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Abstract

Tomato cultivation in Colombia must balance market demands while minimizing environmental impact. Despite
productivity improvements, it still depends on external inputs such as phytosanitary products, fertilizers, and infras-
tructure that produce waste. Hence, the transition to sustainable cropping requires recognition of positive aspects and
areas for improvement. This study aims to identify critical points in tomato cultivation under low-tech greenhouses
in two different geographic regions in Colombia. The socio-ecological systems framework was adopted to promote a
transition to sustainable production. The methodology considered the selection of 13 variables and 33 topics of analy-
sis collected through the application of semi-structured interviews with key actors (32) and structured interviews with
tomato producers (124). Fourteen critical points were identified across social, environmental, and productive compo-
nents, categorized into: system of units and resources, governance, actors and production systems, and interactions.
Notable points include ecosystem services related to water and soil provision, land tenure, technology adoption, and
pollutant reduction practices. These points are crucial for driving a shift towards sustainable production in the regions
studied.

Keywords: Sustainability, greenhouses, pesticides, residues, food safety, sustainable practices.
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Critical points and socio-ecological dynamics of tomato (Solanum lycopersicum L.) cultivation in low-tech
greenhouse systems in Colombia

Resumen

La produccién de tomate en Colombia enfrenta el reto de equilibrar las demandas de mercado y disminuir el impacto
sobre los ecosistemas. Aunque la productividad del cultivo ha aumentado, la dependencia de insumos externos como
productos fitosanitarios, fertilizantes e infraestructura que generan residuos sigue siendo alta, por lo que transitar ha-
cia un sistema productivo sostenible requiere el reconocimiento de los aspectos positivos y de mejora. Por lo anterior,
el objetivo de este estudio es identificar puntos criticos del cultivo de tomate bajo cubierta en dos regiones geograficas
diferentes de Colombia. Para esto, se uso6 el enfoque del marco de sistemas socioecolégicos para facilitar la transicién
hacia sistemas productivos sostenibles. La metodologia contempl la seleccién de 13 variables y 33 tépicos de analisis
que fueron recogidos a través de la aplicacion de entrevistas semiestructuradas a actores clave (32) y estructuradas a
productores (124), identificAndose 14 puntos criticos de los componentes sociales, ambientales y productivos, catego-
rizados en: sistema de unidades y recursos, gobernanza, actores y sistemas productivos, e interacciones. Se destacaron
los servicios ecosistémicos de provisién de agua y suelo, la tenencia de la tierra, la adopcion de tecnologias y las practi-
cas de reduccién de contaminantes. Estos puntos son clave para impulsar un cambio hacia una produccién sostenible
en las regiones estudiadas.

Palabras clave: Sostenibilidad, invernaderos, plaguicidas, residuos, inocuidad, précticas sustentables.
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1 Introduction

Food production is a constant challenge worldwide
(Pérez-Vazquez et al., 2018). In Latin America, agri-
cultural production is caught between the need to
achieve the volumes and quality demanded by mar-
kets and the need to reduce impacts on ecosystems
(Benton et al., 2021). Nevertheless, crop selection
is largely determined by smallholder-based logic
(Berdegué and Escobar, 2004), in which profitabi-
lity tends to prevail over environmental conside-
rations and over the health of both producers and
consumers. This dynamic has contributed to the
emergence of a market that places greater value on
organoleptic characteristics than on product safety.

A clear example of this situation is tomato (So-
lanum lycopersicum L.), which ranks first worldwide
in terms of production volume and second in cul-
tivated area. China is the leading producer, with
67,636,724.8 t in 2021. In Latin America and the Ca-
ribbean, Colombia ranks fifth with a production of
875,436.86 t, after Mexico, Brazil, Argentina, and
Chile (FAOSTAT, 2023).

In Colombia, tomato cultivation is carried out
both in open-field conditions and under protec-
ted environments. Over the past two decades, both
the cultivated area and production under protec-
ted systems have shown a steady increase, rising
from 11 % in 2009 to 41.45 % in 2019. In 2022, 10,079
ha were planted under open-field conditions, with
an average yield of 27 t/ha, while 7,616 ha were
cultivated under protected systems, achieving an
average yield of 83.74 t/ha (Agronet, 2024). The
yield gap between these production systems is lar-
gely attributed to the effect of protective structures,
which enhance the productive potential of the plant
material (J. Jaramillo et al., 2012).

In 2022, Boyacé led protected tomato production
in Colombia, with a total of 209,316 t. Although it
remains among the three most productive regions,
yields have stagnated in contrast to the rapid ex-
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pansion of the cultivated area, which increased by
590 % over a seven-year period, reaching 2.185 ha
(Agronet, 2024). Cundinamarca, ranking second,
reported 869 ha under cultivation in 2022. Des-
pite the continued expansion of cultivated areas
in both regions, yields have exhibited a declining
trend (Agronet, 2024).

