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Abstract: Amazonas, Brazil, has only one released Coffea canephora cultivar, 
the multiclonal BRS Ouro Preto, which limits cultivar recommendation for an 
expanding region. We assessed genotype-by-environment interaction (GEI) for 
15 C. canephora genotypes using processed coffee yield in three Amazonas mu-
nicipalities over three harvests. Mean yields ranged from 37.9 to 111.5 bags ha⁻¹ 
among genotype × environment combinations and from 54.8 to 77.8 bags ha⁻¹ 
among environments. GEI was significant (P < 0.01) and predominantly complex, 
forming two to three performance groups per environment. The modified Lin 
and Binns method and centroid-based PCA confirmed the superior performance 
of BRS 1216 (86.3 bags ha⁻¹) and Clone 15 (83.4 bags ha⁻¹) under favorable 
edaphoclimatic or technological conditions. BRS 2299, BRS 2357, and Clone 09 
(68.2–72.5 bags ha⁻¹) showed broad adaptation, whereas BRS 3213 and BRS 
2336 performed best in unfavorable environments. These results provide the 
first multi-environment validation of intervarietal hybrids for Amazonas.
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INTRODUCTION

Over the past decade, coffee cultivation in the state of Amazonas has been 
revitalized through the clonal cultivation of Coffea canephora Pierre ex A. 
Froehner, with plant material originating from the state of Rondônia (Ferreira 
et al. 2024a). The adoption of recommended agricultural practices for harvest 
(Espindula et al. 2022) and post-harvest processing, combined with the 
introduction of high-yielding genetic materials, has led to consecutive increases 
in state coffee production (CONAB 2025) as well as improved beverage quality 
(Ferreira et al. 2024b).

In this context, coffee cultivation in Amazonas has become a sustainable 
agricultural alternative, especially in agroforestry systems and in areas previously 
used for low-income activities. The cultivation of C. canephora under such 
conditions promotes rational and intensive soil use, allowing the expansion of 
production without the need for new deforestation. The proximity of plantations 
to forest fragments contributes to the maintenance of native pollinators, 
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enhancing fruit set and reinforcing associated ecosystem services. In addition to its environmental benefits, coffee 
production plays a significant role in supporting rural livelihoods and diversifying income sources for family farms. In 
municipalities such as Silves and Apuí, recent experiences with Amazonian Robusta cultivation have demonstrated the 
technical and economic feasibility of the crop, reinforcing its potential as a driver of sustainable rural development in 
the region (Moraes-Neto et al. 2025).

The predominant climate in Amazonas is tropical rainforest (Af, Köppen), with an annual mean temperature above 
26 °C and little seasonal thermal variation (Alvares et al. 2013). In the extreme southern region, the tropical monsoon 
climate (Am) has a more distinct dry season and greater variation between minimum and maximum temperatures (Silva 
et al. 2018a). Although Amazonas belongs to the same biome as other coffee-growing areas of the Western Amazon, a 
fundamental requirement for the introduction of new genetic resources is the prior evaluation of individual genotypic 
performance (Cruz et al. 2021).

Genotypic performance refers to the production capacity or agronomic behavior of a genotype and its fluctuations 
when grown under different environmental conditions (Moraes et al. 2020). The genotype-by-environment interaction 
manifests in various traits such as coffee beverage quality (Morais et al. 2021), plant architecture (Akpertey et al. 2023), 
yield components (Lourenço et al. 2022, Sousa et al. 2025), and overall yield (Morais et al. 2021). Moreover, C. canephora 
exhibits high phenotypic plasticity (Ferrão et al. 2024) but is sensitive to high temperatures (Rodrigues et al. 2024) and 
water deficits (Fernandes et al. 2021, Solimões et al. 2023).

