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Abstract

The El Nifio Southern Oscillation (ENSO) is an oceanic-atmospheric
phenomenon influencing worldwide weather and climate. Its occurrence
is determined by the sea surface temperature (SST) anomaly of the 3.4
Nifio region in the Pacific Ocean (5°N-5°S, 120°-170°W). EI Niifio
(EN), Neutral (NT), and La Nifa (LN) are the three possible phases of
ENSO, respectively, for warm, normal, and cold SST anomaly. As in
other regions around the world, weather in Brazil is influenced by ENSO
phases. The country is the major coffee producer in the world, and pro-
duction is strongly influenced by weather conditions, which affect plant
yield, harvest quality, and interactions with pests and diseases. Coffee
leaf rust (CLR), caused by the fungus Hemileia vastatrix, is a major
cause of coffee yield and quality losses in Brazil, and requires fungicide
spray applications every season. Because CLR is highly influenced by
weather conditions, it is possible to use weather variables to simulate
its progress during the cropping cycle. Therefore, the aims of this study
were to estimate CLR infection rate based on a validated empirical
model, which has daily minimum air temperature and relative humid-
ity as inputs, and to assess the extent of ENSO influence on the annual
risk of this disease at 45 sites in Brazil. Cumulative infection rates
(CIR) were estimated daily from October to June of each growing season
and location, based on the prevailing ENSO phase. Differences between
the extreme phases (EN-LN) were assessed by the Two-One-Sided-Tests

(TOST) method. Analysis of data from eight sites, located mainly in Par-
ana State, provided evidence of CIR differences between EN and LN
phases (G1). Evidence of no difference of CIR between EN and LN
was found in 18 sites (G2), whereas 19 sites showed no evidence of dif-
ferences (G3) due to relatively large variation of CIR within the same
ENSO phase. The G1 sites are located mostly in Southern Brazil, where
ENSO exerts a well-defined influence on rainfall regime. In contrast, the
G2 sites are mainly in Minas Gerais State, which is characterized as a
transition region for ENSO influence on rainfall. The G3 sites are lo-
cated between the northern region of Minas Gerais State and southern re-
gion of Bahia State, which is characterized by a subhumid climate that
is usually very dry during winter, and where rainfall can vary up to
300% from one year to another, influencing relative humidity and result-
ing in a high CIR variability. Therefore, ENSO had a well-defined influ-
ence on CIR only in Parana State, a region with minor importance for
coffee production in Brazil. No ENSO influence was found in more
northerly zones where the majority of Brazilian coffee is produced. This
is the first evidence of ENSO-linked regional impact on the risk of coffee
rust.
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The El Nifio Southern Oscillation (ENSO) is a large-scale oceanic-
atmospheric phenomenon which modifies regional and global air circu-
lation, impacting rainfall and air temperature regimes around the world
(Fraisse et al. 2008; Nam and Baigorria 2015). The phenomenon is
characterized by warming or cooling of the Pacific Ocean surface be-
yond the normal average. In turn, this warming affects air pressure in
the equatorial portion of the Pacific; this is called the atmospheric ef-
fect. The atmospheric effect promotes weakening of trade winds in
the warm phase and their intensification in the cold phase, with result-
ing modifications in global circulation patterns (McPhaden et al.
2006). It is the largest oceanic-atmospheric circulation phenome-
non, impacting seasonal weather patterns and interannual vari-
ability in several regions around the world, and consequently,
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agriculture and the relationship of crops with pests and diseases (Berlato
and Fontana 2003; Gergis and Fowler 2009; McPhaden et al. 2006).