In the ongoing global transition toward sustai-
nable production systems (Food and Agricultural
Organization, 2021), coordinated efforts among pro-
ducers, technical specialists, and researchers from
diverse fields of knowledge are essential. Produc-
tive systems must be understood as livelihoods em-
bedded within the environmental, socioeconomic,
and cultural dynamics of a given territory. Within
this context, the objective of this study is to analy-
ze protected tomato production systems by iden-
tifying critical points that may affect the sustai-
nability of the production process in two of Co-
lombia’s main tomato-producing regions, using a
socio-ecological systems framework. This integra-
tive analytical approach enables the formulation
of multidimensional recommendations to support
sustainable production.

2 Materials and methods

2.1 Description of the study area

The study considers two regions or dynamic cen-
tres of growing greenhouse tomato production: the
eastern province of Cundinamarca, in the muni-
cipalities of Caqueza, Choachi and Fémeque; and
the province of Alto Ricaurte in Boyacd, in the mu-
nicipalities of Sutamarchdn, Santa Sofia, S4chica,
Tinjacd and Villa de Leyva (Figure 1).

Currently, the municipalities studied produce
approximately 27 % of the tomatoes harvested un-
der protected conditions in Colombia, with 150,669
tonnes produced in the municipalities of Boyaca
and 12,207 tonnes produced in the municipalities of
Cundinamarca (Agronet, 2023).
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Figure 1. Location of the study area. Source: The authors, based on Corine Land Cover.
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2.2 Components and variables to
address the analysis of
socio-ecological system

The analysis of socio-ecological systems (SES) in-
tegrates environmental and socioeconomic dimen-
sions, allowing for a territorial understanding in
which social and biophysical agents interact and
provide feedback across multiple temporal and spa-
tial scales (Ostrom, 2009).

Several theoretical approaches have been propo-
sed to address socio-ecological analysis; however,
the framework developed by McGinnis and Ostrom
(2014) stands out for its clear, coherent, exible, and
context-adaptable organizational structure (Nagel
and Partelow, 2022). These strengths help overcome
limitations such as the complexity involved in in-
terpreting results and the dif culty of incorporating
a dynamic perspective into the variables analyzed
(Hinkel et al., 2015).

In Colombia, this framework has been used
primarily to address water resource management
(Diaz-Pinzén et al., 2024; Gomez-Jaramillo et al.,
2024), and more limitedly to analyze agroforestry
food systems (Rodriguez et al., 2023) and cocoa pro-
duction systems (Quiroga et al., 2024). In this sense,
the present study represents an effort to advan-
ce the integration of sustainable production with
socio-ecological systems analysis.

The framework disaggregates socio-ecological
systems into ve main components:

Resource system and resource units: it des-
cribes the natural resources available within
the territory.

” Governance system: it examines decision-
making processes, including rules, norms,
and land tenure arrangements.

Actors and production system: it characte-
rizes the population and productive actors
within the region.

" Interactions: it describes the relationships
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among components, including existing pro-
blems and con icts within the territory.

Exogenous conditions: it addresses broader
social, economic, political, and ecosystem cha-
racteristics. This component was addressed in
a complementary manner through a review of
secondary information.

Using the expert consultation method (Herrera-
Masé et al., 2022), which is comparable to the
Delphi method in terms of expert panel compo-
sition (L6pez-Gbémez, 2018), workshops and mee-
tings were conducted in a hybrid format (virtual
and in-person). The expert panel included resear-
chers with experience in environmental, social,
economic, and productive topics, with particu-
lar emphasis on soils, pests, diseases, and post-
harvest processes. Through successive rounds of
consensus-building, a set of variables was de ned
for analysis within each component. As a result, a
matrix comprising 13 variables and 33 topics was
consolidated (Table 1).

Based on secondary information, exogenous
conditions were addressed by considering demo-
graphic trends, marginalization and poverty indi-
ces, and sustainable production policies with rele-
vance at the territorial level.

2.3 Data Collection and Analysis

The study included the design and application of
semi-structured interviews with key actors (Cona-
gua, 2013) and structured interviews with toma-
to producers. These instruments were applied bet-
ween December 2022 and February 2023.

The selection of key actors was based on a re-
view of secondary information and consultations
with local government of ces, recognizing expe-
rience in sustainable production. Accordingly, ac-
tors involved in environmental, social, and produc-
tive processes within the region were considered.
In the case of producers, eldwork focused on ru-
ral communities historically recognized for toma-
to production, and farmers to be interviewed were
identi ed in collaboration with local leaders from
each region.
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Table 1. Synthesis of variables included in the socio-ecological matrix.

Component

Variable

Topic

Resource System
and Resource Units

Ecosystem services

SURL1. Key actors who, when consulted about ecosystem servi-
ces, place greater emphasis on productive activities.