In coffee breeding, the main strategy adopted by public genetic improvement programs in Brazil is the identification 
of more stable genotypes, ensuring greater uniformity across regions and facilitating crop management (Adunola et al. 
2024, Ferrão et al. 2024). In the Western Amazon, the coffee breeding program of the Brazilian Agricultural Research 
Corporation (Embrapa) has focused on developing monoclonal cultivars (BRS series), derived from intervarietal 
hybridizations between the two botanical varieties - Conilon and Robusta - or from plants resulting from natural crosses 
(Oliveira et al. 2018, Ferrão et al. 2020).

This study, initiated in 2019, represents the second phase of C. canephora genotype introduction in Amazonas. The 
performance trials conducted in different municipalities (Sousa et al. 2025) aimed to validate the yield potential of 
intervarietal hybrids, including both non-commercial clones and BRS ‘Amazonian Robusta’ cultivars (Moraes-Neto et al. 
2025), originally recommended for the states of Acre and Rondônia (Teixeira et al. 2020).

The work carried out in this research has played a pivotal role in advancing coffee cultivation in Amazonas. It provides 
insight into how Coffea canephora genotypes adapt and perform under specific Amazon conditions. Therefore, the 
objective was to quantify genotype-by-environment interaction, decompose adaptability and stability, and characterize 
the performance of thirteen clones to confirm their agronomic behavior under Amazon conditions.

MATERIAL AND METHODS

Experimental characterization
Three experiments were established in the state of Amazonas. In January 2019, one trial was implemented in the 

municipality of Humaitá, at the Mangabeiras Experimental Field of the Institute of Education, Agriculture and Environment, 
Federal University of Amazonas (UFAM), located at km 3 of the federal highway BR-230, in the direction of Humaitá 
(Amazonas) – Porto Velho (Rondônia). The soil was classified as a Plintossolo (Plinthosol) (EMBRAPA 2013), sandy clay 
in texture, and the area had previously been covered by secondary vegetation, with no history of prior cropping. During 
the 2021/2022 season, soil analysis in the 0–20 cm layer revealed a pH of 4.46; 3.00 mg dm⁻³ of P; 0.33 of K; 2.51 of Ca; 
0.72 of Mg; 4.14 of H+Al; 1.98 of Al (cmolc dm⁻³); and 1.96 of organic matter (g dm⁻³). Complete soil chemical analysis 
(0–20 and 20–40 cm layers) for all three localities is presented in the Supplementary Table S1. The predominant climate is 
tropical monsoon (Am, Köppen classification), with a short dry season from June to August (Alvares et al. 2013). Between 
2019 and 2023, the mean air temperature was 26.8 °C, with an annual mean precipitation of 1807 mm. September was 
the warmest month (28.8 °C), May the coolest (25.9 °C), and July the driest (INMET 2025).

In the municipality of Itacoatiara, the experiment was conducted in March 2019 on the rural property Sítio Jota Pê, 
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located at km 7 of the state highway AM-010, towards Manaus. The soil was classified as Latossolo Amarelo (Ferralsol) 
(EMBRAPA 2013), clay loam in texture, and the experimental area had previously been used for papaya cultivation. The 
prevailing climate is humid tropical (Af, Köppen), with a dry winter and rainy summer (Alvares et al. 2013). During the 
experimental period, the mean air temperature was 27.5 °C, with an annual precipitation of 2647 mm. September was 
both the hottest (29.3 °C) and driest month (INMET 2025). Irrigation was applied during the driest months of 2020 and 
2021, particularly between August and September.

In Manaus, the rainfed experiment was also established in January 2019 at the experimental farm of the Faculty of 
Agricultural Sciences, UFAM, located at km 38 of the federal highway BR-174, towards Presidente Figueiredo (Amazonas) 
– Boa Vista (Roraima). The soil was classified as a very clayey Latossolo Amarelo (Ferralsol) (EMBRAPA 2013), and the 
area had been under fallow before planting. The climate is also Af type, with an average temperature of 27.7 °C and 
mean annual rainfall of 2435 mm during the experimental years. The lowest precipitation and highest mean temperature 
(29.3 °C) were recorded in August and September (INMET 2025).

