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Abstract: In this case study, the current situation faced by coffee growers attempting to control coffee
leaf rust (Hemileia vastatrix) in Hawaii is reported. CLR is considered the most devastating disease
affecting coffee crops worldwide and was detected in Hawaii in 2020. Three small coffee farms
from the South Kona district of Hawaii Island were selected. The goals of this case study were to:
(1) assist coffee growers in the early detection of CLR incidence, and consequently support farmers
with recommendations for control, (2) record agronomic information and management practices,
and (3) estimate the cost to control CLR during 2021 and 2022 seasons. Low CLR incidence (<4%)
was initially observed at all farms (January-June 2021), but increased as the harvest began, ending
the season (December 2021) at 77%, 21% and 6% incidence at farms 1, 2 and 3, respectively. At
the end of 2022 season (December), CLR incidence reached 43%, 20% and 3% at farms 1, 2 and 3,
respectively. The number of sprays per season (5-10), the type of fungicides applied (preventive,
curative), the timing of sprays, the efficacy of applications and weather conditions all played a role
in determining the infection rates at each farm. Effective control of CLR is possible in Hawaii if the
sprays of fungicides are carried out with the right products, appropriate timing and good coverage.

Keywords: agroecosystems; coffee farms; Coffea arabica; plant pathogen; disease incidence; fungicides;
integrated pest management; control cost

1. Introduction

After coffee leaf rust (CLR), Hemileia vastatrix Berk and Broome (Basidiomycota, Puc-
ciniales) was detected and reported on Maui, Hawaii in late 2020 [1], coffee growers have
suffered the ravages of this devastating plant-pathogenic fungus, which spread very quickly
throughout the coffee-producing islands of the Hawaiian archipelago in just 12 months [2].
Efforts by state and federal agencies, non-governmental organizations, coffee growers
associations and the whole Hawaii coffee industry are aimed at preventive management
and control of CLR in the short, medium and long term. CLR is the most damaging airborne
pathogen fungus affecting commercial coffee crops in Brazil, Colombia, Central America
and worldwide [3-6]. Trees affected by CLR showed a reduction in photosynthesis and
a decrease in yield (10-80%), due to the increase in infection and severity on leaves and
the consequent defoliation [5]. Originally from Africa, H. vastatrix is an obligate pathogen
that only targets species from the genus Coffea [5-8]. Spores of the fungus known as ure-
dospores are deposited on coffee leaves by wind, rainfall, animals, insects and human
activities [4-6]. Favorable conditions for uredospores to start the germination process
include temperatures of 20-25 °C, water available during 6 h on coffee leaf surfaces and
absence or low luminosity [4,6]. After germination has started, the structures of the fungus
start to take nutrients for its development and reproduction [4,6]. Small yellow spots, which
are the initial symptom of the disease, appear on the upper leaf surface. After 25-35 days,
lesions with yellow-orange pustules appear on the lower leaf surface and produce the
sporulation of the fungus [4,6]. Dissemination of the uredospores occurs and the cycle
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of the disease starts again. During the season, the fungus develops polycyclic epidemics
causing a permanent infection on susceptible coffee tree varieties [4,8].

Experiences from other coffee producing regions have shown that the best long-term
solution is the establishment of CLR resistant varieties [7-12]. In the short and medium term,
control is primarily through the use of fungicides and the implementation of agronomic
practices that affect the survival of the fungus, but improve the health of coffee trees [13-16].
Those agronomic practices include sanitation, pruning, weed control, fertilization and
regulation of shade.

Unfortunately, 99% of commercial coffee crops in Hawaii are planted with susceptible
varieties to CLR and the coffee industry was not prepared for the arrival of H. vastatrix.
Management of CLR in Hawaii is currently focused on the improvement of agronomic
practices and sprays of preventive and curative fungicides, while the introduction and
establishment of CLR resistant varieties is carefully and safety conducted.