Three possible ENSO phases are classified as a function of the av-
erage Pacific Ocean sea surface temperature (SST) anomaly (NOAA
2017): El Nifio (SST anomaly =0.5°C); La Nifia (SST anomaly
= —0.5°C); and Neutral (SST between —0.5 and +0.5°C). These phe-
nomena occur from July of a given year to June of the next year, with
the peak occurring around December. In Brazil, El Nifio (EN) nor-
mally causes above-average rainfall in Rio Grande do Sul, Santa Ca-
tarina, and Parana states (South region), which impacts agriculture,
resulting in maximum grain yields (Alberto et al. 2006; Berlato
et al. 2005) and higher risk for occurrence of certain diseases (Del
Ponte et al. 2011). In Northeast Brazil, EN causes below-average
rainfall, resulting in agricultural droughts (Costa et al. 2015). In the
Southeast region, where most of the coffee is grown, there is no de-
fined pattern for rainfall, but there is a trend of higher temperatures,
mainly at night (INPE 2016; Marengo and Camargo 2008).

La Nifia (LN) normally affects parts of Brazil in opposite ways com-
pared with EN. For example, rainfall and temperatures in Southern Bra-
zil are reduced, since colder and drier air masses can reach the region
more frequently. On the other hand, in North and Northeast regions of
the country, rainfall is more widely distributed, resulting in relatively
favorable conditions for agriculture. In the Southeast region of the
country, a transitional condition is again observed, with no defined
weather patterns. In the Neutral phase (NT) periods, weather conditions
in the different regions of Brazil tend to be within the normal range of
variability. ENSO warm or cold phases tend to occur every 2 to 7 years
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and can persist for two or more consecutive years, and each rarely fails
to reoccur within 10 years (McPhaden et al. 2006).

Considering the influence of ENSO as the largest weather phe-
nomenon worldwide, with different episodes every season and strong
impacts on crop yields and disease risk, it is important to understand
how the different phases impact agriculture in Brazil. In this context,
ENSO’s impact on plant diseases is important since it will help to de-
fine the most effective management strategies (Del Ponte et al. 2011;
Nam and Baigorria 2015).

Coffee ranks as the fourth most valuable crop in Brazil, with a gross
product around US$ 6.57 billion and a planted area around 2 million ha
(IBGE 2017). Brazil produced around 55 million 60-kg bags in 2016
(ICO 2017), more than twice the total production of the second largest
producer, Vietnam. Coffee leaf rust (CLR) is the most economically
damaging coffee disease worldwide (McCook 2006). This disease,
caused by the fungus Hemileia vastatrix, is responsible for up to 35%
of disease-related losses where the weather conditions are favorable to
the pathogen (Zambolim et al. 1997), mainly on Arabica coffee (Coffea
arabica), which is more susceptible than Robusta coffee (C. robusta).

In Brazil, the first symptoms of CLR usually appear in December
(Meira et al. 2008), and epidemic severity varies according to fruit
load, weather, and crop management (Avelino et al. 2006). The in-
cubation period ranges from 28 to 65 days (de Moraes et al. 1976).
Although the first symptoms appear in December, the CLR-infection-
favorable period of the crop starts in October.

Because foliar diseases are highly influenced by weather conditions,
management decision tools that use weather inputs can help to rational-
ize and optimize disease control as well as to increase spray efficiency
(Avelino et al. 2006). The assessment of disease risk on a seasonal and
regional basis via models can also help growers and other stakeholders
to mitigate deleterious impacts of climate change (Ghini et al. 2011;
Salinari et al. 2006), while studies focused on year-to-year climate var-
iability can help growers to prepare for changes in the crop risk envi-
ronment over longer time scales. For CLR, several disease risk
assessment models have been developed (Kushalappa et al. 1983;
Meira et al. 2008) to be applied at field scale for forecasts within the
growing season. Even with these initiatives, application of decision
support systems for disease risk forecasts is limited since they require
extensive field validation under a wide range of weather conditions.

CLR epidemics happen frequently in Brazil because the prevalent
coffee varieties are susceptible, the weather is often favorable, and
pathogen inoculum is abundant in all producing regions (Ghini et al.

