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Abstract

:

The consumer market has a strong tendency to consume specialty coffees, making it essential to understand the influence of environmental conditions, such as solar radiation and altitude, on coffee quality. This study aimed to analyze the physical and sensory quality of Arabica coffee as a function of different altitudes and incident solar radiation on the coffee tree. The study was carried out in the city of Manhuaçu-MG, Brazil. Three altitudes (950, 1050 and 1150 m above mean sea level) and two sides of coffee exposure to solar radiation (east face: morning sun and west face: afternoon sun) were studied in two post-harvest processing (natural and peeled cherry). Sensory attributes, granulometry and occurrence of coffee defects were evaluated, in order to verify if there was variation in the physical and sensorial characteristics of the coffee. It was found that at an altitude of 1150mamsl, on the exposed face of the plant that received the afternoon sun, there was the formation of better-quality coffee, when compared to the face that received the morning sun. On the other hand, at lower altitudes, coffees from the face of the plant exposed to the morning sun showed a greater association with physical and sensory quality parameters.
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1. Introduction


Coffee stands out as one of the most appreciated prepared beverages in the world. According to data from the International Coffee Organization [1], in the agricultural year 2020-2021, the world consumed around 166.5 million 60 kg bags of coffee. However, to meet the current demands of the consumer market and achieve beverage quality standards, it is necessary to understand the edaphoclimatic factors involved in coffee production and their influence on the final quality of the beans [2,3,4,5].



In general, the sensory characteristics of the coffee tree are directly influenced by the cultivation environment (disposition of the plants in the area, spacing, arrangement of lines, geographic face and altitude of the place), genetic characteristics of the plant, harvesting and post-harvest procedure of the fruits, as well as the roasting and beverage extraction profile [3,4,6,7,8,9,10,11] demonstrating the complexity of achieving high standards of sensory quality in coffee beverages.



Among the highlighted factors, the effect of altitude and its association with temper-ature has been associated as one of the main phenomena linked to coffee quality [6,7,8,12,13,14], generally in higher altitude regions, the coffees tend to have more pronounced sensory notes of flavor, aroma and body when compared to lower-altitude coffees [7,12,15,16]. This occurrence may be related to the effects that solar radiation exerts on air and soil temperature, in addition to its influence on soil and plant microbiota.



Under milder temperature conditions, coffee beans mature more slowly, which favors the translocation of chemical compounds from the plant to the fruit, which creates sensory profiles unique to coffee [17,18,19] which can provide a natural terroir for coffee grown in this condition [20].



In this way, it is emphasized that in order to achieve the quality of the beverage, a complex and balanced combination between the management of the crop in line with the climatic, edaphic and microbiological characteristics of the coffee plantation is necessary [5,7,8,9,21].



It is also noteworthy that solar radiation, through the geographic position and altitude of the field, is one of the main variables associated with increased quality [6,7,9]. In higher altitude conditions, however, the lower exposure of tissues to solar radiation (from the slope where the plant is implanted or through the arrangement of cultivation lines) is associated with a marked reduction in temperature and an increase in leaf wetness, can become stress factors for the coffee plant [17], which can lead to a reduction in the sensory quality of the coffee.



Thus, the microclimate associated with altitude and solar radiation in the coffee tree might provide a difference in coffee quality. The objective of this work was to analyze the physical and sensory quality of Arabica coffee as a function of different altitudes and incident solar radiation on the coffee tree.




2. Materials and Methods


2.1. Geographical Description of the Area and Cultivar of Arabica Coffee under Study


The work was carried out in the city of Manhuaçu, located in the region of Matas de Minas, state of Minas Gerais, Brazil (Figure 1). Coffee fruits (Coffea arabica L.) of the cultivar Catuaí IAC 144 were harvested in three productive areas located at different altitudes: 950, 1050 and 1150 m above mean sea level (mamsl).



The Arabica coffee cultivar Catuaí IAC 144 stands out for its small size, high productive vigor, susceptibility to coffee rust (Hemileia vastatrix), medium grain size and good sensory quality of its grains [22].




2.2. Climatic Characteristics and Cultural Treatments of Coffee


For the three altitudes studied, the climate is characterized as hot and humid, with annual precipitation around 1200 to 1300 mm and average annual temperature around 19.8 °C, 20 °C, 20.3 °C, for the altitudes of 950mamsl, 1050mamsl and 1150mamsl respectively. The experimental plots were in the fourth productive year after the production pruning and were implanted in contour lines, with the planting lines diagonally in relation to the trajectory of the sun. This fact causes a difference in the incidence of sunlight on each side of the plants throughout the day.



The fertilization management of the experimental plots was carried out by sampling and soil analysis and according to the recommendations proposed by Martinez and Neves [23] for the cultivation of Arabica coffee. Liming was carried out in June, with the premise of raising the base saturation of the soil to 60%, as proposed by Martinez and Neves [23]. The other cultural treatments of the experimental stands were carried out according to the manual for recommending cultural practices for coffee cultivation described by Sakiyama et al. [22].




2.3. Harvest and Post-Harvest of Coffee Cherries


In each area, a sampling of 10 L of cherry coffee was carried out to differentiate the developed coffee fruits according to the face of the plants exposed to incident solar radiation. In this sense, the fruits developed on the east side (morning sun) and on the west side (afternoon sun) were collected.



The coffee was harvested manually through selective harvesting, selecting only the fruits in the cherry stage. Ten liters of cherry coffee fruits were collected on each face of the plant exposure for the three studied altitudes. Afterwards, the samples were divided into sub-samples of five liters and the fruits were submitted to two types of post-harvest processing: dry (natural coffee) and wet (peeled cherry coffee). Dry processing was carried out in order to direct the newly harvested fruits, in their natural form, immediately to the drying process. In wet processing, before the drying step, the coffee fruits were subjected to mechanical peeling, with removal of the exocarp. Drying was carried out on a suspended terrace, with constant rotation, until the coffee reached a water content of 12% (wet base.). The determination of the ideal moisture was made with the portable grain moisture meter model AL-102, from Agrologic. Subsequently, processing was performed.