SUR2. Ecosystem services most frequently highlighted by key ac-
tors.

SURS3. Ecosystem services most commonly recognized by produ-
cers.

Water resources

SURA4. Key actors who perceive water resources as scarce and
water quality as moderate.

SURS. Producers who perceive that water availability during the
dry season is suf cient for households and crops.

Conservation areas

SURG. Key actors who identify local, regional, and national con-
servation areas.

SURY. Producers who consider the protection of natural resour-
ces to be as important as agricultural production.

SURS8. Producers who report having conservation areas within
their farms.

G1. Perceptions of key actors regarding land size (productive

Land size unit) per family.
G2. Average land area cultivated by producer households.
Governance Land tenure G3. Perceptions of key actors regarding land tenure type.
G4. Percentage of producers who identify themselves as landow-
ners.
o G5. Key actors who identify the presence of local organizations.
Local organization G6. Producers af liated with a local organization.
Main economic Al. Main economic activities identi ed by key actors.
activities A2. Key actors who perceive tomato cultivation as an important
activity in the region.
A3. Average area cultivated by households for tomato produc-
Characteristics of tion.
tomato producers A4. Average age of producers.
Actors and A5. Educational level of producers.

Production System

A6. Household size of producers.

Relevant
characteristics of
tomato cultivation

A7. Producers by type and origin of plant material.

A8. Producers by type of practices associated with soil health
(disinfection and fertilization).

A9. Producers affected by major phytosanitary problems.

A10. Producers by type of irrigation system and water source.
Al11. Production level and percentage of producers by type of
marketing and certi cation.

Main production cons-
traints

A12. Main production constraints perceived by key actors.

Interactions

Environmental issues

11. Main environmental problems described by key actors.

12. Producers who perceive that tomato cultivation negatively
impacts the environment.

I13. Main negative environmental impacts recognized by produ-
cers.

Social issues

14. Main social problems described by key actors.

Sustainability-oriented
practices

15. Producers who implement at least one sustainability-oriented
practice.
16. Main sustainability-oriented practices used by producers.
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The designed instruments underwent expert re-
view and were evaluated by professionals provi-
ding technical assistance for tomato cultivation in
the two study regions. In addition, the structured
interview format was validated with four produ-
cers (two per region). Finally, both structured and
semi-structured interviews were administered in
person by researchers involved in the design of the
instruments, who were familiar with their objecti-
ves and capable of clarifying and expanding upon
guestions when necessary. This approach ensured
higher response rates and the collection of reliable
information for both open- and closed-ended ques-
tions.

The semi-structured interview format consisted
of 16 questions, and a total of 32 interviews were
conducted with key actors (16 per region), inclu-
ding representatives from regional government (1),
local government (18), independent technical advi-
sors (3), nursery operators (1), a project technical
leader (1), producers with experience in sustaina-
ble practices (7), and a bio-input producer (1). All
interviews were audio-recorded, transcribed, and
consolidated for subsequent analysis.

The structured interview format included 39
guestions organized into ve sections. A total of 124
interviews (62 per region) were conducted using
non-probabilistic convenience sampling. Data were
collected in hard copy, systematized, and analyzed
using descriptive statistics in Excel and multiple co-

rrespondence analysis (Johnson and Wichern, 2002).

3 Results and Discussion

At the local level, most municipalities within the
study area are classied as sixth-category muni-
cipalities. This classi cation is based on their low
population density, which does not exceed 10,000
inhabitants, and their current revenues of unrestric-
ted allocation, which are annually below 15,000 cu-
rrent legal monthly minimum wages (approxima-
tely USD 5,517,441). This situation results in smaller
governmental organizational structures.

At the regional scale, the study area is loca-
ted within the departments of Cundinamarca and
Boyaca, which are strategically connected to the
national capital. According to the 2023 Depart-
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mental Competitiveness Index, these departments
rank 9th and 10th, respectively, out of a total of 32
(Consejo Privado de Competitividad and SCORE-
Universidad del Rosario, 2023). Both departments
stand out for their progress in infrastructure, infor-
mation and communication technology (ICT) adop-
tion, education, and innovation. However, each de-
partment faces speci ¢ challenges. Boyaca must im-
prove aspects related to the business environment,
labor market, market size, and the sophistication
and diversi cation of its economy. In contrast, Cun-
dinamarca faces signi cant challenges related to
environmental sustainability, public health, and the
nancial system.

In terms of public policy, Colombia has a robust
regulatory framework that promotes sustainable
agriculture, including the General Law on Agri-
cultural and Fisheries Development (Congreso de
Colombia, 1993), the National Policy on Sustainable
Production and Consumption (MAVDT, 2010), and
the National Circular Economy Strategy (MADS
and MCIT, 2019). These instruments have guided
the formulation of national and departmental go-
vernment plans aimed at fostering sustainable agri-
cultural systems. Nevertheless, Pérez (2020) empha-
sizes the need to strengthen coordination between
the environmental and agricultural sectors to im-
plement measures that effectively balance conser-
vation and production, as well as to increase efforts
to raise consumer awareness regarding the quality,
safety, and environmental impacts of the food pro-
ducts they consume.