2011; Meira et al. 2008; Zambolim et al. 1997). Gaining a better un-
derstanding of the impact of ENSO phases on CLR risk is of great im-
portance for achieving more effective and cost-efficient disease
control. The influence of this phenomenon on the risk of soybean rust
epidemics in Rio Grande do Sul (Brazil’s southernmost state) was
noted by Del Ponte et al. (2011). A different approach, based on a
method called confidence intervals, is proposed here due to the inap-
propriateness of statistical tests in which the null hypothesis assumes
that two means are equal (Ranganathan et al. 2015). The hypothesis
of this study is that ENSO events exert differential impacts on the risk
of CLR epidemics in coffee-producing regions of Brazil. Therefore,
the objective of this study was to estimate CLR incidence for different
locations in the coffee- producing regions and growing seasons of Bra-
zil, and to determine whether the CLR epidemics are ENSO-related.

Materials and Methods

Weather data. Weather data from 45 coffee-producing municipal-
ities in seven states of Brazil were obtained from conventional weather
stations of the National Institute of Meteorology (INMET) for the pe-
riod 1 July 1961 to 31 August 2015 (Fig. 1). The data included daily
mean relative humidity and minimum air temperature. The mean rela-
tive humidity is the average of three daily measurements, at 9 Am,, 3
PM, and 9 p.M,, and the minimum air temperature is the lowest value ob-
served for a given day. Measurements were made at 2-m height by in-
struments that were housed in weather station shelters, with a Vaisala
calibrated Temperature-Relative humidity probe, model HMP-110.

Missing weather data from the assessed series were filled in with
gridded data from the database of Xavier et al. (2015), which has data
for a grid of 0.25° * 0.25°. The data used for filling in gaps were
extracted from a raster file. This procedure was applied to keep the
weather data series as complete as possible. A comparison among
the original and final data sets is shown in the supplementary material.

Disease estimation model. A model for CLR infection rate esti-
mation, developed with CLR progress curves from a total of 88
site-seasons in the main Brazilian coffee production region (Hinnah
etal. 2018), was used to estimate daily CLR infection rate (rgy), con-
sidering the highest-risk condition for the crop, which is with high
fruit load and narrow row spacing (Equation 1):

run =-1.293 + 0.019 Tmin(30_60d) + 0.017 RH(30_60d) Q)]

where: Tmin and RH are, respectively, the averages of daily mini-
mum air temperature and mean relative humidity for 30 to 60 days
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Fig. 1. Arabica coffee producing municipalities in Brazil (shaded) with the sites (dots) used in this study for coffee leaf rust infection rate estimation. The states’ abbreviations are:
PR = Parana, SP = So Paulo, RJ = Rio de Janeiro, ES = Espirito Santo, MG = Minas Gerais, GO = Goias, and BA = Bahia.
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before the estimation date (30-60d). This model presented a coeftfi-
cient of correlation between observed and estimated infection rates
of 0.516 and was significant at P < 0.01. The quantitative and qual-
itative validation of this model with an independent dataset showed
that the percentage of hits was 73.83%, for an infection rate limit
of 5%, which can be considered sufficiently high for predicting risks
of the complex CLR pathosystem. The performance of this model is
presented in Hinnah et al. (2018), and these results are presented in
the supplementary material. The CLR infection rate (ryn) was esti-
mated every season from 1 October of a given year (designated as
year 1) until 30 June of the subsequent year (year 2), encompassing
the entire CLR-favorable period during the production of a single
coffee crop.

Estimated daily infection rates were summed for each coffee grow-
ing season; this sum was termed the coffee leaf rust cumulative infec-
tion rate (CIR), which was used to identify the risk of CLR for each
growing season. CIR should be considered as an index for disease
risk assessment and not necessarily how much the disease is pre-
dicted to increase from the beginning to the end of the coffee produc-
tion cycle.

