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Abstract: This study focused on evaluating the growth and productivity of Coffea arabica var. Esper-
anza L4A5 in different agroforestry systems in the Caribbean region of Costa Rica, a non-traditional
area for coffee cultivation due to its low altitude and challenging climatic conditions. Three tree
coverages were investigated, in combination with two types of differentiated fertilization (physi-
cal and chemical), comparing the results with full sun coffee plots as a control: (1) Albizia saman,
(2) Hymenaea courbaril + Erythrina poeppigiana, and (3) Anacardium excelsum + Erythrina poeppigiana. The
results showed that tree associations significantly reduced the mortality of coffee plants and increased
both the height and mature cherry production compared to full sun treatments. In particular, the
tree coverages associated with chemical and physical fertilization achieved the highest growth and
production rates, with A. excelsum + E. poeppigiana and H. courbaril + E. poeppigiana standing out
with maximum mature cherry productions of 3.35 t/ha and 3.28 t/ha, respectively. Growth analysis
revealed that rapid initial growth, especially under chemical fertilization, is crucial for maximizing
productivity, although a rapid slowdown in growth was also observed after reaching the peak. These
findings underscore the importance of combining tree coverages with appropriate fertilization strate-
gies to optimize coffee production in agroforestry systems, particularly in low-altitude areas like
the Costa Rican Caribbean. This study concludes that agroforestry systems not only improve the
resilience of coffee crops to adverse environmental conditions but can also be a viable strategy for
increasing productivity in non-conventional regions. This suggests the need for further research to
assess the long-term impacts on soil health, biodiversity, and the economic viability of these systems.

Keywords: Coffea arabica var. Esperanza L4A5; genetic improvement; agroforestry systems;
differentiated fertilization; Caribbean region of Costa Rica; shade percentage; coffee cherry
production; logistic growth model; absolute growth rate

1. Introduction

The cultivation of coffee (Coffea arabica) is a fundamental part of the economy and cul-
tural identity of many tropical regions around the world. Areas, typically between 500 and
2100 m above sea level (m.s.l.), offer ideal climatic conditions for this crop, with moderate
temperatures generally ranging from 17 to 23 ◦C, which are optimal for photosynthesis and
the development of coffee plants [1]. Additionally, altitude provides greater variability in
daytime and nighttime temperatures, which favors the development of compounds that
enhance the flavor of coffee. These factors, combined with moderate relative humidity and
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adequate precipitation (1000–3000 mm annually), create an environment where C. arabica
can thrive and produce high-quality beans [2,3].

C. arabica is a shade-tolerant species, native to the understory of Ethiopia’s tropical
rainforests [4]. As such, it is adapted to low-light conditions and thrives in environments
where it is shielded from direct sunlight by a canopy of trees. This natural adaptation
presents both opportunities and challenges for coffee cultivation in agricultural systems.
In its natural habitat, trees not only provide shade but also stabilize temperature and
humidity levels, which are crucial for the physiological processes of the coffee plant. Shade
helps reduce the risk of photoinhibition—a process in which high light intensity damages
the photosynthetic apparatus—thus protecting coffee plants from physiological stress [5].
Additionally, shaded environments mitigate extreme temperature fluctuations and reduce
evapotranspiration rates, allowing coffee plants to conserve moisture and maintain optimal
hydration levels [1].

The transition of C. arabica from its natural habitat in tropical forests to commercial
agriculture has led to the development of both monoculture and agroforestry systems.
In monoculture, coffee is grown in full sun conditions, which can significantly increase
yields in the short term due to higher photosynthetic rates. However, this system also
exposes coffee plants to several risks, including greater vulnerability to pests and diseases,
increased susceptibility to climatic extremes, and soil degradation due to the lack of organic
matter replenishment and nutrient cycling normally provided by tree cover [6]. In contrast,
agroforestry systems integrate coffee cultivation with various tree species, which can
mitigate some of the negative effects observed in monoculture. The presence of trees
in these systems helps maintain soil fertility by contributing organic matter, improving
nutrient cycling, and reducing erosion [7]. Additionally, the microclimatic conditions
created by the tree canopy, such as moderated temperatures and humidity levels, can
reduce the incidence of pests and diseases, which are often more prevalent in monoculture
systems due to the lack of biodiversity [8]. Although agroforestry systems sometimes
produce lower yields than full sun monocultures, they offer more sustainable long-term
production by enhancing the resilience of coffee plants to environmental stressors. The
diversification provided by trees not only supports the ecological stability of the system
but also offers additional economic benefits through the production of timber, fruits, or
other non-coffee products [7,9]. It has been recognized that agroforestry systems, whether
of low or high diversity, have a greater capacity to provide ecosystem services compared to
coffee monocultures fully exposed to the sun [10].

One of the significant challenges associated with cultivating shade-tolerant species like
C. arabica is balancing the amount of shade sufficient to protect the plants while ensuring
adequate light penetration to support photosynthesis and fruit production. Light is crucial
for the growth and development of coffee, as it provides the necessary energy for photo-
synthesis, which are essential for their metabolism and development [11,12]. On the other
hand, excessive shade can lead to reduced photosynthetic activity, slower growth rates, and
lower yields; therefore, shade management becomes crucial in agroforestry systems, where
the goal is to optimize the benefits of shade without compromising productivity. The shade
percentage is a way of measuring light entry, as it determines how much sunlight reaches
the plants under the canopy [13]. The ideal shade percentages for coffee in agroforestry
systems in traditional high-altitude areas can vary depending on the specific climatic con-
ditions of the area, the terrain, crop management, and the coffee varieties used. A shade
range of 30% to 50% is generally considered optimal to maximize coffee productivity and
quality while protecting the plants from the negative effects of direct sun exposure [2,14].
Little is known about the behavior of C. arabica in areas below 100 m above sea level, but it
is generally stated that productivity and quality may be negatively affected due to high
temperatures and lower thermal amplitude [15,16].

Among the strategies developed to achieve sustainable coffee production, genetic
improvements have gained prominence, leading to the development of new varieties that
have sparked significant interest in recent years. One such variety is the hybrid Esperanza
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L4A5, which stands out for its unique flavor and aroma characteristics, as well as its poten-
tial adaptability to unusual growing environments, particularly at altitudes ranging from
500 to 1000 m above sea level [17]. The Esperanza L4A5 hybrid originates from a breeding
program led by the French Agricultural Research Centre for International Development
(CIRAD), the Regional Cooperative Program for the Technological Development and Mod-
ernization of Coffee Production (PROMECAFE), and the Tropical Agricultural Research
and Higher Education Center (CATIE). This program aimed to develop coffee varieties
with high productive capacity and resistance to diseases and pests [18]. In Costa Rica,
new varieties and hybrids, including Esperanza L4A5, have been specifically evaluated
to combat coffee leaf rust, a disease that has severely impacted traditional varieties such
as Caturra and Catuai. The Esperanza L4A5 hybrid, which results from a cross between
Sarchimor T5296 and Ethiopian 25, was developed to enhance both disease resistance and
cup quality. While Sarchimor T5296 is known for its tolerance to rust and anthracnose,
Ethiopian 25 offers high cup quality but is susceptible to diseases [17]. Initial evaluations
of Esperanza L4A5 showed good performance under conditions of high precipitation and
humidity, displaying average morphological characteristics compared to other clones [19].
However, its comprehensive evaluation in terms of productive potential and adaptability
across various environmental conditions was not continued.

Considering the opportunities offered by the development of resistant coffee varieties
and the promotion of sustainable agricultural practices, such as agroforestry, coffee cultiva-
tion faces a global challenge: a reduction in cultivated areas in some tropical regions. This
trend has been driven by the impacts of climate change, including the increase in pests and
diseases, as well as the growing economic pressure on farmers [1,6]. Although Costa Rica
remains a prominent producer of high-quality coffee, the country has not been immune to
this trend, registering a decrease in areas cultivated with C. arabica in recent decades [20].
In response to these challenges, this study proposes that the Esperanza L4A5 hybrid could
offer a viable option in agroforestry systems in the lowland regions of the Costa Rican
Caribbean. It is expected that agroforestry associations, combined with differentiated fertil-
ization strategies (physical and chemical), will have a significant effect on basal diameter
growth, height, and mature cherry production, compared to the cultivation of the hybrid
in full sun without fertilization. Specifically, it is anticipated that coffee plants associated
with trees and subjected to either physical or chemical fertilization will show superior
growth and production compared to those exposed to full sun, regardless of whether they
receive fertilization. Based on these premises, an agroforestry trial was established using
Esperanza L4A5 hybrids, following a split-plot design with a completely randomized
block structure.

