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Abstract: Diversifying agroecosystems enhance the sustainability of agricultural production and
reduce input dependency during agroecological transitions. To achieve this objective, a study was
conducted to assess the impact of intercropping and the introduction of flowering plant strips on
land use efficiency and crop damage in a lettuce and broccoli association. The results indicated that
the introduction of flowering plant strips alone led to a significant increase in land use efficiency,
while intercropping alone did not have any such effect. The efficiency was measured using the land
use equivalent ratio (LER), which consistently showed values greater than 1, suggesting a significant
increase in efficiency. It should be noted that the presence of flower strips in the crop fields were
found to increase the incidence of molluscs and Plutella xyllostella. Additionally, the competitive
ratio analysis revealed that broccoli was more competitive than lettuce in the intercropping system.
Therefore, farmers can increase the efficiency of land use and profitability by incorporating flower
strips in the intercropping systems of broccoli and lettuce.

Keywords: agroecology; diversification practices; horticultural crops; responsible consumption and
production; sustainable agriculture

1. Introduction

Vegetable production in Colombia, South America, is mainly carried out in areas of
less than 3 hectares, which represents 75% of farms [1]. About 40% of these farms have a
production area of less than 1 hectare, and this sector generates around 117,000 direct jobs
and 233,000 indirect jobs [1]. Lettuce is one of the primary leafy vegetables produced in
Colombia for consumption. In the year 2022, the country produced 122,235 tons of lettuce
in 5072 hectares, with an average yield of 24 t.ha−1 [2]. Broccoli is another vegetable of
significant economic and food security importance, with a yearly production of 2422 tons [3].
Most of this production relies on external inputs such as fertilisers and pesticides, whose
residual effects can negatively impact both producers and consumers [4].

In some regions of Colombia, peasant family farmers specialise in growing cruciferous
crops in monocrop or as part of crop rotation systems where broccoli, cauliflower, and
cabbage are rotated four times per year [1,5]. However, cruciferous growth is being
hindered by Clubroot disease caused by the obligate pathogens Plasmodiophora brassicae
(Protista: Phytomyxea) which can cause early plant death, resulting in nearly 100% yield
loss [5,6]. This is partly due to the low adoption of diversification practices such as rotation
and intercropping, given that sequentially planting the same crop species increases the
likelihood of accumulating soil-borne pathogens and insect pests, resulting in negative
plant–soil feedback [7]. It is crucial to implement better farming practices to ensure the
sustainability of cruciferous crops. Introducing non-susceptible crop species is one solution
to prevent disease attacks.
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The intentional addition of functional biodiversity to crop systems at multiple spatial
and or temporal scales, or agricultural diversification, potentially reduces the negative
impacts of intensive production while enhancing agroecosystem’s resilience and sustain-
ability [8,9]. This process involves the introduction of plants within the crop, known as
“crop diversification” (e.g., rotations, polyculture, companion planting, intercropping, cover
crops, green manure), or the introduction of non-cultivated plants at the field edges, referred
to as “non-crop diversification” (e.g., flower strips, grass margins, inter-row vegetation
management, scattered trees, etc.) [10].

Planting flower strips on the edges of crops and using intercropping practices can
improve resource use efficiency, enhance soil water retention capacity, and increase habitat
diversity for beneficial insects, ultimately favouring the provision of ecosystem services
such as pest regulation and pollination [10–12]. However, the effectiveness of this strat-
egy depends on various factors, such as species composition [13], functional traits that
attract pollinators and natural enemies [14], scale spectrum [15], strip-wide [16], time of
establishment [17,18], and the complexity of the landscape surrounding the crops [19].

One way to determine the response of this interaction between crops is through a
calculation based on the biomass generated by each species, comparing the yield between
monoculture and polyculture, thus obtaining the Land Equivalent Ratio (LER) [20]. When
the value is >1, it indicates that the combined yield of the associated crops is greater than
in monoculture, while a value <1 suggests that the association is less favourable than
monoculture production [20]. As an example, lettuce, when associated with rocket, has an
LER value of 1.41 [21]. In association with carrots, this index is 1.41, and when ground cover
is implemented, it is 1.31 [22], indicating that lettuce is a plant well-suited to intercropping.
Broccoli shows a similar response when associated with beans, with an LER ranging from
1.13 to 1.44, depending on the proportions of plants used for the intercropping [23]. The
same principle is used to measure the level of competition among the species involved in
the association, for which the competitive ratio (CR) is estimated. When values are <1, they
indicate a positive effect, showing limited competition among the plants involved, whereas
values >1 indicate a negative level of competition in the association [20].

Although agricultural diversification has been extensively studied, there is still a need
for a deeper understanding of how combining different diversification strategies affects
crop productivity, especially in the Colombian Andean highlands. Therefore, the aim of our
study is to evaluate how the association between broccoli–lettuce and flowering (aromatic)
plant strips affect land use efficiency. Given that agroecological practices, such as diversifi-
cation, are associated more frequently with positive socioeconomics outputs [24–26], we
also compared the economic performance of diversified crop arrangements compared to
pure stand crops. Some studies highlight that applying multiple diversification strategies
creates more positive outcomes than individual management strategies [27]. We hypothe-
sised that combining intercropping and flower strips on the edges enhances the efficiency
of land use, increasing LER (land equivalent ratio), which in turn enhances the profitability
of crops.

The transition towards sustainable horticultural production requires the development
of new knowledge that supports the expansion of organic farming in Colombia. However,
despite the implementation of regulations for organic agricultural products since 2006,
only 1% of cultivated areas have been certified as organic, indicating a limited progress in
this area [28,29]. The initiatives towards organic farming has been mainly led by farmers
associations, with some political support for agroecological transition processes [30]. This
study highlights the significance of agricultural diversification as a practice to reconfigure
agroecosystems, reduce input dependence, and mitigate the risk of productivity loss for
producers during the stage of input substitution. The proposed schemes are based on
ecological processes [31,32]. The results of this study provide insights on how to integrate
traditional practices with organic management schemes in broccoli and lettuce production.
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2. Materials and Methods
2.1. Study Site

Two experimental evaluation cycles were conducted: 1. From 10 October 2022 to 3 Jan-
uary 12023; 2. 19 April to 14 July 2023. All experiments were held at the Obonuco Research
Center-Agrosavia, located in Pasto, Nariño, Colombia (1◦11′52.55′′ N; 77◦18′25.67′′ W). The
location corresponds to the Altiplano subregion of Nariño at an altitude of 2841 m.a.s.l.,
with an average annual temperature of 12.9 ◦C. Based on these two climate variables and
according to the Caldas-Lang classification [33], it is categorised as a cold semi-humid
climate (Fsh). The location had an average annual precipitation of 840 mm.