The unique location of the Hawaiian Islands in the middle of the Pacific Ocean, the
volcanic soils and the high variety of microclimates result in one of the best coffees around
the world. Coffee produced in the Kona and Ka'u districts are recognized for their high
quality, receiving premium value in the specialty market. Coffea arabica L. (Gentianales:
Rubiaceae) is the most common species of coffee grown in Hawaii with commercial varieties
such as Typica, Caturra, Bourbon, Yellow Catuai, Red Catuai, Mondo Novo [17] and
Geisha. However, all of these are susceptible to CLR. The Hawaii coffee industry is socio-
economically important for the state. There are around 1000 coffee growers, who cultivate
approximately 3000 ha of commercial coffee across the islands. The value of coffee produced
in Hawaii was estimated at USD 113 million during the 2021 season [18].

CLR monitoring was initiated in January 2021 at 30 coffee lots from Kona, West
Hawaii Island and results for the first year of CLR incursion were reported by Aristizabal
& Johnson [2]. Evaluations are still in progress at coffee farms in Kona, Ka'u and Hilo
districts of Hawaii Island. This article documents the management of CLR at coffee farms
in South Kona during coffee seasons 2021 and 2022. The initial goal of this field study
was to assist coffee growers in the early detection of CLR (2021 coffee season) through
monitoring the disease incidence and collecting information about agronomic practices
conducted by coffee farmers to suppress CLR. The second goal was to compare the CLR
incidence and management of the disease during 2021 and 2022 coffee seasons at three
contrasting coffee farms in South Kona. Finally, the third goal was to estimate the cost to
control the disease based on sprays of fungicides (products plus labor) and monitoring.
The total cost to control CLR was estimated as the percentage or profit per acre (sold coffee
yield) spent each year (2021 and 2022) controlling the disease. Since the CLR was recently
detected in Hawaii, there are limited field studies that show the best practices for managing
the disease in Hawaiian coffee agroecosystems. Therefore, this case study addresses the
lack of information that applies directly to coffee farmers in Hawaii and strengthens the
management of CLR in other places where coffee is grown.

2. Materials and Methods
2.1. Location

This study was conducted at three small coffee farms (0.5-3 ha) located in the South
Kona district of Hawaii Island. Characteristics of coffee farms are shown in Table 1 and
Figure 1A-C. The temperature on average was 21.1 £ 0.3 °C, the relative humidity on
average was 84.5 & 0.6% and the annual precipitation was 1159 mm. Data from a manual
weather station consisting of a Hobo Pro V2 temperature/RH data logger (Onset Computer
Corporation, Bourne, MA, USA) and rain gauge equipment with a manual data logger
(Rain Wise Inc., Boothway, PA, USA) installed at farm 1.
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Table 1. Characteristics of three coffee farms in this case study, located in the South Kona district of
Hawaii Island, Hawaii, USA.

Farm Location Elevation (m) Area (ha) planted Coffee varieties (1[; :Ie‘:/iltl);) Age (yrs) .ls.:;zgi Management ** (In{l?;:g:)n)
1 Célzf)‘f‘ 610 2 Typica 1625 100 Yes c-o Rocky (15%)
2 Honaunau 454 15 Typica 2250 25 No C Rocky (18%)
3 Milolli 457 0.5 Typica 2000 50 Yes C Rocky (5%)

* Shade trees include avocado, macadamia nut, cocoa, citrus, guava, native tropical trees and banana plants.
** Management: C = conventional and O = organic.

Figure 1. Coffee farms located in South Kona district of Hawaii Island, Hawaii, USA: farm 1, located
in Captain Cook (A), farm 2, located in Honaunau (B), and farm 3, located in Milolli (C) villages,
respectively. Coffee trees at the end of harvesting season (December) with high defoliation caused by
CLR infection (D).