2.4. Physical Analysis of Coffee Beans


The physical analysis of the coffee was carried out through the evaluation of defects and granulometry. The physical analysis of the coffee was carried out through the evaluation of defects and granulometry. As for the defects, the presence of brocade was evaluated, which is characterized by the presence of grains damaged by the action of the coffee borer (Hypothenemus hampei Ferrari), shell grains that result from the separation of imbricated grains and hollow grains, which is defined as an abnormality in the formation of the grain of these fruits. In the granulometric classification, the percentage of coffee retained in the Pinhalense brand sieves at different thicknesses was quantified, as follows: sieve 18 (P18); sieve 17 (P17); sieve 16 (P16); sieve 15 (P15); sieve 14 (P14); sieve 13 (P13); sieve 12 (P12), according to the normative instruction of the official Brazilian classification, methodology proposed by Brazil [24].




2.5. Sensory Analysis of Coffee Beans


For sensory analysis, the samples of green coffee beans (sieve size 16 above) were sent to the Coffee Analysis and Research Laboratory—LAPC, at the Federal Institute of Espírito Santo, Venda Nova do Imigrante campus, where the roasting took place. Grinding and tasting the samples, according to the methodology of the Specialty Coffee Association (SCA), weighted according to the recommendation of Pereira et al. [25]. Sensory analysis was performed by seven evaluators accredited by the Specialty Coffee Association (SCA).



It is noteworthy that in the sensory analysis of coffee, according to the SCA method, scores ranging from 6.00 to 9.75 points are given for ten evaluated attributes: fragrance/aroma, flavor, acidity, body, uniformity, clean cup, overall, aftertaste, balance, sweetness, global score. In addition, to determine an overall score for the evaluated coffee, the sum of the scores for the individual attributes is calculated. According to the score obtained, the coffee can be classified as: below special (<80), very good (80–84.99), excellent (85–89.99) and exceptional (90.00 to 100) [26]. Considering that the scores referring to uniformity and clean obtained standardized scores equal to ten for all samples, they were not used for statistical analysis.




2.6. Statistical Analysis


For the statistical analysis of the sensory characteristics, a completely randomized design was considered in a 3 × 2 factorial scheme (three altitudes and two sides of exposure of the plant to solar radiation), with seven replications (seven evaluators accredited by the SCA), totaling 35 experimental units (Supplementary Material). An analysis of variance was performed for each type of post-harvest processing. When a significant difference was observed, the means were compared using the Tukey test at 5% probability.



To analyze the correlation of groups of sensory variables and for groups associated with grain size, and to validate the application of principal component analysis, Pearson’s correlation was performed. It is noteworthy that as the data referring to the sensorial characteristics of the coffee were obtained considering only the beans retained in the sieves 16 above [26], it was decided not to carry out the correlation study between the variables referring to the size of the coffee beans.



In addition, for each post-harvest processing (dry and wet), a principal component analysis was performed, based on the correlation matrix, in order to verify the dispersion of sampled coffees at the three altitudes and on both sides of the exposure of the plant to solar radiation [27]. Analyses were performed with the free R software [28].





3. Results


Figure 2 shows the average dispersion of the studied treatments for sensory attributes in wet processing (Figure 2A,B) and dry processing (Figure 2C,D). Based on the study of behavior, it was possible to observe that for wet processing (Figure 2A) the sensory profiles of coffees were less grouped when compared to dry coffees (Figure 2A,B).



It was also observed that the coffees at the attitude of 1150mamsl afternoon sun (Figure 2D) and 1150mamsl morning sun (Figure 2C) in wet processing were the ones with the highest and lowest balance among all sensory attributes studied, respectively (Figure 2A). Coffees measuring 1050mamsl in the morning sun (Figure 2A,C) stood out for presenting greater dispersion for the attributes of body and aftertaste although at the same altitude, on the face that receives the afternoon sun, they stood out for being superior in flavor and acidity (Figure 2A).



For coffees from dry processing (Figure 2C,D), there was a greater balance between treatments regarding the dispersion of attributes, with emphasis on a greater association of the aroma attribute and body for coffees at an altitude of 1150mamsl in the afternoon sun, morning sun of 1050mamsl and morning sun of 950mamsl, being the smallest association of the afternoon sun coffee of 950mamsl with most sensory attributes (aroma, uniformity, body, general and acidity) and coffee coming from the altitude of sun at 1150mamsl with aroma and flavor attributes (Figure 2C,D).



When studying the coffees at each altitude obtained in the sensory evaluation, it was found that there was no difference between the faces of the plant’s exposure to incident solar radiation at altitudes 950mamsl and 1050mamsl, both for the peeled cherry (Figure 3A) and for the coffee natural (Figure 3B). On the other hand, at the highest altitude (1150mamsl) there was a higher overall score of coffees on the exposed face of the plant that received the afternoon sun (west face) (Figure 3).



Furthermore, when comparing the coffees developed on the exposed face of the plant that received the morning sun, there was a higher global score at altitudes of 950mamsl and 1050mamsl (lower altitudes) (Figure 3). On the other hand, the coffees on the exposed side of the plant that received the afternoon sun had a higher overall score at the altitude of 1150mamsl (highest altitude) when compared to 950mamsl (lower altitude).



Averages followed by the same letter, capitalized for the face of plant exposure to solar radiation and lowercase for altitudes, do not differ from each other at the 5% probability level by the Tukey test.



Regarding the estimation of correlation between the sensory characteristics studied, it was observed for the hulled cherry coffee from wet processing (Figure 4A), there were only four significant correlations between the sensory attributes of the coffee tree, namely: aroma and overall (73 %), body and uniformity (69%), body and overall score (82%) and uniformity and overall score (71%). As for natural coffee, from dry processing, there were 23 significant correlations of the 28 possible combinations between sensory attributes, with emphasis on the correlations between aroma and global score (98%), aroma and acidity (95%), general score and overall score (98%), uniformity and overall score (95%) and uniformity and body (95%) (Figure 4B).