El Nifio Southern Oscillation. For defining ENSO phases, U.S.
National Oceanic and Atmospheric Association (NOAA) tempera-
ture thresholds were used. When Pacific Ocean surface temperature
in the Nifio 3.4 region (5°N-5°S, 120°-170°W) was = +0.5°C above
normal or = —0.5°C below normal for 5 consecutive 3-month run-
ning averages, El Nifio (EN) or La Nifia (LN), respectively, were con-
sidered to be established (NOAA 2017). The Nifio 3.4 region is the
most closely observed portion of the Pacific Ocean for detecting tem-
perature changes associated with ENSO (Lyon and Barnston 2005;
McPhaden et al. 2006). When five consecutive 3-month running av-
erages were between +0.5°C and —0.5°C, the Neutral (NT) condition
was assumed to be established.

Classification of years from 1962 to 2015 in relation to ENSO
phases is presented in Table 1. As ENSO conditions start at the be-
ginning of the second half of year 1 and finish at the middle of year
2 (Berlato and Fontana 2003), the weather consequences of ENSO
conditions normally affect coffee yield during year 2 (e.g., the
2008 La Niiia event in Table 1 started in the second half of 2007).

Data analysis. Differences in CIR among growing seasons at each
site during EN and LN conditions were evaluated by the Two-One-
Sided-Tests (TOST) method (Schuirmann 1987), which was used to
test the null hypothesis of nonequivalence. An equivalence test re-
quires a priori specification of equivalence bounds that separate dif-
ferences that are considered negligible from those that are considered
large. For example, if differences in mean CIR between —10 and 10
were considered small but differences >10 or < —10 were considered
large, the equivalence bounds could be set as —10 and 10. The TOST
method is equivalent to constructing a (100-2a:)% confidence inter-
val for the mean difference and rejecting the null hypothesis at level
o when that confidence interval falls completely inside the equiva-
lence bounds. For example, a 90% confidence interval of (-1, 8) is
completely inside equivalence bounds of (-10, 10), so its P value
is <0.05. However, a 90% confidence interval of (-5, 11) is not com-
pletely inside (10, 10), so the P value is >0.05. In other words, we
can consider a figure whose upper and lower bounds are —10 and 10.
When the bars that represent the locations are completely above the
0 line, it represents evidence of difference between EN and LN for
a given site. When the bars are completely inside the —10 and 10
bounds, it represents evidence of no difference between EN-LN. Fi-
nally, when the bars cross the —10 or 10 bounds, it indicates no evi-
dence of difference for EN-LN for the given site.

We proposed a novel statistical approach to assess these data. The
usual test, with the null hypothesis that two means are equal, is not
appropriate (Dixon and Pechmann 2008; Ranganathan et al. 2015).
Alarge P value, e.g., 0.4, could be from a small difference that is pre-
cisely known or a very large difference that is poorly known. The first
P value supports the conclusion of a negligible effect, whereas the
second does not. Equivalence tests as used here reverse the usual null
and alternative hypotheses (McBride 2005; Wellek 2010). The
equivalence null hypothesis is that two groups are not equivalent,

i.e., that the difference between two groups is large. This is rejected,
i.e., the associated P value is sufficiently small, when the estimated
difference is sufficiently precise and close to 0. When the equiva-
lence null hypothesis is rejected, the data provide evidence of a
negligible effect. Due to using equivalence bounds based on a
confidence interval for the mean difference between EN-LN, we des-
ignated this method as the confidence intervals method.

Mean CIR for each contrasting ENSO phase (EN and LN) at each
site was estimated by fitting a mean model with a first-order autore-
gressive temporal correlation to all site-seasons with valid data. Each
site was fit separately. Inspection of the autocorrelation function of
the residuals indicated that a first-order autoregressive pattern was
appropriate at most sites. After that, 90% confidence intervals for
the mean difference between EN and LN seasons at each site were
calculated. A model with season as a linear trend in addition to the
three categories of means was also considered. At most sites, the co-
efficient for the season trend was not significantly different from O.
At all sites, adding a season trend had minimal effect on the confi-
dence interval for the EN-LN difference. All computations were done
in SAS using the PROC MIXED procedure. In circumstances where
weather data for some seasons were unavailable, a spatial exponen-
tial correlation structure was used to account for potentially irregu-
larly spaced observations. This structure is a reparameterization of
a first-order autoregressive correlation structure. Table 2 presents
the sites used for analysis with their respective number of seasons
with EN, LN, or NT occurrences.