The selection of tree species, such as Albizia saman, Hymenaea courbaril, Anacardium
excelsum, and Erythrina poeppigiana, was intentional in this study to explore their potential
in improving the growth and productivity of coffee in agroforestry association conditions.
These species were chosen for being native, for their regional commercial value, and for
their ability to provide shade, improve soil fertility, and create a favorable microclimate for
the hybrids. The fertilization approach is based on the physiological minimum [21], which
is focused on providing the coffee hybrids with the necessary amount of nutrients to meet
their physiological demands and maintain optimal growth and development, especially
in alluvial soils that often have nutritional limitations and may require supplementation
to maintain soil quality and promote healthy plant growth [9,22,23]. The physiological
minimum approach is based on the idea that plants require certain nutrients in minimal
quantities to perform vital functions such as photosynthesis, tissue growth, and reproduc-
tion. Providing nutrients above these minimal amounts offers no additional benefits and
can result in resource waste and potentially negative environmental impacts, such as water
and soil contamination [21].

From the perspective of growth variables, we will focus on basal diameter and height,
which are indicators of plant development, allowing us to monitor individual and general
progress and detect any significant changes [24]. Additionally, the production of mature
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coffee cherries will be recorded, after discarding empty, green, and dry cherries. The
variables measured and recorded in this study will allow for an understanding of the
overall growth and production of coffee plants, with special attention given to the different
agroforestry arrangements and differentiated fertilizations. The design of this study facili-
tates a comprehensive investigation into the potential benefits of agroforestry systems and
fertilization strategies in optimizing coffee production, particularly in low-altitude regions
such as the Caribbean area of Costa Rica.

This pioneering research on C. arabica in an agroforestry trial context in lowlands pro-
vides a baseline for coffee cultivation in regions traditionally considered suboptimal for cof-
fee production. The findings are expected to contribute to the socioeconomic development
of the Caribbean region of Costa Rica and offer valuable insights for the coffee-growing
community, both globally and in Costa Rica.

2. Materials and Methods
2.1. Location of the Project Area

The agroforestry trial, based on hybrids of Coffea arabica var. Esperanza L4A5, is in the
province of Limón, Costa Rica, on the grounds of the Forestry Farm at EARTH University,
in the canton of Guácimo, Limón province, Costa Rica, at an altitude of 43 m above sea level,
and at coordinates 10◦13′00.0′′ 83◦35′27.0′′ W [25] (Figure 1). The average temperature
of the experimental area is 25 ◦C, ranging between 20 ◦C and 33 ◦C (the temperature
fluctuates between 20 ◦C and 33 ◦C over the course of 24 h). Additionally, the annual
rainfall is 3701.99 mm, with an average relative humidity of 86% and a maximum solar
radiation of 0.85 MJ/m2-day [26].
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L4A5 established in September 2019.

2.2. Life Zone and Geomorphology

According to historical meteorological data and the Holdridge life zone classification
system, the project is situated in the heart of the Tropical Very Humid Forest (bmh-T) of
the Caribbean region of Costa Rica [27]. From a geomorphological standpoint, the land
where EARTH University is located lies in the alluvial plain between the Central Valley
Mountain ranges and the Caribbean Sea, extending from the Colorado River to the border
with Panama [28].
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2.3. Soils

The soils present in the Guácimo region are classified as Inceptisols, specifically of the
Udepts suborder. These soils form from the weathering of alluvial and colluvial sediments
when they do not receive sediment inputs for extended periods. Some properties of the
Inceptisols in this region often include acidic pH, potential presence of amorphous clays,
high organic matter content, and evident subsurface horizon differentiation by changes
in structure, color, or clay content [29]. The slopes are below 2%. The Inceptisols of the
Parismina River valley are recognized for their significant agricultural potential in Costa
Rica [30].

2.3.1. Physical Analysis

This was conducted by taking 11 sampling points in the trial area prior to the intro-
duction of the components (Appendix A Figure A1). The profiles were characterized by
evaluating texture, color, and structure following the USDA-NRC guide and the Munsell
Soil Color Chart [31,32] (Appendix A Table A1).

2.3.2. Chemical Analysis

Alongside the extraction of samples for physical analysis, chemical analysis was conducted.
The soil quality was assessed at different points and depths, providing information on its ability
to support plant growth and to design fertilization strategies (Appendix A Table A2).

2.4. Experimental Design of the Agroforestry Trial Based on Esperanza L4A5

The experimental design considered two fundamental aspects:

(1) The spatial arrangement of timber and service trees associated with the coffee hy-
brids: The trees were selected for being native and for their commercial potential. It
was decided to associate Hymenaea courbaril and Anacardium excelsum, which have
timber potential, with Erythrina poeppigiana, which, in addition to providing shade,
contributes organic matter. Albizia saman, being a multipurpose tree, was established
without association with other trees. The coffee plants were obtained from a supplier
who reproduced them through somatic embryogenesis.

(2) Fertilizations considering a minimal nutrient load in two differentiated presentations:
physical and chemical fertilization. Both fertilization approaches are considered
complementary; however, in the context of this research, the key difference lies in
that physical fertilization provides nutrients gradually, while chemical fertilization
delivers them quickly and directly [33]. Both approaches, along with the experimental
control (liming only), allowed for the evaluation of the specific impact of each on plant
growth and productivity. Based on these aspects, the arrangement of the components
was carried out according to a split-plot design with a completely randomized block
structure [34]. The linear model is shown in Equation (1):

Yijk = µ + Yk + τi + (Yτ)ki + βj + (τβ)ij + εijk (1)

where Yijk = observations of the experimental unit; µ = overall mean of the trial;
Yk = effect of the blocks (block 1, 2, 3, full sun 1 and full sun 2); τi = effect of coverage
τ of the plot (treatments); (Yτ)ki = error of the plot; βj = effect of physical and chemi-
cal fertilization β of the subplot (sub-treatments); (τβ)ij = combined effect between
coverages and fertilization approaches; and εijk = error of the subplot. The split-plot
design allowed for the evaluation of the effect of coverages (Figure 2a), fertilization
approaches (Figure 2b), and the interactions between them.

The selection of tree species considered their origin, autecological characteristics, and
commercial value. The selected species were Cenízaro (A. saman), Guapinol (H. courbaril),
Espavel (A. excelsum), and as a service tree, Poró (E. poeppigiana). They were planted in
a square spacing of 10 × 10 m, in an area of 8.500 m2. The coffee plants were planted in
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an equilateral triangle spacing known as tresbolillo at 2.2 × 2.2 m. The total density was
1.936 coffee trees (2.386 plants/ha) and 96 trees (100 trees/ha) (Appendix A Table A3).

Agriculture 2024, 14, x FOR PEER REVIEW 6 of 26 
 

 

 
Figure 2. Split-plot design with a completely randomized block structure. (a) Distribution of blocks 
and treatments (trees-coffee interaction/agroforestry associations): C = A. saman, G + P = H. courbaril 
+ E. poeppigiana, E + P = A. excelsum + E. poeppigiana, Full sun 1 and Full sun 2 (experimental controls). 
(b) Distribution of sub-treatments (differentiated fertilization): F1 = physical fertilization, F2 = chem-
ical fertilization, and L = plots with only liming (controls). 

The selection of tree species considered their origin, autecological characteristics, and 
commercial value. The selected species were Cenízaro (A. saman), Guapinol (H. courbaril), 
Espavel (A. excelsum), and as a service tree, Poró (E. poeppigiana). They were planted in a 
square spacing of 10 × 10 m, in an area of 8.500 m2. The coffee plants were planted in an 
equilateral triangle spacing known as tresbolillo at 2.2 × 2.2 m. The total density was 1.936 
coffee trees (2.386 plants/ha) and 96 trees (100 trees/ha) (Appendix A Table A3). 

