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Abstract: In recent years, agriculture has become an essential activity in Colombia, despite the
challenges faced by farmers due to low yields and insufficient resources to improve their main
activities, such as irrigation systems, agricultural practices, and industrial machinery. This Hass
avocado approach has been addressed in previous research considering system dynamics simulation
to evaluate farmers’ behavior strategies and improve their competitiveness. However, these studies
typically examine a single strategy effect and avoid multiple integrated strategies. Other studies
focused on the complex interactions between different factors in the production chain and their
feedback effects on farmers’ productivity and cash flow. For these reasons, this research provides a
comprehensively dynamic model and evaluates long-term strategies and their effects on supporting
and improving small farmers” productivity and profitability. A system dynamics methodology
was used to model complex systems processing Hass avocado farmer association data and explore
their effects on competitiveness for long-term sustainable and profitable agriculture. This research
proposes optimal scenarios for small farmers, including strategies such as low-interest credit access,
logistics practices, and government technical support. The scenarios provide a proactive tool for
decision makers and promote rural farmers’ development, aligning high-quality fresh product supply
and demand.

Keywords: system dynamics; agriculture value chain; farmers behavior; fresh products production

1. Introduction

According to the United Nations, the demand for food will increase by 70% between
now and 2050 for the predicted world population growth from 7.7 million to 9.7 million [1].
For this reason, researchers focus on improving crop productivity and competitiveness in
the space available [2]. One solution is intensive agriculture development, but this method
has negative implications for soil degradation, deforestation, and climate change. Experts
are seeking new and better ways to produce food for the human species [3]. One of the most
widely accepted proposals is “smart agriculture”, which entails balancing new agriculture
and livestock to increase productivity while maximizing resources and minimizing environ-
mental impact [4-6]. Among smart agriculture’s fundamental principles is to produce more
food with fewer resources through Good Agricultural Practices (GAP) that limit forest
depredation, reduce carbon footprint, and create income opportunities for small-scale
producers in rural areas [7]. Likewise, sustainable development is essential to address
food production scarcity, allowing organizational and technological changes and focusing
on actual and future necessities [8]. However, the challenge in developing countries is
identifying fresh product demands (such as root and tubers (potatoes, sweet potatoes,
yams, cassava), fruit and vegetables (banana, orange, apple, avocado, tomato, grape),
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and others [9-11]) with significant resource constraints to achieve sustainable agricultural
development, poverty reduction, and economic growth.

Avocado production is a prime example of intensive agriculture, with global produc-
tion projected to reach 12 million metric tons by 2030, more than triple its 2010 level [12]. In
response to the rapid growth in international demand, avocados are expected to become
the most-traded primary tropical fruit by 2030 [13]. Colombia is a major player in this
market, with its 54,000 hectares accounting for 6% of the global planted area and making it
the third-largest producer. It also ranks fourth in production, comprising 11% of the total
produced worldwide, with an output of over 540,000 tons [14]. However, the increase in
avocado production has compounded challenges related to consolidating the supply chain,
achieving added value and market diversification, ensuring adequate technical support,
and gaining certification in traceability, quality, and safety of production [14,15]. These
challenges have led to precarious production systems lacking in technical, economic, and
social sustainability [16], as well as future environmental problems such as deforestation,
loss of biodiversity, and significant water scarcity [17].

Currently, System Dynamics (SD) models applied to agriculture allow for the compari-
son of social, economical, productive, and environmental elements, as they adopt a global
perspective rather than focusing on minor details [18,19]. These engineering techniques
are ideal for application in the specific scenario of Hass avocado production in the study
region, where not only environmental conditions play a fundamental role but also soil
and climatic elements, good agricultural practices, and the producer’s economic potential,
among other factors [20].

Given that the Hass avocado production chain plays a fundamental role in the im-
provement and economic development of the study region, it is important to identify the
most determining factors to consolidate the production chain in the long term with crops
with better yields in productivity and fruit quality. To do this, small producers should not
only consider the factors that affect the crop, but also identify the factors that affect the
other links in the production chain. The SD approach allows for this and helps predict
the organization’s future based on variables. Additionally, since SD helps to investigate
which variables need to be changed to improve the system’s behavior, it can be helpful in
understanding complex problems [21].