Further analysis of the remaining components
identi ed 14 critical points, organized within the
components of resource systems and resource units,
governance, actors and production systems, and in-
teractions (Figure 2).

Before analyzing the identied critical points
by component, it is important to highlight that so-
me of these points constitute feedback loops within
the system, which explain the complex nature and
the associated behavioral patterns of the socio-
ecological system (Preiser et al., 2018). In this way,
feedback loops contribute to the understanding of
vicious cycles of barriers that perpetuate and hin-
der system performance (Hanf et al., 2025). De ning
and understanding these loops supports decision-
making processes (Rodriguez-Gonzalez et al., 2020),
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in this case aimed at advancing toward sustaina-
ble production. The feedback loops identi ed in the
socio-ecological systems analyzed in this study are

primarily related to components of actors and go-
vernance, particularly land tenure, local organiza-
tion, and technological lag.

Figure 2. Synthesis of the identi ed critical points. Source: the authors.

3.1 Multiple Correspondence Analysis

Based on the multiple correspondence analysis, the
rst two dimensions explain 25.21 % of the variabi-
lity of the observed data, a proportion considered
adequate (Asan and Greenacre, 2008) and allow for
the differentiation of three groups of producers (Fi-
gure 3).

Group 1. Sustainability-oriented producers: lan-
downers who report no water scarcity and recog-
nize bene ts from nature such as the provision of
clean air. They are aware of the negative impact of
agrochemicals on human health; therefore, they in-
corporate sustainability-oriented practices such as
the use of biofertilizers, biopesticides, and practices
to protect the soil.

Group 2. Traditional agriculture producers: they

La Granja: Revista de Ciencias de la Vida 43(1) 2026:76-96.
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rent the land and, therefore, do not own farms or
conservation areas; they perceive water scarcity du-
ring the dry season and report not conducting soil
analyses to support decision-making in crop mana-
gement. These producers state that they are unawa-
re of the negative effects of agrochemical use and
report not using sustainability-oriented practices in
their crops.

Group 3. Producers with environmental awa-
reness and conventional management: with other
forms of land tenure (they possess the land without
a formal title or in partnership with other pro-
ducers), they report having farms or conservation
areas and perceive that water is sometimes suf -
cient during the dry season. They recognize ecosys-
tem services such as water provision and the provi-
sion of food and rewood. They acknowledge that
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agrochemical use affects both the environment and clare conducting soil analyses in their crops for fer-
people. Although these producers report not imple- tilization purposes.
menting sustainability-oriented practices, they de-

Figure 3. Multiple correspondence analysis.

Component System and resource units: 1. Water availability in summer (categories 1.1. Sometimes, 1.2. Insu cient, 1.3.
Su cient), 2. Bene ts of nature (2.1. Water for domestic use and crops, 2.2. Water for domestic use and crops; food and
rewood from the forest, 2.3. Water for domestic use and crops; clean air and other bene ts, 2.4. Clean air, other bene ts,
2.5. Other bene ts), 3. Conservation areas or plots (3.1. Yes, 3.2. No). Governance: 4. Tenure (4.1. Tenant, 4.2. Other
tenure, 4.3. Owner). Actors and production system: 5. Soil analysis (5.1. Yes, 5.2. No), 6. Perceived impact of agrochemi-
cals (6.1. Yes, on the environment, 6.2. Yes, on people, 6.3. Yes, on people and the environment, 6.4. No). Interactions: 7.
Applies biofertilizers (7.1. No, 7.2. Yes, one, 7.3. Yes, two or more), 8. Implements soil protection practices (8.1. No, 8.2.
Yes, one or two), 9. Practices for biodiversity protection (9.1. No, 9.2. Yes, one or two), 10. Applies biopesticides (10.1.
No, 10.2. Yes, one or more).

3.2 Resource system and resource units Perceptions regarding water resource availabi-
lity were contrasting between the two regions, as

Three critical points: forest cover, perception of wa-  was the recognition of national conservation areas.

ter resource scarcity, and local and regional conser- In Boyaca, greater water scarcity is perceived, and

vation areas. conservation areas are more limitedly recognized,
compared to Cundinamarca (Table 2).
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Table 2. Results for variables of the resource system and resource units.

