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Climate change does not impact on Coffea
arabica yield in Brazil

Williams PM Ferreira,® ® José | Ribeiro Junior? and Cecilia de Fatima Souza®

Abstract

BACKGROUND: Brazil is the largest producer of coffee in the world. Studies on climate change estimate large impacts on the
production of Coffea arabica (C. arabica). In this context, it is necessary to know the quantitative production values to provide
evidence for policy makers to target the prompt answer.

RESULTS: Using data from 18 municipalities located in the five largest coffee producing states in Brazil this work shows although
the minimum temperature is the most important climatic variable for the production, its effect, although positive, and its degree
of explanation, were technically too small to explain the volume of production in Brazilian conditions. According to the model of
non-stationary time series ARIMA (1, 1, 0) coffee production in the future may reach almost four million tons, and the productivity
almost 2500 kg ha~' on average, with the advancement of technology as the main factor that should promote simultaneous
increases in production and productivity. However, despite natural climate variations, which make it the most responsible for
the variability of annual coffee production, the producer mustincrease the use of the technologies to support the Brazilian coffee
agribusiness.

CONCLUSIONS: The results of this study reveal that coffee production in Brazil is affected much more by productivity than to
the minimum ambient temperature change over the long term; despite this, the climate variable should be considered the most
influential on the production and productivity of coffee.
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INTRODUCTION

Brazil is the largest producer of coffee and the second largest
nation in coffee consumption. According to data from Brazilian
National Supply Company (CONAB)," Brazil is also the largest
exporter of coffee and in 2014 produced 45.3 million processed
coffee bags, this being 32.3 million of Arabica and 13 million of
Conilon.? The total planted area is mainly located in Minas Gerais,
Sdo Paulo and Parana, where the climate and temperature are ideal
for coffee production. In Brazil, propitious areas for coffee rusts will
move toward the south, particularly due to the hottest scenario for
2080.3 The IPCC Special Report on Managing the Risks of Extreme
Events and Disasters to Advance Climate Change Adaptation,* or
SREX for short, provides an in-depth assessment of observed and
projected changes in climate extremes. It were noted increases
of +0.5°C to +0.6 °C per decade in the air temperature annual
mean in southern Brazil, between the years of 1913 and 2006.°
An increase of 10% to 20% was observed in the number of warm
nights over 41 years in southern Brazil, between 1960 and 2009.6

often based on already existing gradients that correlate the coffee
production to climate'’ (e.g. Gay etal.,'? Jaramillo etal.'* and
Jassogne et al.'*) which ‘form the basis of suitability change maps
based on downscaled Global Environmental Change (GEC) model
projections’ (e.g. Mwandosya etal.,'> Davis etal.'® and Liderach
etal’). Since 2001, crop simulation models, driven by future
climate scenarios from global circulation models, suggest that the
reduction in crop production would be more severe in the tropical
region.'® Brazil is located almost entirely in the tropical region,
which indicates that the country is susceptible to reductions in
crop production. Frequently, coffee producers as well as policy
makers are more promptly attentive to short-term problems
associated with production and increase in profits, than to those
problems mentioned as more relevant by the scientific commu-
nity. Assessment of the impacts of climate change on the main
coffee-producing areas is needed to minimize crop losses facing
the future climatic conditions, once a particular environmental

The frequency of heavy rainfall from 50 to 150 mm was observed
in southern Brazil between 1959 and 2002.” The impact of climate
variability and change is a great challenge in such a region.® As
an example, the recent, 2012-2013, rust problem on the coffee
sector has affected nearly 600 000 ha (55% of the total planted
area)® and has reduced employment in the harvest process by
30% to 40% in the 2013-2014 period.'® The most recent studies
to predict the impact of climate change on coffee production are
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temperature change may induce different physiological responses
in distinct plant species, including coffee, as reported by
Batista-Santos et al.,' Partelli et al.?® and Scotti-Campos et al.?").
In this way, the aim of this work was to assess the potential
impact of climate change on the Brazil’s Arabica coffee production
considering only the effect of air temperature and precipitation
as climatic variables, not other crucial factors, such as soil 22?3
water,* and altitude,? among others. Thus, it was necessary to
identify over the past 52years (1961-2014), which atmospheric
variables had more influence on coffee production in Brazil, as well
as to identify at which phenotypic stage the influence of climate
was more important and from these conclusions, carry out future
projections of climate and yield for 2040.