Results

The results of this study are presented in two different ways: in a
graph (Fig. 2), which allows us to see CIR confidence intervals and
how each location is classified according to ENSO phase impact on
CLR risk; and a map (Fig. 3), which illustrates the spatial distribution
of ENSO phase effect on CIR, according to the classification meth-
ods used — TOST.

The EN-LN analysis, representing the extreme phases of the
ENSO phenomenon, showed no overall impact for CIR in the Brazil-
ian coffee-producing region (Fig. 2). For eight sites (hereafter desig-
nated Group 1), the ENSO phenomenon significantly impacted the
risk of CIR, showing evidence of difference. The remaining 37 sites
showed no ENSO-related difference in CLR risk; these included 18

Table 1. Classification of ENSO phases for the period between 1962 and
2015, according to the U.S. National Oceanic and Atmospheric Association
(NOAA) sea surface temperature anomaly threshold®

ENSO phases
El Niiio Neutral La Nina
1964 1962 1965
1966 1963 1968
1969 1967 1971
1970 1979 1972
1973 1981 1974
1977 1982 1975
1978 1984 1976
1980 1986 1985
1983 1990 1989
1987 1991 1996
1988 1993 1999
1992 1994 2000
1995 1997 2001
1998 2002 2008
2003 2004 2011
2005 2006 2012
2007 2009
2010 2013
2015 2014
2016

4 Source: NOAA — http://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/
ensostuff/ONI_v5.php.
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sites that showed evidence of no differences (designated Group 2)
and 19 sites that showed no evidence of differences (designated
Group 3).

The eight sites in Group 1 represented 17.7% of the total sites (Fig.
2). Of the five sites located in Parana State, four presented evidence
of difference between EN and LN years (sites 1, 2, 4, and 5). Other
Group 1 sites are in the state of Sdo Paulo (sites 7 and 8) and Minas
Gerais (sites 13 and 31). At all eight sites, EN seasons showed more
favorability for CIR than LN seasons (Fig. 3).

The Group 2 sites, which showed statistical evidence of no differ-
ence in CLR risk between EN and LN (Figs. 2 and 3), are located
mainly between 17°S and 23°S. Only Pirendpolis (site 42) is located
at a lower latitude. The sites in this group are located mainly in Minas
Gerais, Rio de Janeiro, Sdo Paulo, and Goids states. The majority of
the Group 3 sites, with no evidence of difference (Figs. 2 and 3), are

Table 2. Sites, their codes, and number of ENSO phases analyzed for coffee
leaf rust cumulative infection rates calculation