2.2. Monitoring CLR Incidence

The identification of CLR and the determination of CLR incidence (%) plus severity of
the infection was conducted through a standardized methodology previously reported in
Hawaii by Aristizdbal & Johnson [2,19]. According to Rivillas et al. [4], a similar method-
ology for monitoring CLR incidence was conducted in Colombia on 60 trees per ha and
on three branches per tree (total 180 branches) with densities of 5000-10,000 trees per ha.
However, since the density of trees planted in Hawaii is low (12002500 trees per ha),
the sampling plan was conducted on 25 trees per ha and two branches per tree (total
50 branches). For monitoring the CLR incidence, in each coffee lot, 25 coffee trees were
randomly selected following a zig-zag path across the field. Two branches were randomly
selected per tree: one located in the mid-canopy of the tree and the second one in the lower
canopy. All fully developed leaves per branch were counted and recorded. Then, all coffee
leaves showing active sporulation of CLR (yellowish-orangish powdery lesions) on the
underside of leaves were counted and recorded as positive for infection (Figure 2A,B). The
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incidence of CLR infection (%) was estimated as the total number of infected leaves divided
by the total number of leaves counted and then multiplied by 100.

Figure 2. Monitoring CLR infection with the participation of coffee growers (A), and detecting the
initial infection and sporulation of CLR on a coffee leaf (B). Spraying a fungicide using a backpack
mist blower sprayer and wearing all personal protection equipment (PPE) (C).

A strong positive correlation between CLR incidence and severity was reported
in other coffee producing regions [20-23] and a similar correlation was found in the
first survey of CLR in Hawaii [2]. Therefore, no assessments of CLR severity were con-
ducted in this study.

The total number of coffee leaves per branch was used to estimate defoliation. In each
coffee lot, the average of the total number of coffee leaves per branch recorded during each
coffee season (2021 and 2022) was compared to estimate foliage reduction. During the 2021
coffee season, the survey for monitoring CLR was conducted every two months, while
during the 2022 coffee season monthly evaluations were conducted. Field evaluations for
monitoring CLR incidence were conducted with the collaboration of growers, with whom
the findings, observations and recommendations were discussed. However, the spray of
fungicides to control CLR and the implementation of agronomic practices recommended
for improving the health of trees were conducted at the discretion of the growers.

2.3. CLR Management

The management of CLR relied on the application of fungicides and the implementa-
tion of appropriate agronomic practices [4,9,11] such as weed control, fertilization, pruning,
regulation of shade (trees associated with coffee crops), etc. When CLR was detected in
Hawaii (2020), several preventive copper-based fungicides (copper hydroxide and copper
oxychloride) and Bacillus fungicides (B. subtilis and B. amyloliquefaciens) were registered
to be used in coffee crops to control H. vastatrix (CLR) and other plant pathogens such
as Cercospora coffeicola (brown eyespot) (Table 2). In addition, a translaminar fungicide
(Priaxor® Xemiun®) was approved for use through an emergency declaration by the Hawaii
Department of Agriculture (HDOA) in 2021 (Table 2).
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Table 2. List of fungicides and foliar fertilizers used by coffee growers during the 2021 and 2022
coffee seasons. Additional fungicides are approved in Hawaii by the HDOA, but not listed in
this table.

Brand Name Manufacturer/Location i;cgti‘elfﬁ ent BA‘ZE Maximun Annual Rate/Acre ﬁiﬁz&e&g?ﬁy
Serencde ASO S oui, Missours, USA Boellus b 64-128 Floz NA 4h

Double Nickel 55 gi{sfnlziizl,ﬁiicsztsuri, USA Bacillus amyloliquefaciens strain D747 0.25-3 Ib NA 4h
e comine U5 oo e 2 an s

Kocide 3000 gi{ﬁfﬂ%‘l‘:"]\%ﬁiﬁun Usa Copper Hydroxide 46.1% 0.75-1.75 b 20 48h

OxiDate2 Fionford. Conecticut, USA Perovyacetc Acid 2 2 Floz NA th

Priaxor Xemium ll?{?szirch Triar\gle Park, Eﬁ’;ﬁz’;ﬁz@i}%@zﬁo 7.14 Fl oz 14.28 Fl oz 12h

North Caroline, USA Y
*Cafedak Amacelles Lo span M O e O e sHleomer N NA
* Tropical TM Abion Laboratories, Inc. Nutrients: N (1.5%), Mg (0.5%), 1632 Fl oz NA NA

Metalosate

Clearfield, Utah,

USA B (1%), Fe (0.66%), Mo (0.1%), Zn (2%)

* Foliar fertilizers, used to support nutrition of coffee trees, were mixed with fungicides applied to control CLR in
Hawaii. Conversions: 1 acre = 0.4 ha; 1 fluid ounce = 29.54 mm; and 1 Ib = 0.454 kg.