Most research that has addressed strategies to increase productivity and profitability
has evaluated them separately, such as [22], which proposes to increase avocado produc-
tivity through high-density planting [23], which evaluates the impact of access to credit
on the profitability of smallholder maize farmers, and [24], which analyzes the effect of
cooperative organization of smallholder banana farmers in Kenya. Some of these researches
have used the SD approach, but these studies only examined the effect of a single strategy
and did not study the effect of multiple integrated strategies. Therefore, this research aims
to provide a dynamic model to comprehensively assess the long-term effect of different
strategies aimed at supporting and improving the productivity and profitability of Hass av-
ocado cultivation by smallholder farmers, such as access to credit, implementation of good
agricultural practices, farmer association, government support with technical assistance,
and fertilizer supply.

This study seeks to answer the following research questions: (1) What financial
shortfall do small producers face due to low production yields? (2) If producers can access
credit to invest in improvement programs, what effect will it have on the average yield in
tons per hectare, cash flow, and cumulative net profit? (3) How much does it cost small
producers to implement good agricultural practices and become certified in their use, and
what effect does this have on their cash flow? (4) If small producers decide to join an
association, what effect will this have on crop productivity and profitability? (5) Should the
State invest in the Hass avocado production chain? How and how much should it invest to
ensure the long-term sustainability of the supply chain?

The study aimed to investigate the impact of various policies and actions on Hass
avocado productivity. To do this, it developed a management model that adopted a systemic
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approach to capturing the complex interactions within the system. It constructed the model
using a system dynamics methodology, which uses official data from regional producer
associations. This approach allowed the researchers to systematically analyze the effects of
multiple factors on avocado productivity and identify potential areas for improvement.

2. Related Work

Agricultural production chains are complex systems influenced by various factors [25].
The system dynamics approach can be used to study the behavior and consequences of
these complex interactions. This approach allows for the analysis of nonlinear behavior
over time using flows, feedback loops, table functions, and time delays with differential
equations [26]. The system dynamics approach was initially applied in fields such as
industrial management [27], urban dynamics [28], and population growth under resource
constraints [29]. However, it has since been applied in other fields, including psychology,
climate change, nature, and agriculture [30].

In the context of agriculture, the system dynamics approach has been used to evaluate
the environmental and economic effects of eco-agriculture in the Kongtong district of
China [31]. The results of this study indicated that the current agricultural system has vari-
ous disadvantages, including slow development of organic agriculture, methane emissions,
and high energy consumption. The study recommended specific government policy actions,
such as promoting new energy sources and subsidizing power generation, to address these
problems. Additionally, Waters et al. [32] applied an SD model to study the interaction
between economic drivers and different production systems in the United States. Their
results showed that a production system based solely on crops has the greatest potential
for sustainability. Birthal and Hazrana [33] used a dynamic approach to rainfall data to
assess the impact of climatic disturbances on Indian agricultural productivity. Their results
indicated that these phenomena impair productivity, highlighting crop diversification’s
importance to pre-adapt climatic shocks.

Prior research on agricultural production in South America has predominantly fo-
cused on improving competitiveness in the sector [34,35]. Hakim et al. [25] utilized an SD
method to build a partnership model in a complex and dynamic red chili supply chain in
Indonesia’s Bener Meriah Regency to improve the bargaining position of farmers. Another
Indonesian study [26] demonstrated the problem of inconsistency in the quality and avail-
ability of cocoa beans within an integrative supply chain model. This lack of infrastructure,
poor post-harvest management, and low-quality human resources all contributed to the
weak competitiveness of the cocoa industry. A study on the fruit sector in Colombia utilized
traceability technologies to investigate dynamic behavior [36]. The results indicated the
importance of traceability technology and its relationship with investment capacity and
quality. A potato supply chain analytical hierarchy approach in Peru and the grant contri-
bution number 068-2021-PROCIENCIA (Opportunities for Small Potato-producing Units
in the Challenges of COVID-19 Economic Reactivation—A Multidimensional Approach)
evaluated packaging impact using a mixed methodology approach. These potato researches
generated improvements, such as overall cost reduction, optimal fill rate operations, and
organizations’ strategic and functional decision articulation based on a cost-competitive
strategy [37]. Finally, a study on the coffee sector in Colombia [38] evaluated the impact of
investment policies and economic support on Colombian coffee growers and their cash flow.
The results showed that the resources provided to small producers must be sustainable for
long-term investment policies.