EXPERIMENTAL

In Brazil, Minas Gerais is the biggest producing state and it
accounts for over 50% of the domestic production. The predom-
inant crop in the state is the Arabica coffee. Espirito Santo, the
second-biggest producing state, predominantly farms Conilon
coffee and it produced almost 80% of the Brazilian crop of this
species.?® There are three main coffee Arabica growing areas in
Brazil and these plantations are mainly located in the state of Minas
Gerais, Sao Paulo and Parand where the environment and climate
provide ideal growing conditions.?” Bahia state is considered the
fourth largest producer, with 3.8% of the estimated production
of Arabica coffee in the country in 2014; with the production of
1217.8 thousand bags, being 62.5% of all this production in tradi-
tional areas called ‘Planalto’ (Fig. 1).28

In Brazil, there are about 287 000 producers, predominantly small
coffee producers, in about 1900 municipalities,?® which accord-
ing to Vilela et al.3° are characterized by coffee activity in which
their direct relatives perform most of the crop management oper-
ations. The total planted area in the country with the coffee crop
(Arabica and Conilon) adds up to 2256.5 thousand hectares.?®
Due its continental dimensions, Brazil has a variety of climates,
topography, altitudes and latitudes that allow the production of
coffee in a wide area. Considering also that the majority of pro-
ducers are considered small, this complicates obtaining accurate
yield information owing to inaccurate calculations; in addition,
there are other problems in Brazil such as those cited by Cra-
paro etal'" in Tanzénia, such as political or economic reasons,
illegal trade to other countries/regions, or disinterest in data col-
lection and/or management. Under these circumstances, to min-
imize bias and error, in this work four data sources of yield and
production of coffee were used. The Brazilian data sources include
the Brazilian National Food Supply Company (CONAB) (http://
www.conab.gov.br/index.php), the Brazilian Institute of Geog-
raphy and Statistics (IBGE) (http://www.ibge.gov.br/English), the
Institute of Applied Economic Research (IPEA) (http://www.ipea
.gov.br/portal/), and the international data source considered was
the Agricultural Statistics Division of the Food and Agricultural
Organization of the United Nations (FAOSTAT) (http://faostat3.fao
.org/faostat-gateway/go/to/home/E) (Fig. 2). The IPEA dataset is
the longest series (1900-2013) followed by the FAOSTAT datasets
(1961-2013), IBGE dataset (1990-2013) and then the CONAB
series (2001-2013). The data used were annual yield (kg ha=") and
production (1000 t) for the entire country.

Regional climate and data
Location is a key factor for growing coffee and the site selection
is one of the most important choices to ensure success. Coffee

plantations in Brazil cover immense areas of land though in differ-
ent coffee growing regions. The ambient climate, soil quality and
altitude largely determine which variety will grow best in which
region. Figure 3 presents the climatic types, typical for the major
coffee producing regions in Brazil.

Arabica coffee vegetates and fructifies very well at tropical
uplands, as in the south-east area of Brazil. It is usually affected
in the growth stages by the environmental conditions, especially
by photoperiodic variation and by rainfall distribution and air tem-
perature that interfere in the crop phenology, and consequently in
the coffee bean yield and quality.3? A relatively high air tempera-
ture during blossoming, especially if associated with a prolonged
dry season, may cause abortion of flowers.333* Long-term temper-
ature (monthly) and precipitation (daily) data were obtained from
the Brazilian National Institute of Meteorology — INMET (http://
www.inmet.gov.br) for the corresponding 53-year period. In order
to get the highest climate representation of the Brazilian coffee
growing regions, 18 stations were used. These include Machado,
Lavras, Caparad, Vicosa, Divindpolis and Bambui, in Minas Gerais
state; Catanduva, Sao Carlos, Sorocaba and Presidente Prudente,
in Sdo Paulo state; Maringa, Castro and Campos Mouréo, in Parana
state; Vitéria da Conquista, Canavieiras and Correntina, in Bahia
state; and Sdo Mateus and Vitdria, in Espirito Santo. Considering
the entire phenological cycle of the fructification to the Coffea ara-
bica L. (Arabica coffee trees)* and the C. canephora Pierre ex A.
Froehner (varieties ‘Conilon’ and ‘Robusta’),*® which are the most
marketed in Brazil and worldwide, and given the specific location
and corresponding climate of Brazil arabica growing regions, sev-
eral bioclimatic indices of the phenologically important stages®’
were calculated and used in the analysis. The variables considered
are the mean maximum (TMm), mean minimum (Tmm) and mean
(TCm) temperatures for the crop year, which runs from September
to August in Brazil. The mean minimum (TminF), mean maximum
(TmaxF) and mean (TmeanF) temperatures during the stage of cof-
fee flowering (September-December) and the mean minimum
(TminR), mean maximum (TmaxR) and mean (TmeanR) tempera-
tures during the stage of development/ripening (January-June)
were also used. Precipitation variable included the total rainfall for
the crop year (Pyr), the total rainfall during the flowering period
(PF), the total rainfall during the most dry season (Pdry) on the
harvest (July—August) and the number of rain days during the
short rain season (PDshort) (April-September), the long rain sea-
son (PDlong) (October-March) and the flowering period (PDF).
Due to the biennial nature of the crop, each precipitation variable
was also considered at a lag of 2 years prior to the event. Precipi-
tation anomalies and the standard deviation (SD) were calculated
for Pyr and used as a variable.