For grain size, there were correlations between sieve 12 and sieve 17 (−79%), sieve 12 and sieve 16 (−70%) and sieve 12 and sieve 15 (−68%) in hulled coffees (Figure 4C), as well as a correlation of 97% between sieves 18 and 13 and −88% between sieves 18 and 16. However, for natural coffee, there was no established pattern between the largest and smallest sieves, highlighting the correlations between sieves 12 and 13 (83%), sieve 13 and 19 (83%), sieve 15 and 18 (−72%) and sieve 18 and 17 (76%) (Figure 4D).



By analyzing the main components, it was possible to verify that the first two components explained 64.99%, 95.72%, 68.73% and 65.66% of the variation in the global score of the data, for the sensory and physical characteristics (size of grains and defects) of the different altitudes and face of exposure of the plant to the sun in the two types of post-harvest processing (wet and dry), respectively (Figure 5 and Figure 6).



Due to the scatter plot of the scores of the first two main components for the three altitudes and for the two faces of exposure of plants to solar radiation, it was found that the treatment of 950mamsl of altitude on the face of exposure to the afternoon sun showed dispersion opposite to sensory characteristics (Figure 5A).



As well as for dry processing, there was an association between the treatment of 1150mamsl of altitude due to afternoon sun exposure with the characteristic of the global score, in wet processing (Figure 5A), as well as a good association between coffee from the altitude of 1150mamsl with the aftertaste characteristic and inverse with the characteristic’s uniformity, global score, body, aroma and overall.



For the coffees in the natural group (dry processing), it was possible to verify that the treatment in the morning sun of 1150mamsl was opposite to the sensory characteristics studied (Figure 5B). It was also observed that the treatment of 1050mamsl of altitude on the face of the afternoon sun exposure presented similar characteristics of acidity and flavor independent of the studied post-harvest processing (Figure 5). The treatment referring to the altitude of 1050mamsl on the face of the morning sun exposure, showed good association with body and uniformity when coming from dry processing (Figure 5B) and aroma and overall, when coming from wet processing (Figure 5A).



In general, regardless of the post-harvest processing adopted, the treatment referring to an altitude of 1150mamsl on the face of exposure to the afternoon sun was closer to most of the sensory attributes analyzed, although the coffees with an altitude of 950mamsl in the afternoon sun showed an opposite association with the sensory attributes of coffee, including the global score.



Regarding physical characteristics (size) and grain defects, it was noted that, in both types of post-harvest processing, the treatment of 1150mamsl of altitude on the face of the morning sun exposure was close to the shell defect (Figure 6).



It was also possible to observe that for the hulled cherry coffee (Figure 6A), the altitudes of 1050mamsl and 1150mamsl on both sides of exposure of the plants to the sun were well grouped, with 1050mamsl being well associated with the sieves 12 (p12) and 13 (p13) and 1150mamsl showed good association with sieves 14 (p14), 15 (p15) and bark. On the other hand, the coffees from treatments at 950mamsl in the morning sun were well associated with the 18 sieve (p18) and were placed far away at 950mamsl in the afternoon sun, which correlated well with the 16 sieve (p16) and chocho grain.



Natural coffees, coming from the face of the plant exposed to the afternoon sun, were directly associated with the characteristics of sieve 15 (p15) and 16 (p16) and inversely with sieves with greater grain granulometry (Figure 6B). Coffees of 950mamsl in the morning sun correlated well with empty beans and sieve 13 (p13) and 18 (p18), coffees of 1050mamsl were better associated with brocade and sieve beans 12 (12) and 1150mamsl with husk and sieve beans 18 (p18).




4. Discussion


It is possible to observe a quality gain for the coffees due to the exposure of the plants to the afternoon sun at higher altitudes (Figure 2 and Figure 3). In the literature, it is highlighted that coffees from colder and higher regions have higher quality scores than coffees from warmer regions, confirming similar results presented [3,4,7,18,29].



Such behavior occurs because, normally at altitude, the translocation of sugars and chemical compounds to the fruit occurs more slowly and efficiently than in warmer and lower regions [7,18,29,30,31].



Zaidan et al. [6], Sobreira et al. [2] and Pereira et al. [7] highlight that the altitude, intensity and duration of radiation in the coffee tree canopy are determining factors for fruit quality. It is important that normally at high altitudes, the genotypic response of Arabica coffee to quality is more intense than in low-altitude regions [2,3,5,18,32]. Sobreira et al. [2] corroborates this information and mentions that coffee genotypes in general tend to have greater quality potential when grown at higher altitudes.



The lower response to quality at lower altitudes can also be explained by the interaction between the genotype and the environment, which under such conditions is not able to maximize its genetic potential associated with quality [2,3,4,5], affecting the formation of more adequate biochemical and physiological events, resulting in slower fruit maturation periods, which affects the adequate formation of physical compounds, chemical, volatile and non-volatile, which are directly related to coffee quality [30,33,34]. The combination and proper balance of these compounds are essential for the coffee to have its maximum quality gain, thus explaining the presence of afternoon sun coffees at 1050 and 1150mamsl and morning sun coffees at 1050mamsl of altitude (Figure 2A,B and Figure 3A,B).



In addition to maximizing the genetic potential of the coffee tree [2,3,4,5] and more uniform fruit maturation [30,31], it is possible to associate quality gains at higher altitudes with the presence of microorganisms beneficial to the coffee tree [9].



The presence of these microorganisms in the soil and their association with the quality of the drink is linked to the intensity and duration of stresses on the plant and the concentrations of organic matter and nutrients in the soil. Thus, the lower the stress associated with the plant and the more balanced the soil, the greater the probability of the beneficial action of the microbiota and, concomitantly, the greater the community of microorganisms that favor quality [9,35,36,37,38].



However, when analyzing coffees from an altitude of 1150mamsl (higher) in the region of the plant predominantly exposed to the morning sun, the worst sensory quality is observed, regardless of the post-harvest procedure. Such behavior for this specific environment may have occurred due to the microclimatic conditions that occur inside the coffee plantation, when cultivated at altitudes above 1000mamsl.