However, minimal empirical evidence is available in avocado production with SD
methodology. Aroca’s relevant study in [39] concludes agrifood supply chain entails
complex relationships. Therefore, understanding actors’ interactions and variables are
essential. Aroca’s study presented a dynamic model to simulate structures and interaction
links taking into account economic, social, and environmental variables. For these reasons,
the lack of production empirical evidence, and the gap with SD simulation, this research
applies SD methodology with different avocado production scenarios such as association
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membership, good agricultural practices, access to credit, and government support. The
production yield of each scenario is obtained over 15 years.

3. Materials and Methods

This paper presents the concept of SD and applies it to agriculture—specifically, to
the Hass avocado, a high-demand product worldwide. Different scenarios were simulated,
such as good agricultural practices, access to credit, producer associativity, and government
support. These contribute to understanding which elements may be crucial to improving
avocado production at the environmental and socioeconomic levels.

The primary references were some elements of the system dynamics framework [40].
As background, several studies presented by Suryani supported the current research on
how system dynamics could apply to sustainable agriculture [41,42]. The choice of scenarios
for the model simulation was informed by the literature review, since different studies have
found that certain elements are fundamental to improving productive capacity. The primary
materials used in the research were VosViewer [43] for the literature review, and Vensim [44],
which allows scenario-based simulation, for the model simulation process. In addition,
R studio [45] was employed for graphing and inferential analysis, and PAST [46] for the
remaining data analysis. First, the development of the model involved the structuring of
a causal diagram to indicate the main internal and external variables that make up the
production chain and the cause—effect relationship between each of them. Second, the
Forrester diagram was structured, which takes the variables of the causal diagram and
compares them by means of equations that recreate real behavior. Finally, the policies to
be evaluated are formulated by means of simulation scenarios [47]. The software used
for the simulation was the Vensim PLE software package, a visual modeling tool that
allows SD models to be conceptualized, documented, simulated, analyzed, and optimized.
The simulation model was supported with the data, variables, and equations, and the
methodological structure is better detailed in Figure 1. The following subsections detail the
simulation execution process.

N
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i W i
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Figure 1. Methodological structure of the study development.

3.1. Problem Map

Figure 2 presents a map that demonstrates the identification of problems and solutions,
as well as the underlying structure of these problems, according to the cited journal
article [48]. This work aims to evaluate the input parameters in the upper part of the graph,
which include the current status, access to credit, adherence to good agricultural practices,
producers’ association membership, and government support. The lower part of the graph
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showcases the variables that can be analyzed through simulation, including crop yield,
cash flow, accumulated profit, and financing needs.

3. Good 4. Producers'

agricultural Association
practices

2. Access
to credit

1. Current 5. Government
status Support
Scenario
{—J definition
parameters
System dynamic model
Outcome
variables
1. Crop yield
(Tons/Ha) 4. Financing
5 Cash flow 3- Accumulated needs

Profit

Figure 2. Problem map linking the research input variables to the simulation scenarios.

3.2. Study Region

The Cauca Department, with an area of 469,628 hectares suitable for Hass avocado
cultivation, is Colombia’s second most suitable department for producing this variety.
However, to date, only about 1000 hectares of Hass avocado have been planted—Iess than
1% of the department’s potential area. In addition, a yield of 5.4 tons per hectare has been
identified, which is low compared to other Colombian departments such as Antioquia and
Valle del Cauca, whose outputs range between 10 and 14 tons per hectare [49]. This deficit
in production has been identified because of various studies conducted by entities that
support the agricultural sector, such as education and research centers, the Government of
Cauca, the Colombian Agricultural Institute (ICA), the Colombian Association of Fruits
and Vegetables (ASOFRUCOL), and the Colombian Agricultural Research Corporation
(AGROSAVIA). These studies have identified key factors contributing to the deficit, includ-
ing the cost of fertilizers, limited financial access, scarce technology and technical assistance,
and low levels of association membership and access to export certificates such as good
agricultural practices [50,51].

In response to these findings, the national government has implemented support and
investment policies for the avocado sector in Cauca to improve competitiveness. This
study aims to identify and evaluate simulation strategies that enable small Hass avocado
producers to improve their competitiveness through factors such as access to credit, good
agricultural practices, association membership, and government support.