Number of seasons / ENSO phase

El La
Site Code State* Nifio Neutral Nifia Total
Ivai 1 PR 11 15 9 35
Castro 2 PR 14 16 14 44
Campo Mourdo 3 PR 15 15 15 45
Maringa 4 PR 13 16 11 40
Londrina 5 PR 17 18 16 51
Presidente Prudente 6 SP 15 14 13 42
Sorocaba 7 SP 10 15 9 34
Sao Carlos 8 SP 15 18 14 47
Sao Simao 9 SP 18 17 14 49
Catanduva 10 SP 15 15 14 44
Franca 11 SP 17 18 13 48
Uberaba 12 MG 13 15 11 39
Araxa 13 MG 11 15 12 38
Bambui 14 MG 13 15 12 40
Machado 15 MG 16 18 16 50
Sado Lourenco 16 MG 17 18 15 50
Lavras 17 MG 16 16 16 48
Juiz de Fora 18 MG 15 16 13 44
Barbacena 19 MG 17 18 16 51
Vicosa 20 MG 14 15 14 43
Bom Despacho 21 MG 10 15 9 34
Sete Lagoas 22 MG 17 17 15 49
Conceicao do Mato Dentro 23 MG 13 17 14 44
Cordeiro 24 RJ 11 14 13 38
Itaperuna 25 RJ 14 15 14 43
Caparad 26 MG 12 15 11 38
Vitéria 27 ES 12 14 14 40
Caratinga 28 MG 12 16 10 38
Pirapora 29 MG 12 14 9 35
Diamantina 30 MG 11 16 10 37
Itamarandiba 31 MG 15 17 13 45
Aracuai 32 MG 15 16 13 44
Salinas 33 MG 12 15 10 37
Janatiba 34 MG 9 15 9 33
Pedra Azul 35 MG 13 15 12 40
Vitéria da Conquista 36 BA 12 16 9 37
Ituagu 37 BA 12 15 9 36
Caetité 38 BA 17 18 13 48
Bom Jesus da Lapa 39 BA 14 15 12 41
Lencois 40 BA 15 17 13 45
Cataldo 41 GO 18 18 16 52
Pirendpolis 42 GO 11 15 9 35
Formosa 43 GO 13 16 10 39
Formoso 44 MG 10 15 9 34
Arinos 45 MG 10 15 9 34
Total 45 7 612 714 552 1878

a MG = Minas Gerais; SP = Sdo Paulo; BA = Bahia; RJ = Rio de Janeiro;
GO = Goids; PR = Parand; and ES = Espirito Santo.
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in latitudes lower than 17°S. The exceptions are Campo Mourao (site
3), Presidente Prudente (site 6), Sdo Simao (site 9), Lavras (site 17),
Bom Despacho (site 21), and Vitéria (site 27).

When the extremes of the confidence interval bars occurred be-
tween the —10 and 10 bounds, the site showed evidence of no differ-
ence in CIR between EN and LN episodes (Group 2). In these
situations, the null hypothesis of nonequivalence between the two
groups was accepted, due to the precisely known difference between
the groups. The 18 sites of Group 2 are located in a geographical tran-
sition region for the ENSO phenomenon, mostly between 17°S and
23°S. North of this line, only Pirendpolis (42) showed the same
behavior.

Sites of Group 3 have their lines crossing at least one of the bounds
(=10 or 10), with 18 of the 19 sites crossing the upper bound of 10.
This result implies a trend for higher CIR values in the EN episodes,
but with so much variance between ENSO episodes that no evidence
of difference could be confirmed. Except for site 31, the largest var-
iation in Group 3 was for sites from 30 to 40, all located in northern
Minas Gerais and southern Bahia, between 12°S and 17°S, in the
most northern areas of the coffee-growing region.

As most of the confidence interval bars were placed above the —10
bound and crossing above the 10 bound, there was a trend of higher
CIR during EN conditions than during LN, although it was highly
variable among sites (Fig. 2). Due to these large variations, 19 of
the sites exhibited no evidence of difference, which means very large
variability. In other words, the differences of CIR between EN and
LN were too large within each ENSO episode to be consistently
separated.

Discussion

ENSO effects on coffee leaf rust infection rates. The present
study is the first to assess coffee leaf rust risk on a regional basis using
ENSO patterns and applying TOST. This method was used primarily
to validate bioequivalence; it is uncommon in phytopathology, where
studies normally use more traditional statistical analysis. In the pre-
sent study, it was possible to integrate a weather-based CLR intensity
index (CIR), ENSO phases, and a new statistical approach to gener-
ate relevant results for disease risk assessment. These results are valu-
able for Brazilian coffee growers because they show that ENSO’s
impact on CLR risk is confined primarily to the southernmost part
of the country’s coffee-growing region. The implication of this in-
sight is that growers in this southern area can take note of a prevalent
or developing ENSO phase when formulating their disease-
management plans for a growing season; for example, in deciding
how much fungicide they need to order each year. Equally important,
the results showed that the vast majority of Brazilian coffee farms
were located in regions that showed no clear-cut ENSO impact on
CLR risk; therefore, farmers in these regions need not include mon-
itoring of ENSO phases in their disease risk assessment strategies.
This type of ENSO-based disease risk assessment may have applica-
tion for CLR risk assessment in other regions of the world and may
also be useful in management of other crop diseases for which
weather-based assessment tools have been developed.

