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ABSTRACT

The genus Coffea belongs to the Rubiaceae family and includes two species with optimum economic performances, Coffea arabica
and Coffea canephora. The state of Sdo Paulo is one of the states that produce the species C. arabica in Brazil. Arabica coffee has
been of great importance to Sao Paulo, providing relevant contributions to the historical, political, architectural, gastronomic,
touristic, artistic, agricultural, industrial and social sectors since its introduction into the state in the nineteenth century. The
agricultural sector includes crops produced by both small farmers and by highly technological agricultural groups. Coffea arabica
plants present six phenological phases, all sensitive to changes in temperature and rainfall. In the reproductive phases, the
species requires short days, low temperatures and no rainfall, followed by the rainy season. However, the phenological phases
of the coffee plants can be harmed or even inhibited by dry or rainy seasons that are too long or too short. In the state of Sdo
Paulo, the municipalities of Garca and Franca show optimal coffee productivity, whereas those of Adamantina and Registro are
low, and the agricultural aptitudes of these four municipalities show strong relationships with their geographical distributions
in the state. Garca and Franca are situated in areas where the predominant dry and rainy seasons favor the occurrence of the
phenological phases of arabica coffee plants, whereas Adamantina and Registro are located in areas with long dry and rainy
seasons, respectively, characteristics that harm the development of the reproductive phenological phases of this culture.

Keywords: coffee; hydric balance; phenology; temperature; rainfall.

INTRODUCTION

In Brazil, coffee was first cultivated in the region of the city of Belém, in the state of Par4, and eventually arrived in
Sdo Paulo via the Paraiba Valley, from where it moved into the interior of the state at the beginning of the 19th century,
coming from the region of Vassouras in the state of Rio de Janeiro (CARVALHO, 2007; NARITOMI et al., 2012).

The coffee culture spread rapidly, arriving in the center-west of the state of Sdo Paulo, such that, as from the middle
of the nineteenth century, coffee was the main commercial product in Brazil, at one time representing % of the total
value of exportations (CARVALHO, 2007). As it expanded, coffee consolidated itself as the basis of the economy of the
country in the mid-nineteenth century and first decades of the twentieth century (SAO PAULO, 2020), representing the
great richness of the state of Sao Paulo and leading to the appearance of towns and large infrastructures such as railways,
which roam the interior of the state up to the present day (Fig. 1). Thus, coffee reached regions further and further
from the coast, which was possible due to the abundance of land with virgin soil. In this way, the railways appeared to
help the existing coffee production, making the production transport to the port of Santos quicker, safer and cheaper
(HOLLOWAY, 1984).
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Figure 1. Scenes related to the period of introduction of coffee culture in the history of Brazil.
Source: Images retrieved from Pinterest (a. https://pin.it/3bKyOOH; b. https://pin.it/2ijDFWS5; c. https://pin.it/3a36SKU; d. https://pin.
it/5504Fto).

The development of the state of Sdo Paulo in 1880 was notable; commerce tripled, and the population grew considerably,
the production of coffee in the state represented half of the entire coffee production in Brazil, and immigration presented
significant results (CARVALHO, 2007). This glorious past still has territorial marks that can be seen today (Fig. 1a). The
mansions, the railways and the train stations still have a symbolic presence in the landscape of various locations in the
state (Fig. 1b—d). Another aspect that differs from the historic symbolism but is nevertheless an inheritance of the epoch is
industrialization, which began to coincide with the great increase in coffee production and the marked arrival of European
immigrants attracted by the production mentioned above (MAMIGONIAN, 1976). Today, Sao Paulo is still considered one
of the largest industrial centers in Brazil.

Coffee production in Brazil has worldwide prominence, where diverse production systems as from small rural producers
to highly technological systems covering extensive areas with favorable climates and soils, have made the country the largest
producer and exporter of this raw material, making this national agricultural sector one of the most important segments of
the Brazilian economy (MEIRELES et al., 2007). Considering its historical weight and economic relevance, studies of the
climatic conditions aimed at understanding the climate’s challenges on the coffee culture’s development are of considerable
importance to understand the natural production difficulties.