2.2. Edaphic Characterisation of the Soil of the Plots

The research was conducted on Andisol order, classified as Vitric haplustands subgroup
with a clay loam texture [34]. The soil’s chemical characteristics in the experimental trial area
were as follows: pH (6.18); organic matter (3.41%); in mg.kg−1 for P (77.54), S (6.95), Fe (335.61),
B (0.46), Mn (5.69), Cu (2.45), and Zn (3.61); in cmol(+).kg−1 for K (1.01), Ca (6.06), and Mg (1.16).
There was no exchangeable acidity. The bulk density was 1.92 g.cm−3.

2.3. Plant Species and Agronomic Management

The plant species evaluated were lettuce (Lactuca sativa) variety Coolguard, and broc-
coli (Brassica oleracea var. italica) hybrid Legacy. The flower strip was established with
the species Chamaemelum nobile (Chamomile), Calendula officinalis (Marigold), Mentha sp.
(Mint), Thymus vulgaris (Thyme), and Artemisia absinthium (Wormwood). These species
were selected because they are widely used by agroecological producers in the region to
enhance natural biological pest control in their gardens.

2.3.1. Sanitary Management

The first evaluation cycle was carried out organically, using plant extracts of Allium
sativum and Capsicum annuum (garlic and chilli), Azadirachtin indica (neem), wormwood
hydrosol (Artemisia absinthium), tea tree extract (Melaleuca alternifolia), elicitors, biocontrol
agents (Bacillus amyloliquefaciens, Agrobacterium radiobacter, Bacillus pumilus, and Trichoderma
koningiopsis), entomopathogens (Beauveria bassiana, Metharhizium anisopliae, Lecanicillium
lecanii, Bacillus thuringiensis), and mineral products based on sulphur and calcium.

In the second cycle, for the organically managed plots, the same products as described
for the first cycle were used. While for conventional management, fungicides with active
ingredients such as azoxystrobin, captan, flutriafol, carbendazim, metalaxil + propamocarb;
insecticides based on cyromazine, acephate, permethrin, emamectin benzoate, difluben-
zuron + lambda-cyhalothrin, and metaldehyde were applied in rotation to control slugs.

2.3.2. Plant Nutrition

Nutrition was provided using mineral fertilisers with an application equivalent to
88, 50, and 50 kg.ha−1 of N, P2O5, and K2O, respectively, for lettuce and 120, 150, and
210 kg.ha−1 of N, P2O5, and K2O for broccoli. Minor edaphic elements were supplemented
at a rate of 96 kg.ha−1 of commercial product, and nutrition was further complemented
with foliar fertilisation based on phosphorus, boron, and calcium. Soil fertilisation was
performed with 5 t.ha−1 of rock phosphate and 15 t.ha−1 of vermicompost, with supple-
mentary foliar fertilisation based on boron, organic carbon, nitrogen, and calcium [35]. We
utilised the following foliar fertilisers for our crops:

- Wuxal Tapa Verde: A concentrated suspension (SC) of grade 16 + 0 + 0 + 24 Ca + micro-
elements. It contains the following nutrients in grams per litre: Total Nitrogen (160),
Calcium (CaO) (240), Magnesium (MgO) (32), Total sulphur (S) (1.6), Boron (0.32),
Copper (0.24), Iron (0.49), Manganese (0.41), Molybdenum (0.08), and Zinc (0.32).

- Globafol: An organic-mineral fertiliser for foliar application based on vegetable ex-
tracts. It is formulated as a soluble concentrate and contains the following nutrients in
grams per litre: Total Nitrogen (35), Phosphorus (98.3), and Organic Carbon (63.5).
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- Klip Boron: A simple fertiliser for foliar and soil application. It is formulated as a solu-
ble powder and contains the following nutrient in grams per kilogram: Boron (205).

2.4. Experimental Design and Evaluated Variables

The experiment was conducted using a randomised complete block design with four
replications in a factorial arrangement. We selected a homogeneous field (2500 m2) with
a slight slope (10%). To account for the impact of variable changes due to this condition,
we considered four blocks in the experimental design. We established pure stand and
intercropped plots of lettuce and broccoli to compare variables between monoculture and
diversified plots. The intercropping plots were designed to replace a given number of
plants of one component crop, lettuce or broccoli, with the same number of the other
component crop, using a replacement or substitutive design. As a result, the density of
each crop was lower in the intercrop than in its pure stand (control). However, the total
stand density was the same in the intercrop as in each pure stand [36,37]. We assessed
various factors, in addition to intercropped treatments, which included:

Flower Strip: This factor was evaluated in both experimental cycles and considered
two levels: plots with flower strips, and control plots without them.

Sown density: We only evaluated this factor during the first experimental cycle to
determine the optimal sown density for the lettuce–broccoli intercropping. For intercrop-
ping treatments, we considered three levels: 37,800 plants.ha−1, 50,000 plants.ha−1, and
62,500 plants.ha−1. We used the commercial reference values for pure stand crops for
lettuce monocrop (62,500 plants.ha−1) and broccoli monocrop (40,000 plants.ha−1).

Agricultural management: This factor was evaluated only in the second experimen-
tal cycle to assess the effect of ecological management versus chemical management on
the variables.

2.4.1. First Cycle

During the first cycle, which lasted 95 days (from 10 October 2022 to 13 January 2023),
we set up a total of 40 plots, each with a dimension of 15 m2. For this cycle, we evaluated five
treatments that involved a combination of flower strip and sown density (as shown in Figure 1).