To our knowledge, this is the first study analyzing ENSO effects
using the confidence interval methodology, which summarizes dif-
ferences between ENSO seasons of a large data series with multiple
sites in a simple figure. This approach paves the way for further long-
term studies of ENSO impact on large geographic regions. Possible
application could include not only disease risk assessment (disease
prevalence, incidence, and severity as well as disease loss estimates),
but also analysis of weather variables (e.g., air temperature, relative
humidity, rainfall, solar radiation) under ENSO influence, which can
yield multiple economic and social benefits beyond crop disease
control.

A box-plot analysis was used previously to assess ENSO impact
on crop disease risk (Del Ponte et al. 2011). The study area covered
Rio Grande do Sul State in Brazil, which encompasses approxi-
mately 10% of the area considered in the present research. Predom-
inance of a positive effect for soybean rust favorability was observed
during EN seasons in the whole study area. However, evaluating



differences between ENSO phases in larger data sets would result
in a proliferation of plots, e.g., for three ENSO phases and 45 sites in
our study, which could make interpretation more complex.

Three different ENSO influences were found in the present study.
Overall, EN was more CLR-favorable than either LN or NT; the latter
two ENSO patterns lacked consistent relationship to disease risk. In
the present study, in all eight sites with evidence of difference of CIR
between EN and LN episodes (Group 1), EN showed more favorabil-
ity for CIR than LN. Six of these eight sites are located in Southern
Brazil, where EN normally results in above-average minimum tem-
perature and rainfall (Berlato and Fontana 2003; Marengo and
Camargo 2008). In these six sites, it is advisable to pay closer atten-
tion to CLR control during EN seasons. The other two sites of Group
1 (Araxa and Itamarandiba) are considered to be outliers, since they
are in a geographic transition area (Coelho et al. 2002; Ropelewski
and Halpert 1987). It is not clear that ENSO has the same impact
on CLR in Araxa and Itamarandiba as in the six sites in the South,
since ENSO tends to exert regional rather than local influences (Berlato
and Fontana 2003; Coelho et al. 2002; Pezzi and Cavalcanti 2001;
Ropelewski and Halpert 1987).

Figures 2 and 3 suggest that the ENSO phenomenon had minor im-
pact on CIR between 12°S and 17°S latitudes and east of 52°W lon-
gitude in Brazil. The sites with differences of CIR between EN and
LN episodes (Group 1) are located in the South/Southeast regions
of the country; therefore, the occurrence of ENSO phenomena may
need to be incorporated into CLR management plans in these regions
during EN years. EN occurred in 20 of the 65 analyzed growing sea-
sons, whereas LN was present in only 16 seasons. Therefore, the EN
effect on CIR affected coffee growers in Parana State in approxi-
mately one of three seasons. Based on this information, the number
of fungicide sprays in the field can be predicted in advance once EN
is forecasted. The usual practice for CLR control in coffee fields en-
tails two sprays during the coffee production season (de Souza et al.
2011); however, three fungicide sprays can be necessary when
weather conditions are highly favorable for disease development.

Another management practice that can be adopted is to modify the
rates (amount of fungicide per ha) at which fungicides are applied. In
EN episodes, under favorable conditions for CLR occurrence in
the season, the recommended doses of 0.5 liter/ha can be raised
to 0.75 liter ha™! for a triazole (cyproconazole) plus strobilurin

(azoxystrobin) premixed fungicide (AGROFIT 2017). This higher
rate will extend the residual period. In the same way, the timing of
sprays can be improved by using a disease warning system, poten-
tially resulting in more cost-effective CLR control (Hinnah et al.
2018).