Statistical analysis

Initially, graphics were built and some descriptive statistics were
obtained related to the coffee production and to the climatic
variables, recorded for a period of 53 years, between 1961 and
2013. Pearson’s correlation coefficient (r) and its respective signif-
icance by the Student t test were applied to determine significant
relations among the climatic variables and the crop yield. The
considered climatic variables were the minimum environment
temperature (Tmm), the average (TCm) and the maximum (TMm),
in °C, the number of rainy days during the year (PDPr), and the
total precipitation for the crop year (Pyr), in mm. The crop yield was
given by the coffee production, in 1000 tons (t), and by the coffee
yield, in kg ha='. In addition, we performed individually linear
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Figure 1. Main coffee producers in Brazil: Bahia — BA; Minas Gerais - MG; Espirito Santo — ES; Sdo Paulo — SP; Parand - PR. Coffee production ‘arabica and

canephora’ in 2013.

regressions analysis of the production and yield of coffee depend-
ing on Tmm. Aiming to verify, if the coffee yield would be a cause
for the coffee production, we performed a simple linear regression
analysis of the coffee production as a function of coffee yield, for
the period of 1961 to 2013. After that, three Autoregressive Inte-
grated Moving Average Model (ARIMA) (p, d, ) were estimated in
accordance to the methodology of Box and Jenkins,*® in order to
confirm the trends and, or, seasonality, but, mainly to make possi-
ble the predictions for after 2013 and until 2060, working with time
series of these three variables. The statistical analyses were per-
formed in R software 3.0.3, Minitab 16 and Microsoft Excel 2010,
considering the significance probability levels equal to 1% and 5%.

RESULTS

The coffee production (in 1000 t) between 1961 and 2013, ranged
from approximately 376 (1976) to 3038 (2012), with an average
in this period of almost 1 706 000 tons. These preliminary results
showed an increase in the coffee production of approximately
eight times in 53 years of cultivation. However, the coffee yield,
in kg ha~', ranged from almost 282 (1968) to almost 1433 (2012),
with an average of approximately 698 kg ha=', which resulted also
in a significant increase of close to five times. This generated an
amount of 1000 tons more of coffee for each planted hectare.

At the same time in those 53 years, the values for the climatic
variables presented variations, as shown in Fig. 4.

As can be seen in Fig. 4, the minimum, average and maximum
temperatures, varied randomly from 1961 to approximately 1997,
around of the averages, respectively and approximately by 15, 19
and 25°C. From the last mentioned year, the frequency values
above their averages were concentrated in almost 100% of the
cases. On the other hand, PDPr and Pyr presented cyclic behav-
iors of classes of values, in subsequent years, above and below
the averages 8.3 and 107 respectively. As function of years, the
minimum, average and maximum temperatures (°C) showed lin-
ear growth trends in approximated and continuous rates of 0.06,
0.09 and 0.09 °C per year, respectively (Fig. 5), for which estimated
regression equations were given by:

Tmm = —113.484 + 0.064548" x Year (R* = 0.35),
t0 1961 < Year < 2014 M

TCm = —127.849 + 0.073992" x Year (R* = 0.34),
t0 1961 < Year < 2014 (2)
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Figure 2. Annual bean arabica production trends for Brazil covering the period from 1900 to 2013 (IPEA), 1961-2013 (FAOSTAT), 1990-2013 (IBGE) and
2001-2013 (CONAB) of the observed values (continuous lines of different thicknesses) and estimates (straight regression line) with an confidence interval
of 95% fitted to all periods simultaneously, represented by the dashed lines (_ _ ).