In general, when at altitude, coffee plantations are affected by specific microclimatic factors, such as low average annual temperature, shorter periods of water deficit and greater leaf wetness associated with lower light intensities [39,40]. This result reinforces the need for a broader discussion regarding the implementation of process control for precision coffee farming.



Another factor that may have been determinant for this specific response is that normally at high altitudes and with less intensity of solar radiation, coffee beans undergo a very slow maturation [30,31,32,33,34]. Although the fruits were harvested at the cherry stage, it is assumed that these fruits at an altitude of 1150mamsl in the morning sun did not reach the accumulation and full development of sugars and aromatic compounds, which add quality to the coffee. Chemical analyses may provide this answer in future studies, indicating which metabolite reserves are or are not forming, depending on the plant’s condition in this microclimatic environment.



It is also noteworthy that although light is an essential resource for the plant, its intensity and durability can affect the patterns of biochemical and physiological responses of plants, with emphasis on the synthesis of secondary metabolites, chlorophyll, nitrogen allocation and cellular respiration [41,42,43,44]. These changes at biochemical and physiological levels associated with the plant’s genetic response may have been decisive for the sensory quality of the coffee.



Thus, for higher altitude regions, when the production of specialty coffees is recommended, there is a tendency for the exposed face of the plant that receives the afternoon sun to present a greater quality potential when compared to the face that receives the morning sun. For the other altitudes studied, based on the multivariate behavior of the treatments, greater familiarity with sensory quality tends to be observed in the region exposed to the morning sun.



Based on the correlation estimates, it is possible to observe greater correlations be-tween sensory attributes for dry post-harvest processing compared to wet post-harvest processing (Figure 4). This answer may be related to the greater capacity of natural coffees (dry) to express their sensory characteristics. In a study aiming to observe the sensory analysis of the beverage in rust-resistant Arabica coffee cultivars according to post-harvest processing, Pereira [45] highlights that the studied genotypes presented different sensory behavior among themselves and between different post-harvest models, harvest, highlighting, as in this study, the gain in aroma, flavor and acidity of coffees that were subjected to post-harvest processing by the dry route in relation to the wet process [46,47].



Such behavior possibly occurred as a result of the consumption of sucrose levels that normally occur in the wet phase. Thus, the invertase enzyme may have acted by breaking the sucrose molecule into glucose or fructose, which was consumed by microorganisms during wet processing [48,49,50].



It is also observed that the attribute body had a significant correlation with the attribute global score for natural coffees (91% of correlation), although for peeled cherry coffees this correlation was lower (82%). Such behavior was already expected, since dry processed coffees are usually thicker than wet processed ones [25]. This behavior occurs due to the drying of the beans together with the exocarp and mucilage, which tends to lead to gains in aroma, flavor, acidity and body [7,17].



In Figure 4B, it is possible to observe that the post-harvest processing of wet coffee in the afternoon sun of 950mamsl showed an opposite correlation with the quality parameters. According to Jesus Junior et al. [51] low altitude regions tend to have greater water restrictions and higher temperatures for the coffee tree when compared to higher regions. This water restriction associated with strong insolation favors faster fruit maturation, preventing the proper formation of compounds related to coffee quality [30,34].



It can also be seen from the analysis of Figure 5 that the treatment at 1150mamsl in the afternoon sun was the one that best related to the quality parameters and that at lower altitudes, the coffees that received predominantly the morning sun had a greater association with the quality of those that received the afternoon sun. Such behavior leads to the interpretation that factors such as slower maturation of the coffee tree at higher altitudes [34], as well as coffee cultivation and the exposure face allow the plant to be less stressed when at low altitudes [6,7,18]. This can be advantageous when seeking the production of specialty coffees.



It is also noteworthy that the processing that gives rise to the hulled cherry coffee is advantageous because this method helps to reduce the drying time [52]. This speed of drying the beans provides more security in the quality of the coffee, as this technique has been attributed to a reduction in the risk of unwanted fermentation and attack by fungi and bacteria [7,53].



Due to the physical characteristics (granulometry) and grain defects, it can be observed that the altitude of 950mamsl in the morning sun showed a good correlation with cuttlefish grains and the afternoon sun with the brocade grain variable (Figure 6B), in addition to the good correlation between the grains retained in sieve 16 and the perforated grains (Figure 6A,B).



This behavior may have occurred because in regions with a hotter and drier climate there is more likelihood of attack by the coffee borer (Hypothenemus hampei Ferrari), since the warmer and often drier climate shortens the insect’s life cycle and increases its number of generations in the same productive year [54]. In addition, uneven blooms also favor the maintenance of the insect in the field. Thus, possibly the drier and hotter climate found at lower altitudes, followed by the uneven flowering observed in the 2018/2019 crop for the region [55], may have favored the development of the pest and, consequently, increased the percentage of defects, brocade in beans by coffees at altitude of 950mamslin the morning sun.



Based on Figure 6, it was possible to observe the different responses to treatment for different grain sizes (P12, P13, P14, P15, P16, P17, P18 and P19). Such behavior can be justified, as highlighted by Pimenta et al. [56] and Ferreira et al. [5] because the size of the coffee beans depends, in a determinant way, on the edaphoclimatic conditions of the area that occur during the plant’s reproductive period, mainly from 10 to 17 weeks after flowering. This period corresponds to the phenological phase called rapid fruit expansion, which is marked by cellular expansion that delimits the grain size, considered quite sensitive to climatic variations, especially thermal and water [57,58,59,60]. This could possibly explain the variations found in this work.




5. Conclusions


There is variation in the physical and sensory characteristics of coffee as a function of the interactions between different altitudes and solar radiation in the coffee tree.



Coffees at altitudes of 950mamsl and 1050mamsl on the face of the plant exposed to the morning sun had a positive relationship with the physical and sensory quality characteristics, compared to coffee grown on the face of the afternoon sun at these same altitudes. However, when at the highest altitude studied (1150mamsl), there was a positive interaction with the face of plant exposure to the afternoon sun, with favorable responses to coffee quality.