The relatively minor impact of the ENSO phenomenon on the risk
of CLR epidemics in the majority of the coffee-producing regions of
Brazil is because the main growing areas are located in southern
Minas Gerais State (around 22°S), where evidence of no difference
between EN and LN episodes (Group 2) was found. This happens be-
cause this specific region is located in a transition area with low in-
fluence of ENSO. In Brazil, the regions more influenced by ENSO in
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Fig. 3. Spatial distribution of El Nifio Southern Oscillation (ENSO) effects on coffee leaf
rust cumulative infection rate in Brazilian coffee production regions. Sites with
evidence of difference (Group 1 A, G1); sites with evidence of no difference
(Group 2, O, G2); and sites with no evidence of difference (Group 3 @, G3).
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Fig. 2. Confidence interval bars of El Nifio - La Nifia impact on coffee leaf rust cumulative infection rates at 45 sites in the Brazilian coffee-producing regions. Bars completely above
the 0 line represent evidence of difference between EN and LN for the site (solid line); Bars completely inside the -10 and 10 bounds represent evidence of no difference between
EN-LN seasons for the site (dotted line); Bars crossing the -10 or 10 bounds indicate no evidence of difference for EN-LN for the site (dashed line).
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regard to climate variability are located at the north of 8°S and at the
south of 25°S (Ropelewski and Halpert 1987).

Even during EN seasons, for the regions with influence of this phe-
nomenon on plant disease, exceptions are possible. A study by Del
Ponte et al. (2011) for soybean rust risk assessment found higher
favorability for the pathogen, Phakopsora pachyrhizi, in EN epi-
sodes than in NT and LN episodes. However, in the weak EN during
2004-2005 in Rio Grande do Sul State (around 28°S), the weather
was unfavorable to soybean rust epidemics. In another study about
ENSO effects on plant disease, Néia et al. (2019) observed that eu-
calyptus rust was positively influenced by EN episodes in southern
Brazil, which agrees with the study of Del Ponte et al. (2011). How-
ever, Noia et al. (2019) also concluded that topography, mainly the
aspect of terrain direction faces, can make disease intensity higher
or lower. In Brazil, terrain that faces south is wetter than that facing
north, which implies a different level of disease risk between these
two topographies.

The sites in Group 3 present a large degree of variation of CLR
during the ENSO phases, which prevents defining presence or ab-
sence of ENSO effects on disease epidemics. As the sites are not lo-
cated on areas with ENSO-related impact on rainfall and temperature,
the lack of influence on CLR would be expected (Ropelewski and
Halpert 1987). The region between 3°S and 17°S is characterized
by relatively large interannual rainfall variation. As the latent and
sensible heat balance is modified by the input of water in the environ-
ment (Lenters et al. 2011), the rainfall events are likely to impact tem-
perature and relative humidity. The yearly variation of rainfall in the
region can be as high as 300% (Kousky and Chu 1978), which may
be the major CIR factor in this region rather than ENSO phases. It
explains the lack of evidence of differences of CIR between EN
and LN episodes, and the large variation between seasons.

The results of this study confirm the different ENSO impact across
several Brazilian coffee cultivation regions. Predominant evidence of
differences or no differences typified regions, in line with the degree
of ENSO impacts on these regions. Some sites present isolated ef-
fects; e.g., subregions near Campo Mourdo (3), Sao Carlos (8), Araxa
(13), and Itamarandiba (31). EN seasons tended to impact increasing
CLR intensity in all regions, but evidence of differences was clear-
cut only in the Southern region. The risk of CLR in the major coffee
cultivation area — Minas Gerais State, borders with Sdo Paulo and
Goids — showed evidence of difference between the warm and cold
ENSO phases.
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