3.3. Description of the Model’s Variables

In this section, the decision variables in the model and the reason for their choice are
detailed. The model seeks to understand how farmer support strategies influence their
productivity performance and cash flow.

3.3.1. Crop Performance

This variable refers to the productive capacity in tons per hectare in a year. Figure 3
shows that the production yield depends on the number of trees per hectare, fruits per tree,
and the increase in productivity, which in turn depend on multiple factors. The present
research found that the factors that most influence agricultural productivity are the associa-
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tion membership producers, access to credit, implementation of good agricultural practices,
technical help, and reinvestment strategies in crop improvement programs [52,53].

INITIAL TIME Time

Productivity Accomulated productivity
Hass Production

Trees per Hectare
Fruits per tree

Figure 3. Production influence diagram.

3.3.2. Farmer’s Cash Flow

This variable, denoted as “difference between producer’s annual income and expen-
diture”, is a measure of the profitability of an avocado producer. The sales volume, or
quantity of avocados sold, has a direct impact on the producer’s income. Additionally,
the price per kilogram of avocados can vary depending on the location of the sale, with
domestic sales typically commanding a lower price than international sales. In order to
sell avocados abroad, producers must obtain certification from the Colombian Agricultural
Institute (ICA) for good agricultural practices. This certification guarantees the quality
and safety of the avocados, and is necessary for entry into foreign markets. The price per
kilogram of avocados in domestic trade is typically 0.75, while international prices are
approximately 1.75 per kilogram. Production costs and the size of payment installments
for credit can also affect the producer’s expenditure, and may influence the producer’s
decision to reinvest in improvement programs. Figure 4 depicts the variables that impact
profit for avocado producers.

Production costs

Expenses

Quota

Utility
Maximum Reinvestment Reinvestment
Reinvestment Rate Utility

Global GAP

Price per Kg External
Revenues

Price per kg Internal

Sales of Kg

Figure 4. Utility influence diagram.
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3.3.3. Description of the Model’s Variables

Table 1 presents the variables used in the simulation model, along with the correspond-
ing equation and variable type. The production variable is a flow variable representing the
number of avocados produced in a period. Factors influence it such as the number of fruits
per tree, the number of hectares planted, and the accumulated productivity over time. The
average yield is calculated by summing the production of each period and dividing it by
the number of years simulated (15 years in this case). Demand is modeled as a function
of production, with an annual increase of 3%. Sales are only considered adequate when
sufficient inventory is available. The price of avocados in the domestic market is modeled
as a random variable, following a uniform distribution between 0.68 and 0.90 per kilogram.
The price is between 1.58 and 2.04 per kilogram for the international market.

Table 1. Simulation model variables.

Variables Equation Type
Accumulated Pdn (A) Production Ton (pt) Level
Inventory (I) Hass Production-Sales in Kg Level
proAcFllelléiiI:/lﬁ;t(e(AiP) Productivity (P) Level
Utility (U) If then else (Revenues-Expenses (EX)-Reinvestment) > 0, Level
(Revenues-Expenses-Reinvestment), 0)
Maximum Amount (M)  If then else( Financing Needs (FN) > 0, Financing Level
Needs, 0)
Balance (B) - Quota (q) Level
Production Hass (h) (Fruits per tree (Time)*Trees per hectare*0.18) * (Accumu- Flow
lated production)
Average yield If then else (Accumulated production > 0, Accumulated  Auxiliary
production/Time, 0)
Demand Hass production*15*(1 + 0.003) Auxiliary
Sales (S) If then else (Demand > Inventory, Inventory, Flow
Hass Production)
Revenues (Re) If then else (Global GAP > 0, External kg price*kg Flow
sales*kg sales, Internal kg price*kg sales)
Internal price Uniform random (0.68, 0.9) Auxiliary
International price Uniform random (1.58, 2.04) Auxiliary
Profit If then else ((Income-Expense-Reinvestment) > 0, Level
(Income-Expense-Reinvestment), 0)
Production costs If then else (Producer Association > 0, (((Fertilizers + Auxiliary
Labor + Plant Material + Equipment (Time) + Technical
Assistance) * (1 — 0.28)) — Supporting State)
Reinvestment (Rei) If then else (Profit > 0, if then if (Profit > Maximum in- Flow
vestment, Maximum investment, (Profit) * Reinvestment
rate), 0)
State Support 2252.54 Auxiliary
Financing needs If then else (Periodic cash flow < 0, -Periodic cash flow, 0)  Auxiliary
Interest rate If then else (Producers” Association > 0, (0.0175 + 0.05), Auxiliary
0.0175 + 0.07))
State investment If then else (State Support > 0, 0.01, 0) Auxiliary
Access to credit If yes (Loan > 0, 0.07, 0) Auxiliary
Application of GAP Uniform Random (0.03, 0.08, 0) Auxiliary
Producer Association Random Uniform (0.06, 0.077, 0) Auxiliary
Government support If then else(Reinvestment > 0, Reinvestment*2 x 1078,0)  Auxiliary
Productivity (P) Fixed lag (Access to profits + Producer Association + Global Flow
GAP + Investment status + Productivity increase through
reinvestment, Lag, 0)
Utility (U) Sales revenue - Production costs Level
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The decision to reinvest profits is based on the profit level: if the profit exceeds
the maximum reinvestment amount, the producer will reinvest the maximum amount.
Otherwise, the producer will only invest 20% of the profit, provided that the profit is
positive. Government support is represented by a fixed amount of 2262.54, representing the
maximum amount of support provided by the state to cover production costs. Financing
needs are calculated as the cumulative negative cash flows in the current scenario. Access
to credit, implementation of GAPs, producer association membership, and government
support are auxiliary variables closely related to the scenarios considered in the simulation.
These variables are discussed in more detail in the Results section. The values in the
equation represent the percentage increase when these strategies are implemented. The
simulation evaluates them based on the assumption that the producer has implemented
these strategies.