At all three coffee farms, the application of fungicides and foliar fertilizers was con-
ducted with the use of a mist blower backpack sprayer (3.75 gallon capacity), STIHL SR
450, (STIHL Incorporated, Virginia Beach, VA, USA). Around 8-10 tank sprayers were
used to cover 1 acre, which correspond to 30-38 gallons (114-144 L) of water per acre or
75-95 gallons (284-360 L) of water per ha (Figure 2C). Doses of fungicides were applied
in concordance with the label of each product (Table 2). Coffee farmers and field workers
used personal protection equipment (PPE) during the sprays of products and a restricted
entry interval (REI) was followed according to the regulations (Table 2, Figure 2C).

2.4. Cost to Control CLR with Fungicides

During both coffee seasons (2021 and 2022), records for the control of CLR through the
use of fungicides were analyzed. Those records include cost for the management of CLR,
the number of sprays, amount of products used per acre (fungicides and foliar fertilizers),
labor cost and fuel use for the sprayer. The use of insecticides to control the coffee berry
borer (CBB, Hypothenemus hampei) that were mixed with fungicides were not included in
the economic analysis. The cost for monitoring CLR was estimated as $25 per survey, which
was conducted every two months (2021) or monthly (2022). Coffee yield (cherries produced
per acre) was recorded for each coffee season. The prices for selling coffee cherries were
USD 2.40 per Ib in 2021 and USD 2.55 per b in 2022, respectively (prices from Greenwell
Farms, a major buyer in Kona). The proportion of cost to control CLR was estimated on
coffee production per acre per season, value of coffee cherries per b in each coffee season
and the cost of sprays during the entire season. In other words, the number of coffee cherry
pounds needed to pay for the total cost of sprays (fungicides and foliar fertilizers) was
used to estimate the proportion of coffee yield that is equivalent to the CLR control cost
during each coffee season. This was the real proportion cost to control CLR based on coffee
production per acre and per season.

2.5. Data Analysis

For each coffee farm, descriptive analysis was conducted to estimate the mean of CLR
incidence and the mean number of leaves per branch and the standard error of the means
(SEM) for each coffee season (2021 and 2022). A comparison of mean CLR incidence and
the mean number of coffee leaves per branch among the coffee farms was conducted using
a Kruskal-Wallis test for non-parametric data. The Dunn’s multiple comparison test was
then conducted to determine differences among coffee farms. A formal statistical test was
not conducted since no control group was available due to the high risk of CLR infection
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and potential yield losses. Funds were not available to compensate farmers for economic
losses. All statistical analyses were conducted with the stats package in R v. 3.5.2 [24].

3. Results
3.1. CLR Incidence

During the first survey for monitoring CLR incidence conducted in January-February
2021, the pathogen was detected at farms 1 and 2, while it was detected during
March-April at farm 3. In all three farms the CLR was relatively low (<4%) until
July-August (Figure 3 and Supplementary Data S1). However, CLR incidence rapidly
increased during the harvest season (second half of 2021) reaching a maximum peak dur-
ing November—December (end of harvest season). The CLR incidence reached 77% at
coffee farm 1, while it was 21% at farm 2 and 6% at farm 3 (Figure 3). According to the
Kruskal-Wallis test, there was a significant difference in CLR incidence among coffee farms
(X? =21.88, df =5, p < 0.001) during both seasons. The Dunn’s test for multiple com-
parisons showed significant differences in CLR incidence between farm 1 and farms 2
(p <0.001) and 3 (p < 0.0001), but no difference was found between farms 2 and 3 (p < 1)
(Figure 4). At the beginning of 2022, the CLR incidence remained high at all three coffee
farms, and was similar to the peak from the previous season. However, a quick decline of
the disease was observed at coffee farms 2 and 3 during the early season (February-July),
as a result of preventive and translaminar fungicide sprays. In contrast, a slow decline
of CLR incidence at coffee farm 1 was observed, which was the result of high defoliation
caused by the pathogen as well as what appeared to be the natural decline of CLR across
Kona during the first half of 2022 (Figure 1D). An increase in CLR incidence was observed
during the second half of 2022 on farms 1 and 2, and especially at the end of harvest season
(November—December) reaching 43% and 20% incidence, respectively. In contrast, the
increase in CLR incidence on coffee farm 3 was low, reaching only 3% in December 2022.
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Figure 3. Coffee leaf rust incidence at three coffee farms from the South Kona district of Hawaii
Island. Data correspond to coffee seasons 2021 and 2022.