All climatic data were obtained from automatic meteorological stations located in each municipality, managed by 
the National Institute of Meteorology (INMET 2025).

Annual climatic summaries for each environment and harvest year are presented in Supplementary Table S2. Monthly 
accumulated precipitation and mean air temperature for the three localities during 2021–2023 are illustrated in Figure S1.

Seedlings were supplied by Embrapa Rondônia, and management followed regional recommendations for C. canephora 
plantations in the Western Amazon, considering the species’ yield potential (Marcolan and Espindula 2015). Plants were 
pruned and trained to maintain three orthotropic stems (Espindula et al. 2021). The experiment followed a randomized 
complete block design with four replications, organized in a factorial arrangement to assess genotype-by-environment 
interaction (GEI). Each plot consisted of six plants spaced at 3 m × 1 m (usable plot area = 18 m²). In each environment, 
the experiment occupied 1080 m², corresponding to a density of 3,333 plants ha⁻¹ and approximately 10,000 orthotropic 
stems ha⁻¹ (Espindula et al. 2021).

Evaluated genotypes and yield measurement
Thirteen clones (Table S3) were evaluated across the three environments over three consecutive crop years (2021, 

2022, and 2023). Ten clones corresponded to the Amazonian Robusta cultivars, identified by the prefix BRS (1216, 
2299, 2314, 2336, 2357, 3137, 3193, 3210, 3213, and 3220). These are grouped into three gametophytic compatibility 
categories according to the first digit (1, 2, or 3) and have different maturation cycles defined by the second digit: 1 for 
early, 2 for intermediate, and 3 for late maturation (Moraes et al. 2018, Teixeira et al. 2020). Three additional clones (09, 
12, and 15), not yet commercially released but also from the Embrapa Rondônia breeding program, were included. As 
control, clones RO C-125 and RO C-160—belonging to the multiclonal cultivar Conilon BRS Ouro Preto, recommended 
for cultivation in Amazonas and classified as intermediate-maturing—were used (Espindula et al. 2022).

Fruit harvesting was carried out manually on tarps, and yield per plot was recorded according to each genotype’s 
maturation cycle, accounting for the natural uneven ripening observed among genotypes (Sousa et al. 2025). Yield was 
expressed as 60 kg bags of processed coffee per hectare (bags ha⁻¹). Samples of 1 kg of ripe fruits were used to estimate 
the yield index (Espindula et al. 2024), which served to calculate yield (Moraes et al. 2020).

Genotypic performance analysis
After confirming the homogeneity of residual variances in individual analyses of variance (maximum-to-minimum 

MS ratio = 1.70, within the ≤ 7:1 criterion; Cruz et al. 2012), a combined analysis of variance with a split-plot error 
structure was performed to test the effects of environment and genotype and to detect the presence of GE interaction, 
according to Model 1:

Yijk = m + Gi + B/Ejk + Ej + GEij + eijk 

where Yijk is the observation of the ith genotype in the kth block within the jth environment; m is the overall mean; Gi 
is the effect of the ith genotype; B/Ejk is the effect of the kth block within the jth environment; Ej is the effect of the jth 
environment; GEij is the genotype × environment interaction effect; and eijk is the experimental error. Genotype and 
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environment effects were considered fixed and random, respectively. Data from the three harvest years were used to 
calculate mean block values for each environment. Genetic parameters were estimated based on environmental variance 
components and genotypic quadratic components. Phenotypic plasticity for each genotype was obtained from the mean 
square of environments within each genotype (Cruz et al. 2012).

Two distinct error terms were used in the combined analysis: (Blocks within environments; MS = 322.59, df = 9) 
served as the F-test denominator for the Environment effect; the Genotype effect was tested against the Genotype × 
Environment mean square (MS = 944.43, df = 28); and the Genotype × Environment interaction was tested against the 
residual (MS = 155.52, df = 126). Environment was treated as a random effect because the three localities represent a 
sample of the edaphoclimatic conditions under which C. canephora may be cultivated in Amazonas, allowing generalization 
of the GE variance components to the target region (Piepho et al. 2008).

