economic strategies
are commonly considered to affect mainly short-term farming sustainability [1], however, this is
dependent on the farm’s main product. The cattle farming is typical for its inertia and the long-term
impact of decisions made by farmers. For small businesses, the survival of the growth phase could be
very problematic [93–95]. The farm-to-table shows to be the leverage, which significantly increases the
economic efficiency and, therefore, the viability of the farm. From the system dynamics point of view,
the change of the constants is usually considered to be the weakest leverage (change relative to the
effort) in comparison with any change in the structure of the system [10]. The change of the maximal
capacity represents this kind of low leverage parameter change, on the contrary, the farm-to-table
strategy is the change of the structure with a higher impact on the behavior of the system.
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Small farms within the EU mostly represent a family activity [3]. This fact brings two important
aspects. Firstly, many operations are carried out on a part-time basis and the given family often needs an
additional source of income. Secondly, the decision to run a farm often arises from a family tradition [4].
Despite small farms being considered the cornerstone of the EU agriculture, the weak market position
of small farmers might work as a barrier to entry for new farmers or a demotivating aspect for the new
coming generation at existing farms, that is, a generation change. Therefore, when traditional farmers
quit, their replacement by new small entrepreneurs may never come. Sustainable development of the
EU agriculture stands as the Priority of the EU Common Agricultural Policy for 2021–2027. Support
will focus on small and medium farmers [2]. This might help to improve the situation. However,
system dynamists also know a system archetype called “Shifting the burden”. The archetype stands
for problematic behaviour arising from dealing with symptoms instead of providing a fundamental
solution [9]. Subsidies might be a different case, but a higher share of subsidies in the income increases
the dependency on a source outside the farm system, that is, again something that the farmers cannot
change. Complex systems are hard to understand and predict. However, being passive in a complex
system is not a solution. For these purposes, the management flight simulator used in this work was
designed to allow active testing and analyses of the long-term impact of decisions made by a farmer.

Our further steps in this research will address other types of animal production. Implementing
a user-friendly interface to the simulator constitutes a crucial issue. Such an interface represents a
necessary move towards acceptance and adoption of the simulator by farmers. Moreover, the user
interface allows the farmer to use the management flight simulator without the need for personal
guidance of members of our research team. The farmers’ trust is a precondition of the sixth step of the
followed process, that is, real implementation of changes.

5. Conclusions

The presented study depicts the issues of beef cattle farmers in the market environment and
illustrates the benefits of management flight simulators for cattle farming. Describing beef cattle
farming as a dynamic complex system helps to understand the sources of behaviour and the resistance
to applied strategies and policies. The common complexity of managing a company is further
complicated by biological processes characterized by very long time periods, especially in the case
of beef cattle farming. Moreover, the impossibility to affect the prices of inputs and outputs pushes
farmers into a passive role. A computer simulation represents a tool developed to help understand
such complex systems.

In the results, we evaluate the effect of direct distribution of meat to the final consumer on the
economic viability of small-scale farms. The implemented management flight simulator allows expressing
the difference between a pure primary producer and the farmer who decided to participate in the
advantage of retailers. Considering the growth strategies, the farm-to-table shows to be strong leverage:

• Farm-to-table strategy significantly increases the cash flow of the farm.
• Farm-to-table strategy enables earlier utilization of the capacity extension.
• Farm-to-table strategy allows the growth independently on the exogenous variables, which limits

the capacity growth (especially the possibility of land acquisition, cost of the land, annual rent per
hand subsidies).

We also simulate and evaluate various scenarios that show the benefits of early investment into
the herd size when the maximal capacity of stables increases. In the case of cattle farming, even
the single discrete economic/managerial decisions influence the farm’s viability in the long term.
Delays connected with biological processes hold-up capacity utilisation in the growth phase of the
farm. In the case of significant capacity extension, this delay could result in late maximisation of
earnings, which could be reached only after the period of maturity of the relevant bank loans.

The capacity extension must be accompanied by the proper acquisition of heifers. Relying only on
natural reproduction of livestock might result in significantly lower cash flow. Appropriate acquisition
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of cattle works as a significant growth driver that allows earlier maximisation of the farm’s output and
accelerates the return on the initial investment.