The CLR incidence (mean + SEM) for each coffee farm during both coffee seasons
surveyed (2021 and 2022) is shown in Figure 4. In coffee farms 2 and 3, the CLR incidence
on average was significantly lower in comparison with farm 1.
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Figure 4. Coffee leaf rust incidence (mean + SEM) for three farms during from South Kona district
of Hawaii Island. Data correspond to coffee seasons 2021 and 2022. Means marked with the same
letters are not significantly different (Dunn’s test, p = 0.05).
3.2. Number of Coffee Leaves per Branch
The defoliation of coffee trees was not measured directly, but the number of coffee
leaves per branch counted during the survey can give an idea about the impact of CLR
infection and severity on reduction of foliage (Figure 5 and Supplementary Data S2).
According to the Kruskal-Wallis test, significant differences in the mean number of leaves
per branch was found among farms during both seasons (X? = —36.87, df = 5, p < 0.001).
The Dunn’s test for multiple comparisons revealed significant differences in the mean
number of coffee leaves per branch between farm 1 vs. farm 2 (p < 0.007) and 3 (p < 0.0001),
and between farm 2 vs. farm 3 (p < 0.0047) (Figure 6).
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Figure 5. Number of coffee leaves per branch on average for three coffee farms from South Kona
district of Hawaii Island. Data correspond to coffee seasons 2021 and 2022.

At the beginning of the CLR survey (January 2021), the average number of coffee
leaves per branch was similar at coffee farms 1 and 2, while it was higher at farm 3 (Figure 5).
Over the course of two years, the number of coffee leaves per branch was relatively stable
at all three farms until the end of harvest season (December—January), in which a high
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reduction of leaves was observed at farm 1 (Figure 5). In contrast, at coffee farms 2 and 3, a
slight reduction in the number of coffee leaves per branch was observed.
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Figure 6. Number of coffee leaves per branch (mean + SEM) during the coffee seasons (2021 and
2022) at three coffee farms in South Kona district of Hawaii Island. Means marked with the same
letters are not significantly different (Dunn’s test, p = 0.05).

During the early coffee season 2022, a lower number of coffee leaves per branch was
observed at all farms in comparison with evaluations conducted at the end of the 2021
season. However, the reduction was higher at farm 1 in comparison with farms 2 and 3
(Figure 5). A gradual increase in the number of coffee leaves per branch was observed in
all farms after March 2022 and until July-August (at the beginning of harvesting season).
Then, a decline in the number of coffee leaves per branch was observed toward the end
of harvest season (November-December) and during post-harvest season (January 2023),
which may be attributed to the increased CLR infection and severity that occurred during
the same period. When comparing the number of coffee leaves per branch on average
between the two seasons (2021 and 2022), a reduction in foliage was observed at all
three farms, but it was higher at farm 1. In fact, 38% on reduction of leaves was observed at
farm 1, while this reduction was 10% at farm 2 and only 5% at farm 3.