The conventional fixed-model combined ANOVA was preferred over mixed models (REML/BLUP) because the dataset 
is fully balanced (15 genotypes × 3 environments × 4 blocks), residual variance homogeneity among environments was 
confirmed (maximum-to-minimum MS ratio = 1.70, within the ≤ 7:1 criterion; Cruz et al. 2012), and the adaptability/
stability methods employed (Lin and Binns modified; centroid PCA) operate on arithmetic treatment means. All analyses 
were conducted using the Genes software platform (Cruz 2016). A REML/BLUP re-analysis to refine genotypic predictions 
is recommended for future work with larger multi-environment datasets.

Phenotypic plasticity quantifies the degree to which a genotype adjusts its phenotypic expression in response to 
environmental variation (Bradshaw 1965). It was estimated as the mean square of environments within each genotype 
(MSEj/Gi), obtained from the decomposition of the combined ANOVA; higher MSEj/Gi values indicate greater variation 
in that genotype’s performance across environments and thus greater phenotypic plasticity (Li et al. 2025).

Phenotypic plasticity is conceptually distinct from phenotypic stability: plasticity measures the magnitude of performance 
change across environments, while stability reflects the predictability or consistency of genotypic performance relative 
to the mean environmental response (Li et al. 2025).

Favorable environments were characterized by optimal edaphic, climatic, or technological conditions for coffee 
cultivation, whereas unfavorable environments presented limiting conditions. The overall environment comprised all 
sites evaluated. To analyze adaptability and stability and rank genotypes by yield performance, experiments in Itacoatiara 
and Manaus were classified as favorable environments and experiments in Humaitá, as unfavorable, based on the 
environmental index (Finlay and Wilkinson 1963). The modified nonparametric method of Lin and Binns (1988) (Cruz 
et al. 2012) was then applied, in which the estimator Pi measures the mean Euclidean distance between genotypes and 
the ideotype of superior performance across environments (overall) and within each environmental group. Additionally, 
the modified centroid method based on principal component analysis was used as a graphical approach, considering 
vector data of minimum, mean, and maximum performance of each clone in each environment, allowing the creation of 
reference ideotypes for environmental groups and the classification of genotypes according to seven centroids (Rocha 
et al. 2005, Rocha et al. 2015).

For comparing yield performance, the Scott–Knott (1974) clustering test was applied at a 5% probability level. The 
Scott–Knott procedure was chosen because it partitions genotype means into mutually exclusive, non-overlapping groups 
by maximizing the between-cluster sum of squares, thereby avoiding the ambiguity of simultaneous group membership 
inherent in pairwise tests and facilitating unequivocal genotype recommendation (Rocha et al. 2015). All analyses were 
performed using Genes genetic-biometric software (Cruz 2016).

RESULTS AND DISCUSSION

Considering the genotype-by-environment interaction (GEI), plant breeding can be directed either toward reducing 
phenotypic plasticity and focusing on stabilizing the overall performance of genotypes across multiple environments, 
thereby selecting materials less sensitive to environmental fluctuations, or toward increasing plasticity to identify 
genotypes better adapted to specific environments (Ferrão et al. 2024).

The combined analysis of variance (Table 1) confirmed a highly significant Environment effect (MS = 9,873.38, P 
< 0.01), reflecting mean yields of 53.2, 78.6, and 69.0 bags ha⁻¹ in Humaitá, Itacoatiara, and Manaus, respectively 
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(Table 2). The Genotype main effect was not significant (P > 0.05), consistent with the broad overlap observed in 
individual analyses. The Genotype × Environment interaction was highly significant (MS = 944.76, P < 0.01) (Table 1), 
confirming non-parallel genotypic responses across localities and justifying the subsequent adaptability and stability 
analyses. The GE variance component (σ2

ge) exceeded the residual variance (σ2
e  = 155.52), indicating that GEI accounted 

for a substantial proportion of total phenotypic variation.