Variable Topic Boyacéa Cundinamarca
SUR1 56.2% 12.5%
SUR2 Water resource availability Water resource availability
Ecosystem services Soils suitable for agriculture
SUR3  Water for domestic use (87 %) Water for domestic use (71 %)
Food rewood (65 %)
Clean air (50 %)
SUR4 93.8% 25%
Water resources SUR5  26% 61%
SUR6  Local or regional (37.5 %) Local or regional (56.2 %)
National (6.2 %) National (37.5 %)
Conservation areas SUR7 98 % 97 %
SUR8 35% 48 %

In Boyaca, a low extent of stable and conserved
forest area was observed, affecting strategic ecosys-
tems. Ramos et al. (2022) reported that remaining
forest patches are disappearing due to agricultu-
ral expansion. In the municipalities studied, stable
forest area does not exceed 150 ha (Departamen-
to Nacional de Planeacién, 2023), representing less
than 2 % of the total area.

Water scarcity has affected economic activities,
highlighting the need to balance conservation and
production actions. It is essential to identify conser-
vation areas and develop restoration and land-use
conversion strategies to recover forest cover.

In contrast, in Cundinamarca, municipalities
contain between 3,000 and 6,000 ha of stable fo-
rest (Departamento Nacional de Planeacién, 2023),
representing approximately 13 % of their total area.
This ensures good access to water resources and a
perception of water abundance. Nevertheless, the
landscape has been transformed into a mosaic of
forest fragments, pastures, paramo areas, and cro-
plands, with a trend toward decreasing conserva-
tion areas and increasing community vulnerability
(Buitrago, 2022).

Multiple correspondence analysis revealed that
the group implementing sustainable practices per-
ceives lower water scarcity and recognizes additio-
nal ecosystem services, such as clean air.

La Granja: Revista de Ciencias de la Vida 43(1) 2026:76-96.
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The analysis of the resource system and resource
units made it possible to understand both the status
of natural resources essential for crop development
and the relationship between producers and natu-
re. In Boyaca, a greater impact of agricultural acti-
vity and increasingly scarce natural resources are
perceived, which is related to the geographical lo-
cation and productive history of each region. In this
regard, the forms of interaction and use of natu-
ral resources in each region have caused different
disruptions to the landscape matrix. This is parti-
cularly evident in Boyaca, where the rural lands-
cape has been modi ed by greenhouse structures,
reducing its visual appeal and negatively affecting
tourism in internationally recognized areas such as
the Villa de Leyva Valley. This situation, along with
the perception of water scarcity, underscores the
need to transition toward sustainable production
systems. In contrast, Cundinamarca, due to greater
water availability and the resulting higher forest co-
ver, does not exhibit such a pronounced impact on
the landscape.

3.3 Governance

Three critical points: predominance of private pro-
perty and smallholdings in both regions; as well as
limited participation in local organizations (Table
3).
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Table 3. Variable governance outcomes.

Variable Topic Boyaca Cundinamarca
Land size Gl 15ha
G2 2.6 ha 1.6 ha
G3 Landowners (with possession certi cates or documents accrediting in-
Land tenure heritance)
G4 41% 55%
N G5 56.2 % 68.8 %
Local organization
G6 11.3% 5%

One aspect that increases the vulnerability of
tomato-producing communities and threatens sys-
tem stability is the low organizational capacity of
producers. Individual interests hinder collective
action, which, according to Escobedo (2018), al-
so affects other value chains such as coffee. This
highlights the need for cooperation, commitment,
and information ow under a win—win perspecti-
ve; otherwise, the system fails due to insuf cient
empirical knowledge and a lack of organization
(Vargas-Hernandez, 2013).

Protected tomato production is intensive and
small-scale, which has implications for sustaina-
bility. Gamboa et al. (2020) report an inverse rela-
tionship between sustainability and farm size. The
small size of production units limits the conserva-
tion of vegetation, as productive land use is prioriti-
zed. In addition, multiple correspondence analysis
shows that landowners implement more sustaina-
ble practices than tenants.

This nding is particularly relevant in Colom-
bia, which has a land ownership Gini coef cient of
0.897 (Alzate, 2020), the third highest in Latin Ame-
rica, where land is concentrated in the hands of few
owners while many producers are tenants. The lat-
ter do not perceive the consequences of land use
beyond economic interest, underscoring the need
to strengthen their environmental awareness.

The analysis of the governance component re-
vealed strong similarities between the two study
regions in terms of land tenure under private ow-
nership, the predominance of smallholdings, and li-
mited organizational capacity. These aspects should
inform the design of sustainable production propo-
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sals for the region and are also linked to the fact that
these two regions together concentrate 25 % of the
country's population.

3.4 Actors and Production System

Five critical points were identi ed: low adoption of
technologies, reliance on imported plant material,
limited soil health, excessive use of agro-inputs,
and regulatory and market lag with an emphasis on
food safety (Table 4).