3.3. Cost for Control CLR

During the 2021 coffee season, farms 1 and 2 conducted six and ten sprays of pre-
ventive fungicides, respectively, while at farm 3, ten sprays of preventive and curative
(translaminar) fungicides were applied (Table 3). During the 2022 coffee season, five sprays
were applied at farm 1, which was relatively similar in comparison with the previous
season, while a slight reduction in the number of sprays was observed at farms 2 and 3,
in which eight and seven sprays were conducted during the same season, respectively
(Table 3). Differences in the total cost to apply fungicides during an entire season are related
to the number of sprays, value of products applied (fungicides and foliar fertilizers) and
labor cost, which ranged between (USD 15 and 25/h. At all three coffee farms, the total
cost to control CLR was relatively similar (9-11% based on coffee yield) during the 2021
coffee season, but this cost was slightly lower during the 2022 coffee season at farms 2 and
3 (Table 4). Coffee yields (Ib of cherries per acre) were relatively similar between coffee
farms 1 and 3, but higher at coffee farm 2 during the 2021 season (Table 4). In the following
season (2022), a high reduction in coffee yield (45%) was reported at farm 1 in comparison
with the previous season. This reduction was due in part to the high CLR incidence (77%)
recorded at the end of harvest season in 2021, which caused a significant reduction in
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the number of coffee leaves per branch (defoliation) during the early coffee season 2022
(Figure 5). In addition, about 50% of coffee trees were pruned or stumped due to the disease.
At coffee farms 2 and 3 there was no reduction in coffee production during the same period
(Table 4).

Table 3. Number of sprays, products (fungicides and foliar fertilizers) and timing of applications
conducted by coffee growers during 2021 and 2022 seasons at three farms in the South Kona district
of Hawaii Island. Top line shows coffee tree phenology during the season.

Farm

Season (Sprays) Post-Harvest Flowering Developing Berries Pre-Harvest Harvest Season
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2021 1(6) o K s B s B
2(10) B o s S+C S+C o 5+C B S+C  S+C
2(10 s s+C c S+C P C K+C s+C O S+C
2022 1) s o B+C s+C P
2(8) P s+C s+C S+C s+C c K+C P+C
3(7) K+C P+T S+C K+C P+C S+C K+T
Products: copper-based fungicides (B = Badge® X2; K = Kocide® 3000), biofungicide (S = Serenede ASO),
O = OxiDate® 2; translaminar (P = Priaxor® Xemium®) and foliar fertilizers (C = Cafedak; T = Tropical Metasolate).
Table 4. Number of sprays of fungicides applied per season, total cost per acre (products + labor),
average of a single spray per acre, yield (coffee cherry), profit, Ib of coffee cherry needed to compensate
the CLR cost per acre and proportion of CLR control cost, at three coffee farms located in the Kona
district of Hawaii Island. Data form 2021 and 2022 coffee seasons.
Season Farm Fungicide * Total Average Yield/Acre Profit/Acre CLR
(P + TS) = Total Cost/Acre Cost/Acre (Lbs) (USD) Cost/Acre
Sprays (USD) (USD) (%)
2021 1 6P+0TS)=6 850 142 3888 9331 9
2 (I0P+0TS)=10 1167 117 5033 12,079 10
3 OP+1TS)=10 1062 106 4183 10,039 11
2022 1 4P+1TS)=5 959 191 2151 5485 17
2 6P+2TS5)=8 1330 166.00 6159 15,705 9
3 GP+2T5)=7 991 142 4684 11,942 8

* P = preventive, T S = translaminar systemic, (P + TS) = total number of sprays per season. 1 acre = 0.4 ha. Coffee
season 2021 data from Aristizabal & Johnson [2].

4. Discussion

With the detection of CLR in Hawaii in late 2020 [1], coffee growers are facing the
most devastating pathogenic fungus affecting coffee crops worldwide [2]. H. vastatrix is
an airborne plant pathogen, which is dispersed by the wind among other factors [11,25].
H. vastatrix is a multiple cycle plant pathogenic fungus, which may increase its infection
exponentially and cause high defoliation and consequently yield losses [4,5,26]. The
management of susceptible coffee varieties is focused on sprays of preventive and curative
fungicides and through the implementation of appropriate agronomic practices [4,9,11].

The three commercial coffee farms surveyed in this study showed significant differ-
ences in CLR incidence (mean = 2-28%) during the 2021 and 2022 seasons. At all three
farms, growers conducted good agronomic practices (weed control, fertilization, pruning)
and sprayed fungicides. Differences in microclimate and farm management resulted in
high variation in infection among these farms and is discussed in the following paragraphs.