With the arrival of coffee in Brazil in the 18th century and its growing importance in the state of Sdo Paulo at the beginning
of the 19th century, an extensive bibliography was produced with the intuition of understanding the relationship between
the climate and coffee plantations. These studies served as a basis for Brazilian science to make advances in improving the
coffee culture at the end of the 20th century and the beginning of the 21th century, contributing to the Brazilian coffee
culture becoming one of the most promising in the world.

BOTANICAL DESCRIPTION

Coffee belongs to the family Rubiaceae, subfamily Cinchonoideae and tribe Coffeae (CLIFFORD et al., 1989). Rubiaceae
is the largest botanical family, with about 650 genera and 13,000 species of tropical and subtropical distribution (ROVA
et al., 2002). The genus Coffea has about 103 species naturally occurring in tropical Africa (DAVIS et al., 2006). Of the
species making up the genus Coffea, only two show worldwide economic importance: C. arabica known as arabica coffee and
C. canephora known as robusta or conilon coftee (ECCARDIL; SANDALJ, 2004; DAVIS et al., 2006; VEGA, 2008).

According to CARVALHO (2008), these species are of different origins. Coffea arabica originated in the southwest of
Ethiopia in tropical forests, in the southeast of Sudan and the north of Kenya, at altitudes between 1,000 and 2,000 m, with
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mild climates. On the other hand, C. canephora originated from Guinea to Congo, in tropical forests in the lower Congo,
from the west coast to the central region of the African continent, at low altitudes and annual rainfalls between 1,500 and
2,000 mm (ECCARDI; SANDALYJ, 2004). These two coffee species differ from one another in diverse aspects: C. arabica
produces beans which beverage is classified as being of good quality or “filter coffee” since it has low caffeine contents
(Fig. 2), whereas C. canephora is the raw material used to produce soluble coffees since its beans contain high caffeine and
acid contents, making its beverage “hard” to the palate (LEROY et al. 2006; FOLMER, 2017). Coffee is one of the most
important cultures in the world economic scenario, standing out as the second most commercialized commodity globally
and the fifth most commercialized agricultural product in Brazil (CONAB, 2015).

Figure 2. Example of a plant of Coffee arabica (a) with details of flowers (b) and branches with fruits (c).
Source: Elaborated by the authors.

PHENOLOGY OF Coffea arabica

One must consider the plant’s phenology to understand the coffee plant’s growth and development responses when
faced with the influences of climatic factors. The arabica-type coffee plant is a perennial woody bush with an extremely
complex phenological cycle (CARVALHO, 2008).

This species’ vegetative and reproductive phases occur simultaneously, and the flowering and fruiting phases occur
in a two-year cycle, different from other species that complete their phenological cycle in the same year (MAJEROWICZ;
SONDAHL, 2005).

It should be pointed out that the reproductive phases of the coffee plant consist of the development of the flower bud,
flowering, fruiting and ripening (MORAIS et al., 2008). According to PEZZOPANE et al. (2003), C. arabica plants complete
their production cycle in two years, with the vegetative and floral stages occurring in the first year and fruit production in
the next characterizing the species as biannual. CAMARGO; CAMARGO (2001) established a didactic six development
phase phenological scale for the arabica plants to complete their reproductive cycle (Fig. 3).