Interviewees in Boyaca and Cundinamarca
identi ed horticulture and livestock production as
the main economic activities, highlighting the rele-
vance of tomato cultivation. In Boyacd, producers
have an average age of 49 years; 37.1% completed
primary education, while 19.4 % did not complete
it; and an average of 0.89 ha of their production
unit is dedicated to tomato cultivation. In Cundi-
namarca, the average age of producers is 47 years;
47.5% completed primary education and 23 % did
not complete it; and 1.4 ha are dedicated to tomato
production. Households in both regions consist of 3
to 4 members (Table 4).

Among the main problems associated with to-
mato cultivation in Boyaca, high infrastructure costs
(greenhouse structures and irrigation systems) and
agro-inputs stand out (56.2 %), followed by the im-
pact of pests and diseases (37.5%) and dif culties
related to marketing and market access (37.5%). In
Cundinamarca, the most prominent issues are the
impact of pests and diseases (43.8 %) and inadequa-
te soil and water management (43.8 %).
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Table 4. Results for the variable: Characteristics of tomato cultivation.

Topic  Subtopic Boyaca Cundinamarca
Chonto type! 90 % 95 %
A7 Long-life type? 10% 5%
It comes from a nursery 92% 88.8%
Fertilization based on soil analysis 56.9% 56.4%
A8 Soil disinfection using chemical products  83.9% 67.7%
Application of organic matter to the soil 16.1% 50 %
Applies chemical fertilizers 100 % 100%
Most frequently reported phytosanitary Tomato leafminer (Tuta ab- Fusarium (Fusarium oxyspo-
problems soluta) (53 %) rum f. sp. lycopersici) (32 %)
White y (Trialeurodes vapo- Gall midge (Prodiplosis lon-
A9 rariorum) (52 %) gila) (23 %)
Gray mold (Botrytis cinerea) Tomato leafminer (Tuta ab-
(31%) soluta) (21 %)
Drip irrigation 100 % 95.1%
A10 Main water source for irrigation Reservoirs: 60.8 % Reservoirs: 35.4 %
Springs and streams: 39.2%  Springs and streams: 64.6 %
Average production (t/ha/year) 51 32
All Certi cation in Good Agricultural Practi-  1.6% 0%
ces
Sales agreement with the buyef 72.6% 83.7%

1 Type of tomato used for stew preparation.

2 Type of tomato used for salad preparation.

3 Formal and informal agreements between the producer and the intermediary for crop sales.

Of the ve critical points identi ed, the rstis
related to the limited adoption of technology. Pro-
ducers face dif culties in accessing reliable infor-
mation and training on technologies for protected
agriculture. In addition, adherence to traditional
production models generates resistance to change,
limiting improvements and maintaining dependen-
ce on obsolete technologies.

Cachipuendo et al. (2025), in the Ecuadorian
context, note that low levels of agricultural techni-
cation restrict the appropriate use of water. This
limitation is associated with low-ef ciency infras-
tructure, poor maintenance, and the absence of
measurement instruments that allow for rational
control of water resources. The authors emphasize
that the lack of technological innovation, together
with traditional community-based irrigation mana-
gement, reduces adaptive capacity to climate varia-
bility and compromises long-term crop sustainabi-

lity.

Socioeconomic characteristics such as age and

educational level in uence crop productivity. Cano
et al. (2016) indicate that higher levels of education

La Granja: Revista de Ciencias de la Vida 43(1) 2026:76-96.
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are associated with greater productivity, whereas
increasing age tends to reduce it, possibly due to li-
mited adoption of technological innovations offered
by associations, producer organizations, and scien-
ti ¢ institutions. In Colombia, various institutions
provide socially relevant knowledge; however, ef-
forts and approaches are often duplicated, resulting
in fragmented and sometimes divergent perspecti-
ves.

In terms of age structure, neither integration nor
generational renewal is observed. In Colombia, as
in other Latin American countries, family farming is
dominated by an aging male labor force (70 %). This
is largely due to youth migration to urban areas dri-
ven by a lack of opportunities in rural zones, which
negatively affects regional economies by reducing
labor availability and lowering the productivity of
traditional crops (Lopez et al., 2018), thereby pla-
cing the sustainability of tomato cultivation within
the family age structure at risk.

This technological lag is also re ected in crop
yields. Average production reaches 51 t/ha/year in
Boyaca and 32 t/hal/year in Cundinamarca. With a
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national average yield of 46.6 t/ha/year, Colombia
ranks 59th globally, compared to yields exceeding
300 t/halyear in countries such as the Netherlands,
Belgium, Sweden, Finland, Denmark, Ireland, and
the United Kingdom (FAOSTAT, 2023). This indica-
tes the existence of a technological gap in Colombia
but also represents an opportunity to develop or
adapt technologies that enhance national produc-
tion.