2.5. Differentiated Fertilizations 
“Formulation 1, termed physical fertilization (F1), consisted of the application of po-

tassium chloride (KCl), which is the most common source of potassium in commercially 
available fertilizers in Costa Rica. This formulation, which includes chlorine as an accom-
panying ion, was applied at a dose of 13 g per plant. Additionally, MKP (0-52-34) was 
applied at 5 g per plant as the main source of phosphorus in the form of P2O5, providing 
34% potassium (KCl). Finally, ammonium nitrate (33.5-0-0), a source of nitrogen NH4NO3, 
was used to meet the nitrogen needs of the plant, applied at a dose of 20 g per plant. The 
total dose per plant was calculated at 30.74 g/plant. Formulation 2, termed chemical (F2), 
comprised NPK (9-23-30) as the main source of phosphorus (P2O5) and potassium (KCl), 
applied at a dose of 57 g, copper sulfate at 0.12 g, and zinc sulfate at 0.29 g, all per plant. 
Urea (46-0-0) was used as a nitrogen source, applied at 42 g per plant. The total mixture 
was 79.53 g/plant. An area of 0.3 m2 per plant was considered for the application of the 
nutritional amendment (Lime). This allowed for a reduction in the fertilization area and 
provided localized application, converting the need per hectare of 10.000 m2 into a need 
per area/plant of 0.3 m2 [35]” (Appendix A Table A4). Soil and vegetative sampling were 
conducted annually to adjust the formulations accordingly. 

2.6. Management Practices 
The management practices conducted included weed control, drainage maintenance, 

pest control, and pruning. Weed control was carried out manually using brush cutters and 

Figure 2. Split-plot design with a completely randomized block structure. (a) Distribution of blocks
and treatments (trees-coffee interaction/agroforestry associations): C = A. saman, G + P = H. courbaril
+ E. poeppigiana, E + P = A. excelsum + E. poeppigiana, Full sun 1 and Full sun 2 (experimental controls).
(b) Distribution of sub-treatments (differentiated fertilization): F1 = physical fertilization,
F2 = chemical fertilization, and L = plots with only liming (controls).

2.5. Differentiated Fertilizations

“Formulation 1, termed physical fertilization (F1), consisted of the application of
potassium chloride (KCl), which is the most common source of potassium in commercially
available fertilizers in Costa Rica. This formulation, which includes chlorine as an accom-
panying ion, was applied at a dose of 13 g per plant. Additionally, MKP (0-52-34) was
applied at 5 g per plant as the main source of phosphorus in the form of P2O5, providing
34% potassium (KCl). Finally, ammonium nitrate (33.5-0-0), a source of nitrogen NH4NO3,
was used to meet the nitrogen needs of the plant, applied at a dose of 20 g per plant. The
total dose per plant was calculated at 30.74 g/plant. Formulation 2, termed chemical (F2),
comprised NPK (9-23-30) as the main source of phosphorus (P2O5) and potassium (KCl),
applied at a dose of 57 g, copper sulfate at 0.12 g, and zinc sulfate at 0.29 g, all per plant.
Urea (46-0-0) was used as a nitrogen source, applied at 42 g per plant. The total mixture
was 79.53 g/plant. An area of 0.3 m2 per plant was considered for the application of the
nutritional amendment (Lime). This allowed for a reduction in the fertilization area and
provided localized application, converting the need per hectare of 10.000 m2 into a need
per area/plant of 0.3 m2 [35]” (Appendix A Table A4). Soil and vegetative sampling were
conducted annually to adjust the formulations accordingly.

2.6. Management Practices

The management practices conducted included weed control, drainage maintenance,
pest control, and pruning. Weed control was carried out manually using brush cutters
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and machetes. At the beginning of the project, generalized cutting was performed with
brush cutters and machetes, but, over time and with the growth of the coffee plants, the
cutting was localized to a radius of 2 m from the plant. Pest and disease control was
not considered.

2.7. Study Variables

Measurements were conducted from 2020 to 2023, with a total of 12 observations. The
first measurement was taken in week 24 after the establishment of the trial in 2019, and the
final measurement was recorded in week 218 at the end of 2023.

2.7.1. Base Diameter (cm) and Height (m)

The measurement period spanned from week 24 (2020) to week 218 (2023). Data were
collected on the base diameter and height of the coffee plants. Base diameter measurements
were taken using an analog caliper, ensuring it was positioned flush with the ground but
sufficiently distanced to avoid any irregularities that might affect measurement accuracy.
Height was measured with a hypsometer rod.

2.7.2. Cherry Production

The production of ripe coffee cherries was recorded considering the areas under
differentiated fertilization (see Figure 2b). It was established that the harvests should
only include ripe cherries at levels 4 and 5, according to a pre-established ripening scale
(Appendix A, Table A5). Once the cherries were harvested, a classification process was
carried out with the purpose of eliminating irregular, green, empty, or hollow cherries.
Only viable ripe cherries were counted.

2.7.3. Spatiotemporal Recording of Shade Percentage

To understand the spatiotemporal evolution of the shade percentage under the differ-
ent agroforestry associations in the experiment, 11 data collection points were established
at the tree–coffee interaction level (Figure 3a). Image capture was carried out annually
using the Canopeo smartphone application [36]. The procedure involved using a cellphone
to capture images of the canopy from a perpendicular position to the ground to ensure a
good focus that accurately represented the coverage (always at the same height of 2 m)
(Figure 3b). In addition to the developer’s recommendations regarding ground-based im-
age capture, aerial images taken with a drone at a flight height of 120 m were incorporated
into the analysis (Figure 3c).

The application analyzes the images using vegetation indices such as ExG, which
separates green pixels from non-green ones, automatically calculating the green coverage
fraction as a percentage [37]. The aerial drone images allowed for the measurement of
green coverage by Canopeo, which approximates the percentage of shade. In this context,
the green coverage captured from above reflects the amount of soil surface covered by
the vegetative canopy, which is correlated with the amount of shade projected onto the
ground. In the previous process, factors such as canopy height, leaf distribution, and the
time of year were considered. Both analyses were contrasted, which generated the shade
percentage. Annually, shade percentages were generated for the Cenízaro, Espavel-Poró,
Guapinol-Poró coverages, and full sun areas 1 and 2.

Cenízaro was introduced in 2017, followed by Guapinol, Espavel, and Poró in 2018–2019.
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Figure 3. Methodology for recording canopy cover percentage (shade) using the Canopeo application.
(a) Data collection points at the tree–coffee interaction level and Full sun experimental controls 1 and
2. (b) Smartphone image capture at 2 m height. (c) Determination of shade percentage using the
Canopeo application on a drone-captured image.

2.8. Data Analysis

To understand the effects of tree coverages and differentiated fertilization on the
growth of coffee plants, a two-factor analysis of variance (ANOVA) was performed. The
response variables were the diameter and height of the coffee plants, with coverages and
fertilization as predictor variables, considering their interactions. The experimental block
was included as a random factor to control unexplained variability. After finding significant
effects of treatments and sub-treatments using ANOVA (p < 0.05), Tukey’s mean comparison
test was conducted to identify significant differences between treatments. The statistical
analyses were performed using R software 4.2.2 [38].

2.8.1. Cumulative Mortality

Cumulative mortality was calculated using the formula in Equation (2):

Cumulative mortality (%) = (1 − (Surviving Plants)/(Established Coffee Plants)) × 100 (2)

The formula allowed for a comparison of the number of surviving plants in 2023 with
the number of plants initially established in 2019. Subtracting the initial total value of coffee
plants, divided by the initial total number of plants, facilitated calculating the proportion
of plants that have died to the initial total number, expressed as a percentage. Cumulative
mortality provides an idea of the loss of coffee plants in the specific context of treatments
and sub-treatments.

2.8.2. Growth Analysis

To understand the growth of the base diameter and height, a logistic growth function
was fitted to identify the general growth pattern over time. Additionally, the absolute
growth rate was calculated to measure the growth speed in absolute terms [39].
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Fitting the Logistic Growth Model for Diameter and Height Variables

The logistic growth function was fitted to understand the growth stages of the coffee
plants, the exponential stage and the asymptotic stage, describing how the coffee plants
grow [39,40]. The equation was as follows in Equation (3):

y = φ1/{1 + exp[−(T−φ2)/φ3]} (3)

where y represents the studied variable (base diameter or height); T refers to the weeks of
observation after the coffee plants were established in the field; φ1 refers to the asymptote
value or the maximum value of y reached; φ2 refers to the time at which half of the
asymptote value is reached; and φ3 refers to the time elapsed between reaching half of the
asymptote and reaching three-quarters of it. This logistic model helps in understanding the
growth phases of coffee plants and provides insights into the dynamics of their development
under different treatments.