TMm = —159.565 + 0.092961* X Year (R* =0.28),
t0 1961 < Year < 2014 3)

where (*) indicates significance at the Student t test (P < 0.05).

Based on the results of the temperature trends for the
coffee-growing regions of Brazil, in the period of 53 years, it was
observed that the tendency of increase in temperature is more
slightly driven. This occurs mainly by the increase rate of daily
minimum temperature reaching 0.65 °C, on average, per decade
(P=2.89e — 06), when compared with the other, 0.74°C to aver-
age temperatures (P=4.12e —06) and 0.93°C to the maximum
temperatures (P=4.08e —05) (Fig.5). On the other hand, PDPr,
Pyr and the average relative humidity (Urm) showed no changes
of values as a function of the years (Fig. 6), whose estimates were
given by: PDPr=28.19, to 1961 < Year <2014; Pyr=105.05, to
1961 < Year <2014 and Urm = 69.86, to 1961 < Year <2014.

Major climatic phenomena in Brazil and their influence on the
climate

Although some studies indicate that La Nifa presents greater vari-
ability when compared to El Nifio, which display a more consis-
tent pattern, studies for Brazil, like those performed by Coelho
etal® and Grimm* describes the occurrence of abnormalities,
mainly in the north-east and south of the country. In a study
focused on the south-eastern region of Brazil, Minuzzi etal.!
concluded that during La NiAa, the rainy season tends to grow
in the Mantiqueira region, state of Sdo Paulo. However, in the
general context, the climatic phenomena do not influence the
beginning of the rainy season in the south-east region of Brazil,
while the expressive precipitation anomalies, mainly observed in
November-January periods, have no correlations with the behav-
ior of equatorial Pacific Ocean'’s surface temperature and, or, with
the Southern Oscillation Index (SOI). Considering the behavior of
atmospheric temperature, this study observes, based on Fig. 7a,
that La Nifa events contribute with the increase of average air
temperature in the coffee-producing region (south-eastern Brazil).

This can be seen in years of moderate-intensity events, such as
1970-1971,1998-1999 and 1999-2000, considering this increase
of the temperature even more evident in those years in which
occurred the events considered strong as 1973-1974, 1975-1976
and 1988-1989.

The highest values of air temperature in the south-east were
observed in years of El Nifio phenomenon occurrence, on mod-
erate intensity (1963-1964, 1987-1988, 1991-1992, 2002-2003)
and high intensity (1972-1973, 1982-1983, 1997-1998) (Fig. 7a).
Based on Fig. 7b, it can be also observed that in the years of La
Nifa phenomena incidence, the Pacific Decadal Oscillation (PDO)
index presented the pattern of negative (cold phases); however,
on PDO positive periods (warm phases), strong El Niflo episodes
were recorded (1982-1983, 1986-1987, 1992, 1997-1998), when
temperatures in south-eastern Brazil were milder. In Fig. 7, this
region also presented an average temperature exceeding 20 °C,
from the year 2003. Rainfall patterns show large inter-annual vari-
ability, with a slight upward trend through the period of 53 years
(Fig. 8) for the flowering period (PDF) and for the crop year (Pyr),
while there is a slight downward trend for the dry season (Pdry).
The rainfall during the crop year (Pyr) increased 8.5 mm/decade
(P=6.68e —01). During the dry season (Pdry) there was also a
certain balance (0.98 mm/decade; P =9.24e — 01), and an increase
of 1.43 mm/decade (P=5.94e —01) during the flowering period
(PDF), especially after 1994. These trends are, however, not statisti-
cally significant. The trend of anomalies for the crop year (Pyr) also
reinforces that above-average rainfalls are occurring more often in
several periods, i.e. 50% of the years had rainfall above the aver-
age, being 24% for the 18-year period between 1964 and 1978, and
20% for the period of 24 years between 1989 and 2012, whereas
in the same years interval (1989-2012) were 24% below the aver-
age and 30% of all years have had rainfall below the average in the
period between 1980 and 1998. Maximum temperatures are also
characterized by a larger inter-annual variability, especially during
dry season.
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Figure 3. Climate types, typical for the major coffee producing regions in Brazil, adapted from Alvares et al.*'