According to this scale, vegetative growth occurs from September of year 1 to March of year 2, characterized by
long days, corresponding to phase 1. In the next phase, from April to August, with shorter days, the reduction in the
photoperiod acts as a signal for floral induction, leading to the transition of the vegetative axillary buds into reproductive
ones for floral induction, corresponding to phase 2. The perception of this stimulus is called floral evocation, and its
morphophysiological alterations produce the floral beginnings. The months of July and August (phase 2) correspond to the
dry season, with an absence of rainfall, and hence the coffee plants show bud dormancy, ceasing to grow and remaining
at rest, an event highly characteristic and peculiar to the flowering of C. arabica. The rainy season occurs soon after,
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from September to December leading to the renewal of growth and development of the floral buds (CANNELL, 1985).
The hydric potential of the plants becomes less negative, leading to the interruption of the bud dormancy initiated in
the first phase of the 2nd phenological year and the end of the flowering phase of the 1st phenological year, this being
phase 3. Anthesis, or floral opening, occurs in this period. The flowers are then fertilized, starting the fruit growth phase,
corresponding to phase 4 (CAMARGO; CAMARGO, 2001; KUMAR, 1979; REIS; CUNHA, 2010). The fruits develop
slowly from September to March, a process characterized by successive divisions and elongation of the perisperm and
endosperm, giving origin to the coffee pellets and fruit expansion. In sequence, the fruit liquids solidify, giving rise to
the beans. The last phase of reproductive development, or maturation, occurs at the end of this process, corresponding
to phase 5 (CAMARGO; CAMARGO, 2001; MORALIS et al., 2008). Finally, the coffee plant rests after harvesting the ripe
fruits, accompanied by branch senescence, corresponding to phase 6.
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Figure 3. Phenological phases of the species Coffee arabica.
Source: Retrieved from CAMARGO; CAMARGO (2001).

CLIMATIC CONDITIONS VS COFFEE CULTURE

Climate changes are related to changes in temperature and rainfall, which can be attributed to anthropogenic action or
natural causes (CERRI et al., 2007; SILVA; PAULA, 2009). The global heating rate is unequal due to the effect of the oceans,
which absorb about 92% of the sun’s energy and move it by way of horizontal and vertical currents. There may well be
many more years during which the mean environmental temperature does not rise significantly. Distant regions may even
experience colder seasons as seasonal winds change and cause heating in other parts of the world (SILVA; PAULA, 2009).

Climate changes have caused harmful effects in various sectors of the environment, such as agriculture (PHAM et al,,
2019). The influence of this phenomenon in agriculture has shown an expressive impact since it harms both aspects of
the production of the culture and also social aspects, as reflected by those involved in this activity, whose subsistence is
associated with the activity since the coffee production englobes various professionals who work in different links of the chain.
According to RODRIGUES et al. (2014), the climate is considered the main factor influencing the productive performance of
plants, and consequently, the production costs. The main effects of climate change on agriculture are increases in variability,
decreases in production in certain areas and changes in geography (CANAL-DAZA; ANDRADE-CASTANEDA, 2019;
EBRAHIMI-KHUSFI et al., 2020).

Water availability significantly influences the phenological cycle of arabica-type coffee plants (CHESEREK; GICHIMU,
2012; TESFAYE et al., 2013). From October to March, arabica coffee plants require at least 150 mm of rainfall per month
to trigger flowering, fruit formation, and new branches’ budding. The coffee plant demands more water during this period
but, as a counterpart, is less demanding during the phases of harvesting and resting, between June and September, the
months which correspond to the dry season (MATIELLO, 1991). Thus, the complex phases of flowering and growth
(Fig. 3) are benefited by the hydric availability in the rainy season, and those of ripening and harvesting by the hydric
deficiency of the dry season. Coffee plants require a quantity of about 1,200 mm of annual rainfall for their satisfactory
growth and development. Hydric deficiencies of below 150 mm together with temperatures above 23 °C are extremely
harmful to their growth since they are considered inadequate for coffee plants due to restrictions on fruiting, hence reducing
productivity (MATIELLO, 1991).
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The temperature factor can also be extremely restrictive for this culture (BARDIN-CAMPAROTTO et al., 2012).
For example, temperatures above 28 °C reduce leaf production and photosynthetic activity, and temperatures above
34 °C favor floral abortion, considerably reducing productivity (CAMARGO, 1985; PILAU; ANGELOCCI, 2016). Each
coffee plant developmental event has an ideal temperature for its occurrence (SILVA; MAZZAFERA, 2008). Another
highly important factor for coffee plants is altitude, which strongly impacts C. arabica beverage quality. This species
performs best when cultivated at high altitudes, and low altitudes are detrimental to beverage quality (SILVA et al., 2016;
SILVEIRA et al., 2016).