Dry processed coffee showed higher correlations between sensory attributes than wet processed coffee.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/agronomy12081885/s1, The search database.





Author Contributions


Conceptualization, D.S.F. and C.A.F.; methodology, M.E.d.S.O., D.S.F. and W.R.R.; software, R.C.G. and D.S.F.; validation, D.T.C., A.P.M. and E.C.d.S.O.; formal analysis, D.T.C.; investigation, D.S.F. and B.C.P.R.; resources, D.T.C., A.P.M., R.C.G., E.C.d.S.O., F.L.P. and L.L.P.; data curation, D.S.F., C.A.F.; writing—original draft preparation, D.S.F., D.T.C. and L.L.P.; writing—review and editing, L.L.P., F.L.P. and D.T.C., visualization, D.S.F. and M.E.d.S.O.; supervision, L.L.P. and D.T.C.; project administration, L.L.P.; funding acquisition, L.L.P., E.C.d.S.O., A.P.M. and D.T.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


Not applicable.




Acknowledgments


The authors would like to thank the Cooperativa de Crédito Livre Admissão Sul Serrana do Espírito Santo—Sicoob (23186000886201801), the Coordination for the Improvement of Higher Education Personnel (CAPES), the National Council for Scientific and Technological Development (CNPq), the Fundação o Apoio à Research and Innovation of Espírito Santo (FAPES), to the Federal Institute of Espírito Santo through PRPPG nº. 10/2019, the Federal University of Viçosa (UFV), the Federal University of Espírito Santo (UFES) and the Federal University of Lavras.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



ICO. Organização Internacional Do Café, Revista Eletrônica Situada. Available online: http://www.ico.org/pt/about_statistics_p.asp?section=Estat%EDstica (accessed on 25 March 2021).

	



Sobreira, F.M.; Oliveira, A.C.B.; Pereira, A.A.; Gonçalves, M.A.; Sakiiyama, N.S. Divergence among Arabica coffee genotypes for sensory quality. Aust. J. Crop. Sci. 2016, 10, 1442–1448. [Google Scholar] [CrossRef]

	



Barbosa, I.P.; Oliveira, A.C.B.; Rosado, R.D.S.; Sakyama, N.S.; Cruz, C.D.; Pereira, A.A. Sensory quality of Coffea arabica L. genotypes influenced by postharvest processing. Crop. Breed. Appl. Biotechnol. 2019, 19, 428. [Google Scholar] [CrossRef]

	



Barbosa, I.P.; De Oliveira, A.C.B.; Rosado, R.D.S.; Sakiyama, N.S.; Cruz, C.D.; Pereira, A.A. Sensory analysis of Arabica coffee: Cultivars of rust resistance with potential for the specialty coffee market. Euphytica 2020, 216, 165. [Google Scholar] [CrossRef]

	



Ferreira, D.S.; Bravin, G.C.; Nascimento, M.; Nascimento, A.C.C.; Ferreira, J.M.S.; Amaral, J.F.T.; Pereira, L.L.; Rodrigues, W.N.; Ribeiro, W.R.; Castanheira, D.T.; et al. Exploring the multivariate technique in the discrimination of Coffea arabica L. cultivars regarding the production and quality of grains under the effect of water management. Euphytica 2021, 217, 118. [Google Scholar] [CrossRef]

	



Zaidan, U.R.; Corrêa, P.C.; Ferreira, W.P.M.; Cecon, P.R. Environment and varieties influence the quality of coffees in Matas de Minas. Coffee Sci. 2017, 12, 240–247. [Google Scholar] [CrossRef]

	



Pereira, L.L.; Guarçoni, R.C.; Cardoso, W.S.; Taques, R.C.; Moreira, T.R.; Da Silva, S.F.; Caten, C.S.T. Influence of Solar Radiation and Wet Processing on the Final Quality of Arabica Coffee. J. Food Qual. 2018, 2018, 1–9. [Google Scholar] [CrossRef]

	



Borém, F.M.; Cirillo, M.A.; Alves, A.P.C.; Santos, C.M.; Liska, G.R.; Ramos, M.F.; Lima, R.R. Coffee sensory quality study based on spatial distribution in the Mantiqueira mountain region of Brazil. J. Sens. Stud. 2019, 35, 12552. [Google Scholar] [CrossRef]

	



Veloso, T.G.R.; da Silva, M.C.S.; Cardoso, W.S.; Guarçoni, R.C.; Kasuya, M.C.M.; Pereira, L.L. Efeitos de fatores ambientais na microbiota de frutos e solo de Coffea arabica no Brasil. Sci. Rep. 2020, 10, 14692. [Google Scholar] [CrossRef]

	



Debona, D.G.; Pinheiro, P.F.; Pinheiro, C.A.; Gomes, W.S.; Abreu, R.O.; Moreli, A.P.; Siqueira, E.A.; Pereira, L.L. Avaliação da composição química de café arábica submetido a diferentes perfis de torra. Rev. IFES Ciência 2020, 6, 124–133. [Google Scholar] [CrossRef]

	



Agnoletti, B.Z.; Pinheiro, P.F.; Pereira, L.L.; Oliveira, E.C.S.; Filgueiras, P.R. Discriminação de café arábica quanto à qualidade sensorial utilizando cromatografia gasosa e PLS-DA. Rev. IFES Ciência 2020, 6, 147–158. [Google Scholar] [CrossRef]

	



Ferreira, D.S.; Do Amaral, J.F.T.; Pereira, L.L.; Ferreira, J.M.S.; Guaçoni, R.C.; Moreira, T.R.; De Oliveira, A.C.; Rodrigues, W.N.; De Almeida, S.L.H.; Ribeiro, W.R.; et al. Physico-chemical and sensory interactions of Arabica coffee genotypes in different water regimes. J. Agric. Sci. 2021, 159, 1–9. [Google Scholar] [CrossRef]

	