Small farmers in the role of pure primary producers hold a significantly weak market position
owing to the impossibility to influence the prices of inputs and outputs. Although proper cattle
acquisition in the extension phase results in better income in the long run, it fails to change the market
situation and the farmers’ dependency on the decisions of others. Diversification into processing
and own distribution of the meat, on the other hand, represents an active strategy that mitigates the
mentioned primary producers’ risks and increases the cash flow and fixed asset turnover. From the
perspective of economic sustainability, the farm-to-table strategy shows to be significantly more efficient
and sustainable than the capacity extension.

The limits of the model rest in the environmental and social sustainability, as the model does
not provide the indicators for these dimensions. The reader must also understand that despite that
the farm-to-table strategy could be very efficient, it is also a subject of farmers’ knowledge and skills
together with the willingness of the farmers to leave the comfort zone of doing what they do for years.
The strategy is also restricted by the regional demand for such products. As the model focuses on
individual farms, it does not work with the demand curve, which would be necessary if too many
farmers in the region choose the farm-to-table strategy. On the other hand, the calculated ratio shows
that even 82% of average price of meat when selling directly to final consumers provides the same cash
flow as the farm with double the capacity of the herd, which sells the cattle to the slaughterhouse.
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Appendix A

Table A1. Parameters of the general model.

Herd Category Equilibrium
Share (%) Herd Category Equilibrium

Share (%)

Cow calves till 7 months 11.432 Cows in minimal service period 4.780
Heifers for fattening till 18 months 8.995 Cow after minimal service period 1.592
Heifers for fattening 18–24 months 1.631 Pregnant cows 30.444
Heifers for rearing till 18 months 8.995 Bull calves 11.432
Heifers for rearing 18–24 months 1.631 Bulls for fattening till 18 months 10.793
Heifers till 5 months of gestation 2.045 Bull for fattening 18–24 months 1.958

Heavily pregnant heifers 1.085 Bulls in test 3.188

Parameter Value Parameter Value

Share of bull calves to test 4 30% Monthly costs per heavily pregnant heifers 3 1284 CZK
Calves’ mortality 5% Monthly expenditures on bull in test 4 4500 CZK

Annual Consumer Price Index 1 1.9% Monthly subsidies per cow 5 1190 CZK
Exchange rate EUR/CZK 2 25.643 CZK/EUR Price of heavily pregnant heifer 4 35,000 CZK

Monthly costs per calve till 7 months 3 1612 CZK Fixed cost of own processing per cattle 4 3200 CZK
Monthly costs per cattle for fattening 3 2241 CZK Average price of meat 3 47.52 CZK/kg

Monthly costs per suckler cow 3 2241 CZK Average price of meat when selling directly to
final consumers 4 167 CZK/kg

Monthly costs per heifers till 5 months of
gestation 3 1353 CZK Hectare per livestock unit 4,6 1 ha/1 LU

1 Ten-year average from inflation statistics [78], 2 exchange rate 2018 [96], 3 net costs of agricultural products in 2017
[77], 4 replies from farmers during the survey and focus groups [4,57], 5 [97], 6 livestock coefficients are according to
the authors of [86].
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Figure A1. Sensitivity analysis of the cash flow development. (a) describes the cash flow during
scenario of zero growth of capacity and sells to slaughterhouse; (b) represents the scenario of 100%
growth with sells to slaughterhouse; (c) describes the scenario of zero growth of capacity, but with own
meat processing; (d) represents the scenario of 100% growth together with own meat processing.

Figure A1 contains the results of sensitivity analysis. For these purposes, we have applied the
Monte Carlo simulation on the parameters from Table A1. The figure shows the confidence intervals
for cash flow in the sample of 1000 simulations with noise seed equal to 1234. For the Monte Carlo
simulation, the parameters were assumed to be uniformly distributed with range equal to base value
±10%, which exceed the distribution of historical data for parameters from the authors of [77].