Significant differences (P < 0.05) were detected among all genotypes and between the groups of tested and control 
clones for each evaluated environment, except among controls in the Humaitá and Itacoatiara trials (Table 2). The genotypic 
variance component was at least twice as large as the environmental variance in all locations, with the highest genetic 
variability observed in Manaus, as reflected by the genotypic coefficient of variation (CVg) (Table 2). The experimental 
coefficients of variation (CVe) indicated adequate experimental precision when compared with other yield studies in C. 
canephora (Rocha et al. 2015, Silva et al. 2018b, Moraes et al. 2020). However, in Humaitá, limitations related to crop 
management during the juvenile phase of the coffee plants resulted in lower experimental precision (CVe = 23.79%), a 
smaller genotypic determination coefficient (H2), and a lower CVg/CVe ratio compared to other trials. The H2 and CVg/
CVe values in favorable environments revealed a greater likelihood of success in selecting productive genotypes (Silva 
et al. 2018b, Moraes et al. 2020), even under rainfed conditions in Manaus.

According to the F-test from individual analyses of variance (Table 2), in Itacoatiara and Humaitá, the yield of the 
tested clones did not surpass that of the control group. In Manaus, the control group outperformed the tested clones. No 
significant differences were observed between mean yields of genotypes or groups (tested clones versus controls) when 
considering all environments jointly (Table 1). Nevertheless, some descriptive comparisons were useful for associating 
yield performance with adaptability and stability measures. Given the existence of GEI, presumably of a complex nature 
(Morais et al. 2021), cultivars BRS 1216, BRS 2299, BRS 2336, and Clone 15 showed mean yield estimates exceeding 72 
bags ha⁻¹, thus outperforming the controls (Table 3).

Across environments, two to three yield performance groups were identified. In Humaitá, cultivars BRS 3213, BRS 
2336, BRS 2314, and Clone 15 stood out with estimated yields ≥ 65 bags ha⁻¹, although not statistically different (P > 
0.05) from BRS 1216, BRS 3220, and Clone 09 (Table 3). In Itacoatiara, the best-performing clones (Clone 15, BRS 3193, 
BRS 1216, BRS 3213, BRS 3210, BRS 2299, BRS 2336, BRS 2357, and BRS 3137) yielded above 75 bags ha⁻¹, comparable to 

Table 1. Combined analysis of variance for yield of processed coffee (60-kg bags ha⁻¹) of 15 Coffea canephora genotypes evaluated 
across three Amazon environments during three consecutive harvests (2021–2023), using a split-plot error structure

Source of variation df Mean Square F
Block/Environment 9 322.59 —
Block 3 123.69
Block x Environment 6 422.01
Genotype 14 1,293.50
  Tested clones 12 1,478.48
  Controls 1 207.09
  Tested vs. Control 1 160.17
Environment 2 9,873.38 **¹
Genotype × Environment 28 944.43 **
  Clone × Environment 24 920.76 **
  Control × Environment 2 1,007.51 **
  Group × Environment 2 1,165.31 **
Residual 126 155.52 —
Overall mean (bags ha⁻¹) 66.93 — —
CVe (%) 18.63 — —
H² (%) 43.12 — —
σ²GE 178.56 — —

** P < 0.01. ¹ Environment main effect tested against Block × Environment; MS = 422.04, df = 6); Genotype and Genotype × Environment effects tested against pooled 
within-environment residual (MS = 155.52, df = 126). σ²GE: variance component of the Genotype × Environment interaction, estimated assuming environments as random 
(Piepho et al. 2008). CVe = coefficient of variation (experimental); H² = genotypic determination coefficient.
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the controls. In Manaus, under rainfed conditions across all harvests, BRS 1216 was the only cultivar that outperformed 
the controls, with an estimated yield exceeding 110 bags ha⁻¹. Clone 15 and BRS 1216 consistently exhibited superior 
performance in all environments. BRS 1216 is a tall clone with large, heavy beans (Ferreira et al. 2024a) and excellent 
potential for specialty coffee (Teixeira et al. 2020).