3.3.4. Description of the Model Level Equations

The level equations and their mathematical notation are known as state variables
because they only change with time; they ultimately determine the system’s dynamic
behavior. Equations (1) to (6) represent the behavior of the level variables. Equations (1)
to (6) describe the behavior of the level variables. Equation (1) is used to calculate the
accumulated production. Equation (2) models the behavior of the accumulated inventory,
accounting for production and sales. Equation (3) measures the accumulated increase
in productivity. Equation (4) describes the behavior of the accumulated flow of profits.
Equation (5) allows the identification of the maximum debt level. Equation (6) calculates
the decrease in debt over time, accounting for periodic payments made by the producer.

dA
a P @
dI
FTie h—s; 2)
dp
dU _ [ Rev— Ex — Rei; IF (Rev —Ex — Rei) >0 @
dr 0; IF (Rev — Ex — Rei) <0 7
duU [ FN; TF(FN)>0 )
dt | 0 IF(FN)<O0’
dB
P (6)

3.4. Structure of the Causal Diagram

Causal diagrams are graphical representations of variables connected by arrows,
indicating causal relationships between the variables [54]. They allow us to understand
the possible routes of association between causes and effects and other alternative routes
that may produce biases in the association [55]. In the context of this research, the low
productivity of the agricultural sector has a significant impact on the farmer’s cash flow,
as typical scenarios tend to involve more cash outflows than inflows. Thus, the cash flow
is affected by the farmer’s income and expenses: demand, sales, and product price per
kilogram influence revenues. The product’s price is lower if sold in the domestic market.
By applying good agricultural practices, farmers can produce high-quality avocados, which
adds value to the product and allows the producer to sell on the international market at
a higher price. The farm’s production volume is influenced by the productivity index,
which increases as a function of investment in improvement programs, such as implement-
ing irrigation techniques, phytosanitary control, or applying good agricultural practices.
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Producer association membership also positively impacts productivity and is related to
production costs, as association members can achieve cost reductions. In addition, member
producers may have easier access to credit with lower interest rates than independent
producers. Figure 5 shows the causal relationships between these variables and the positive
and negative feedback loops. In this study, a positive feedback loop was identified, repre-
sented by the symbol (+) surrounded by a circle with an arrow pointing in the direction
of the loop. Two negative feedback loops were also identified, represented by the symbol
(-) surrounded by a circle with an arrow pointing to the left to indicate the direction of
the loops.

—a 5

Sales revenue ~ Lrice

Total Expenses
+
o ) +

Utility

Investment in

improvement ' Government
programs supportl

+ .
PrJ(r)ductlon costs

-

Nesesidades de

ﬁnan01ac10£ Credit installments

\ +
/
Credit amount

Implementacion
de BPA
- Credit rate

Producers /

Assocition

Figure 5. Causal diagram describing the relationship between the different research variables.