Joët, T.; Salmona, J.; Laffargue, A.; Descroix, F.; Dussert, S. Use of the growing environment asa source of variation to identify the quantitative trait transcriptsand modules of co-expressed genes that determine chlorogenic acid accumulation. Plant Cell Environ. 2010, 33, 1220–1233. [Google Scholar] [PubMed]

	



Ferreira, W.P.M.; Queiroz, D.M.; Silvac, S.A.; Tomaz, R.S.; Corrêa, P.C. Effects of the orientation of the mountainside, altitude and varieties on the quality of the coffee beverage from the “Matas de Minas” Region, Brazilian Southeast Retrieved from. Am. J. Plant Sci. 2016, 7, 1291–1303. [Google Scholar] [CrossRef]

	



Scholz, M.B.S.; Kitzberger, C.S.G.; Prudencio, S.H.; Silva, R.S.S.F. The typicity of coffees from different terroirs determined by groups of T physico-chemical and sensory variables and multiple factor analysis. Food Res. Int. 2018, 114, 72–80. [Google Scholar] [CrossRef] [PubMed]

	



Guyot, B.; Gueule, D.; Manez, J.C.; Perriot, J.J.; Giron, J.; Villain, L. Influence de laltitude et de l’ombrage sur la qualité des cafés Arabica. Juillet Août Plant Rech. Développement 1996, 3, 272–283. [Google Scholar]

	



Bosselmann, A.S.; Dons, K.; Oberthur, T.; Olsen, C.S.; Ræbild, A.; Usma, H. He influence of shade trees on coffee quality in small holder coffee agroforestry systems in Southern Colombia. Agric. Ecosyst. Environ. 2009, 129, 253–260. [Google Scholar] [CrossRef]

	



Bertrand, B.; Vaast, P.; Alpizar, E.; Etienne, H.; Davrieux, F.; Charmetant, P. Comparação da composição bioquímica do feijão e da qualidade da bebida de híbridos de Arábica envolvendo origens sudanesas-etíopes com variedades tradicionais em várias elevações na América Central. Tree Physiol. 2006, 26, 1239–1248. [Google Scholar] [CrossRef]

	



De Bruyn, F.; Zhang, S.J.; Pothokos, V.; Torres, J.; Lombot, C.; Moroni, A.V.; Callanan, M.; Sybesma, W.; Weckx, S.; De Vusty, L. Exploring the Impacts of Postharvest Processing on the Microbiota and Metabolite Profiles during Green Coffee Bean Production. Appl. Environ. Microbiol. 2016, 83, 1–40. [Google Scholar] [CrossRef]

	



Pereira, L.L.; Guarçoni, R.C.; Pinheiro, P.F.; Osório, V.M.; Pinheiro, C.A.; Moreira, T.R.; Caten, C.S.T. New propositions about coffee wet processing: Chemical and sensory perspectives. Food Chem. 2020, 310, 125943. [Google Scholar] [CrossRef]

	



Iamanaka, B.T.; Teixeira, A.A.; Teixeira, A.R.R.; Copetti, M.V.; Bragagnolo, N.; Taniwaki, M.H. Reprint of “The mycobiota of coffee beans and its influence on the coffee beverage”. Food Res. Int. 2014, 61, 33–38. [Google Scholar] [CrossRef]

	



Sakiyama, N.S.; Martinez, H.E.P.; Tomaz, M.A.; Borém, A. Café Arábica, do Plantio a Colheita; Editora UFV: Abbotsford, BC, Canada, 2015; 316p. [Google Scholar]

	



Martinez, H.E.P.; Neves, J.C.L. Nutrição mineral, calagem, gessagem e adubação. In Café arábica, do plantio a colheita; Sakiyama, N.S., Martinez, H.E.P., Tomaz, M.A., Borém, A., Eds.; Editora UFV: Abbotsford, BC, Canada, 2015; 316p. [Google Scholar]

	



Ministério de Estado da Agricultura, Pecuária e Abastecimento. Dispõe de regulamento técnico de identidade e de qualidade para a classificação do café beneficiado grão cru. In Instrução Normativa n° 8 de 11 de julho de 2003; Ministério de Estado da Agricultura, Pecuária e Abastecimento: Brasília, Brazil, 2003; 12p. [Google Scholar]

	



Pereira, L.L.; Guarçoni, R.; Souza, G.S.; Brioschi Junior, D.; Moreira, T.R.; Caten, C.T.S. Propositions on the optimal number of Q-gradersand R-graders. J. Food Qual. 2018, 2018, 1–7. [Google Scholar] [CrossRef]

	



SCAA-Specialty Coffee Association Of American. Protocols 23. 2013. Available online: http://www.scaa.org/PDF/resources/cupping-protocols.pdf (accessed on 15 April 2021).

	



Ferreira, D.F. Multivariate Statistics, 3rd ed.; Editora UFLA: Lavras, Brazil, 2018; 642p. [Google Scholar]

	



R Core Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna. 2022. Available online: https://www.R-project.org (accessed on 10 January 2022).

	



Da Matta, F.M. Exploring drought tolerance in coffee: A physiological approach with some insights for plant breeding. Braz. J. Plant Physiol. 2004, 16, 1–6. [Google Scholar] [CrossRef]

	



Fagan, E.B.; Souza, C.H.E.; Pereira, N.M.B.; Machado, V.J. Effect of coffee bean formation time (Coffea sp.) on beverage quality. Biosci. J. 2011, 27, 729–738. [Google Scholar]

	



Evangelhista, S.R.; Silva, C.F.; Miguel, M.G.P.C.; Cordeiro, C.S.C.; Pinheiro, A.C.M.; Duarte, W.F.; Schwan, R.F. Improvement of coffee beverage quality by using selected yeasts strains during the fermentation in dry process. Food Res. Int. 2014, 61, 183–195. [Google Scholar] [CrossRef]

	



Setotaw, T.A.; Caixeta, E.T.; Pereira, A.A.; Oliveira, A.C.B.; Cruz, C.D.; Zambolim, E.M.; Zambolim, L.; Sakiyama, N.S. Coeficiente de parentesco em cultivares de Coffea arabica L. cultivadas no Brasil. Crop. Sci. 2013, 53, 1237–1247. [Google Scholar] [CrossRef]