The univariate sensitivity test shows that the farm’s cash flow is most sensitive on monthly
costs per suckler and monthly subsidies per cow. The suckler cows represent the biggest share of
the herd, therefore, this is an intuitive result. Table A2 shows the absolute percentage change of
cash flow after maximization of the output subject to 1% change of the parameter. As the sensitivity
varies for different growth scenarios, the percentage change is presented in the form of an interval.
The farm-to-table strategy shows lower sensitivity to parameter changes, which is in correspondence
with our interpretation, which presents the strategy as less dependent on the effects that are out of
reach of the farmer.

The modelling process was performed under the conditions of the Model Correctness Checklist [98].
Beside the judgmental tests (e.g., boundary adequacy and structure assessment based on interviews with
the farmers), the model passed the dimensional consistency test (Vensim Units Check tool), model results
were not sensitive to the lower time steps or different integration methods (Euler, RK2, RK4).

Behaviour reproduction tests were performed separately for the economic part and herd part.
Because the farmers lack the bookkeeping data, economic part was evaluated only on the judgmental
level (farm owner agreement). The herd structure was tested for separate cattle category—mean
absolute percentage error is less than 5%, the correlation coefficient between model and data series
is higher than 0.91, and Theil statistics [99] shows an unsystematic error (UC > 0.84) for all cattle
categories. We must note that these statistics could be influenced by the acquisition of the heavily
pregnant heifers, which are exogenous variables. This approach strengthens the statistics of model fit
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when the acquisition represents a significant share of the herd. See the work of [11] (p. 845–891) for the
detailed information on model testing.

Table A2. Sensitivity to individual parameters.

Own Meat Processing Sells to Slaughterhouse

Parameter % Change Parameter % Change

Monthly costs per suckler cow [2.48, 2.57] Monthly costs per suckler cow [7.91, 9.01]
Monthly subsidies per cow [1.87, 1.96] Monthly subsidies per cow [5.96, 6.84]

Average price of meat when selling directly
to final consumers [0.83, 0.99] Calves’ mortality [3.00, 3.69]

Monthly costs per calve till 7 months [0.86, 0.89] Monthly costs per calve till 7 months [2.74, 3.13]
Monthly costs per cattle for fattening [0.74, 0.77] Monthly costs per cattle for fattening [2.37, 2.70]

Calves’ mortality [0.53, 0.61] Average price of meat [1.72, 2.00]
Price of heavily pregnant heifer [0.14, 0.14] Price of heavily pregnant heifer [0.44, 0.50]

Monthly expenditures on bull in test [0.05, 0.11] Monthly expenditures on bull in test [0.17, 0.38]
Monthly costs per heifers till 5 months of

gestation [0.06, 0.07] Monthly costs per heifers till 5 months of
gestation [0.21, 0.23]

Monthly costs per heavily pregnant heifers [0.03, 0.03] Monthly costs per heavily pregnant heifers [0.10, 0.12]
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Table A3. Main parameters of case study farm (prices of 2016).

Parameter Value Parameter Value

Leased land since 2016 45 ha Annual rent per ha 3100 CZK

Own land since 2016 102.5 ha Monthly expenditures on
meadows and pastures 465 CZK/ha

Share of clover 17.6% Monthly expenditures on clover 1275 CZK/ha

Share of cereals 7.5% Monthly expenditures on cereals 750 CZK/ha

Fixed monthly expenditures
on employee 26,450 CZK Land capacity multiplicator for

cereals and clover 1.5

Table A4. The years to maximise the cashflow as a function of the percentage growth of the capacity.