Trends in coffee production

In Brazil, the coffee crisis in production began in fact in 1920, due
to continuous, uncontrolled and excessive increase in the coffee
harvest that reached amazingly 21 million bags for a world con-
sumption of 22 million. The coffee yields from 1925 to 1926 were
big and the 1927-1928 yields were even bigger (a production of
approximately 26 million bags), contrary to the trends indicating
that after a period of major crops (such as 1925-1926), the crops
would decrease. There was a decrease in the period 1928-1929
(14 million bags) and a new increase in 1929-1930 (30 million
bags). Between 1956 and 1961 the Brazilian government adopted
an interventionist policy for the coffee sector; in 1958 domestic
consumption was stimulated by campaigns, and in 1962 the Inter-
national Coffee Agreement was signed to facilitate the control of
production and the pricing in the world market, and all measures
culminated in a new record harvest in 1959 which, summed to the
stocks of production surplus, culminated with the destruction of
10 million bags between 1959 and 1962 and with the eradication
of less productive coffee plantations, aimed at limiting planting
and in economic diversification of coffee productions. The inter-
national oil crisis of 1970 interfered with the coffee production
because it required reordering of investment.*> The decade of the
1970s was also marked by the appearance and rapid spread of rust
in many crops in Brazil, and it was in this decade the intensification

of breeding programs to build resistance against this disease and
the reduced-sized coffee selection. However, in 1975, the insur-
gency of polar air known as ‘Polar Outbreaks High’ caused a wave
of cold, which culminated in a strong frost rain mainly in southern
Brazil. However, it also reached the states of Sao Paulo, Rio de
Janeiro and Minas Gerais. The wave of cold reached the equator,
with this event responsible not only for the drop in production
in the following year but also for the advance of the cultivation’s
frontier to the ‘Cerrado Mineiro’ and southern Minas Gerais. At this
time, the states of Parana and Sao Paulo together corresponded
almost 70% of the national production. In this decade, the Brazilian
Coffee Institute (IBC) released funds for a program of renewal and
reinvigoration of coffee production. All four productions series
(Fig. 2) exhibit the same trends. Smoothing the linear regression
line with confidence intervals allows illustrates the strong trend in
increasing the coffee production from 1976, being more intense
and growing from 1996 when, according to Chalfoun and Reis*
the National Program for Research and Development of Coffee
(PNP&D/Coffee) was created, under the responsibility of the
Brazilian Agricultural Research Corporation (Embrapa). To manage
and run the ‘PNP&D/coffee’ the Brazilian Consortium of Research
and Development (CBP&D/Coffee) was created, formed by the
Brazilian Agricultural Research Corporation - Coffee Unitand nine
other research institutions [Agricultural Development Company
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of Bahia (EBDA), Agricultural Research Company of Minas Gerais ~ Ministry of Agriculture, Livestock and Supply (MAPA), Federal
(EPAMIG), Agronomical Institute of Campinas (IAC), Agricultural  University of Vicosa (UFV) and Federal University of Lavras (UFLA)],
Research Institute of Parand (IAPAR), Capixaba Research Institute,  which in this time has been developing research in partnership
Technical Assistance, and Rural Extension (INCAPER), Agricultural ~ with other 40 Brazilian institutions covering 12 coffee-producing
Research Corporation of the State of Rio de Janeiro (Pesagro),  states. Representing the greatest experience in the world, related
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Figure 6. Annual averages trends covering the period from 1961 to 2014 of the observed data (continuous lines) and estimates (straight regression line)
of PDPr, Pyr and Urm. A confidence interval of 95% is fitted to each series, represented by the dashed lines (_ _ _).

Table 1. Estimates of Pearson correlations (dimensionless) between
climate variables and coffee production in Brazil

Parameter Pd Pdt
Tmm 041" 0.62™
TCm 0.46” 0.66"
TMm 040 061"
PDPr 0.06 0.02
Pyr 0.26 032"
Urm 0.24 0.49™

*Signiﬁcant at the Student t test (P < 0.05); and.

“significant at the Student t test (P < 0.01).

Mean minimum (Tmm), mean (TCm) and mean maximum (TMm)
temperatures, in °C; number of rainy days during the year (PDPr),
in days; total rainfall for the crop year (Pyr), in mm; average relative
humidilty (Urm), in %; production (Pd), in 1000 tons, and yield (Pdt), in
kg ha='.

to the number of institutions and researchers around a single
product, Brazil guarantees its current position as the world’s
largest coffee producer, responsible for 30% of the international
coffee market, volume equivalent to the total production of other
six largest producing countries.