Figure 1. Experimental design for Cycle 1.
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2.4.2. Second Cycle

During the second cycle, which lasted 86 days from 19 April to 14 July 2023, we set
up 48 plots of 12 m2 each. Our aim was to assess the effects of combining flower strips
and agricultural management on crop yield (see Figure 2). To determine planting density,
we held a workshop with producers and agreed on a density of 50,000 plants.ha−1. This
decision took into account factors such as production area, land use, farming practices,
productivity improvements, and marketing implications.

Figure 2. Experimental design for Cycle 2.

Variables

We assessed the Land Use Efficiency by utilising an index called the Land Equivalent
Ratio (LER). This ratio measured the ability of broccoli and lettuce plants to utilise resources
in intercropped plots [36]. To determine the LER, we measured the yields of each crop
in pure stand plots as well as intercropped plots. We then used the following formula to
calculate the LER:

ER = LERLETTUCE + LERBROCCOLI (1)

LERLETTUCE =
YAL
YML

(2)

LERBROCCOLI =
YAB
YMB

(3)

where:

LER: Land Equivalent Ratio
YAL: Yield of associated lettuce
YML: Yield of monoculture lettuce
YAB: Yield of associated broccoli
YMB: Yield of monoculture broccoli

We assessed the competitiveness of broccoli and lettuce using the Competitive Ratio
(CR) index, which indicates how often one crop is more competitive than the other [36]. CR
was calculated as follows:

CRLETTUCE =
LERLETTUCE

LERBROCCOLI
·PRBROCCOLI

PRLETTUCE
(4)
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CRBROCCOLI =
LERBROCCOLI

LERLETTUCE
· PRLETTUCE

PRBROCCOLI
(5)

where:

PRLETTUCE: Proportion of lettuce in the crop
PRBROCCOLI: Proportion of broccoli in the crop

Crop Yield: The yield (ton.ha−1) of each experimental unit was determined by harvest-
ing the useful plot. Then, to estimate the above-ground biomass, six plants per plot were
randomly collected at harvest, and their tissues were dried at 65 ◦C for 72 h. The intercrop
yields for each species were also estimated per hectare.

Pest and Disease Incidence: To assess the presence of diamondback moth (Plutella
xylostella), molluscs (Deroceras sp. and Milax spp.), and incidence of lettuce rot (Sclerotinia
spp.), ten plants per plot in monoculture (same species) and ten plants in intercropping
(5 plants of each species) were evaluated. The incidence of disease was calculated by
dividing the number of plants with damage by the total number of plants evaluated. A
similar procedure was used to estimate the incidence of P. xyllostella on broccoli, where the
number of plants with larvae was counted regardless of their abundance.

2.5. Economic Analysis

The net income was estimated for broccoli and lettuce crops in both planting systems
(monoculture and intercropping). The average yields obtained from each treatment were
used to calculate the net income (NI). In the first cycle, the selling price per kilogram
of broccoli and lettuce corresponds to the average price in 2022 in two local markets
in Nariño [38]. The NI in the second cycle was calculated based on the average prices
in local markets for chemical management and the prices in organic stores for organic
management [38,39]. For the determination of production costs (PC), plot leasing, labour,
plant material, and input costs were considered. The profit (USD ha−1) was calculated as
the difference between NI and PC. In treatments where flower strips were implemented, an
additional cost of 5% of direct costs (inputs and labour) was estimated for the establishment
and maintenance of flower strips.

2.6. Statistical Analysis

A two-way ANOVA analysis was performed to evaluate the data. To compare treat-
ment means, Tukey’s test (p = 0.05) was utilised. The analysis was performed using R
software v.4.3.1 [40] and the AgroR package [41]. The data underwent the Shapiro–Wilk
normality test and Bartlett’s homogeneity test. For variables that did not meet assumptions,
equivalent non-parametric tests like the Wilcoxon Test or the Kruskal–Wallis Test were
used for comparing medians.

3. Results
3.1. First Experimental Cycle
3.1.1. Land Use Efficiency and Competitive Ratio

The Land Equivalent Ratio (LER) significantly differed between crops with and with-
out flower strips (F(1,15) = 5.4779 and p-value = 0.0335) and among intercrop planting
densities (F(2,15) = 4.8076 and p-value = 0.0244). On average, the LER in plots with flower
strips was 1.10 compared to 0.96 in plots without these strips (Figure 3). Regarding planting
densities, the land use efficiency of the intercrop increased in direct proportion with the
planting density: at a density of 37,800 plants.ha−1, the LER was 0.91, at 50,000 plants.ha−1,
the LER was 1.04, and at 62,500 plants.ha−1 the LER was 1.14 (Figure 3). The interaction
between the evaluated factors was not significant (p-value = 0.9223).
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Figure 3. Effect of the establishment of flower strips and planting density on the Land Equivalent
Ratio (LER) in the broccoli–lettuce intercropping (1:1). The letters in the graph denote significant
differences among factors, based on the results of a 2-way ANOVA Test with a significance level
α = 0.05.

In Table 1, it can be observed that the CR (Competitive Rate) values for broccoli were
>1 during the first experimental cycle, indicating that this crop was more competitive
than lettuce, whose values were <1 in all cases. Planting density and the introduction of
flower strips did not significantly affect the competitiveness of broccoli during the first
cycle, although higher CR values were observed in plots with flower strips. In contrast,
flower strips significantly affected CR values for lettuce with higher values in control plots
(p-value = 0.0399).

Table 1. Effect of plant density and introduction of flower strips on Competitive ratio (CR) of lettuce
+ broccoli intercropping (1:1) systems.