Calculation of Absolute Growth Rate

The absolute growth rate of the variables, including the base diameter and height of
the coffee plants over time, enabled the identification of growth patterns and provided
insights into the effects of different coverages, differentiated fertilizations (both physical
and chemical), and their interactions on the rate of absolute growth or decline. The absolute
growth rate (AGR) equations were derived by applying the first derivative to each of the
fitted logistic equations (see Equation (3)) [41]. The adjusted equation used to calculate the
absolute growth rate is in Equation (4):

A.G.R = (φ1/φ3 ×
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where A.G.R represents the absolute growth rate; φ1 represents the asymptote or maximum
value reached by the diameter and height; φ2 refers to the week in which the variable,
either diameter or height, reaches its maximum value; φ3 is a parameter representing a
scaling constant that affects the magnitude of the growth rate; T is the independent variable
in the equation that represents the weeks of measurement; and
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model [42,43], providing the rate at which coffee plants grow at the base diameter and
height levels. For the analyses in this study, the three measurements taken annually were
considered and cataloged at the measurement week level, resulting in 12 measurement
weeks. The first week of data corresponded to week 24 after the establishment of the coffee
plants, and the last week was week 218, which was the measurement taken at the end
of 2023. The absolute growth rate provided a measure of the speed at which the studied
variables experienced changes in absolute units (in centimeters for the base diameter and
meters for the height) during the period between week 24 and week 218.

3. Results
3.1. Evolution of Shade Percentage

Throughout the years of photographic recording, the evolution of the different agro-
forestry associations within the experimental design was observed. Cenízaro showed the
greatest canopy development across all years, followed by Guapinol-Poró, Espavel-Poró,
and full sun 1, which, due to its location, was influenced by the Cenízaro canopy (Figure 4).

The analysis of variance (ANOVA) followed by Duncan’s multiple comparison test
showed significant differences between the coverages (p < 0.05) (Appendix B, Table A6).
Cenízaro coverage recorded the highest percentage of shade in all evaluated years, reaching
an average of 75.7% in 2023 (Duncan test: “a”, p < 0.001). Full sun 1 and Guapinol-Poró
showed intermediate shade percentages, ranging between 18% and 32% (“b”). Full sun
1 experienced an increase due to the proximity of nearby Cenízaro trees, explaining its
classification in group “b.” Finally, Espavel-Poró (“bc”) and full sun 2 (“c”) displayed the
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lowest shade percentages throughout all years of measurement, registering 18% and 4%,
respectively, in 2023 (Figure 5).
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Figure 5. Evolution of shade percentage from 2020 to 2023 for different agroforestry systems and full
sun treatments. Cenízaro provides the highest shade, around 70% by 2023, while full sun treatments
show the lowest. The letters from Duncan’s test indicate statistical differences, with "a" showing the
highest shade and "c" the lowest.
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3.2. Effect of Coverages and Differentiated Fertilizations on Growth

The analysis of variance (p < 0.05) showed that at least one of the coverages (treat-
ments) had a significant effect on the basal diameter (F = 84.56, p < 0.001) and height
(F = 84.56, p < 0.001) of the coffee plants, as well as differentiated fertilization, which also
showed high significance for the basal diameter (F = 52.56, p < 0.001) and height (F = 52.56,
p < 0.001). No significant differences were found in the interaction between coverages and
differentiated fertilization, but there were significant differences in the interactions of the
coverages block (basal diameter F = 2711.00, p = 0.028548; height F = 2711.00, p < 0.001), dif-
ferentiated fertilizations block (basal diameter F = 5810.00, p < 0.000117; height F = 5810.00,
p = 0.00516), and their combination (basal diameter F = 3182.00, p < 0.001335; height
F = 3182.00, p = 0.002006), indicating a significant combined effect on the growth of the stud-
ied variables, varying according to agroforestry associations, differentiated fertilizations,
and block (Appendix B, Table A7).

According to Tukey’s test (Appendix B, Table A8), significant differences in basal
diameter were found between the Espavel-Poró and Cenízaro coverages (0.3906, p = 0.0001),
Guapinol-Poró and Cenízaro (0.2561, p = 0.0307), and between Cenízaro and both the full
sun 1 control (0.6001, p < 0.0001) and full sun 2 control (−0.8756, p < 0.0001). However,
no significant differences were observed between the Guapinol-Poró and Espavel-Poró
coverages (p > 0.5465) or between the full sun 1 control and Espavel-Poró (p > 0.123).
Regarding plant height, significant differences were found between the Espavel-Poró and
Cenízaro coverages (−0.1082, p = 0.0091), Guapinol-Poró and Cenízaro (−0.2134, p < 0.0001),
the full sun 2 control and Cenízaro (−0.6679, p < 0.0001), Guapinol-Poró and Espavel-Poró
(−0.1052, p = 0.0124), and between full sun 2 and Espavel-Poró (−0.5597, p < 0.0001).
However, no significant differences were found between the full sun 1 control and Espavel-
Poró (p = 0.9674). In the comparison between full sun 2 and Cenízaro for the basal diameter,
the mean difference is negative (−0.8756), and its confidence interval is entirely negative
(−1.1165 to −0.6348), suggesting that full sun 2 consistently has a smaller basal diameter
than Cenízaro.

For the differentiated fertilizations (physical fertilization (F1), chemical fertilization
(F2), and the Lime control), significant differences were observed in basal diameter between
F1 and Lime (0.6075, p < 0.0001) and F2 and Lime (0.6067, p < 0.0001) but not between F2
and F1 (−0.0008, p = 0.9999). Regarding plant height, significant differences were found
between F1 and Lime (0.1974, p < 0.0001) and F2 and Lime (0.1544, p < 0.0001) but not
between F2 and F1 (−0.043, p = 0.2114) (Appendix B, Table A9).

3.3. Cumulative Mortality

The overall cumulative mortality for the period 2019–2023 was 6.92%. The treatments
without tree association, named full sun 1 and full sun 2, recorded the highest mortality
rates with 19.17% and 39.23%, respectively. Cenízaro and coffee association registered
less mortality than the rest of the associations with 2.22% (only 12 dead coffee plants),
considering it is the treatment with 75.7% shade percentage (significantly higher than the
rest) (Appendix B, Table A10). In plots under differentiated fertilizations (sub-treatments),
the cumulative mortality rates were 6.43% (physical fertilization), 6.40% (chemical fertiliza-
tion), and 7.94% (Lime). Both in treatments and sub-treatments, the highest mortality was
found in sites where the coffee plants were not associated with trees and did not receive
fertilization (Lime) (Appendix B, Table A11).

3.4. Growth Analysis

Growth was analyzed by considering the different combinations of agroforestry associ-
ations, full sun coffee areas, and differentiated fertilizations. From the perspective of basal
diameter growth, the fertilization combinations (F1 and F2) with Cenízaro, Espavel-Poró,
Guapinol-Poró, and full sun (Full Sun 1) showed a notable increase over the course of
218 weeks. In general, plants that received chemical fertilization (F2) achieved larger basal
diameters compared to those with physical fertilization (F1). In particular, the combina-
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tions Espavel-Poró/F2, Guapinol-Poró/F2, and full sun 1/F2 reached diameters between
6.8 cm and 7.9 cm, standing out above the rest. Similarly, the Espavel-Poró combination,
both with F1 and F2, showed solid growth, with diameters between 6.8 cm and 7.6 cm. On
the other hand, the combinations without fertilization (Lime) recorded the lowest diameters,
between 4 cm and 6 cm, reflecting the lower effectiveness of this option compared to the
fertilized treatments (Figure 6a).
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Regarding height growth, the plants that received chemical fertilization (F2) showed
slightly higher height growth compared to those under physical fertilization (F1). How-
ever, coffee plants associated with Cenízaro, under physical, chemical, and Lime fertil-
ization, achieved the greatest height growth, ranging from 2.5 m to 3.5 m. Compared to
the other combinations, the covers with Espavel-Poró showed more moderate growth,
while Guapinol-Poró with chemical fertilization (F2) reached maximum heights of around
3 m. On the other hand, full sun 2, in none of its combinations, exceeded 2.2 m in height
(Figure 6b).
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3.4.1. Fitting the Logistic Growth Model

The logistic growth model was fitted considering different combinations, allowing for
the determination of growth coefficients based on (1) the maximum value reached by the
base diameter and height variables (φ1); (2) the exponential growth rate of these variables
(φ2); and (3) the time at which the variables reach their maximum growth value (φ3) [44].