	



Vaast, P.; Bertrand, B.; Perriot, J.J.; Guyot, B.; Gérnad, M. Fruit thinning and shade improve bean characteristicsand beverage quality of coffee (Coffea arabica L.) under optimal conditions. J. Sci. Food Agric. 2006, 86, 197–204. [Google Scholar] [CrossRef]

	



Geromel, C.; Ferreira, L.P.; Davrieux, F.; Guyot, B.; Ribeyre, F.; Scholz, M.B.S.; Pereira, L.F.P.; Vasst, P.; Pot, D.; Leroy, T.; et al. Effects of shade on the development and sugar metabolism of coffee (Coffea arabica L.) fruits. Plant Physiol. Biochem. 2008, 46, 569–579. [Google Scholar] [CrossRef]

	



Oliveira, M.N.V.; Santos, T.M.A.; Vale, H.M.M.; Delvaux, J.C.; Cordeiro, A.P.; Ferreira, A.B.; Miguel, P.S.B.; Tótola, M.R.; Costa, M.D.; Moraes, C.A.; et al. Endophytic microbial diversity in coffee cherries of Coffea arabica from southeastern Brazil. Can. J. Microbiol. 2013, 59, 221–230. [Google Scholar] [CrossRef]

	



Kurungi, J.; Cherukut, S.; Ijala, A.R.; Tumuhaiwe, J.B.; Bonabana-Wabbi, J.; Nuppenau, E.A.; Hoeher, M.; Domptail, S.; Otte, A. Elevation and cropping system as drivers of microclimate and abundance of soil macrofauna in coffee farmlands in mountainous ecologies. Appl. Soil Ecol. 2018, 132, 126–134. [Google Scholar] [CrossRef]

	



Pretes Júnior, P.; Moreira, B.C.M.; Silva, M.M.C.; Veloso, T.G.R.; Stürmer, S.L.; Fernandes, R.B.A.; Mendonça, E.S.; Kasuya, M.C.M. Agroecological cofee management increases arbuscular mycorrhizal fungi diversity. PLoS ONE 2019, 14, e0209093. [Google Scholar]

	



Bressani, A.P.P.; Martinez, S.J.; Evangelista, S.R.; Diasa, D.R.; Schwan, R.F. Characteristics of fermented coffee inoculated with yeast starter cultures using different inoculation methods. Food Sci. Technol. 2018, 92, 212–219. [Google Scholar] [CrossRef]

	



Liebig, T.; Ribeyre, F.; Läderach, P.; Poehling, H.M.; Asten, P.V.; Avelino, J. Interactive effects of altitude, microclimate and shading system on coffee leaf rust. J. Plant Interact. 2019, 14, 407–415. [Google Scholar] [CrossRef]

	



Gomes, L.C.; Bianchi, F.J.J.A.; Cardoso, I.M.; Fernandes, R.B.A.; Fernandes Filho, E.I.; Schulte, R.P.O. Agroforestry systems can mitigate the impacts of climate change on coffee production: A spatially explicit assessment in Brazil. Agric. Ecosyst. Environ. 2020, 294, 106858. [Google Scholar] [CrossRef]

	



Lu, Y.; Zhang, M.; Meng, X.; Wan, H.; Zhang, J.; Tian, J.; Yao, Y. Photoperiod and shading regulate coloration and anthocyanin accumulation in the leaves of malus crabapples. Plant Cell Tissue Organ. Cult. 2015, 121, 619–632. [Google Scholar] [CrossRef]

	



DaMatta, F.M.; Avila, R.T.; Cardoso, A.A.; Martins, S.C.; Ramalho, J.C. Physiological and agronomic performance of the coffee crop in the context of climate change and global warming: A review. J. Agric. Food Chem. 2018, 66, 5264–5274. [Google Scholar] [CrossRef] [PubMed]

	



Slot, M.; Krause, G.H.; Krause, B.; Hernández, G.G.; Winter, K. Photosynthetic heat tolerance of shade and sun leaves of three tropical tree species. Photosynth. Res. 2019, 141, 119–130. [Google Scholar] [CrossRef]

	



Ferreira, D.S.; Sales, R.A.; Amaral, J.F.T.; Ferreira, J.M.S.; Venancio, L.P.; Ribeiro, W.R.; Tomaz, M.A.; Catem, D.S.B.; Gonçalves, M.S.; Bravin, N.P. Biochemical and physiological changes in conilon coffee (Coffea canephora) grown under different levels of irradiance. Aust. J. Crop Sci. 2021, 15, 1071–1080. [Google Scholar] [CrossRef]

	



Pereira, L.L. Novas Abordagens Para Produção de Cafés Especiais a Partir do Processamento Via-Úmida. 2017, 200f. Tese de doutorado, Universidade Federal do Rio Grande do Sul, Rio Grande do Sul, Brazil, 2017. [Google Scholar]

	



Siqueira, H.H.; Abreu, C.M.P. Physico-chemical composition and quality of coffee submitted to two types of roasting and with different forms of processing. Ciência E Agrotecnologia 2006, 30, 112–117. [Google Scholar] [CrossRef]

	



Ribeiro, B.B.; Nunes, C.A.; Souza, A.J.J.; Montanari, F.F.; Silva, V.A.; Madeira, R.A.V.; Piza, C. Perfil sensorial de cultivares de café processados por via seca e via úmida após o armazenamento. Coffee Sci. 2017, 12, 48–155. [Google Scholar] [CrossRef]

	



Pereira, L.L.; Moreli, A.P.; Brioschi, D.; Guarconi, R.C. Fermentação do Café e Pós Colheita, 1st ed.; Ad Verbum: Herval d’Oeste, Brazil, 2019; Volume 1, 24p. [Google Scholar]

	



Pereira, L.L.; Moreira, T.R. Quality Determinants In Coffee Production, 1st ed.; Springer Nature: New York, NY, USA, 2021; Volume 1, 709p. [Google Scholar]