The second critical point of this component is re-
lated to the fact that, although Colombia is the cen-
ter of origin of tomato (Délices et al., 2019), the cul-
tivars currently grown have been improved in the
United States and Europe, whose breeding compa-
nies supply the seeds used in the country. Howevet,
the demand for materials more resistant to phyto-
sanitary problems such as Fusarium has led to the
adoption of techniques such as grafting in nurse-
ries, combining tolerant rootstocks with high-yield
hybrids such as Libertador and Roble. This prac-
tice has increased the cost of seedlings for tomato
producers. Furthermore, the high demand for fresh
tomato limits varietal diversity, constraining sustai-
nable production strategies in local markets with
speci c uses (Rios et al., 2014).

The third critical point highlights challenges as-
sociated with soil health:

" Loss of organic matter: The lack of practi-
ces that promote its retention and increase,
such as the use of cover crops, limits impro-
vements in organic matter content. Promoting
such practices would reduce erosion risk and
enhance microbial activity. However, they are
not commonly implemented, as producers of-
ten relocate production sites when soil degra-
dation negatively affects yields (Cuellas et al.,
2019).

Soil acidi cation: This phenomenon affects
nutrient availability, thereby impacting crop
guality and yield. The controlled application
of liming amendments can counteract acidi -
cation and restore optimal pH levels (Dikinya
and Mufwanzala, 2010).

Lack of crop rotation: Continuous mono-

cropping of tomato depletes speci ¢ nutrients
and increases vulnerability to phytopatho-
gens and insect pests. Implementing rotation
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plans with complementary species can restore
soil biodiversity and reduce pressure on par-
ticular nutrients (Diaz et al., 2004).

The fourth critical point concerns the use of
agro-inputs, which accounts for 64 % of direct pro-
duction costs. Dependence on chemically synthesi-
zed products for pest and disease control re ects a
constant need for external inputs to maintain crop
health and productivity. Frequent pesticide use ge-
nerates environmental and socioeconomic impacts
(Valentin et al., 2021), while ecological imbalan-
ce favors pests that displace bene cial organisms,
forcing more intensive management practices that
compromise fruit safety (Caro and Cortés, 2020).

A sustainable vision of tomato production
should adopt integrated pest and disease mana-
gement with a preventive approach, using organo-
mineral inputs, biological control, traps, and allelo-
pathic strategies to reduce dependence on chemical
inputs. Residue studies have reported high applica-
tion levels of insecticides such as chlorpyrifos, with
concentrations exceeding the maximum residue li-
mits (MRLs) established by the European Union
(> 0:1 ppm) (Guerrero, 2003).

Patifio et al. (2020) identi ed pesticide residues
such as di ubenzuron and methamidophos at con-
centrations above established MRLs. This nding
is consistent with the perceptions of interviewees,
who reported high pressure from pests such as whi-
tey (Trialeurodes vaporariorum), gall midge (Prodi-
plosis longi la), and tomato leafminer (Tuta absoluta),
whose management relies primarily on periodic ap-
plications of chemical insecticides.

These elements lead to the fth critical point of
this component: limited progress in the develop-
ment and implementation of regulations associated
with fruit quality. In 2014, Colombia promoted the
“National Phytosanitary and Food Safety Policy”
to implement a “National Pesticide Residue Plan”;
however, it was not until 2022 that the Colombian
Agricultural Institute (ICA) initiated national resi-
due monitoring, and the results have yet to be pu-
blished (Instituto Colombiano Agropecuario, 2022).

Advancing toward sustainable production is
closely linked to regulation, pricing, and markets
(Codron et al., 2014; Rodriguez-Robayo et al., 2022).
Regulatory frameworks are still under develop-
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ment, and the main market is the Bogota Central
Wholesale Market, where certi cations are not re-
quired, food safety is not inspected, and the envi-
ronmental impact of production processes is not
considered. This explains why only one of the 124
interviewed producers holds certi cation in Good
Agricultural Practices, highlighting the need for
markets that value sustainable production.

The analysis of the actors and production sys-
tem component revealed signi cant similarities bet-
ween the two study regions. Although Boyaca exhi-
bits slightly greater technological innovation than
Cundinamarca, a clear technological lag persists in
both regions. Other topics in both Boyaca and Cun-
dinamarca highlight the urgent need to address soil
health, promote crop monitoring, and implement
practices that avoid calendar-based agrochemical
applications. Likewise, the importance of re ecting
on tomato food safety issues in both regions was
evident, particularly in terms of creating incentives
for production under non-conventional and more
sustainable production schemes.

3.5

Three critical points were identi ed: greenhouse
infrastructure and its management, which genera-
te signi cant waste and impact the landscape, as
well as progress in the adoption of sustainability-
oriented practices (Table 5).

Interactions

Innovations in protected agriculture, tradition
and a lack of investment limit the adoption of tech-
nological improvements that could enhance ef -
ciency and productivity. Moreover, the tomato mar-
keting model does not provide suf cient returns to
justify technological investment within the produc-
tion system.