Table 2. Summary of individual analyses of variance for yield of processed coffee (60-kg bags ha⁻¹) in 15 Coffea canephora clones 
evaluated in three municipalities of Amazonas, Brazil, during three consecutive harvests (2021–2023)

Source of variation df Humaitá Itacoatiara Manaus
Mean Square 

Block 3 64.07 622.06 281.65
Genotype 14 (471.79)* (688.17)* (2022.40)*
  Tested clones¹ 12 468.43* 747.19* 2104.39*
  Controls² 1 5.17 281.91 1935.04*
  Tested vs. Control 1 978.74* 386.18 1125.88*
Residual 42 160.07 193.15 113.34
Parameters Estimates
Mean of genotypes³ (bags ha⁻¹) 53.18 78.58 69.04
Mean of tested clones³ 54.76 77.58 67.32
Mean of controls³ 42.88 85.04 80.07
Genotypic variance component 77.09 138.51 497.76
Environmental variance component 40.02 48.29 28.33
CVe (%) 23.79 17.69 15.42
CVg (%) 16.03 15.17 33.14
H² (%) 65.83 74.15 94.61
CVg / CVe 0.69 0.85 2.10

*: significant (P < 0.05) by F-test, respectively. CVe (%): experimental coefficient of variation; CVg (%): genetic coefficient of variation; H²: genotypic determination coef-
ficient. ¹Genotypes represented by the ten BRS cultivars plus clones 09, 12, and 15 (Table S3); ² Controls: clones RO C-125 and RO C-160 from the multiclonal cultivar BRS 
Ouro Preto; ³ Mean values for each environment represent the average of three harvests per block.

Table 3. Comparison¹ of yield (60-kg bags of processed coffee ha⁻¹) among Coffea canephora genotypes evaluated in three municipali-
ties of Amazonas, Brazil, during the 2021, 2022, and 2023 harvest seasons

Group Clone Humaitá Itacoatiara Manaus Mean
Amazonian Robusta¹ BRS 1216 58.66 a C 88.65 a B 111.54 a A 86.28 a

BRS 2299 47.04 b B 84.52 a A 85.94 b A 72.50 a
BRS 2314 65.36 a A 52.06 b A 54.46 c A 57.29 a
BRS 2336 69.65 a A 81.69 a A 74.45 b A 75.26 a
BRS 2357 37.88 b B 78.23 a A 88.33 b A 68.15 a
BRS 3137 40.71 b B 76.18 a A 52.43 c B 56.44 a
BRS 3193 46.54 b B 90.55 a A 57.39 c B 64.83 a
BRS 3210 49.04 b B 85.03 a A 50.97 c B 61.68 a
BRS 3213 71.18 a A 86.64 a A 41.74 c B 66.52 a
BRS 3220 54.60 a A 53.37 b A 38.07 c A 48.68 a

Group mean 54.07 77.69 65.53 65.76
Non-commercial Clone 09 57.36 a B 67.52 b B 84.51 b A 69.80 a

Clone 12 48.97 b B 68.52 b A 45.79 c B 54.43 a
Clone 15 64.95 a B 95.61 a A 89.62 b A 83.39 a

Group mean 57.09 77.22 73.31 69.21
Control² RO C-125 43.69 b C 90.98 a A 64.52 c B 66.40 a

RO C-160 42.08 b B 79.11 a A 95.62 b A 72.27 a
Group mean 42.89 85.05 80.07 69.34