Factor 1: Sown Density Factor 2: Flower
Strips CR Lettuce CR Broccoli

37,800 plants.ha−1 Flower strips 0.48 2.12
Control 0.78 1.49

50,000 plants.ha−1 Flower strips 0.51 2.00
Control 0.63 1.87

62,500 plants.ha−1 Flower strips 0.52 1.91
Control 0.54 2.03

Two-factor variance analysis (F)
Factor 1: Sown Density 0.7370 ns 0.4646 ns
Factor 2: Flower strips 5.0608 * 2.0144 ns
Sown Density × Flower
strips 1.6176 ns 1.5997 ns

* = p < 0.05; ns = not significant.
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3.1.2. Crop Yields and Pest and Disease Regulation

The yield of both crops in intercropping and monoculture was higher in plots with
flower strips (Figure 4a,b), except for broccoli planted at high densities. Lettuce associated
with broccoli showed an increase in yield with the presence of flower strips by 3.1 t.ha−1

(F(1,15) = 9.9035, p-value = 0.0066). Similarly, broccoli exhibited a statistically significant
increase in plots with flower strips (F(1,15) = 3.8997, p-value = 0.0067). Regarding the
effect of plant density in the intercrop, for lettuce, a positive effect was observed, with a
difference of 3.77 t.ha−1 between planting in intercropping at 62,500 and 37,800 plants.ha−1

(F(2,15) = 5.0748, p-value = 0.0207). In contrast, for broccoli, statistical differences in yields
were evident from 50,000 plants.ha−1 compared to 37,800 plants.ha−1 an average yield of
10.7 t.ha−1 and 9.12 t.ha−1, respectively (F(2,15) = 3.8997, p-value = 0.01162). This indicates
that broccoli in intercropping from 50,000 plants.ha−1 did not increase yields, which could
be related to a suppressive effect on head weight or size as plant density increased.

An average crop yield of broccoli on pure stand plots was 14.60 t.ha−1 in flower strips
plots compared to 17.31 t.ha−1 in control plots. For lettuce, crop yield was 75.94 t.ha−1

in flower strips plots and 71.06 t.ha−1 in control plots. No significant differences were
found in crop yield between flower strips and control plots for pure stand crops of broccoli
(F(1,6) = 2.17, p-value = 0.191) and lettuce (F(1,6) = 0.7210, p-value = 0.4280).

Figure 4. Cont.
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Figure 4. Effect of the establishment of flower strips and planting density on the yield of (a) lettuce;
(b) broccoli planted in intercropping (1:1). The letters in the graph denote significant differences
among factors, based on the results of a 2-way ANOVA Test with a significance level α = 0.05.

The percentage of lettuce plants with damage from Sclerotinia sp. varied between
0.9% in monoculture without flower strips and 5.2% in intercropped plots planted at an
intermediate density of 50,000 plants.ha−1, with significant differences between pure stand
(3.7%) and intercropped plots (1.2%) (Kruskal–Wallis Test = 9.2904, p-value = 0.0230). Sown
density and the inclusion of flower strips did not affect the incidence of this disease on lettuce
plants (Figure 5a, Table 2). In contrast, the presence of molluscs was affected by sown density,
but not for the inclusion of flowering plants or their interaction (Figure 5b, Table 2). The
lowest infestation of molluscs was observed in associated plots planted at low densities and
without flower strips (2.07%), while the highest values were found in associated plots planted
at low density with the presence of flowering plants (47.92%). Slug infestation in lettuce
was lower in monocultures (12%) compared to that observed in associated crops (20%),
although this difference was not statistically significant (F(1, 30) = 1.497, p-value = 0.231). In
broccoli, none of the factors influenced the incidence of Plutella xyllostela larvae, but the
interaction between both did have an effect (Figure 5c, Table 2). We observed more larvae of
P. xylostella in monocrops (median = 89%) compared to intercropped plots (median = 20%)
(Kruskal–Wallis Test = 17.516, p < 0.0001).



Sustainability 2024, 16, 4436 10 of 26

Figure 5. Cont.
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Figure 5. Pest incidence: (a) Damage by Sclerotinia sp. in lettuce. (b) Percentage of lettuce plants with
damage by molluscs. (c) Percentage of broccoli plants with the presence of Plutella xylostella larvae.
The letters in the graph denote significant differences among factors, based on the results of a 2-way
ANOVA Test with a significance level α = 0.05.

Table 2. Results of two-factor variance analysis (F) for Incidence of Pest and Disease in the first cycle
of broccoli: lettuce intercropping.

Variable Factor F-Statistic

Incidence of Sclerotinia sp. in lettuce
(% of damaged plants) Factor 1: Sown Density 0.8381 ns

Factor 2: Flower strips 0.7165 ns
F1 × F2: Sown Density ×
Flower strips 1.6573 ns

Incidence of mollusc in lettuce
(% of damaged plants) Factor 1: Sown Density 5.1618 *

Factor 2: Flower strips 0.5414 ns
F1 × F2: Sown Density ×
Flower strips 1.3483 ns

Incidence of P. xylostella sp. in broccoli
(% of damaged plants) Factor 1: Sown Density 0.8318 ns

Factor 2: Flower strips 1.4771 ns
F1 × F2: Sown Density ×
Flower strips 4.0883 *

* = p < 0.05; ns = not significant.

3.1.3. Production and Economic Aspects

In Table 3, the results of the profit generated by different treatments are shown.
Profitability reaches up to 46.9% in lettuce crops. In intercropping, the implementation of
flower strips generated higher profit compared to control plots. The increase in planting
density between 37,800 plants.ha−1 and 50.000 plants.ha−1 was USD 755, while changing
from 62,500 plants.ha−1 to 50,000 plants.ha−1 was USD 264, contrasting with control
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intercrops, where increasing density also increases profit (USD 643 and USD 838). With
regard to broccoli monoculture, it incurs economic losses of USD 2858 and USD 1330 with
and without flower strips, respectively; the lowest losses occur in the absence of the flower
strip. The depressing effect may be related to crop management, which was organic for
this cycle.

Table 3. Net income, production cost, and profit (USD ha−1) of broccoli and lettuce in monoculture
and intercropped cultivation at different planting densities *.

Crop System

Net Income Production Cost Overall Profit Profitability
(%)(USD ha−1) (USD ha−1) (USD ha−1)

Flower
Strip Control Flower

Strip Control Flower
Strip Control Flower

Strip Control

Broccoli
5984 7092 8843 8422 −2858 −1330 −47.8 −18.8Pure stand

Lettuce
15,302 14,333 8122 7735 7180 6598 46.9 46.0Pure Stand

Intercropping
37,800

plants.ha−1
8977 8262 8167 7778 810 484 9.0 5.9

Intercropping
50,000

plants.ha−1
10,173 9324 8608 8197 1565 1127 15.4 12.1

Intercropping
62,500

plants.ha−1
10,883 10,587 9054 8623 1829 1965 16.8 18.6

* Note: This production was carried out under an organic management scheme.