	



Martinez, S.J.; Rabelo, M.H.S.; Bressani, A.P.P.; Motta, M.C.B.; Borém, F.M.; Schawan, R.F. Novel stainless steel tanks enhances coffee fermentation quality. Food Res. Int. 2021, 13, 109921. [Google Scholar] [CrossRef]

	



Jesus Junior, W.C.; Martins, L.D.; Rodrigues, W.N.; Moraes, W.B.; Amaral, J.F.T.; Tomaz, M.A.; Alves, F.R. Mudanças climáticas: Potencial impacto na sustentabilidade da cafeicultura. In Rodrigues WN (Org.) Inovação, Difusão e Integração: Bases para a Sustentabilidade da Cafeicultura, 1st ed.; Tomaz, M.A., Amaral, J.F.T., Jesus Junior, W.C., Fonseca, A.F.A., Ferrão, R.G., Ferrão, M.A.G., Martins, L.D., Eds.; CAUFES: Alegre, Brazil, 2012; Volume 1, pp. 179–201. [Google Scholar]

	



Borém, F.M.; Coradi, P.C.; Saath, R.; Oliveira, J.A. Quality of natural and washed coffee after drying on ground and with high temperature. Ciência E Agrotecnologia 2008, 32, 1609–1615. [Google Scholar] [CrossRef]

	



Alves, A.L.; Pessoa, M.S.; Souza, P.E.N.; Partelli, F.L.; Mascon, P.S.; Silva, E.C.; Guimarães, A.O.; Muniz, E.P.; Pinheiro, P.F.; Borém, F.M.; et al. Influence of environmental and microclimate factors on the coffee beans quality (Coffea canephora): Correlation between chemical analysisand stable free radicals. Agric. Sci. 2018, 9, 1173–1187. [Google Scholar]

	



Matiello, J.B.; Santinato, R.; Garcia, A.W.R.; Almeida, S.R.; Fernandes, D.R. Cultura de Café no Brasil—Manual de Recomendações, 2nd ed.; Fundação Procafé: Rio de Janeiro, Brazil, 2020; 716p. [Google Scholar]

	



CONAB—Companhia Nacional de Abastecimento. Acompanhamento de Safra Brasileira de Café, Primeiro Levantamento/Janeiro 2019; CONAB—Companhia Nacional de Abastecimento: Brasília, Brazil, 2019; pp. 1–77.

	



Pimenta, C.J.; Chagas, S.J.R.; Costa, L. Polifenoloxidase, lixiviação de potássio e qualidade de bebida do café colhido em quatro estádios de maturação. Pesqui. Agropecuária Bras. 1997, 32, 171–177. [Google Scholar]

	



Camargo, A.P.; Camargo, M.B.P. Definição e esquematização das fases fenológicas do cafeeiro Arábica nas condições tropicais do Brasil. Bragantia 2001, 60, 65–68. [Google Scholar] [CrossRef]

	



DaMatta, F.M.; Ronchi, C.P.; Maestri, M.; Barros, R.S. Ecophysiology of coffee growth and production. Braz. J. Plant Physiol. 2007, 19, 485–510. [Google Scholar] [CrossRef]

	



Meireles, E.J.L.; Camargo, M.B.P.; Pezzopane, J.R.M.; Thomaziello, R.A.; Fahi, J.I.; Bardin, L.; Santos, J.C.F.; Japiassú, L.B.; Garcia, A.W.R.; Miguel, A.E.; et al. Fenologia do Cafeeiro: Condições Agrometeorológicas e Balanço Hídrico do Ano Agrícola 2004–2005; Embrapa Informação Tecnológica: Brasília, Brazil, 2009. [Google Scholar]

	



Marsetti, M.M.S.; Bonomo, R.; Partelli, F.L.; Saraiva, G.S. Déficit hídrico e fatores climáticos na uniformidade da florada do cafeeiro Conilon irrigado. Rev. Bras. De Agric. Irrig. 2013, 7, 371–380. [Google Scholar] [CrossRef]








[image: Agronomy 12 01885 g001 550] 





Figure 1. Geographical location map of the experimental area. 
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Figure 2. Average dispersion of aroma, flavor, acidity, body, overall, aftertaste and uniformity of coffees from three altitudes (950mamsl, 1050mamsl and 1150mamsl) on the face of the plant exposed to morning sun (A,C) and afternoon sun (B,D) in post-harvest wet (A,B) and dry (C,D) processing. 
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Figure 3. Global coffee score as a result of plant exposure to solar radiation, at altitudes of 950, 1050 and 1150 msnl, in two post-harvest processing, wet (A) and dry (B). Means followed by the same capital letter (“A” or “B”) between altitudes and lowercase (“a”, “ab” or “b”) between post-harvest processing do not differ by Tukey’s text by 5% probability. 
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Figure 4. Estimates of the Pearson correlation coefficients of the variables that constitute the sensory characteristics group (fragance/aroma, uniformity, flavor, body, overall, aftertaste, balance and global score) and grain size (18 sieve (P18); 17 sieve (P17); 16 sieve (P16); 15 sieve (P15); 14 sieve (P14); 13 sieve (P13); 12 sieve (P12)), respectively for post-processing of wet harvest (A,C) and dry harvest (B,D). On the lower diagonal are represented the correlation and significance estimates by the t test, significant at 5% (*), 1% (**) and 0.1% (***). 
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Figure 5. Graphic dispersion of six treatments at three different altitudes (950, 1050 and 1150mamsl) and two faces of plant exposure to solar radiation (morning sun and afternoon sun), in relation to the first main components based on sensory characteristics in the two types of post-harvest processing: wet (A) and dry (B). 
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Figure 6. Graphical dispersion of six treatments at three different altitudes (950, 1050 and 1150mamsl) and two regions of the plant exposed to the sun (morning sun and afternoon sun in relation to the first main components based on sensory characteristics in both types of post-harvest processing: wet (A) and dry (B). 
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