3.5. Construction of the Forrester Diagram

The Forrester diagram, illustrated in Figure 6, represents the interdependent variables
and parameters involved in the production chain of Hass avocados, from production to
marketing per kilogram of fruit. This model employs a cause-and-effect analysis to evaluate
the relationships between policies and investment strategies in crop improvement programs
and the benefits of these initiatives. The Forrester diagram is a precursor to developing a
system of first-order differential equations, as described in [56].
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Figure 6. Forrester diagram for the Hass avocado production chain in the Cauca department.

4. Results and Discussion

In system dynamics, a simulation is defined as the experiments conducted in a
model—rather than a real system—through simulation scenarios, making it possible to
observe the effects that the adoption of a new strategy or a new form of organization will
have on the real system [57]. In this study, five scenarios were modeled to evaluate various
strategies aimed at improving the productivity and profitability of the Hass avocado
production chain, with a simulation time of 15 years and a time interval of one year. These
scenarios can be used to evaluate the behavior of the proposed strategies within each
scenario and can be replicated for other production chains and permanent crops managed
by small producers.

The first scenario simulates the current situation of small Hass avocado growers.
The second scenario introduces the option of access to credit for investment in crop im-
provement or new planting projects, allowing for the identification of benefits gained by
producers through such access. The third scenario incorporates the implementation of
GAPs to evaluate the associated costs and impacts. The fourth scenario examines the
effects on the system’s behavior when independent producers decide to join an association.
Finally, the fifth scenario considers government investment in small producers to identify
government support’s economic and performance impacts on crop development.

The financial results obtained from the simulation were validated with the findings
of other research, such as those of [58], who conducted a pre-feasibility study for the
production of Hass avocados in another region of Colombia. These results show that
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Ton/Ha

2,00

Average crop yield

the investment is recovered within six years, which differs by one year from the results
of the present study. This difference can be attributed to the present study focusing on
small producers who still need machinery and cultivation technology, leading to a longer
recovery. The results of the present study were also compared to those of producers in
leading avocado-producing countries such as Mexico, who can recover their investment
within four years, as reported in [59]. However, the profits obtained are subject to debate,
as the area studied in the Colombian reference study is 4 hectares. In comparison, the area
studied in Mexico is 25 hectares and the present study only considers the production of
1 hectare, leading to variations in profits and investment recovery time.

4.1. Scenario 1—Current Situation

Scenario 1 represents the current performance of the production chain, and Figure 7
shows the indicators used to measure its performance: average crop yield per year, annual
cash flow, annual financing needs, and cumulative net income.

Cash flow
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$2.000

4831 $1.036

$0

usb

-$2.000

0,00

000 000 000 014

Time (Years)

Financing Needs

-$4.000

S2B64, 5 19383005

EEGH
1 4 s 6 7 8 9 10 11 12 13 14 15

Time (Years)

Net income

$4.000

$3.000

$2.000

usb

$1.000

$0

$3.615

$15.000 $14.493

$10.000

usb

$5.000

$0 S0 S0 S0 S0 S0 SO SO S0 S0 $0 S0 S0 S0 SO
$0

8 9 10 11 12 13 14 15 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Time (Years) Time (Years)

Figure 7. Results were obtained for the current scenario for the different variables studied, represent-
ing the current state of the Hass avocado supply chain in the Cauca department.

In this scenario, the average yield for the previous year’s harvest was 5.87 tons per
hectare, which is low compared to other countries, such as Mexico, where yields reached
18 tons for the same year. This production deficit negatively impacts the cash flow indicator,
as the first few years exhibit more cash outflows than inflows. Despite this, the small
producer becomes profitable in the seventh year, achieving a total profit of USD 831. The
cumulative net cash flow indicator shows that the cumulative net income between the
seventh and fifteenth years amounts to USD 14,493. Finally, the financing needs indicator
reveals a cash deficit in the first year of USD 3615, which decreases to USD 1066 by the
sixth year. If these financing needs were covered through access to credit, an improvement
in production yield could be expected. This option of access to credit is evaluated in
Scenario 2.
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These results indicate that small Hass avocado producers in the southwestern region
of Colombia face economic challenges. One potential solution to these difficulties would
be for producers to acquire a significant initial working capital to invest in technical and
technological improvements, enabling them to achieve profitability in a shorter time frame.
Another option for adding value to Hass avocados would be to implement technology in
the production process and obtain certifications such as an appellation of origin. In the
case of other products, such as dairy, obtaining an appellation of origin has been shown to
improve the profitability of small producers, as reported in [60]. An appellation of origin
serves as a unique marker of a specific geographic location where high-quality products
are produced, directly linking the quality of these products with that location. Obtaining
this status would add value to Hass avocados produced in the region, making them more
competitive in the market and increasing their sales value.