¹ Means followed by the same uppercase letter in the same row and lowercase letter in the same column do not differ statistically by the Scott–Knott clustering test (P 
< 0.05). Comparisons within environments considered all 15 clones simultaneously. ² Clones belonging to the multiclonal cultivar BRS Ouro Preto, recommended for 
cultivation in Amazonas.
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In performance trials conducted in Rondônia and Acre, cultivars BRS 1216, BRS 2336, BRS 3210, and BRS 3213 
exhibited higher yield potential than others, reaching a maximum yield of 120 bags ha⁻¹ during the best crop season 
(Teixeira et al. 2020). Among the tested clones, BRS 1216, BRS 2357, and BRS 3193 showed the highest environmental 
variance values (MSEj/Gi)(Table 4). This indicates greater phenotypic plasticity, i.e., a higher degree of physiological 
or morphological adjustment across contrasting environments, which is distinct from phenotypic stability, the latter 
referring to the predictability or consistency of genotypic performance relative to the mean environmental response 
(Li et al. 2025). Conversely, cultivars BRS 2336, BRS 2314, and BRS 3220 showed lower plasticity, being more invariant 
across environments (Table 4), generally associated with lower yield (Cruz et al. 2012). A significant moderate positive 
correlation (r = 0.56, data not shown) was found between MSEj/Gi and Pᵢ values in unfavorable environments, suggesting 
that clones with lower plasticity did not respond to favorable environmental stimuli (Table 4).

The adapted Pᵢ criterion of Lin and Binns (Cruz et al. 2012) effectively represents the concept of genotypic performance, 
as it simultaneously accounts for yield, adaptability (general or specific), and stability (predictability) across environments, 
with lower Pᵢ values indicating superior genotypic performance. When combined with the principal component analysis 
based on ideotypes (Figure 1), it enhances the understanding of each genotype’s adaptability and the reliability of such 
classifications (Rocha et al. 2015, Moraes et al. 2020), showing strong interpretative correlation between both methods 
regarding general adaptability (Sousa et al. 2025).

In C. canephora, lower Pᵢ values have been associated with higher behavioral predictability and suitability for 
recommendation across contrasting environments (Rocha et al. 2015, Moraes et al. 2020, Sousa et al. 2025). Genotypes BRS 
1216 and Clone 15 once again stood out, as they combined high yield with wide general adaptability and responsiveness 
under favorable environments (Table 4, Figure 1), while showing minimal sensitivity to unfavorable environments, thus 
classified as ideal-performance genotypes. Subsequently, cultivars BRS 2299, BRS 2357, and Clone 09 exhibited moderate 
general adaptability (Figure 1) and specific adaptability to favorable environments (Table 4). Cultivars BRS 2336, BRS 3213, 
BRS 2314, and BRS 3220 were better adapted to unfavorable environments, though the latter two had the lowest mean 
yields (Table 4). Clones BRS 2314 and BRS 3220 have strong potential for fine or specialty coffee, though their beans 

Table 4. Ranking¹ of 15 Coffea canephora genotypes based on phenotypic plasticity and genotypic performance (Pi criterion) across 
different groups of environments

Parameter
Genotype

BRS 1216 BRS 2299 BRS 2336 BRS 2357 BRS 2314
Value Rank Value Rank Value Rank Value Rank Value Rank

Phenotypic plasticity2 1406.42 3 973.57 7 73.41 15 1424.91 2 100.46 14
Pi (environments)3

- General 34.18 1 226.8 3 261.93 5 324.8 7 864.67 13
- Favorable 12.1 1 194.51 4 392.31 7 210.1 5 1288.54 14
- Unfavorable 78.34 5 291.37 10 1.16 2 554.2 15 16.94 3

BRS 3137 BRS 3193 BRS 3210 BRS 3213 BRS 3220
Value Rank Value Rank Value Rank Value Rank Value Rank

Phenotypic plasticity 653.28 9 1051.53 5 819.7 8 1040.31 6 169.72 13
Pi (environments)
- General 779.97 11 594.09 9 711.62 10 825.23 12 1242.71 15
- Favorable 967.86 11 739.37 9 944.91 10 1237.85 12 1795.36 15
- Unfavorable 464.21 14 303.5 11 245.03 8 0.00 1 127.41 7

Clone 09 Clone 12 Clone 15 RO C-125 RO C-160
Value Rank Value Rank Value Rank Value Rank Value Rank