3.2. Second Experimental Cycle
3.2.1. Land Use Efficiency and Competitive Ratio

The broccoli–lettuce intercropping increased land use efficiency in all cases (LER > 1).
However, no significant differences were observed between the agricultural management
type (F(1,9) = 0.3248, p-value = 0.5826) or between plots with and without flower strips
(F(1,9) = 0.5898, p-value = 0.4635). In plots under ecological management with aromatic
borders, the LER was 1.58, while in plots without flowers, it was 1.18. Conversely, in the
management with chemical input, the LER was 1.21 when flower strips were introduced
and 1.36 without them (Figure 6). The interaction between the evaluated factors was not
significant (p-value = 0.1203).

During the second experimental cycle, it was found that broccoli was more competitive
than lettuce. The CR values for broccoli ranged between 3.2 and 4.7, while for lettuce,
they varied between 0.3 and 0.5. This indicates that broccoli plants are better at utilising
resources than lettuce plants, and it suggests that a series replacement is not a suitable
method for this intercropping system. The flower strips and agricultural management did
not have any impact on CR values for either crop (Table 4).



Sustainability 2024, 16, 4436 13 of 26

Figure 6. Effect of the establishment of flower strips and agricultural management type on the Land
Equivalent Ratio (LER) in the broccoli–lettuce intercropping (1:1).

Table 4. Effect of agricultural management and introduction of flower strips on Competitive ratio
(CR) of lettuce + broccoli intercropping (1:1) systems.

Factor 1: Agricultural
Management

Factor 2: Flower
Strips CR Lettuce CR Broccoli

Ecological inputs Flower strips 0.5 3.2
Control 0.6 3.5

Chemical inputs Flower strips 0.3 4.4
Control 0.5 4.7

Two-factor variance analysis (F)
F1: Agricultural management 2.8308 ns 2.0021 ns
F2: Flower strips 2.6852 ns 4.2257 ns
F1 × F2: Agricultural
management × Flower strips 0.1717 ns 0.5644 ns

ns = not statistically significant.

3.2.2. Crop Yields and Pest and Disease Regulation

In monoculture, the average lettuce crop yield was 72.9 t.ha−1 in plots with flower
strips, compared to 58.2 t.ha−1 in control plots. The difference was statistically significant
(F(1,9) = 7.9796, p-value = 0.0199). Agricultural management did not have any significant
effect on yield in lettuce monocultures (F(1,9) = 3.0826, p-value = 0.1130), on average, the
yield was 70.1 t.ha−1 with chemical inputs compared to 60.9 t.ha−1 with ecological inputs.
The interaction between agricultural management and flower strips was also not statistically
significant (F(1,9) = 2.8962, p-value = 0.1229).

For lettuce in intercropping, the yield was higher in control plots (median = 23.7 t.ha−1)
compared to those with flowering plants (median = 21.4 t.ha−1), but the difference was not
statistically significant (Wilcoxon Test: W = 16, p = 0.10). Similarly, the type of agricultural
management did not have any significant effect on lettuce yield in intercropped plots.
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The median yield was 24.1 t.ha−1 in ecological management compared to 17.3 t.ha−1 in
chemical management (Wilcoxon Test: W = 47, p = 0.13, Figure 7a). Lettuce yield decreased
by 25 to 40% when intercropped compared to the monoculture.

Figure 7. Effect of agronomic management and the introduction of flowering plants on the yield
of (a) lettuce; (b) broccoli planted in intercropping (1:1), and established under two agronomic
management schemes (organic vs, chemical). The letters in the graph denote significant differences
among factors, based on the results of a 2-way ANOVA Test with a significance level α = 0.05.
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In the case of broccoli in monoculture, significant differences were observed between
plots managed with chemicals and those managed ecologically in terms of crop yield
(F(1,9) = 91.1893, p-value < 0.0001), the mean yield was 21.3 t.ha−1 for chemical management
and 13.3 t.ha−1 for ecological management. The presence of flower strips also affected crop
yield, with an average of 19.0 t.ha−1 in plots with flower strips compared to 15.6 t.ha−1 in
control plots (F(1,9) = 16.6858, p-value = 0.0027). There was a significant interaction between
these factors (F(1,9) = 5.8255, p-value = 0.0390).

In intercropped plots, differences were observed in broccoli yield between chemical
(mean = 18.19 t.ha−1) and ecological management (mean = 11.45 t.ha−1), (F(1,9) = 91.1893,
p-value < 0.0001). The addition of flower strips had a positive and significant effect on
broccoli yield, with a mean of 17.01 t.ha−1 in the presence of flower strips compared to
12.63 t.ha−1 in control plots (F(1,9) = 5.8255, p = 0.0390), (Figure 7b). However, the interaction
between factors was not significant (F(1,9) = 0.0482, p-value = 0.831). Broccoli yield crop was
similar between monoculture (mean yield = 17.3 t.ha−1) and intercropping plots (mean
yield = 17.2 t.ha−1).

During the second experimental cycle, it was observed that the damage caused by
Sclerotinia, a disease affecting lettuce plants, was higher compared to the first cycle. We
found that diversification practices, such as intercropping, had a positive effect on reducing
the incidence of this disease (W = 73.5, p-value = 0.0383). In fact, monocultures had a
higher incidence of Sclerotinia damage (46.9%) than intercropped plots (28.1%). Contrary
to expected, we found that plots with flower strips showed even higher values of damaged
plants (50.6%) compared to control plots (24.4%) with statistically significant differences
(W = 207, p-value = 0.0026). In terms of agricultural management, there was no significant
difference between ecological (38.1%) and chemical (36.9%) practices on the damage caused
by Sclerotinia (W = 140.5, p-value = 0.6453). In intercropped plots, the interaction between
agricultural management and the introduction of flower strips was significant (Figure 8a).