4.2. Scenario 2—Access to Credit

The second scenario evaluates the performance of the production chain when small
producers have access to credit. With access to credit, small producers can cover the
financing needs observed in Scenario 1 and invest in machinery and other means of
upgrading crop production. The results indicate that access to credit increases yields by
0.838 tons per hectare, representing a productivity increase of 7%. Figure 8 illustrates the
behavior of the average annual yield, cash flow, and cumulative net profit indicators under
this scenario.

Average crop yield Cash flow
B Scenario 1:Currentstatus [l Scenario 2 : Access to credit B Scenario 1:Currentstatus [l Scenario 2 : Access to credit
10,00 $15.000
8,00 $10.000
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Time (Years)

Figure 8. Results obtained for the scenario where small producers obtain credit for the cultivation
and production of Hass avocado in the Cauca department.

The average annual yield graph reveals that the increase in yield between the current
scenario and the scenario with access to credit, with year 15 as a reference, is approximately
50%, going from 5.8 to 8.1 tons per hectare. The cash flow indicates that the outflows in
the first few years are higher due to the need to pay credit installments during this period.
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However, the cumulative net income indicator over the 15-year simulation period shows
an increase of 176%, from USD 14,493 to 40,000 per producer. This suggests that producers
with access to credit can pay their debt plus interest and achieve higher profits than those
without such access. It is also noteworthy that Scenarios 1 and 2 are similar during the
first four years of cultivation, indicating that credit support strategies must be durable and
flexible to prevent economic bottlenecks in the early years. In addition, the performance
improvement is significant from the tenth year onwards, providing significant benefits to
producers in these later years.

The results of the second hypothesis are supported by other cases in which small
producers have easy access to credit. For instance, the federal government has improved
public financing and specialized services in Brazil to help small producers increase their
productive capacity. It has also implemented a strategic plan to strengthen technologi-
cal and product differentiation capabilities, resulting in producers with more significant
economic capacity and contributing to the consolidation of the sector in the country, as
reported in [61]. Similarly, Onakoya et al. in [62] have studied the impact of small-scale
enterprise financing on Kenya’s economic growth, concluding that this developing country
has achieved favorable economic results. These studies suggest that the simulation for
Scenario 2 in the present research may be accurate, indicating that providing loans to small
producers and improving the socioeconomic context would benefit the avocado sector.

4.3. Scenario 3—Implementation of Good Agricultural Practices

Obtaining certification for GAPs, which focus on producing safe and high-quality
food, enables avocado producers to be more competitive in the market. Certified producers
typically find that the primary advantage of adopting GAPs is access to more and better
markets. Additionally, GAPs improve the safety of farm workers and end-consumers
through the implementation of good management practices for inputs and agrochemi-
cals, as well as traceability systems. The main disadvantage of GAP certification is the
increased production costs associated with implementing and maintaining these practices,
as discussed in [53].

Figure 9 shows the impact of implementing good agricultural practices compared to
the previous scenarios.

After GAPs, the average yield of avocado production increases to nearly 11.5 tons
per hectare, allowing for a larger quantity of higher-quality fruit that can be sold at higher
prices in international markets. This results in an accumulated benefit of approximately
USD 160,000 for the producer.

Initial cash flow may be lower compared to current scenarios but recovers more quickly
than in previous scenarios, with a significant increase in income. This suggests that GAPs
play a crucial role in improving avocado productivity and have the potential to enhance
sector profitability in the future.

The final graph illustrates the relationship between financing needs and production
costs. When GAPs are implemented, production costs increase, and the green line repre-
senting financing needs also increases in the initial years because of the implementation
and maintenance of GAPs and sustainability measures. These actions during production
ensure the quality and safety of the product, as well as labor, social, and animal welfare,
and protect human health and the environment in the Hass avocado sector. Implementing
these practices would bring benefits not only to the sector but also to the surrounding social
context of production.