4.1. Initial Situation Facing by Coffee Growers in Hawaii

Due to the susceptible coffee varieties (Typica, Caturra, Bourbon, Catuai and Geisha)
planted, the advanced age of coffee trees (20-100 years old), the fast dispersal of CLR
across the Hawaii islands (12 months), the high aggressiveness of the pathogen H. vastatrix
race XXIV [27-29], the high cost of fungicides, the limitation of field workers, the high
cost of labor [2] and the lack of knowledge and experience with management of this
pathogen, coffee growers began to live one of the worst nightmares of the coffee industry
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in Hawaii. Similar to coffee growers, agricultural technicians from Hawaii’s state and
federal agencies had never worked with this plant pathogen before. Therefore, the initial
recommendations given to coffee growers to address CLR were supported by the previous
literature published from coffee producer countries in South and Central America, Africa
regions and in India [4-6,16,30-32].

Sanitation practices that included pruning were recommended in the early detection
of the CLR. In some cases, in which CLR infection was high “hot spots”, stump-pruning
of the trees was recommended. Regulation of shaded trees associated with coffee crops
also was conducted to allow additional sun radiation and wind flow, which can help
to suppress the survival of CLR spores and germination [15,33]. The improvement of
agronomic practices (weed control, fertilization and pruning) was a key factor to improve
the health of coffee trees and give them the best conditions that help them fight against this
pathogenic fungus [4,15,34] and other pests such as the coffee berry borer [35,36]. Finally,
severe defoliation caused by CLR infection is expected to affect the coffee yield for the next
season, debilitating the trees and causing branch dieback [9,11,37], which could represent a
high loss of profit affecting the coffee industry in Hawaii.

4.2. CLR Incidence and Defoliation

During both coffee seasons, the pattern of CLR incidence was similar at all
three farms: low during the first semester (flowering and berry development) and high
during the second semester (fruit maturation and harvest). However, CLR incidence levels
were different among farms reaching 77%, 22% and 6% at the end of 2021 and 43%, 20%
and 3% at the end of 2022 at farms 1, 2 and 3, respectively. Higher CLR incidence was
observed at farm 1, which showed significant differences in comparison with farms 2
and 3. High CLR incidence occurred during the harvest season. This may be due to the
physiological response of the coffee plants, which were focused on fruit filling rather than
supporting the defense system against the pathogen [4,11,33,38]. In addition, years with
high intensity of flowering and fruit production have been associated with high levels of
CLR infection [11,34,39,40]. In Kona coffee farms, production was 17% higher during the
2021 coffee season in comparison with 2020 [2]. Other aspects such as weather conditions
(temperature, rainfall, humidity, solar radiation), age of trees (20-100 years), planting den-
sity (16002250 trees per ha) and the type and method of fungicide spray application may
all play relevant roles in CLR infection and the effectiveness of the fungicides applied. At
farm 1 the combination of older trees (100 years old), shade from associated trees (avocado,
citrus, macadamia nut, palms and banana), high rainfall and humidity, lower solar radia-
tion and ineffective sprays of fungicides, all could have contributed to the high increase in
CLR at the end of the harvest season.

The reduction in CLR incidence, which was observed during the first half of 2022 at
all coffee farms, was attributed to several factors including finalization of harvest season
(December-January), defoliation, cooler temperatures (December-February) and drier
conditions [2]. In addition, the management practices conducted by growers, which
included sprays of fungicides and improvement of agronomic practices (weed control,
fertilization, pruning) contributed to the reduction of the disease. The addition of foliar
fertilizers in each spray (Farm 3) may have improved the nutrition of coffee trees by
strengthening the defense system against CLR. Coffee tree nutritional imbalance influences
CLR infection and severity, which facilitate the fall of infected leaves [4,11].