Linear Regression

Natural Herd Turnover

Estimate Std. Error t-value Pr (>|t|)

Intercept 4.661111 0.251053 18.57 0.0000 ***
Growth 0.153434 0.004046 37.92 0.0000 ***

Multiple R2 0.9945 Adjusted R2 0.9938
F-statistic 1438 on 1 and 8 DF p-value 0.0000

Optimal Heifers Purchases without Own Meat Processing

Estimate Std. Error t-value Pr (>|t|)

Intercept 4.9444444 0.0313376 157.8 0.0000 ***
Growth 0.0502525 0.0005051 99.5 0.0000 ***

Multiple R2 0.9992 Adjusted R2 0.9991
F-statistic 9900 on 1 and 8 DF p-value 0.0000

Optimal Heifers Purchases with Own Meat Processing

Estimate Std. Error t-value Pr (>|t|)

Intercept 4.2555556 0.0392658 108.38 0.0000 ***
Growth 0.0476263 0.0006328 75.26 0.0000 ***

Multiple R2 0.9986 Adjusted R2 0.9984
F-statistic 5664 on 1 and 8 DF p-value 0.0000

Significant codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1.
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22. Št’astná, M.; Peřinková, V.; Pokorná, P.; Vaishar, A. New Approach to Sustainability in Rural Areas Comprising
Agriculture Practices–Analysis of Demonstration Farms in the Czech Republic. Sustainability 2019, 11, 2906.
[CrossRef]

23. Sørensen, J.T. Validation of livestock herd simulation models: A review. Livest. Prod. Sci. 1990, 26, 79–90.
[CrossRef]

24. Plà, L.M. Review of mathematical models for sow herd management. Livest. Sci. 2007, 106, 107–119.
[CrossRef]

25. Østergaard, S.; Ettema, J.F.; Hjortø, L.; Pedersen, J.; Lassen, J.; Kargo, M. Avoiding double counting when
deriving economic values through stochastic dairy herd simulation. Livest. Sci. 2016, 187, 114–124. [CrossRef]

26. Loewer, O.J., Jr.; Smith, E.M.; Benock, G.; Gay, N.; Bridges, T.; Wells, L. Dynamic Simulation of Animal
Growth and Reproduction. Trans. ASAE 1980, 23, 131–138. [CrossRef]

27. Pang, H.; Makarechian, M.; Basarab, J.A.; Berg, R.T. Structure of a dynamic simulation model for beef cattle
production systems. Can. J. Anim. Sci. 1999, 79, 409–417. [CrossRef]

28. Jalvingh, A.W.; van Arendonk, J.A.M.; Dijkhuizen, A.A. Dynamic probabilistic simulation of dairy herd
management practices. I. Model description and outcome of different seasonal calving patterns. Livest. Prod.
Sci. 1993, 37, 107–131. [CrossRef]

29. Jalvingh, A.W.; van Arendonk, J.A.M.; Dijkhuizen, A.A.; Renkema, J.A. Dynamic probabilistic simulation of
dairy herd management practices. II. Comparison of strategies in order to change a herd’s calving pattern.
Livest. Prod. Sci. 1993, 37, 133–152. [CrossRef]

30. Tichit, M.; Puillet, L.; Sabatier, R.; Teillard, F. Multicriteria performance and sustainability in livestock farming
systems: Functional diversity matters. Livest. Sci. 2011, 139, 161–171. [CrossRef]

http://dx.doi.org/10.3390/resources5040040
http://dx.doi.org/10.1016/j.ecolmodel.2016.04.015
http://dx.doi.org/10.1002/sdr.4260030205
http://dx.doi.org/10.1016/S0040-1625(71)80001-X
http://dx.doi.org/10.1002/sdr.4260100214
http://dx.doi.org/10.1016/j.omega.2017.07.005
http://dx.doi.org/10.1016/j.livsci.2018.06.015
http://www.ncbi.nlm.nih.gov/pubmed/30197687
http://dx.doi.org/10.1002/sres.2334
http://dx.doi.org/10.1080/14735903.2017.1288029
http://dx.doi.org/10.1016/j.gfs.2018.04.002
http://dx.doi.org/10.3390/su11102906
http://dx.doi.org/10.1016/0301-6226(90)90058-E
http://dx.doi.org/10.1016/j.livsci.2006.09.003
http://dx.doi.org/10.1016/j.livsci.2016.03.004
http://dx.doi.org/10.13031/2013.34539
http://dx.doi.org/10.4141/A99-020
http://dx.doi.org/10.1016/0301-6226(93)90067-R
http://dx.doi.org/10.1016/0301-6226(93)90068-S
http://dx.doi.org/10.1016/j.livsci.2011.03.006