Scenario 3 supports the hypothesis that implementing good agricultural practices
yields medium- and long-term benefits for the production of food for human consumption,
confirming that making an initial investment in technical upgrades or implementing
contract farming allows farmers to reap more significant benefits from production and also
helps the country remain competitive in the global market (a requirement for Global GAP
certification), as reported in [63].
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Figure 9. Results were obtained for the scenario where GAP investment is made, improving produc-
tion methodology and technology implementation.

4.4. Scenario 4—Producer Association Membership

Scenario 4 analyzes the benefits of producers joining an agricultural association or
forming one among themselves. Besides cost advantages, association membership enables
producers to obtain credit at lower interest rates. According to FINAGRO's services
portfolio, the interest rate for independent producers in 2021 was 8.7% per annum, while
the rate for association members was 6.7%, with increased flexibility and accessibility
of credit.

Figure 10 compares the performance of an agricultural association with other scenar-
ios. The yield graph indicates an increase to 15 tons per hectare. In terms of cash flow,
expenses are lower than in the previous scenario. By belonging to an association, associated
costs are lower compared to the current scenario, along with the inherent advantages of
membership, such as increased access to markets and the ability to participate in policy
dialogue aligned with their interests. As it reduce costs through the association, financing
needs are also reduced, allowing for investment in improvement programs with lower debt
and interest rates.
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Figure 10. Results obtained for the scenario where producers have a civil association supporting
them technically and technologically.

4.5. Scenario 5—Government Support and Investment

Figure 11 shows a scenario in which the government invests in improvement projects
for small-scale Hass avocado growers. The current government support provided to
farmers, including planting materials, certified seeds, technical advice, and some inputs
and fertilizers, was considered.

This scenario exhibits a much greater competitiveness, reflecting the situation in other
leading avocado-producing countries, with an average yield reaching 16 tons per hectare
and an accumulated profit exceeding USD 300,000 over 15 years. This would directly
address rural poverty and significantly improve the quality of life for producers.

The graph representing financing needs shows that, with government support, these
needs are practically non-existent; producers would not have to go into debt because the
state would assume those costs, resulting in no outflows in the cash flow and profits being
generated as soon as it yield the first harvest. The high-income levels would reinvest in the
crop and harvest.

The results align with other findings in the literature [64], indicating that government
support policies for agriculture contribute to increasing the price of agricultural land
and, subsequently, to improving the competitiveness and sustainability of agricultural
production and reducing associated risks. This shows that the government should be a
key player in the Hass avocado production chain, and its participation as a guarantor
in assisting less profitable productive sectors with inputs such as technical upgrades or
improving their cash flow is vital for the industry’s consolidation in Colombia.
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Figure 11. In this scenario, the producers enjoy the technical and economic support of central
government, and achieve excellent Hass avocado production results at a similar level to other

leading countries.

5. Conclusions and Further Work

This research presents the simulation of different scenarios using system dynamics for
the Hass avocado production chain in the southwestern region of Colombia, considering
factors such as cash flow, good agricultural practices, and association membership. The
study’s main result is that strategies such as access to low-interest credit, collaborative
logistics, and government support in providing technical advice and agricultural inputs are
essential measures for promoting developed agriculture that can respond to demand with
high-quality products. The study also shows that low yields result from small producers’
lack of financial support for investing in crop improvement and modernization programs.

The research identifies the need for financial institutions to provide better credit
instruments for avocado production. Since this crop generates income only after the third
year, producers may need more resources to cover loan payments during the first two years.
Good agricultural practices play a crucial role in determining a farmer’s productivity and
cash flow. Although implementation and maintenance of these practices incur high costs,
the results show that this improvement strategy is profitable and creates a sustainable
production chain model over time. Finally, association membership is also a crucial strategy
in reducing the costs of acquiring technology and inputs and adding value and efficiency
to marketing, which translates into better economic and capital benefits for the members. It
could also scale these actions up to other crops currently being consolidated in the market.

As a follow-up study, it could conduct an analysis to forecast the behavior of Hass
avocado prices over the years, considering exchange rates, consumption, and production
rates worldwide and modeling this data to obtain more reliable results for decision making.
Extending the model to other production chains with their respective characteristics and
contexts would provide government agencies and associations with further information to
take action for the benefit of the production chain.
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