Crop-climate interaction and forecast estimations

The production (Pd), in 1000 tons, and the yield of coffee (Pdt), in
kg ha=', were more related to the temperatures in °C (Tmm, TCm
and TMm), according to the estimates of correlations (Table 1). Due
to the Tmm, the linear regressions obtained by Stepwise method,
as well as the 95% confidence intervals for the averages of Pd and
Pdt (Fig. 9), is given by:

Pd = -462.191 + 147.4013* x Tmm (R* = 0.17),

10 10.92 < Tmm < 17.33 (4)

Pdt = —909.837 + 109.4954" x Tmm (R* = 0.38),

t0 10.92 < Tmm < 17.33 (5)
where (¥) indicates significance at the Student t test (P < 0.05).

Although the Tmm has been considered the most important
climate variable that has the most impact on the production and
the yield of coffee, it was concluded that its effect, although
positive, and its degree of explanation, were technically very small.
Therefore, related to coffee production as a function of coffee
yield, which showed significant increases in recent years due to
improved technology and to the interference of the results of
researches about coffee. In this case, it was concluded that, in
Brazil, the coffee production (1000t) was many due the coffee
yield (kg ha™"), as analyzed by a linear relationship and visualized
by estimates of the regression equation and the range with 95%
confidence for the average (Fig. 10):

Pd = 439.8192 + 1.800109" x Pdt (R* =0.78)

,t0 281.91 < Pdt < 1432.75 (6)
where (*) indicates significance at the Student t test (P < 0.05).

As can be seen in Fig. 10, the linear dependence of the produc-
tion was stronger and more evident only for the highest yield rates
(above 800 kg ha™"), revealing that higher demands in the volume
of coffee production to attend the greater demand for domestic
consumption and exportation, will only be achieved from more
technically qualified plantations. In addition, the variation in the
coffee production associated to the coffee yield and not to the
Tmm, was reinforced by the estimate of the autoregressive time
series model of first-order with mean and variance stationary that
therefore considered the trend as a function of the time, which was
previously estimated as random. Thus, the minimum temperatures
observed between 1961 and 2013 only depended on themselves,
because of a lag, but still without sufficient information to con-
sider them as originating from a related time series, in Brazil, to the
global warming.
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Figure 7. (a) The Oceanic Nifio Index (ONI), which is one measure of the El Nifio-Southern Oscillation based on SST anomalies averaged across a given
region of the Pacifc Ocean, and the environment average temperature (TCm). (b) Pacific Decadal Oscillation, which is often described as a long-lived El
Nifo-like pattern of Pacific climate variability.*> Prepared by http://ggweather.com/enso/oni.htm based on historical data of http://www.cpc.noaa.gov/

products/analysis_monitoring/ensostuff/ensoyears.shtml .

DISCUSSION
Context and implications
The results in this study suggest that despite having observed a
discrete increase in maximum, average and minimum temper-
atures, the increase in Brazil's crop production in recent years
is strongly correlated with the increase in crop yield in recent
years, due mainly to the adoption of new technologies. This result
differs from that found by Craparo et al.,'" according to which, the
temperature of the air, as climatic element, had the highest corre-
lation with the coffee production, with the increase mainly in the
minimum temperature, resulting in a significant loss of income.
The absence of direct influence of minimum temperature on
Brazil's coffee production, which according to Craparo et al.,'" was

the most determinant factor for the yield and production of coffee
in Tanzania, is ratified on the basis of the future predictability
provided by the 95% confidence level with a range estimated by
the ARIMA model (1,1,0) in which the average rise of Tmm was too
small and with low reliability (Fig. 11).

Despite a non-stationary series adjustment, and with the ten-
dency of increase in the average value of Tmm due to the observed
values between 1961 and 2014, whose extrapolation until the year
of 2040 implies an average for the Tmm of 18.63 °C, at an average
rate of 0.0698 °C per year, the generated projections are still not
very informative and sufficient to consider the minimum temper-
atures as originated from a time series related, here in Brazil, with
global warming.
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Figure 8. Annual averages trends covering the period from 1961 to 2014 of the observed data (continuous lines) and estimated precipitation (straight
regression line), for the coffee-producing regions in the states of Minas Gerais, Espirito Santo, Bahia, Parana and Sdo Paulo, in Brazil. A confidence interval
of 95% is fitted to each series, represented by the dashed lines (_ _ _). The trends represent the anomalies of Pyr for the crop year (September-August),
anomalies for the dry season (Pdry) (April-September) and anomalies for the flowering period (PDF) (September—December).
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This conclusion is related to the future predictability provided
by the confidence interval estimated by the ARIMA model (1, 1, 0),
which, inevitably, does not exclude the possibility of no change or
exist a negative tendency for the Tmm. According to the results, in
2040, the Tmm can reach an average between 7.84 and 29.42°C
(Fig. 11).