The data demonstrate that different agroforestry associations and fertilization treat-
ments significantly impact the growth of coffee plants, specifically in terms of their base
diameter. Physical fertilization (F1) generally influences the largest maximum base diame-
ters and faster growth to reach half of the maximum diameter, as observed in combinations
like Espavel-Poró/F1 with a φ1 of 7.74 cm and a φ2 of 78.81 weeks. In contrast, the
Lime combinations show greater variability, with full sun 2/Lime taking the longest time
(106.11 weeks) to reach half of its maximum base diameter, indicating a slower initial growth
phase. The time between reaching half and three-quarters of the maximum diameter (φ3)
also varies, with some combinations like Guapinol-Poró/Lime showing a rapid transition
during this phase, while others like full sun 2/Lime exhibit a more prolonged growth
period. Overall, physical fertilization seems to promote more robust and faster growth
compared to Lime, influencing both the speed and pattern of coffee plant development
across the different treatment combinations (Table 1).

Table 1. Parameters of the fitted logistic growth models for the base diameter variable recorded
in Esperanza L4A5 plants under different agroforestry associations and in full sun (φ1: maximum
base diameter value achieved; φ2: time to reach half of the maximum base diameter; and φ3: time
between half and three-quarters of the maximum base diameter).

Combination φ1 φ2 φ3

Cenízaro/Lime 5.94 ± 0.28 67.44 ± 6.66 54.07 ± 7.35
Espavel-Poró/Lime 6.12 ± 0.27 65.31 ± 5.99 52.66 ± 6.82

Guapinol-Poró/Lime 5.84 ± 0.19 62.79 ± 4.42 44.14 ± 5.16
Full sun 1/Lime 6.85 ± 0.33 78.31 ± 6.93 55.78 ± 6.57
Full sun 2/Lime 4.26 ± 0.1 60.19 ± 10.24 58.38 ± 12.38

Cenízaro/F1 6.04 ± 0.17 55.95 ± 3.89 42.61 ± 4.87
Espavel-Poró/F1 7.74 ± 0.33 78.81 ± 6.13 55.66 ± 5.78

Guapinol-Poró/F1 6.99± 0.25 66.79 ± 4.9 50.62 ± 5.49
Full sun 1/F1 7.57 ± 0.31 67.79 ± 5.8 56.58 ± 6.33
Full sun 2/F1 5.91 ± 0.53 91.55 ± 14.44 66.75 ± 11.08

Cenízaro/F2 6.85 ± 0.45 76.24 ± 10.3 66.11 ± 9.61
Espavel-Poró/F2 7.21 ± 0.25 71.50 ± 4.71 49.30 ± 4.96

Guapinol-Poró/F2 7.24 ± 0.31 79.72 ± 6.04 53.50 ± 5.67
Full sun 1/F2 7.59 ± 0.28 67.65 ± 5.21 53.96 ± 5.73
Full sun 2/F2 7.07 ± 0.69 106.11 ± 16.34 70.62 ± 10.5

±standard error

The height growth of coffee plants under different agroforestry associations and
fertilization treatments shows significant variability. Chemical fertilization (F2) generally
promotes greater heights in coffee plants, as seen in the Cenízaro/F2 combination, which
recorded the highest value at 3.49 m. In contrast, full sun 2/F1 registered the lowest
maximum height at 2.30 m, highlighting the influence of both tree cover and fertilization
type on plant growth. The time to reach half of the maximum height (φ2) varies widely,
with full sun 2/Lime and full sun 2/F2 showing prolonged growth periods, indicating
slower initial growth phases. On the other hand, Espavel-Poró/F1 and Guapinol-Poró/F1
achieve quicker growth, reaching half of their maximum height in just over 60 weeks.
The transition from half to three-quarters of the maximum height (φ3) also differs, with
Cenízaro/F1 and Espavel-Poró/F1 exhibiting rapid growth, while full sun 2/F2 shows
a much slower progression (Table 2). Overall, F2 fertilization seems to stimulate greater
height but with more variability in growth timing, while F1 fertilization favors faster and
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more consistent growth. Lime combinations, particularly under full sun conditions, are
associated with slower growth, underscoring the importance of fertilization type and tree
cover in the height development of coffee plants in the study area.

Table 2. Parameters of the fitted logistic growth models for the height variable recorded in Esperanza
L4A5 plants under different agroforestry associations and in full sun (φ1: maximum height value
achieved; φ2: time to reach half of the maximum base diameter; and φ3: time between half and
three-quarters of the maximum base diameter).

Combination φ1 φ2 φ3

Cenízaro/Lime 3.08 ± 0.17 87.78 ± 8.62 64.22 ± 7.02
Espavel-Poró/Lime 2.69 ± 0.14 72.26 ± 8.01 63.26 ± 7.99

Guapinol-Poró/Lime 2.58 ± 0.2 74.07 ± 12.9 73.89 ± 11.91
Full sun 1/Lime 2.65 ± 0.12 69.42 ± 6.71 59.39 ± 7.08
Full sun 2/Lime 2.59 ± 1.36 164.49 ± 143.41 133.22 ± 55.84

Cenízaro/F1 3.07 ± 0.1 76.46 ± 4.8 52.89 ± 4.71
Espavel-Poró/F1 2.71 ± 0.08 64.23 ± 4.12 48.80 ± 4.77

Guapinol-Poró/F1 2.66 ± 0.08 62.56 ± 4.44 50.68 ± 5.26
Full sun 1/F1 2.91 ± 0.14 71.99 ± 7.6 63.94 ± 7.59
Full sun 2/F1 2.30 ± 0.21 81.77 ± 15.23 73.14 ± 12.79

Cenízaro/F2 3.49 ± 0.2 97.29 ± 9.61 67.61 ± 6.88
Espavel-Poró/F2 2.83 ± 0.11 70.73 ± 5.94 57.43 ± 6.21

Guapinol-Poró/F2 2.62 ± 0.14 70.43 ± 8.17 63.51 ± 8.35
Full sun 1/F2 3.01 ± 0.15 75.43 ± 8.04 65.18 ± 7.58
Full sun 2/F2 3.42 ± 0.94 166.39 ± 59.24 103.79 ± 21.99

±standard error

3.4.2. Absolute Growth Rate (AGR)

It was observed that the base diameter of coffee plants under the Cenízaro-Lime
(CCal) and Espavel-Poró-Lime (EPCal) combinations, without any associated fertilization,
reached maximum rates between weeks 25 and 75, with values of 0.046 cm and 0.034 cm,
respectively. In the case of physical fertilization, the maximum rates were balanced among
the Espavel-Poró-F1 (EPF1), full sun 1-F1 (PS1F1), Cenízaro-F1 (CF1), and Guapinol-Poró-F1
(GPF1) combinations, with values of 0.039 cm, 0.037 cm, 0.035 cm, and 0.030 cm, reached in
weeks 65, 160, 100, and 80, respectively. Under chemical fertilization, the Espavel-Poró-F2
(EPF2) and full sun 1-F2 (PS1F2) combinations recorded higher values of 0.051 cm and
0.038 cm, reached in weeks 75 and 85, respectively (Table 3).

Regarding the height variable of coffee plants, in sectors without associated fertiliza-
tion, the maximum growth rate was recorded in the combinations Cenízaro-Lime (CCal)
and Espavel-Poró-Lime (EPCal), reaching values of 0.0125 and 0.0110 m, respectively, dur-
ing weeks 60 and 100. In contrast, in combinations with physical fertilization (CF1, EPF1,
GPF1), similar maximum rates were observed between weeks 40 and 50, with heights of
0.0114 m for Cenízaro-F1 (CF1) and 0.0110 m for Espavel-Poró-F1 (EPF1) and Guapinol-
Poró-F1 (GPF1). Finally, the combinations associated with chemical fertilization (CF2, EPF2,
GPF2) showed height values of 0.0147 m, 0.0119 m, and 0.0118 m, respectively, reached in
weeks 65, 60, and 50 (Table 4).
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Table 3. Maximum growth rates achieved at weekly levels for the base diameter variable.