Sustainability 2019, 11, 4245 24 of 26

31. Thomasen, J.R.; Sørensen, A.C.; Lund, M.S.; Guldbrandtsen, B. Adding cows to the reference population
makes a small dairy population competitive. J. Dairy Sci. 2014, 97, 5822–5832. [CrossRef] [PubMed]

32. Ettema, J.F.; Østergaard, S. Economic decision making on prevention and control of clinical lameness in
Danish dairy herds. Livest. Sci. 2006, 102, 92–106. [CrossRef]

33. Gussmann, M.; Kirkeby, C.; Græsbøll, K.; Farre, M.; Halasa, T. A strain-, cow-, and herd-specific bio-economic
simulation model of intramammary infections in dairy cattle herds. J. Theor. Biol. 2018, 449, 83–93. [CrossRef]
[PubMed]

34. Verteramo Chiu, L.J.; Tauer, L.W.; Al-Mamun, M.A.; Kaniyamattam, K.; Smith, R.L.; Grohn, Y.T.
An agent-based model evaluation of economic control strategies for paratuberculosis in a dairy herd.
J. Dairy Sci. 2018, 101, 6443–6454. [CrossRef] [PubMed]

35. Østergaard, S.; Sørensen, J.T.; Houe, H. A stochastic model simulating milk fever in a dairy herd. Prev. Vet.
Med. 2003, 58, 125–143. [CrossRef]

36. Bebe, B.O.; Udo, H.M.J.; Rowlands, G.J.; Thorpe, W. Smallholder dairy systems in the Kenya highlands:
Cattle population dynamics under increasing intensification. Livest. Prod. Sci. 2003, 82, 211–221. [CrossRef]

37. Shabb, D.; Chitnis, N.; Baljinnyam, Z.; Saagii, S.; Zinsstag, J. A mathematical model of the dynamics of
Mongolian livestock populations. Livest. Sci. 2013, 157, 280–288. [CrossRef]

38. Czech Statistical Office. Agriculture—Time Series. Available online: https://www.czso.cz/csu/czso/zem_ts
(accessed on 17 March 2018).

39. Czech Statistical Office. Cattle Production—1st Half of 2018. Available online: https://www.czso.cz/csu/czso/

cattle-production-1st-half-of-2018 (accessed on 10 October 2018).
40. Syrucek, J.; Kvapilik, J.; Barton, L.; Vacek, M.; Stadnik, L. Economic efficiency of suckler cow herds in the

Czech Republic. Agric. Econ. 2017, 63, 34–43.
41. Ekowati, T.; Prasetyo, E.; Handayani, M. The factors influencing production and economic efficiency of beef

cattle farm in Grobogan Region, Central Java. J. Indones. Trop. Anim. Agric. 2018, 43, 76–84. [CrossRef]
42. Manevska-Tasevska, G.; Hansson, H.; Rabinowicz, E. Input saving possibilities and practices contributing to

more efficient beef production in Sweden. Agric. Food Sci. 2014, 23, 118–134. [CrossRef]
43. Lopes, R.B.; Canozzi, M.E.A.; Canellas, L.C.; Gonzalez, F.A.L.; Corrêa, R.F.; Pereira, P.R.R.X.; Barcellos, J.O.J.

Bioeconomic simulation of compensatory growth in beef cattle production systems. Livest. Sci. 2018, 216, 165–173.
[CrossRef]

44. Czech Statistical Office. Farm Structure Survey—Analytical Evaluation—2016. Available online: https:
//www.czso.cz/csu/czso/annexes-to-part-ii (accessed on 26 July 2019).