It is observed in Fig. 11 that the simulated results of Tmm by
the ARIMA model between 1961 and 2015 were very close, when
compared with the real data registered by the sensors, allowing to
assure the validity of the ARIMA model.

The tendency of the average increase of Tmm was also estimated
previously but, likewise, with a low explanation (R* = 0.35) by the

linear regression model, which average rate of estimated increase
per year was of 0.0645 °C (Fig. 5).

The reason for the average increases of the Pd of 147 400 t per °C
(R? =0.17) and of Pdt to 109.5 kg ha™" per °C (R? = 0.38) are poorly
explained by Tmm (1961 to 2014) and is because this tempera-
ture has not yet been manifested, temporally, in better defined
relationships and governed by climate change (Figs 9 and 12).

These results make it impossible, technically, to infer, even if
they are presented as satisfactory for the coffee production, that
the increase of Tmm will benefit them. Therefore, it is believed
that most of the explanations about the increase of Pd and the
Pdt depending on the years, come from other factors. Among the
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Figure 11. Annual averages trends, covering the period from 1961 to 2014,
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air temperature, and the forecasted values according to the ARIMA model
(1,1, 0), represented by the dashed straight line from 2015 to 2040 with an
associated confidence interval of 95%.

other factors related to the increase of Pd, it was concluded that
Pdt s very directly related (R* = 0.78), giving a medium increase of
1800 t for each increase of 1 kg ha=" (Fig. 10):

Pd = 1411.993,t0 1961 < Year < 1994.04 (7)

Pd = —156 909 + 79.3971" X Year,

to 1994.04 < Year < 2014 (R* = 0.62) ®)
Pdt = 530.5764,t0 1961 < Year < 1993.46 9

Pdt = —87 262 + 44.0403" X Year,

t0 1993.46 < Year < 2014 (R* = 0.86) (10)

where (*) indicates significance by the Student t test (P < 0.05).

Therefore, the advance of technology was the main factor pro-
moting the simultaneous increases in production and yield of the
coffee, whose future trends of growth for both variables were
also confirmed by the estimates of the intervals with 95% confi-
dence for the averages, by means of the models the non-stationary

time series ARIMA (1, 1, 0) (Fig. 13). According to these models,
the future prospects for Brazil are very good, with it possible for
the production of coffee to reach nearly three million tons, and the
yield of coffee nearly 1900 kg ha=' on average.

Based on the results shown in Fig. 13, the simulated values
according to the ARIMA model (1, 1, 0) between the years 1961
and 2015, for Pd and Pdt, presented similar behavior to those of the
real data, thus making the model suitable for the projection of the
scenario of these important measures of agronomic performance.

Outlook (perspective)

The agri-climatic relationships described in this work represent
the main regions for cultivation of C. arabica and C. canephora
in Brazil, those which face climate change scenarios because,
according to Marengo and Camargo,* in the south-east region
of Brazil, where there is the largest coffee producing region in
the world, the minimum temperature increased 0.8 °C per decade
in the last six decades, which is more than twice the rate of
change for the maximum temperature.*® Another aspect is that
the largest coffee-producing regions of the state of Minas Gerais,
which is the largest state producer of Arabica coffee in Brazil,
are located in areas with mountainous land which, according to
Quintana-Gomez*” and Vuille et al.*® are the places where the min-
imum temperature increase trends are becoming more prevalent.
In the African continent, studies like the one performed by Craparo
etal.'" show that climate change is already impacting the Arabica
coffee. Sector in the East African Highlands region. Other studies
focusing on the African highlands have also reported increasing
in the minimum temperatures (e.g. New et al.,** Omondi et al.*°).
In Brazil®' report records of 112% increase in coffee production
during the period 1996-2010, mainly due to the intensification
of robusta coffee production. According to National Food Sup-
ply Company, the robusta coffee production represented 25.9%
and Arabica 74.1% of the national production. Such numbers are
due in part to greater tolerance of Coffea canephora (robusta)
to the climate variability that is the factor that most affects the
annual production. When it comes to climate variability in Brazil,
the El Niflo-Southern Oscillation (ENSO), according to McPhaden
et al.>? is the major climatic phenomena that regionally influences
on country tropical variability and substantially affects human
and natural systems. According to (WGI AR5 Sections 14.4, 14.8),
although projections models indicate that ENSO remains to be in
the future the main responsible for the climate variability of trop-
ical regions, where the most of the Brazil area is placed, there is
little evidence to indicate that the current climate change result-
ing from the atmospheric warming forced by GHG warming will
cause changes in the natural modulation of ENSO occurrences.