Phenotypic plasticity 376.15 11 302.97 12 527.99 10 1123.7 4 1503.56 1
Pi (environments)
- General 285.08 6 924.9 14 86.48 2 498 8 228.69 4
- Favorable 379.92 6 1264.03 13 120.04 2 558.07 8 131.36 3
- Unfavorable 95.39 6 246.64 9 19.36 4 377.85 12 423.33 13

1 Ranking ranged from 1 to 15 according to the interpretation of each criterion. 2 Estimated by the mean square of environments within each genotype; higher values indicate 
greater variation of the genotype across environments (rank 1). 3 Estimated based on the squared distance of the genotype from the ideotype of the respective environ-
ment group; lower values indicate superior yield performance, adaptability, and stability for that environmental group — modified Lin and Binns (1988) method (rank 1).
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are small, resulting in lower yield (Teixeira et al. 2020). Cultivars BRS 3137, BRS 3193, and BRS 3210 showed moderate 
general adaptability and low mean yield. Clone 12, with minimal adaptation and performance, should not be validated 
for Amazon environments (Table 4, Figure 1).

The decomposition of the GEI into simple and complex parts (Robertson 1959, Cruz and Castoldi 1991), presented 
in Supplementary Table S4, confirmed the predominantly complex nature of the interaction: between the Humaitá–
Itacoatiara and Humaitá–Manaus environment pairs, more than 79% of the interaction was of complex type, indicating 
that genotypic rankings changed substantially across environments and reinforcing the need for environment-specific 
recommendations.

Given the gametophytic incompatibility mechanism that ensures allogamy in C. canephora, a minimum of five clones 
is recommended for plantation establishment. These results emphasize the importance of evaluating C. canephora 
clones individually prior to their introduction and validation in Western Amazon environments. This approach is essential 
for consolidating the sustainability of robusta coffee cultivation in the Amazon, particularly under the diverse climatic, 
edaphic, and technological conditions characteristic of the state of Amazonas (Teixeira et al. 2020).

Future multi-environment studies evaluating C. canephora genotypes under Amazon conditions should incorporate 
beverage quality attributes (e.g., sensory scores, chemical composition) and physiological indicators of tolerance to abiotic 
stresses, such as heat stress and water deficit responses (Fernandes et al. 2021, Rodrigues et al. 2024), to enable a more 
comprehensive, multi-trait genotype recommendation aligned with market demands and climate change scenarios.

CONCLUSION

A significant and predominantly complex genotype-by-environment interaction (GEI) (P < 0.01) was confirmed among 
the 15 Coffea canephora genotypes evaluated across the three environments in the state of Amazonas, Brazil, based on 
the combined analysis with a split-plot error structure. Clones BRS 1216 (86.3 bags ha⁻¹) and Clone 15 (83.4 bags ha⁻¹) 
exhibited the best genotypic performances for cultivation in the state of Amazonas—standing out for their superior 

Figure 1. Distribution of 15 Coffea canephora clones in adaptability classes based on the centroid method (Rocha et al. 2005, Nas-
cimento et al. 2009), evaluated across three environments in Amazonas, Brazil (2021–2023). The numbered points represent the 
ideotypes: I, maximum general adaptability; II, maximum specific adaptability to favorable environments; III, maximum specific 
adaptability to unfavorable environments; IV, minimum adaptability; V, average general adaptability; VI, average specific adaptability 
to favorable environments; VII, average specific adaptability to unfavorable environments. PC1 (x-axis) explains 60% of the variation 
in general adaptability, and PC2 (y-axis) explains 25% of the specific variation (variances estimated via principal component analysis).
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performance under favorable edaphoclimatic or technological conditions. Cultivars BRS 2299, BRS 2357, and Clone 09 
showed yields in the range of 68.2–72.5 bags ha⁻¹ across heterogeneous environments, while cultivars BRS 3213 and 
BRS 2336 showed better adaptation to conditions of greater environmental stress or adversity.
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