Considering these edaphoclimatic conditions, the coffee plant figures as a species that requires specific needs to
be productive and profitable for the farmer; it is not a culture that can be cultivated under variable environmental
conditions. Various climatic factors interfere with the physiological development of coffee plants. The climatic elements
can figure as favorable or unfavorable to the development of flowering and consequently of fruiting. The phenological
phases and the final beverage quality are directly influenced by the meteorological conditions, mainly by the hydric
availability, temperature and photoperiodic variation.

Although the state of Sdo Paulo is among the most productive Brazilian states with coffee, not all its geographical
regions are apt for coffee production, considering its great territorial extension which provides diversification of
climatic conditions. This difference in coffee production between the regions is due to the climatic demands made by
the culture for its development to occur satisfactorily with adequate, economically feasible production. The inequality
in coffee production in the state of Sao Paulo becomes didactically evident when comparing the climatic, geographical
and productive conditions of the municipalities with high and low coffee plant production, such as those of Franca and
Garga and Adamantina and Registro, respectively (Fig. 4).
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Figure 4. The geographic location of the municipalities of Adamantina, Franca, Garca and Registro of the state of Sdo Paulo, Brazil.
Source: Elaborated by the authors.

The climatic dynamics found in the areas studied conserve similarities and differences when their temperatures and
rainfalls are analyzed. From these data, one can understand how the pluviometry of an area can sustain or otherwise, the
ideal temperature and rainfall conditions for profitable production of arabica-type coffee plants.

Despite being located in distinct areas of the state of Sdo Paulo, the municipalities studied show regional climatic
conditions that mark their similarities, and can be clearly seen in the normal climatological temperatures (Fig. 5). In
these municipalities, the small variations in normal climatological rainfalls are due to local physical aspects such as
relief, coastline and continentality. The city of Adamantina is located in the region known as “Alta Paulista” (Fig. 4), and
its climate is classified as Cwa, a tropical climate with mild, dry winters followed by very hot summers, at an altitude of
453 m, the latitude of 21°41°07”S and longitude of 51°04'21”W. The mean annual temperature is 22.9 °C, January being
the hottest month with a mean of 25.4 °C and July the coldest, with a mean of 7.0 °C (Fig. 5a). The rainfall is reduced
from April to September, reaching greater volumes in the year’s remaining months.
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Figure 5. Average monthly rainfall and air temperature, normal climatological, for the municipalities of Adamantina (a), Gar¢a (b),
Franca (c) and Registro (d) of the state of Sao Paulo, Brazil
Source: Elaborated by the authors using data from Ciiagro (www.ciiagro.sp.gov.br).

The municipality of Garga is situated in the center-west of the state (Fig. 4) and has a climate classified as Cwa,
subtropical, dry winters and hot summers, altitude of 663 m, latitude of 22°12’39”S and longitude of 49°39°21”W. The
maximum temperature occurs in January with a monthly mean of 28.5 °C, and the minimum in July with a monthly mean of
17.8 °C (Fig. 5b). The hottest period occurs from December to March, with temperatures varying from 25 to 30 °C, coinciding
with the heaviest rainfalls of the year, and the mildest temperatures occur from April to July. The municipality of Franca
is situated on a highland plateau, also known as “Alta Mogiana” (Fig. 4), at an altitude of 1,040 m, latitude of 20°32720°S
and longitude of 47°24’03’W. Franca has dry winters from April to August. The rainy season starts in September, usually
over 150 mm, with summer rain between January and April and moderate temperatures throughout the year, with a mean
annual temperature of 21 °C (Fig. 5¢).

The municipality of Registro is situated in the region closest to the southern coastline of the state of Sdo Paulo, at an
altitude of 52 m, latitude of 24°29°’16’S and longitude of 47°50°38'W (Fig. 4), with a climate classified as moist subtropical
(Cfa). This municipality has no dry season, with the four seasons characterized, with mild winters and hot, humid summers
(Fig. 5d). The mean temperature of the coldest month (July) is 12.9 °C, and that of the hottest month (January), 27.8 °C.
The rainfall throughout the year is usually above 100 mm, with the greatest intensity from January to March. This type of
climate is common along the coastline in the southwestern region of the state.