The incidence of molluscs was higher in pure stand crops (26.9%) compared to inter-
cropped plots (19.4%), although this difference was not statistically significant (W = 94,
p-value = 0.1702). Similar to Sclerotinia incidence, plots with flower strips showed a higher
presence of molluscs (25.0%) compared to control plots (21.3%) with no statistically signifi-
cant differences (W = 139.5, p-value = 0.6524). Agricultural management type did not affect
the incidence of molluscs in lettuce plants (W = 139, p-value = 0.6613). In intercropped
plots, none of the evaluated factors affected the incidence of molluscs in lettuce (Figure 8b).

We recorded the number of larvae found on harvested broccoli plants, but did not
observe any economic damage caused by this pest. The percentage of broccoli plants
with P. xylostella larvae was higher in pure stand crops (87.5%) compared to intercropped
plots (53.8%), with statistically significant differences (W = 25.5, p-value < 0.0001). In
plots with flower strips, P. xyllostella larvae had a higher incidence (78.8%) compared to
control plots (62.5%), although the differences were not statistically significant (W = 168.5,
p-value = 0.1217). Agricultural management type did not significantly affect P. xyllostella
incidence in broccoli plants (W = 178.5, p-value = 0.0530); plots with chemical inputs had
61.3% compared to 80% using ecological inputs. In intercropped plots, only agricultural
management affected P. xyllostella incidence, with more larvae found in plants managed
ecologically (Figure 8c).
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Figure 8. Cont.
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Figure 8. Effects of intercropping and the inclusion of flowering plants on the incidence of pests and
diseases in the Broccoli + Lettuce system (1:1). (a) Incidence of Sclerotinia sp. in lettuce. (b) Incidence
of molluscs in lettuce. (c) Incidence of P. xylostella in broccoli. The letters in the graph denote
significant differences among factors, based on the results of a 2-way ANOVA Test with a significance
level α = 0.05.

3.2.3. Production and Economic Aspects

In the second production cycle, a positive economic effect of the aromatic strips was
evident under both crop management systems (Table 5). The highest profits were obtained
in the organic market with monoculture of lettuce and intercropping, whereas the opposite
occurred in broccoli, which recorded economic losses in organic monoculture, with a loss of USD
1437 ha−1 with flower strips and USD 2805 ha−1 in the control. In chemical management, profits
of USD 3567 and USD 2120 ha−1 were reported with flower strips and control, respectively.

Table 5. Net income, production cost and profit (USD ha−1) of broccoli and lettuce in monoculture
and intercropped cultivation with different management practices.

Crop System

Net Income Production Cost Overall Profit Profitability
(USD ha−1) (USD ha−1) (USD ha−1) (%)

Flower
Strip Control Flower

Strip Control Flower
Strip Control Flower

Strip Control

Ecological
Broccoli Pure

Stand 8590 6747 10,027 9550 −1437 −2803 −16.7 −41.5
Lettuce Pure

Stand 44,901 41,035 9209 8771 35,692 32,264 79.5 78.6
Intercropping 25,351 22,845 9760 9295 15,591 13,550 61.5 59.3

Chemical
Broccoli Pure

Stand 11,248 9437 7682 7317 3567 2120 31.7 22.5
Lettuce Pure

Stand 18,744 13,417 6864 6536 11,880 6881 63.4 51.3
Intercropping 13,873 11,870 7415 7060 6458 4810 46.6 40.5
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4. Discussion

This study provides an assessment of how agricultural diversification strategies in
broccoli and lettuce production affect land use efficiency and other agronomic variables
when comparing intercropped plots against pure stand crops. As expected, the combination
of flowering plants and intercropping improve land use efficiency. This information is
valuable in the context of horticulture in countries such as Colombia, where organic
farming only constitutes around 1% [28], and small family farmers require more validated
technological recommendations to facilitate the adoption of practices like intercropping or
flower strips.

4.1. Land Use Efficiency and Competitive Ratio
4.1.1. First Experimental Cycle

The introduction of flower strips and increased sown density positively affected
land use efficiency in intercropping lettuce and broccoli. As planting density increased,
intercropping efficiency improved, with LER (Land Equivalent Ratio) values ranging
between 1.08 and 1.19. The highest LER value of 1.19 was observed in the presence of
flowering plants. Previous studies have shown that intercropping lettuce and broccoli leads
to a higher Land Equivalent Ratio (LER) greater than 1 [42,43]. Similar results indicate that
improved land use efficiency is due to plant species’ greater root length density and the
higher nutrient uptake per area than in sole cropping. The root growth of component species
with different root properties explores a larger soil mass [42]. In addition, intercropping
can create a soothing microclimate with less evaporation [44,45] or a cooler microclimate
by providing more ground coverage that minimises the soil temperature [46]. Future
research for this system should evaluate biotic and abiotic factors directly to understand the
subjacent mechanisms in which polyculture and flower strips increase land use efficiency.

Broccoli has been found to be more competitive than lettuce, as demonstrated by the
higher Competitive Ratio of broccoli compared to lettuce. One possible reason for this is the
larger size and more horizontal leaves of broccoli, which allows it to develop a taller canopy
earlier, as reported by a previous study [47]. The arrangement of leaves, or phyllotaxis, can
also play a role, given that lettuce has its leaves concentrated at a point, which puts it at
a disadvantage compared to broccoli, whose leaf arrangement allows it to capture more
direct sunlight. As a result, lettuce receives less radiation due to interference from broccoli,
even more so in the presence of flower strips.

Studies by Ohse [48] and Brennan have also reported a higher competitive ability of
broccoli over lettuce and inhibition of lettuce growth when planted with larger plants [47].
In the tomato–lettuce intercropping, the photosynthetically active radiation (PAR) inter-
cepted by lettuce decreases as the tomato grows [49]. Although nutrient uptake was not
directly assessed, previous findings have reported that intercropping broccoli with lettuce
decreased the concentration of N, K, Mg, Ca, and Zn in broccoli plants [42]. Therefore, we
recommend using a row intercropping method, such as alternating rows of broccoli and
lettuce, or spacing the plants properly to minimise nutrient competition.

Intercropping broccoli with potato [50] or onion [51] is suitable. However, intercrop-
ping the same species, such as cauliflower, can lead to negative interference due to their
similar use of nutrients [50]. Negative interference has been observed in intercropping
broccoli with cabbage and oats, where broccoli dominated cabbage in the former case and
oats dominated the intercropping in the latter [50].