There is a marked disparity in the level of tech-
ni cation between the Boyacd and Cundinamar-
ca clusters. Farmers in Cundinamarca rely more
heavily on traditional and less-techni ed methods
based on empirical knowledge. This situation is lar-
gely due to limited access to advanced technologies
and insuf cient training in greenhouse practices.
In contrast, Boyaca has exhibited a higher level of
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techni cation, particularly in fertigation systems
(Villagran and Bojaca, 2021).

This difference may be explained by better
infrastructure and easier access to farms and
greenhouses in Boyaca. In Cundinamarca, however,
road conditions hinder access to production units,
a problem exacerbated by the region's topography
and climate (Villagran and Bojaca, 2021).

In both clusters, greenhouse covers adapted
from the oriculture sector have been used since the
1970s. Although these structures have increased to-
mato production, challenges remain in optimizing
crop development (Villagran et al., 2021). One of
the main challenges is the implementation of struc-
tures better adapted to local climatic conditions,
with greater microclimatic control and improved
alignment with the ecophysiological demands of
the crop, which would enhance resource-use ef -
ciency (Rocha et al., 2021).

However, greenhouse use generates waste at the
end of the materials' life cycle. The main environ-
mental issue associated with greenhouse tomato
production is the generation of solid waste, inclu-
ding plastic covers, wood, bags, packaging, pestici-
de containers, as well as organic residues.

Tomato losses during production, transport, sto-
rage, and consumption generate signi cant waste.
According to Martinez and Quintero (2017), post-
harvest vegetable losses in Colombia reach 7 %. Of
the 162,876 t of tomatoes produced in 2022 in the
municipalities of Boyaca and Cundinamarca (Agro-
net, 2023), an estimated 11,401 t were lost.

Furthermore, the ecosystem service related to
landscape aesthetics was not widely recognized.
Greenhouse tomato cultivation alters the landsca-
pe and disrupts the ecological matrix. This effect is
particularly evident in Boyaca, especially in Villa
de Leyva, a globally recognized tourist area known
for its desert landscapes, paramo ecosystems, la-
goons, and valleys (Ramos et al., 2022). Greenhouse
structures have modi ed the landscape, affecting
tourism, which has pointed to the high visibility of
greenhouses and their visual impact (Figure 4).
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Table 5. Results for interaction variables.

Variable Topic Boyacéa Cundinamarca
11 General impact of agricultural activi- General impact of agricultural activities
ties (50 %) (50 %)
High use of agrochemicals (37.5 %) High use of agrochemicals (37.5 %)
Contamination of water sources
Environmental issues (37.5%)
Increase in greenhouse structures and
poor waste management (31.2 %)
12 71% 21%
13 High plastic use (30.6 %) High use of agrochemicals (14.5 %)
Landslides and soil erosion (21 %) Landslides and soil erosion (9.7 %)
High use of agrochemicals (19.4 %)
14 Youth migration and labor shortages Youth migration and labor shortages
Social issues (56.2%) _ _ (37.5%)
Arrival of foreign migrants (31.2 %)
Insecurity, theft, and extortion
(31.2%)
15 79% 90 %
16 Incorporation of liquid humus into the Incorporation of liquid humus into the

soil (32.3%)
Practices oriented Crop rotation (52.2 %)
towards

sustainability de (31.3%)

Garlic chili preparation as a biopestici-

soil (77.4 %)
Commercial microorganisms (24.2 %)
Crop rotation (89.3 %)
Garlic chili preparation as a biopestici-
de (41.4 %)

This impact is less pronounced in Cundinamar-
ca, possibly because it is a less tourism-oriented
region compared to Boyac4a, as well as due to the
dispersion of greenhouses and the rugged topo-
graphy of the area.

At the level of identity, the landscape in both
areas is perceived as an in uential, unifying, and
characteristic factor that shapes local idiosyncrasy.
The landscape is valued as a competitive advanta-
ge for nature-based destinations, as noted by Clark
et al. (2026), where the natural environment beco-
mes a demanding factor for enterprises that must
operate within sustainability thresholds. In this re-
gard, Olwig (2002) emphasizes that natural lands-
capes evolve into cultural landscapes, in which
geographical and ecological characteristics are in-
tegrated with human modi cations, including built
structures and land use (Cosgrove, 2008). However,
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in the study area, tensions have emerged associated
with disruptions of the landscape matrix, fostering
struggles for the conservation of natural landsca-
pe symbols and motivating producers' interest in
transitioning toward sustainability.

In tomato cultivation, the adoption of agroeco-
logical practices (Wezel et al., 2009) promoted un-
der tropical agriculture models (C. Jaramillo, 2019)
can be identi ed. The regional approach seeks to
replace chemical inputs with organo-mineral and
biological sources. However, tomato producers con-
tinue to prefer chemical control for managing phy-
tosanitary problems, despite promising experiences
reported by those who use biopreparations, who
indicate positive effects and reduced management
costs.
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