Due to the low altitude, flat relief, high density of the Atlantic Forest and proximity to the Atlantic Ocean, the
temperatures tend to be higher than in other localities at the same latitude. In the hotter months of the year, even on cloudy
days, the extreme sultriness raises the temperature in the region, causing a certain discomfort. In contrast, in the winter,
the appearance of mist is common in the early morning, increasing the sensation of cold. This information infers that the
arabica-type coffee culture’s adequate climatic conditions are not found in all the locations studied.

The hydric balance presented in Figure 6 reflects the water availability in the four municipalities studied. The city of
Adamantina shows a hydric deficit for an extended period during the year, mainly between March and October, with greater
intensity between August and October (Fig. 5a) and significant rainfall between January and mid-March. Garga shows a
hydric deficit for a shorter period, corresponding to July to October, with rainfall between mid-October and December
and a greater rainfall intensity from January to April (Fig. 6b). Franca presents a similar hydric balance pattern to that of
Garga, with a hydric deficit extending from April to October and rainfall in the other months, but with greater intensity
from January to April (Fig. 6¢). On the other hand, the municipality of Registro has rainfall throughout the entire year and
the complete absence of hydric deficit (Fig. 6d).
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Figure 6. Extract of water balance, normal climatological, for the municipalities of Adamantina (a), Garca (b), Franca (c) and

Registro (d) of the state of Sdo Paulo, Brazil. DEF.: Deficiency, EXC. Excess.
Source: Elaborated by the authors using data from Ciiagro (www.ciiagro.sp.gov.br).

PHYSIOLOGICAL RESPONSES OF Coffea arabica TO THE CLIMATIC CONDITIONS

The state of Sao Paulo contributes significantly to the production of arabica-type coffee, with an estimated 5.7
to 6.1 million sacks in 2020 (CONAB, 2020). However, the products within the state are not uniform, as evidenced
didactically by the results for arabica type coffee production in the municipalities of Adamantina, Franca, Gar¢a and
Registro in the period between 2015 and 2019 (Fig. 7). In this period, it can be seen that the municipalities of Garga
and Franca occupy extensive areas of coffee plantations in the state, whereas Adamantina and Registro show reduced
areas of this culture. This panorama is confirmed by the data for the production of processed coffee, Gar¢a and Franca
showing an elevated production of processed beans, whereas this activity is of limited expression in Adamantina and
Registro (Fig. 8).
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Figure 7. Area cultivated with Coffee Arabica in the municipalities of Adamantina, Franca, Garca and Registro, in the state of Sdo

Paulo, Brazil, from years 2015 to 2019.
Source: Elaborated by the authors using data from IEA - Instituto de Economia Agricola (http://www.iea.sp.gov.br).
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The differences in the responses of the four municipalities with respect to the area of coffee plantations and the production
of processed coffee have a close relationship with their geographical layouts (Fig. 4) and the differentiated climatic conditions
that affect the phenological responses of the coffee plants (Fig. 3). The municipalities of Gar¢a and Franca with their optimal
responses for the production of processed coftee show regimes with mean temperatures of, respectively, 21 and 28.5 °C, and
the availability of periods of high and low rainfall throughout the year, characteristics which favor the good development
of the phenological phases of C. arabica plants.

Thus, Garga and Franca present a predominant dry season between April and September, followed by periods with a
high frequency and intensity of rainfall between October and March (Figs. 5b and 5¢). In these municipalities, the dry season
occurs in the months corresponding to the phenological phases of the induction of vegetative buds in the floral buds when
the reproductive phase starts (Fig. 3). In addition, all these characteristics agree with the observations of THOMAZIELLO
et al. (2000) that the C. arabica culture shows good performance under favorable mean annual temperatures between 18
and 23 °C or ideally between 19 and 21 °C, with adequate mean annual rainfalls between 1,200 and 1,800 mm and altitudes
between 4,400 and 1,200 m, the recommended altitudes for planting being between 600 and 1,200 m. On the other hand,
Adamantina and Registro present a different climatic pattern, which reduces or impedes coffee production, as can be seen,
respectively, in Figures 5a, 5d and 6a, 6d. To allow for the commercial exploitation of the culture, it is important that the
rainfall be distributed throughout the vegetative development and fruiting periods. According to PETEK et al. (2009), the
combination between temperature and rainfall influences the determination of areas that are apt for this culture, since, if
on the one hand hydric stress reduces the thermal needs of the plant, on the other hand, excess water demands a rise in
temperature to complete the phenological stages, which are determinant in the productivity of the coffee plants. The moisture
content should be neither high nor low for this culture since both propitiate pest propagation.