Combination Abbreviation
Diameter

Week MRA (cm/Week)

Cenízaro/Lime CCal 75 0.046
Espavel-Poró/Lime EPCal 65 0.028

Guapinol-Poró/Lime GPCal 25 0.034
Full sun 1/Lime PS1Cal 175 0.030
Full sun 2/Lime PS2Cal 220 0.018

Cenízaro/F1 CF1 100 0.035
Espavel-Poró/F1 EPF1 65 0.039

Guapinol-Poró/F1 GPF1 80 0.030
Full sun 1/F1 PS1F1 160 0.037
Full sun 2/F1 PS2F1 80 0.019

Cenízaro/F2 CF2 65 0.028
Espavel-Poró/F2 EPF2 75 0.051

Guapinol-Poró/F2 GPF2 65 0.033
Full sun 1/F2 PS1F2 85 0.038
Full sun 2/F2 PS2F2 220 0.029

MRA = maximum rate achieved.

Table 4. Maximum growth rates achieved at weekly levels for the height variable.

Combination Abbreviation
Height

Week MRA (m/Week)

Cenízaro/Lime CCal 60 0.0125

Espavel-Poró/Lime EPCal 110 0.0110

Guapinol-Poró/Lime GPCal 50 0.0099

Full sun 1/Lime PS1Cal 50 0.0068

Full sun 2/Lime PS2Cal 50 0.0061

Cenízaro/F1 CF1 40 0.0114

Espavel-Poró/F1 EPF1 70 0.0085

Guapinol-Poró/F1 GPF1 50 0.0111

Full sun 1/F1 PS1F1 50 0.0111

Full sun 2/F1 PS2F1 75 0.0070

Cenízaro/F2 CF2 65 0.0147

Espavel-Poró/F2 EPF2 60 0.0119

Guapinol-Poró/F2 GPF2 50 0.0118

Full sun 1/F2 PS1F2 75 0.0102

Full sun 2/F2 PS2F2 112 0.0092
MRA = maximum rate achieved.

In general terms, it was observed that the combinations that showed the highest
average values in diameter and height were those that reached the maximum growth rates
in fewer weeks. However, once this maximum rate was reached, growth decelerated at a
faster pace compared to combinations that took longer to reach their maximum rate.

Regarding diameter, the combinations of Espavel-Poró-F2 (EPF2) and Cenízaro-Lime
(CCal) reached their maximum growth rate in week 50, showing significantly higher values
than the rest of the combinations but experiencing a more pronounced deceleration in their
growth compared to the others (Figure 7).
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Regarding height growth, the combination of Cenízaro under chemical fertilization
showed the maximum growth rate in week 65 (0.0147 m) (CF2). The deceleration pat-
tern after recording the maximum rate was repeated, as in the Espavel-Poró (EPF2) and
Guapinol-Poró-F2 (GPF2) under the same chemical fertilization, with values of 0.0119 m
(MRA = 60) and 0.0118 m (MRA = 50). Full sun 2 under physical fertilization (PS2F1)
recorded its maximum growth rate in week 75 with 0.0070 m, differing from the growth
in areas fertilized with a chemical mixture and without fertilization, where it seems the
maximum growth rate has not yet been reached (Figure 8).
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3.4.3. Cherry Production

In the analysis of variance (ANOVA) and Duncan’s multiple range test, significant
differences were found in the production of mature coffee cherries between the different
agroforestry associations, full sun areas, and types of fertilization during the study period
(p < 0.05). In 2023, the highest production of mature cherries was recorded in coffee
plants under Espavel-Poró and Guapinol-Poró cover, fertilized with physical fertilization
(F1), reaching 3.35 t/ha and 3.28 t/ha, respectively (Duncan test: “a”, p < 0.001). These
yields were statistically higher compared to coffee plants in full sun areas, which showed
significantly lower production levels. In the agroforestry system with Cenízaro, production
in 2023 reached 2.65 t/ha but under chemical fertilization (F2) (Duncan test: “ab”, p < 0.001).
Coffee plants in the full sun 1 and full sun 2 areas did not exceed 0.8 t/ha and 0.25 t/ha,
respectively. However, in full sun 1, coffee plants fertilized with chemical fertilization (F2)
showed higher production compared to other full sun treatments (Figure 9).
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Figure 9. Production of mature coffee cherries (t/ha) from 2020 to 2023 under agroforestry associations
and full sun treatments, with two types of fertilization and liming (F1, F2, and lime). In 2023, the
highest yields were seen under Espavel-Poró and Guapinol-Poró with physical fertilization (F1),
producing 3.35 t/ha and 3.28 t/ha, respectively (Duncan test: “a”, p < 0.001). Under Cenízaro,
chemical fertilization (F2) reached 2.65 t/ha (Duncan test: “ab”, p < 0.001). Full sun 1 and 2 produced
lower yields, not exceeding 0.8 t/ha and 0.25 t/ha, though full sun 1 with F2 outperformed other full
sun treatments (Duncan test: “b”, p < 0.001).
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4. Discussion
4.1. Effect of Shade on Coffee Growth and Productivity

In this study, the importance of tree canopy coverage in creating a favorable micro-
climate for coffee growth is confirmed. The shade levels recorded varied significantly
among the different agroforestry associations, with Cenízaro (A. saman) providing the
densest canopy, leading to an average shade percentage of 75.7% in 2023. This finding
supports existing studies that emphasize the benefits of shade for coffee plants, particularly
in reducing the risks associated with excessive solar radiation, photoinhibition, and water
stress [13,45]. Coffee grown in the shade has been associated with greater resilience to
climate variability and better microclimatic conditions, which promote greater ecosystem
sustainability [46]. The dense canopy created by Cenízaro likely moderated temperature
fluctuations and reduced water loss through evapotranspiration, promoting healthier plant
development. However, the results also suggest that excessively dense shade may have
limited coffee productivity. While the Cenízaro system achieved significant growth in terms
of basal diameter and height, its yield of mature coffee cherries was lower than that of the
Espavel-Poró and Guapinol-Poró agroforestry combinations, which had intermediate (and
significantly lower) shade levels.

The results align with research indicating that while shade protects coffee plants from
environmental stress, too much shade can limit photosynthesis, reducing yields [13,14].
Studies also suggest that an optimal shade level of 30–50% maximizes coffee production
while preventing stress from excessive sunlight [2,12]. In contrast, full sun areas, partic-
ularly full sun 2, exhibited the lowest shade levels (4% in 2023) and the least desirable
performance in terms of growth and productivity. The high exposure to sunlight in these
areas likely caused greater plant stress and lower moisture retention, factors commonly
associated with coffee monoculture systems [8]. This underscores the importance of proper
shade management in lowland coffee systems, where full sun exposure can exacerbate
already challenging environmental conditions. While conventional fertilization offers a
productive pathway in full sun coffee cultivation, it could lead to the long-term degradation
of soil fertility and plant health [47].

4.2. Differentiated Fertilization and Its Effects on Growth and Productivity

In terms of fertilization, both physical (F1) and chemical (F2) fertilization had a sig-
nificant effect on coffee plant growth, as demonstrated by the results of the analysis of
variance (ANOVA). Although no significant differences were observed between F1 and F2
in basal diameter and height growth in most cases, chemical fertilization tended to result
in slightly higher overall growth rates. This suggests that while both types of fertilization
are effective, chemical fertilization may offer faster nutrient uptake and more immediate
benefits for the plants, especially in nutrient-deficient alluvial soils like those present in
the study area [48]. Chemical fertilizers are often designed to provide immediate nutrient
availability, which can lead to rapid growth, but over time, organic matter depletion and
soil health may become limiting factors [49].

Despite the potential of chemical fertilization to stimulate growth, the highest cof-
fee cherry production was recorded in the agroforestry systems with Espavel-Poró and
Guapinol-Poró coverages, fertilized with physical fertilization (F1). These systems pro-
duced 3.35 t/ha and 3.28 t/ha of mature coffee cherries, respectively, outperforming the
other combinations. Physical fertilization, which provides a more gradual nutrient release,
promotes sustained growth and improves soil fertility over time [50]. Organic-based fer-
tilizers, such as those used in physical fertilization strategies, often support soil health
through enhanced microbial activity and organic matter replenishment [51].

While chemical fertilization may offer short-term advantages in terms of growth,
physical fertilization may be more effective in supporting consistent production, especially
when combined with agroforestry associations that contribute organic matter and improve
soil structure [14]. The positive impact of tree cover, particularly nitrogen-fixing Erythrina
poeppigiana (Poró) in combination with Guapinol and Espavel, likely contributed to this
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outcome by enhancing soil fertility and providing additional ecosystem services, such
as nutrient cycling and erosion control [7]. In lowland areas where soils may be more
susceptible to surface erosion due to excessive rainfall, agroforestry associations play a
crucial role in maintaining soil integrity and promoting long-term sustainability [52].