45. Ahmad, T.; Thaheem, M.J. Economic sustainability assessment of residential buildings: A dedicated
assessment framework and implications for BIM. Sustain. Cities Soc. 2018, 38, 476–491. [CrossRef]

46. Wrzaszcz, W. Changes in Farms’Economic Sustainability: The Picture of Polish Farms in the Last Decade.
Eur. J. Sustain. Dev. 2018, 7, 179–190. [CrossRef]

47. Giddings, B.; Hopwood, B.; O’Brien, G. Environment, economy and society: Fitting them together into
sustainable development. Sustain. Dev. 2002, 10, 187–196. [CrossRef]

48. Basiago, A.D. Economic, social, and environmental sustainability in development theory and urban planning
practice. Environmentalist 1999, 19, 145–161. [CrossRef]

49. Pappas, E.; Pierrakos, O.; Nagel, R. Using Bloom’s Taxonomy to teach sustainability in multiple contexts.
J. Clean. Prod. 2013, 48, 54–64. [CrossRef]

50. Crofton, F.S. Educating for sustainability: Opportunities in undergraduate engineering. J. Clean. Prod.
2000, 8, 397–405. [CrossRef]

51. Chapin, F.S.; Torn, M.S.; Tateno, M. Principles of Ecosystem Sustainability. Am. Nat. 2002, 148, 1016–1037.
[CrossRef]

52. Thom, D. Engineering Education and the New Industrial Revolution. Int. J. Eng. Educ. 1998, 14, 89–94.
53. Forrester, J.W. System Dynamics, Systems Thinking, and Soft OR. Syst. Dyn. Rev. 1994, 10, 245–256.

[CrossRef]
54. Krathwohl, D.R. A Revision of Bloom’s Taxonomy: An Overview. Theory Pract. 2002, 41, 212–218. [CrossRef]
55. Tíjaro-Rojas, R.; Arce-Trigatti, A.; Cupp, J.; Pascal, J.; Arce, P.E. A Systematic and Integrative Sequence

Approach (SISA) for mastery learning: Anchoring Bloom’s Revised Taxonomy to student learning. Educ. Chem.
Eng. 2016, 17, 31–43. [CrossRef]

http://dx.doi.org/10.3168/jds.2014-7906
http://www.ncbi.nlm.nih.gov/pubmed/24996280
http://dx.doi.org/10.1016/j.livprodsci.2005.11.021
http://dx.doi.org/10.1016/j.jtbi.2018.04.022
http://www.ncbi.nlm.nih.gov/pubmed/29678690
http://dx.doi.org/10.3168/jds.2017-13175
http://www.ncbi.nlm.nih.gov/pubmed/29705432
http://dx.doi.org/10.1016/S0167-5877(03)00049-7
http://dx.doi.org/10.1016/S0301-6226(03)00013-7
http://dx.doi.org/10.1016/j.livsci.2013.07.009
https://www.czso.cz/csu/czso/zem_ts
https://www.czso.cz/csu/czso/cattle-production-1st-half-of-2018
https://www.czso.cz/csu/czso/cattle-production-1st-half-of-2018
http://dx.doi.org/10.14710/jitaa.43.1.76-84
http://dx.doi.org/10.23986/afsci.9334
http://dx.doi.org/10.1016/j.livsci.2018.08.011
https://www.czso.cz/csu/czso/annexes-to-part-ii
https://www.czso.cz/csu/czso/annexes-to-part-ii
http://dx.doi.org/10.1016/j.scs.2018.01.035
http://dx.doi.org/10.14207/ejsd.2018.v7n4p179
http://dx.doi.org/10.1002/sd.199
http://dx.doi.org/10.1023/A:1006697118620
http://dx.doi.org/10.1016/j.jclepro.2012.09.039
http://dx.doi.org/10.1016/S0959-6526(00)00043-3
http://dx.doi.org/10.1086/285969
http://dx.doi.org/10.1002/sdr.4260100211
http://dx.doi.org/10.1207/s15430421tip4104_2
http://dx.doi.org/10.1016/j.ece.2016.06.001


Sustainability 2019, 11, 4245 25 of 26

56. Pruyt, E. Small System Dynamics Models for Big Issues: Triple Jump towards Real-World Complexity; TU Delft
Library: Delft, The Netherlands, 2013; ISBN 978-94-6186-195-5.
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97. Syrůček, J.; Krpálková, L.; Kvapilík, J.; Vacek, M. Kalkulace Ekonomických Ukazatelů V Chovu Skotu; Institute of
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