To reduce nutrient competition in intercropping systems, Yildirim and Turam [42]
recommend selecting plant species with varying rooting patterns, nutrient requirements,
and peak nutrient demand timing. Based on this recommendation, farmers should consider
intercropping lettuce with other crops such as legumes [52], cucumber [53,54], beet [55,56],
radish [57], tomato [58], carrots [59], and rocket [60], as it has resulted in better outcomes in
the past.
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4.1.2. Second Experimental Cycle

The efficiency of land use was higher in intercropped plots than in monocultures, with
all intercropped plots having LER values greater than 1. However, neither agricultural
management nor the introduction of flowering (aromatic) plant strips had any effect on
land use efficiency. In the first cycle, intercropping was found to be more efficient than
pure stand crops by up to 19%, whereas in the second cycle, LER values showed that land
use efficiency was 18% to 58% higher in intercropped plots compared to monocultures. In
terms of the agronomic management type, intercropping was more efficient in plots with
ecological inputs (average LER = 1.38) compared to conventional chemical management
(average LER = 1.29).

The inclusion of flower strips improved this efficiency by up to 40%, compared to
the 27% observed in control plots under conventional management. The combination of
aromatic flower strips with the intercropping of broccoli and lettuce ecological management
scheme enhanced land use efficiency by up to 58%. These positive effects of flower strips
may be due to higher insect pollination and biological pest control [19,61]. Thus, we
recommend assessing natural enemies population and direct measurements of biological
pest control to confirm these hypothesis.

Regarding competition ratio, conventional chemical management combined with the
inclusion of flowering plants exacerbates the competitive ability of broccoli, shifting from
a competition ratio (CR) of 4.7 in conventional production to 3.2 in organic management.
This result reinforces the idea that a replacement series is unsuitable for lettuce–broccoli
intercropping due to the strong negative interference of broccoli over lettuce.

4.2. Crop Yields and Pest and Disease Regulation
4.2.1. First Experimental Cycle

Flower strips enhance the yield of lettuce in both intercropped and pure stand plots.
However, for broccoli, a significant increase in crop yield was observed only in intercropped,
not in pure stand plots. Increasing the sowing density beyond 50,000 plants.ha−1 for broc-
coli did not significantly increase crop yield. One possible reason for this last result could
be a suppressive effect on head weight or size as plant density increased. Therefore, the
functional sowing density for lettuce–broccoli intercropping should be 50,000 plants.ha−1,
where both crops have an optimum yield. Farmers with experience in horticultural crops
also selected this density based on feasibility of labour.

Previous research has shown that diversification practices, such as intercropping and
flower strips, can result in mutually beneficial outcomes, such as increased crop yields, and
support services related with biodiversity conservation [62,63]. However, the effectiveness
of these practices can vary depending on the specific context, and there may be trade-offs
to consider [12]. For instance, we observed that flower strips did not affect the incidence
of Sclerotinia in intercropped plots. In contrast, intercropping reduced the incidence of
Sclerotinia with a median of 0% compared to 4% in pure stand crops. Low values of
Sclerotinia incidence observed during the first experimental cycle may be related to the
history of the plot prior to the experimental trial, where the disease inoculum in the soil
was low.

In the case of molluscs, none of the diversification strategies evaluated reduced their
incidence. On the contrary, the presence of flowering strips in associated plots planted at
low densities resulted in the highest infestation of molluscs (47.92%). This finding may
indicate that the presence of flowering strips and intercropping can increase the risk of
mollusc infestation in lettuce. Previous studies have shown that slugs can cause significant
economic damage to a wide range of crops [64,65], including oilseed rape, vegetables,
legumes, cereals, and fruits [66]. However, we could not find much published research on
the effects of intercropping or flower strips on slugs to compare with our results. The only
existing study on this subject was conducted by Emery [67], which found that intercropping
treatments resulted in pest damage that was either equivalent or lower than the pest damage
in oilseed rape alone (Brassica napus L.).
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For broccoli, the presence of flower strips did not have an impact on the incidence
of P. xyllostela larvae. However, the interaction between flower strips and sown density
did have an effect. Meanwhile, intercropping decreased the incidence of this pest, with
a higher percentage of plants with larvae in monocrops (median = 89%) compared to
the intercropped plots (median = 20%). These findings are consistent with the research
conducted by Qasim Mohammed and Adnan Alyousuf [68], which also found a higher
incidence of P. xyllostela in monocrops than intercropped plots.

The inconsistent outcomes observed in the first experimental cycle regarding pest and
disease might indicate that multiple factors, such as field size, structure and composition
of the surrounding landscape [69], history of field crops, and tolerance or resistance to
herbivores, among other variables, were affecting the spillover and colonisation of crops by
these organisms masking the effects of intercropping. Therefore, we could not conclude
with certainty that intercropping and flowering strips are associated with better regulation
of pests and diseases in the context of the broccoli–lettuce intercropping.

4.2.2. Second Experimental Cycle

Flower strips have been found to improve lettuce yield in pure stand plots, but not
in intercropped plots. Meanwhile, for broccoli, a significant increase in crop yield was
observed in both pure stand and intercropped plots when flower strips were included in
field margins.

The coherence of outcomes between the first and second experimental cycle reinforces
the idea that farmers can enhance the yield crops and the net income by using intercrop-
ping with flower strips, while also reducing pressure on natural areas surrounding the
cultivated field [62,70]. Although we have observed that intercropping strategy produces
different outcomes for each species. In the case of lettuce, yield crops decreased by 25–40%
compared to pure stand plots. However, the yield crops for broccoli were similar in terms
of intercropped and pure stand plots.

Farmers can also adjust the time of sowing lettuce by using a “relay intercropping
design”. This means raising two crops at a time during a portion of the growing period
of each [36]. By allowing the lettuce plants to develop before, it will avoid the intense
competition from broccoli [16,54].