4.3. Cumulative Mortality and Resilience of Agroforestry Systems

The cumulative mortality observed in this study highlights the benefits of agroforestry
systems in improving the resilience of coffee plants to environmental stress factors in
lowland areas. The highest mortality rates were recorded in full sun areas, where mortality
reached 39.23% during the study period. In contrast, the Cenízaro–coffee association had
the lowest mortality rate, with only 2.22%, emphasizing the protective effects of tree cover
in mitigating the stress from high temperatures and sunlight [45]. It has been demonstrated
that shade-grown coffee systems reduce pest pressure by enhancing the diversity of benefi-
cial insect populations, which help control pest species [53]. The results are consistent with
previous research that underscores the importance of shade in improving the long-term
survival of coffee plants. Shade not only reduces the risk of heat stress but also helps
maintain soil moisture levels, reduces wind damage, and provides a habitat for natural
pest predators, all of which contribute to lower mortality rates [6].

4.4. Growth Dynamics and the Logistic Growth Model

The logistic growth model applied in this study provided insights into the growth pat-
terns of coffee plants under different agroforestry associations and fertilization treatments.
Coffee plants associated with shade trees generally resulted in better growth compared to
those in full sun conditions. For example, combinations like Espavel-Poró with physical
fertilization (F1) achieved larger basal diameters and faster growth rates, highlighting the
positive interaction between tree cover and sustained nutrient availability.

The analysis of absolute growth rates (AGRs) further supported these findings, show-
ing that coffee plants under tree cover reached their peak growth rates earlier and exhibited
faster initial growth compared to plants in full sun areas. The rapid early growth observed
in systems such as Espavel-Poró/F1 and Guapinol-Poró/F1 emphasizes the importance
of early canopy establishment to provide shade and reduce plant stress during the critical
early stages of growth [14]. However, it is important to note that growth slowed down more
quickly after reaching the maximum rate, particularly in systems with chemical fertilization,
suggesting that a more gradual nutrient release, as seen with physical fertilization, may
favor more consistent growth over time [2].

4.5. Implications for Sustainable Coffee Production in Lowland Areas

The results of this study provide important insights for the future of coffee production
in lowland areas, particularly in the context of climate change. As global temperatures
continue to rise, traditional high-altitude coffee-growing regions may become less suitable
for coffee cultivation, forcing producers to explore alternative strategies to maintain yields
and quality. Agroforestry systems, as demonstrated in this study, offer a viable solution
by creating agricultural systems that are more resilient to environmental stress while
promoting biodiversity and ecosystem services [51].

The agroforestry associations in this research, involving species such as Espavel,
Guapinol, and Poró, suggest they can help mitigate some of the challenges associated with
lowland coffee production, such as high temperatures and soil degradation. By providing
shade, improving soil fertility, and enhancing water retention, these systems can help
stabilize coffee production and ensure long-term sustainability. Additionally, the reduced
mortality rates observed in agroforestry systems highlight their potential to improve the
overall resilience of coffee crops to environmental challenges, making them a key strategy
for climate change adaptation [6].

When analyzing coffee production in various coffee-growing regions of Costa Rica [20],
traditional areas such as Los Santos, Valle Occidental, and Valle Central register the highest
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yields per hectare, reaching 27.73, 17.65, and 21.09 fanegas/ha, respectively, equivalent
to 6.93, 4.41, and 5.27 t/ha. In contrast, the Espavel-Poró and Guapinol-Poró associ-
ations recorded yields of 3.35 t/ha and 3.28 t/ha, equivalent to 13.40 fanegas/ha and
13.12 fanegas/ha. Although the yields are lower than in traditional regions, they are
higher than in areas such as Pérez Zeledón (11.63 fanegas/ha, 2.91 t/ha), Coto Brus
(11.05 fanegas/ha, 2.76 t/ha), and the Zona Norte (8.64 fanegas/ha, 2.16 t/ha).

5. Conclusions

In conclusion, this study demonstrates the potential of agroforestry systems, com-
bined with differentiated fertilization strategies, to enhance the growth, productivity, and
resilience of Coffea arabica var. Esperanza L4A5 in lowland regions. The findings under-
score the importance of shade management, with intermediate levels of shade (such as
those provided by Espavel-Poró and Guapinol-Poró) proving to be particularly effective in
promoting coffee growth and yield. Additionally, physical fertilization, with its gradual
nutrient release, appears to offer long-term benefits for both productivity and soil health,
making it a valuable tool for sustainable coffee production. As climate change continues
to challenge traditional coffee-growing regions, agroforestry systems offer a promising
solution for maintaining coffee production in non-conventional areas, such as the lowlands
of Costa Rica’s Caribbean region.
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Appendix A

Table A1. Physical characterization of soil profiles following the USDA-NRC guide and the Munsell
soil color chart [54].

Location Horizons Depth (cm) Texture Color Structure

Blocks 1, 2 y 3

O 0–20 F 7.5 YR 4/3 Angular and subangular blocks
A 20–80 FA 7.5 YR 6/6 Angular and subangular blocks
B 80–140 FAr 10 YR 6/2 Subangular blocks (water at 100 cm)
C 140–200 Ar 2.5 Y 8/3 Massive
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Table A2. Chemical analysis of the project area considering depths of 0–25 and 25–50 cm [54].

Point Depth pH EA
K Ca Mg P Fe Cu Zn Mn C N TOM

------cmol+/kg------ ------mg/kg------ ------%------

01

0–25 cm

4.67 3.20 0.28 3.97 2.17 1.9 114 2.8 0.8 189 1.03 0.31 1.78
02 4.86 2.50 0.22 3.88 2.03 1.6 122 2.4 0.7 168 2.00 0.48 3.45
03 4.76 2.70 0.26 2.59 1.47 1.7 91 1.7 0.3 104 2.08 0.63 3.59
04 4.16 2.30 0.31 3.06 2.59 1.4 96 1.9 0.7 105 - - -
05 4.85 1.80 0.17 2.51 1.14 1.7 83 1.2 0.2 96 2.00 0.33 3.45
06 4.97 2.90 0.26 2.97 1.47 2.3 96 1.4 0.2 65 2.67 0.50 4.60
07 4.85 2.90 0.18 3.15 1.76 1.3 86 1.4 0.1 80 2.33 0.40 4.02
08 4.03 4.00 0.16 2.01 0.97 1.2 70 1.0 0.1 48 - - -
09 4.92 2.20 0.18 3.62 2.41 2.1 115 2.9 0.6 253 1.92 0.66 3.31
10 4.78 3.10 0.15 2.56 1.60 1.6 106 2.2 0.5 166 2.12 0.58 3.65
11 4.76 3.20 0.17 2.40 1.44 1.8 108 2.1 0.5 179 2.51 0.59 4.33

Avg. 4.69 2.80 0.21 2.98 1.73 1.7 99 1.9 0.4 132 2.07 0.50 3.57

01

25–50 cm

5.15 0.90 0.16 6.04 4.84 2.9 84 1.6 0.1 51 2.13 0.51 3.67
02 5.06 1.10 0.13 3.66 2.40 1.3 73 1.1 0.2 39 0.96 0.38 1.66
03 5.06 1.90 0.24 3.08 1.43 1.2 85 1.0 0.1 67 1.39 0.48 2.40
04 4.53 2.70 0.19 2.49 2.00 1.1 66 0.9 0.1 38 - - -
05 5.55 0.40 0.16 3.37 1.61 0.7 74 0.7 0.1 28 0.81 0.18 1.40
06 5.11 0.60 0.15 3.29 1.17 0.8 59 0.6 0.0 15 1.19 0.36 2.05
07 5.32 1.10 0.11 2.64 1.83 0.9 49 0.5 - 16 1.16 0.31 2.00
08 3.99 4.50 0.11 1.77 0.72 1.1 50 0.5 - 16 - - -
09 5.41 0.80 0.12 4.02 3.43 2.2 83 1.4 - 96 1.00 0.51 1.72
10 5.31 1.70 0.09 2.63 1.83 1.0 70 0.7 - 55 0.80 0.49 1.38
11 5.23 1.70 0.10 2.67 1.20 0.8 71 0.7 - 52 1.30 0.55 2.24

Avg. 5.07 1.58 0.14 3.24 2.04 1.3 69 0.9 0.1 43 1.19 0.42 2.06

EA = extractable acidity; TOM = total organic matter.
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03 5.06 1.90 0.24 3.08 1.43 1.2 85 1.0 0.1 67 1.39 0.48 2.40 
04 4.53 2.70 0.19 2.49 2.00 1.1 66 0.9 0.1 38 - - - 

Figure A1. Sampling for the physical characterization of soil profiles following the USDA-NRC guide
and the Munsell Soil Color Chart.
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Table A3. General information on the components of the agroforestry trial.