In another context, the municipality of Adamantina, with low production of processed coftee, has well-defined wet
and dry seasons (Fig. 6a). However, in this case, the climatic conditions are adverse to the cultivation of C. arabica plants
because the dry period is long, extending from March to October, and this low water availability harms the phenological
phases of the induction of the floral bud and floral (Fig. 3). In addition, the mean temperature in Adamantina is above 22 °C
throughout the year (Fig. 5a), which also harms the development of the phenological phases of the arabica-type coffee plant.

These observations reinforce that the cultivation of arabica-type coffee plants requires specific climatic conditions,
adequate for their development. A dry period of about three months is a fundamental condition for the induction of the
floral bud in the coffee plant, followed by a rainy period to start anthesis, which cannot be too long or it will affect the
fruiting phase, and must be accompanied by mild temperatures since high temperatures cause absorption of the flowers
(CANAL-DAZA; ANDRADE-CASTANEDA, 2019). Coffee plants of the arabica species can withstand hydric deficits of
up to 150 mm without much harm if they occur during the vegetative resting period, but in marginal regions, irrigation
may be necessary (MESQUITA et al., 2016).

In situations where the lack of water is prolonged, depending on the developmental phase, the plants may die in the case
of young plants, the flowers may abort, or the fruit filling out may be deficient, with a consequent reduction in production.
The hydric availability influences the development of coffee fruits in the environment. Hydric deficiency accelerates the
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ripening of the arabica-type coffee fruits, which harms the development of the different physiological stages of seed formation
and, subsequently, their germination capacity.

The municipality of Registro, which is also unproductive, is under the influence of climatic conditions that are
completely unfavorable for developing of the phenological phases of arabica-type coffee plants. Rainfall is more frequent
in this municipality and occurs in larger volumes throughout the year (Fig. 3d). Registro has no dry season (Fig. 6d) which
is necessary to develop the phenological phases of floral bud and floral induction. These climatic characteristics harm
the phenological phases of the arabica-type coffee plants, which explains the low production level of coffee processed in
Registro (Fig. 8).

The water factor, both in excess and in reduced amounts, significantly affects coffee plants’ developmental stages distinctly.
Excessive rainfall causes damage to the bushes, the fall of fruit if close to harvest and can reduce flowering, affecting fruiting
and the photosynthetic rate due to nebulosity. Intermittent rains throughout the year induce flowering outside the breeding
season, which harms coffee production.

Although considered ideal, these conditions are not so, since, considering that this is a culture developed in the tropics,
it is subject to all kinds of changes and the intemperate tropical climate occurring in Brazil. Hence, the production of the
C. arabica plants is harmed when climate changes such as storms, strong winds and especially changes in the temperature
and rainfall patterns occur.

CONCLUSIONS

The Arabic coffee culture has significantly influenced the history of the state of Sao Paulo and favored aspects of its
economic, cultural and social development.

Coffea arabica is a perennial species presenting phenological phases strongly influenced by climatic conditions,
principally by temperature and rainfall.

The municipalities of Gar¢a and Franca in Brazil present optimal coffee production since they are geographically
situated in regions of the state of Sao Paulo with climatic conditions showing the periodic presence and absence of rainfall
and temperatures that favor good development of the phenological phases of the coffee plant.

The municipalities of Adamantina and Registro in the state of Sdo Paulo present a limited production of coffee, since
the climatic conditions of these regions harm the reproductive phases of the coffee plants due to an extensive dry season
in the case of Adamantina and rainfall throughout the whole year in the case of Registro.

Climate changes, principally in terms of pluviometry resulting from natural and anthropogenic actions, can alter the
productive capacity of C. arabica plants.

The pluviometric characteristics significantly influence the phenological phases of coffee plants, which directly affects
their productive and economic potential.
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