Agricultural management has a significant impact on crop yield in broccoli, but not
in lettuce. When chemical inputs are replaced by ecological alternatives, crop yields in
broccoli were reduced by 38%, while in lettuce, the yield only drops by 13%. The interaction
between flower strips and agricultural management was significant only in pure stand
plots of broccoli, reinforcing the positive effect of flower strips on crop yield. Previous
studies have reported higher yield crops when using mineral fertilisers instead of organic
sources such as green manure [71]. The availability of nutrients in the soil could differ
between conventional management and organic fertilised plots since the latter requires
mineralization before plants can uptake the nutrients [71]. For instance, fertigation increases
broccoli yields by 83% compared to conventional methods [72]. In further studies aimed
at ecologically producing broccoli, we recommend considering local materials that are
adapted to poor nutrient environments and assessing the concentration and time of the
availability of nutrients in organic fertilisation sources. Our new empirical evidence shows
that adding flower strips and implementing better ecological management practices in field
borders complements intercropping strategies, resulting in increased productivity.

During the second experimental cycle, we noticed a higher damage caused by Scle-
rotinia sp. than in the first cycle. We also observed that the flower strips increased the
incidence of Sclerotinia by 52% compared to the control plots, which was contrary to our ex-
pectations. However, intercropping has proven to be effective in reducing the incidence of
Sclerotinia by 40% compared to pure stand crops. We found no significant difference in the
damage caused by Sclerotinia between ecological and chemical agricultural management.
The interaction between flower strips and agricultural management was significant. We
did not find any evidence of synergistic effects when combining diversification strategies,
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which suggests that other factors not measured in this research, such as microclimatic con-
ditions, vectors, and labour field might significantly influence the inoculum concentration
of Sclerotinia inside the field. It has been suggested to be a major predictor of the incidence
of this disease [73,74].

Furthermore, intercrops have several benefits [74,75] such as diversifying soil microbe
communities that can limit pathogen growth [76], reducing exposed soil, which in turn reduces
the likelihood of splash-dispersed and soilborne [77], suppressing virus vectors [78,79], and
diluting the pool of viable host plants for pathogens [80]. However, our findings did not
indicate any significant effects of the evaluated variables on pest and disease incidence. We
hypothesise that the scale of the experiment was insufficient to identify other factors that
could have a substantial role in determining the size of the pest population.

Intercropping was found to be effective in reducing the incidence of P. xyllostella in
broccoli plants by 38.5%, while flower strips did not have a significant impact. Agricultural
management practices did not affect the incidence of this pest, either. This finding supports
the disruptive crop hypothesis, which suggests that herbivores in polycultures will have a
harder time locating crop plants associated with one or more taxonomically or genetically
different plants compared to those in [81,82]. Given that we did not measure the natural
enemy population in this experiment to validate the natural enemy hypothesis [83], we rec-
ommend further research to evaluate the relationships between the richness and abundance
of natural enemies and natural biological pest control in these agricultural systems.

Pest and disease regulation in crops depends on the life traits of each herbivorous
species and landscape characteristics surrounding the crop. Therefore, as suggested in a
previous meta-analysis, different herbivores respond differently to plant diversification [69].
While one species may respond positively to diversification (as observed in Plutella in this
study), another species may increase its population in diversified habitats (as seen with
slugs in this study). In such cases, it is recommended to focus on controlling pests that
have a higher economic impact on the crop yield of component crops in a polyculture.

4.3. Production and Economic Aspects
4.3.1. First Experimental Cycle

Among the main findings of this study, it is highlighted, firstly, that organic lettuce
production is the most profitable activity for producers. Secondly, organic broccoli produc-
tion is economically viable only when cultivated in intercropping. According to the results,
all intercropping treatments are financially viable, and their profitability significantly in-
creases when flower strips are incorporated into the system. These findings are consistent
with the idea that organic agriculture provides higher benefits due to lower production
costs and higher market prices when compared to conventional production [84]. Similarly,
the outcomes support the idea that diversified systems in developing countries results in
significantly higher gross and net financial returns relative to simplified systems [85].

It is worth noting that the economic analysis has not considered the potential utilisation
of flower species included in the strips, which can typically be used for direct sale, home
consumption of herbs, or in the crafting of natural cosmetic products. Therefore, the
combination of productive diversification strategies in vegetable production emerges as an
alternative for small-scale producers to address the price volatility of main crops or losses
incurred due to the progression of diseases that limit crop production, such as P. brassicae
in the study area—a disease exclusive to cruciferous crops with no technologies available
to control its progression. Diversification not only helps mitigate risks, but also enhances
socioecological resilience. Our findings add to the research on crop diversification and its
role in building resilience in agriculture, as analysed by Lin [86].

4.3.2. Second Experimental Cycle

Another key finding of this study is that beyond production parameters, market
conditions must be considered when evaluating the feasibility of diversification strategies
in transitions to more sustainable agriculture. In the evaluated case, the reductions in lettuce
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yield in intercropping and organic production systems are offset by greater recognition of
value in a specialised agroecological market (La Tulpa). Agroecological markets tend to
operate on a local scale and cater to a specialised audience that values producers’ efforts
to reconfigure their plots and produce healthy food [87]. In relation to the producers,
these markets aim to build networks of trust between producers and consumers, ensuring
fair payment to the producer and favourable prices for the consumer. Therefore, the
development of more sustainable agriculture should be driven by consumers, through
raising awareness about food production practices that translate into fair prices for the
producer. In this way, the producer should not bear the sole risk of economic losses when
transitioning to a more sustainable agriculture model.

5. Conclusions

The inclusion of flower strips enhances the land use efficiency of the broccoli–lettuce
intercropping, especially in organic production schemes and at planting densities of
50,000 plants.ha−1. However, the selected intercropping arrangement (replacement series)
reveals strong competition among the involved species. Therefore, future research suggests
modifying the plant arrangement to reduce the effects of competition for light between
broccoli and lettuce. Regarding agronomic management, organic lettuce production is
economically viable in the analysed context. However, organic broccoli production results
in financial losses, highlighting the need for research focused on improving nutrient uptake
efficiency for this species and identifying varieties well-adapted to nutrient-poor environ-
ments. In conclusion, intercropping and the introduction of flower strips enhance resource
use efficiency in broccoli and lettuce production, making them technologies that should be
promoted in the transition towards more sustainable agriculture. However, this strategy
should be accompanied by the creation of market niches that recognise the added value of
low-input production, generating healthier foods and protecting the environment.
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