Component Main Uses * Planting Method Spacing (m) ** Number of Trees

C. arabica Esperanza (L4A5) CP Triangular distribution
(tresbolillo) 2.2 × 2.2 1.936

A. saman (Cenízaro) T. OM. S

Square

10 × 10 30
H. courbaril (Guapinol) T. S 10 × 10 19
A. excelsum (Espavel) T. S 10 × 10 19
E. poeppigiana (Poró) OM. S 10 × 10 28

Total 2.032

* CP = coffee production; T = timber; OM = organic matter; S = shade. ** Density of coffee plants and trees:
2.386 plants/ha and 100 trees/ha.

Table A4. Fertilization program design based on soil chemical information before coffee plant
establishment.

Formula Type Composition Quantity
(g/Plant) Total (g/Plant) *

F1 (Physical) Simple

Potassium chloride (KCl) 10.4

30.74
Monopotassium Phosphate (MKP) (0-52-34) 4.0

Ammonium nitrate (33.5-0-0) 16.0
Zinc sulfate (0-0-0-35.5 (Zn)/17.5 (S)) 0.24

Copper sulfate (0-0-0-25.2 (Cu)/12.8 (S)) 0.096

F2 (Chemical) Compound

NPK (9-23-30) 45.6

79.53
Copper sulfate (0-0-0-35.5 (Zn)/17.5 (S)) 0.096

Zinc sulfate (0-0-0-25.2 (Cu)/12.8 (S)) 0.232
Urea (46-0-0 (N)) 33.6

Lime Amendment
alone Calcium carbonate (CaCO3) - 41.32

Acidity control for 1.936 plants

* Values are calculated based on a single fertilization.

Table A5. Ripening Scale for Grain Selection in Harvests.

Ripening Level Description Color

1 green
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Table A8. Comparison of mean differences in basal diameter and height of coffee plants under dif-
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Table A6. ANOVA for the effect of coverages on the percentage of shade.

Factor Degrees of
Freedom

Sum of
Squares Mean Square F Value Pr (>F)

Coverages 4 10119 2529.7 39.86 *** 0.001
Residuals 15 952 63.5

Significance Levels: 0 (***).
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Table A7. Two-factor ANOVA for basal diameter and height variables.

Basal Diameter

Factor Degrees of Freedom Sum of Squares Mean Square F Value Pr (>F)

Agroforestry associations 4 949 237.13 84.56 *** 0.001
Differential fertilization 2 295 147.40 52.56 *** 0.001

Block 2 40 20.03 7.14 *** 0.000803
Agroforestry associations—Differential fertilization 4 37 4.58 1633.00 0.110059

Coverages—Block 4 30 7.60 2711.00 * 0.028548
Differential fertilization—Block 4 65 16.29 5810.00 *** 0.000117

Agroforestry associations—Differential fertilization—Block 4 71 8.92 3182.00 * 0.001335
Residuals 3567 10004 2.80

Height

Factor Degrees of Freedom Sum of Squares Mean Square F Value Pr (>F)

Agroforestry associations 4 201 50.25 84.56 *** 0.001
Differential fertilization 2 26 12.93 52.56 *** 0.001

Block 2 34 16.81 7.14 *** 0.001
Agroforestry associations—Differential fertilization 8 5 0.66 1633.00 0.09557

Coverages—Block 4 9 2.31 2711.00 *** 0.001
Differential fertilization—Block 4 6 1.54 5810.00 ** 0.00516

Agroforestry associations—Differential fertilization—Block 8 10 1.19 3182.00 ** 0.002006
Residuals 3567 1394.20 0.39

Significance Levels: 0 (***); 0.001 (**) 0.01 (*) 0.05 (.) 0.1 ( ) 1.



Agriculture 2024, 14, 1723 24 of 27

Table A8. Comparison of mean differences in basal diameter and height of coffee plants under
different agroforestry associations (Tukey HSD).

Variable Comparison Difference 95% Confidence
Interval Adjusted p-Value

Basal Diameter

Espavel-Poró vs. Cenízaro 0.3906 0.1497; 0.6315 *** 0.0001
Guapinol-Poró vs. Cenízaro 0.2561 0.0152; 0.4970 * 0.0307

Full sun 1 vs. Cenízaro 0.6001 0.3592; 0.8410 *** 0.0001
Full sun 2 vs. Cenízaro −0.8756 −1.1165; −0.6348 *** 0.0001

Guapinol-Poró vs. Espavel −0.1346 −0.3754; 0.1063 >0.5465
Full sun 1 vs. Espavel 0.2094 −0.0314; 0.4503 >0.1230
Full sun 2 vs. Espavel −12663 −1.5071; −1.0254 *** 0.0001

Full sun 1 vs. Guapinol 0.344 0.1031; 0.5849 *** 0.0009
Full sun 2 vs. Guapinol −11317 −1.3726; −0.8908 *** 0.0001
Full sun 2 vs. Full sun 1 −14757 −1.7166; −1.2348 *** 0.0001

Height

Espavel-Poró vs. Cenízaro −0.1082 −0.1982; −0.0183 ** 0.0091
Guapinol-Poró vs. Cenízaro −0.2134 −0.3033; −0.1235 *** 0.0001

Full sun 1 vs. Cenízaro −0.0869 −0.1769; 0.0030 0.0638
Full sun 2 vs. Cenízaro −0.6679 −0.7578; −0.5780 *** 0.0001

Guapinol-Poró vs. Espavel −0.1052 −0.1951; −0.0152 * 0.0124
Full sun 1 vs. Espavel 0.0213 −0.0686; 0.1112 >0.9674
Full sun 2 vs. Espavel −0.5597 −0.6496; −0.4697 *** 0.0001

Full sun 1 vs. Guapinol 0.1264 0.0365; 0.2164 ** 0.0012
Full sun 2 vs. Guapinol −0.4545 −0.5444; −0.3646 *** 0.0001
Full sun 2 vs. Full sun 1 −0.581 −0.6709; −0.4910 *** 0.0001

p < 0.05 (*); p < 0.01 (**); p < 0.001 (***).

Table A9. Comparison of mean differences in basal diameter and height under different fertilization
treatments (Tukey HSD).

Variable Comparison Difference 95% Confidence
Interval

Adjusted
p-Value

Basal Diameter
F1 vs. Lime 0.6075 0.4472; 0.7678 *** 0.0001
F2 vs. Lime 0.6067 0.4464; 0.7670 *** 0.0001

F2 vs. F1 −0.0008 −0.1611; 0.1595 0.9999

Height
F1 vs. Lime 0.1974 0.1376; 0.2573 *** 0.0001
F2 vs. Lime 0.1544 0.0946; 0.2143 *** 0.0001

F2 vs. F1 −0.043 −0.1028; 0.0169 0.2114
p < 0.001 (***).

Table A10. Accumulated mortality of coffee plants under tree cover and in full sun.

Covers and
Full Sun

Established
Coffee Plants

Coffee Plants
(2023)

Dead Coffee
Plants

Cumulative
Mortality (%)

Cenízaro 540 528 12 2.22
Espavel-Poró 616 586 30 4.87

Guapinol-Poró 530 512 18 3.40
Full sun 1 120 97 23 19.17
Full sun 2 130 79 51 39.23

Total 1936 1802 134 6.92
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Table A11. Cumulative mortality of coffee plants under differentiated fertilizations.

Fertilizations
and Lime

Established
Coffee Plants

Coffee
Plants (2023)

Dead Coffee
Plants

Cumulative
Mortality

(%)

Physical fertilization (F1) 638 597 41 6.43
Chemical fertilization (F2) 656 614 42 6.40

Lime 642 591 51 7.94

Total 1936 1802 134 6.92
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