CONCLUSION

From the use of different statistical analysis in this study, it was
concluded that although the minimum temperature is the most
important climatic variable for the crop production, its effect,
although positive, and its degree of explanation, were technically
too small to explain the volume of crop production in Brazilian con-
ditions. When the crop production was related in terms of crop
yield, the results showed significant increases in recent years due
to modern technology adoption and improvement in the man-
agement, based on the results of research on coffee from different
institutions involved in research, teaching and extension that par-
ticipate in the Brazilian Consortium of Research and Development
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of Coffee-CBP&D/Coffee. Also, it can be concluded that coffee
production at higher levels (yield up to 800 kg ha™'), able to with-
stand the greater demands of consumption and exports will only
be achieved from more technically qualified plantations. Consid-
ering the 95% reliability interval for “Tmm’ (Fig. 11), ‘Pd and Pdt’
(Fig. 13), during the studied period, it was noted that when com-
pared to the observed data, the values simulated by the ARIMA
model (1, 1, 0) can be considered representative of the variabil-
ity of the considered parameters, thus ensuring the validity of the
model. The forecast made in this study for the future trend of min-
imum temperature with the 95% confidence interval, estimated
by the ARIMA model, indicates for coffee-growing regions, little

variability in this meteorological element, for which the average
value will stands on around 16 °C. That result is the basis to justify
that, in Brazil, coffee production does not depend on the ‘Tmm’.
The results of the models of non-stationary time series ARIMA (1, 1,
0), reveal that coffee production in the future may reach over three
million tons a year, and the yield almost 1900 kg ha~', on aver-
age, because the advance of agricultural technology stands out as
the main factor that should promote the simultaneous increases
in yield and production of coffee. The climate of Brazil, with its
vast territorial extension, stands out as the main factor responsi-
ble for the extensive range suitable for the production of coffee,
which is grown from latitude 0° in the far north of the country, to

wileyonlinelibrary.com/jsfa

© 2017 Embrapa. Journal of the Science of Food and Agriculture

J SciFood Agric 2019; 99: 5270-5282

© 2019 Society of Chemical Industry



Climate change and Coffea arabica yield

@)
SCI

WWW.50Ci.org

the latitude 25°, in the south-east of Brazil, i.e. cultivation occurs
in different climatic zones, inducing producers to adopt different
management strategies in different regions of Brazil, enabling the
production of coffee with its own characteristics, specific to each
place. So, in addition to the concern about the volume of pro-
duction, in Brazil there is, today, a very large concern with the
regionalization in the production of coffee, i.e. the quality of cof-
fee is associated with both the historical tradition of the produc-
tion of a peculiar region, including human factors (processes and
adopted technologies), as the geographical features of the city,
region or locality where it is produced. Thus, this group or factors
expresses the specific terroir of each Brazilian region, which is the
combined effect of soil, slope orientation in relation to the sun,
altitude, climate characteristics like rain, wind speed, accumulated
hours of sunshine, minimum temperature, maximum and average,
which able to act on the nature and quality of the products grown
on this location. In fact, the natural climate variations are consid-
ered the main factors responsible for the variability of annual cof-
fee production forcing Brazilian producers to increasingly adopt
technologies capable of reducing the impact of climate influence
on the yield of coffee. The climate is also the main factor responsi-
ble for the product supply imbalance in the international market,
causing a constant annual variation in the price quotation. How-
ever, despite this, the producer must each day increase the tech-
nological support to the Brazilian coffee agri-business since the
results of this study reveal that coffee production in Brazil is much
more due to crop yield than to the change in the minimum ambi-
ent temperature over the long term, in spite of this climate variable
be considered the most influential on the production and yield of
coffee.
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