The number of coffee leaves per branch was significantly lower at farm 1 in comparison
to farms 2 and 3 (Figures 5 and 6). Because of high CLR incidence and severity, defoliation
occurred in the 2021 season, resulting in a 45% reduction in coffee production during 2022
season at farm 1. According to Jong et al. [41] and Rivillas et al. [4], the progress of the
CLR epidemic (which was the result of a polycyclic pathogen) passes through three phases
(slow, fast and maximum) during the coffee season. During the maximum phase, which
coincides with the end of harvest season, highly infected coffee leaves fall off because
of high severity of infection [4]. Reduction in the number of coffee leaves per branch
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was observed at all three farms (38%, 10% and 5%) when comparing the 2021 and 2022
seasons at farms 1, 2 and 3, respectively. Those results suggest that despite the fact that
fungicides (preventive and curative) were applied, there is a defoliation that can affect
coffee production and quality of green beans (processed coffee). Defoliation directly affects
coffee production during the next season. The impact of high infection and high defoliation
observed on coffee crops in South and Central America was associated with a reduction in
coffee production between 10-30% [4,8-15].

4.3. Spraying Preventive and Curative Fungicides

Opverall, six sprays of fungicides were conducted at farm 1 during 2021 and five during
2022, while ten sprays were conducted at farms 2 and 3 during 2021 and 7-8 sprays during
2022 at the same two farms, respectively. It is likely that the lower number of sprays at
farm 1 resulted in high CLR incidence during both seasons compared to farms 2 and 3. In
addition, the use of only preventive fungicides (Figure 7A,B) did not contain the disease
when applied at high levels of infection (>10%), as observed at farms 1 and 2 during the
2021 season. However, when preventive fungicides (copper-based) were applied properly
and with relatively low incidence (<5%), the active sporulation was suppressed and coffee
trees were protected for 5-8 weeks. When a curative translaminar fungicide was applied,
CLR was contained for 2-3 months, as observed at farm 3 during both seasons and at
farm 2 during the second season (Figure 7A,C). The timing of application was critical,
since two sprays of the translaminar during the development of berries (March and July)
followed by two sprays of preventive fungicides, resulted in low CLR incidence (<3%)
during harvest season, as observed at farm 3 during 2022. However, two sprays of the
translaminar (February and December) followed by several sprays of preventive fungicides
did not contain the CLR infection below 5% at the end of harvest season as observed at
farm 2 during the 2022 season.

Figure 7. Coffee leaf showing CLR infection with active sporulation before sprays of fungicides (A).
Infected coffee leaf ten days after a copper-based fungicide was applied. Notice a halo around the
infected spot, which is the appearance of spores after the spray (B). Infected coffee leaf showing dry
spots without active sporulation, which is the effect of a translaminar fungicide applied ten days
previously (C).
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According to Sera et al. [9], in Brazil, chemical control for CLR has been used for
over 50 years. However, over the years, the use of fungicides has been rationally reduced,
which has resulted in an economic benefit [9]. The use of fungicides in Brazil is based
on monitoring, and decision support to help coffee growers select the correct fungicide,
dosage and timing for spraying, which interrupts the CLR cycle and suppresses the disease
during the coffee season [9,42,43]. Three types of fungicides are currently used in Brazil:
contact, mesostemic and systemic for the chemical control of CLR [15]. In Colombia, the
chemical control of CLR includes copper products (contact-preventive), systemic triazoles
(preventive—curative) and systemic strobilurins (rust spore eradicator) [4,44,45]. In Brazil,
the first sprays of fungicides normally occur in December, when symptoms of CLR begin
to appear, and the number of sprays per season ranges from two to four sprays applied at
45-60 day intervals [9]. Most fungicides applied in Brazil are systemic products [9].

In Colombia, the first spray of fungicides starts 60 days after flowering and it is
continued at 90, 120 and 180 days after flowering for the control of CLR based on the
occurrence of the major coffee bloom [4]. This is the period for development of berries and
pre-harvest period, in which the function of coffee leaves is focused on nutrition and fruit
filling [4]; therefore, leaves are more susceptible to be infected by CLR. In Colombia, on
average four sprays of fungicides are applied, in some cases a minimum of two sprays of
systemic and maximum of six sprays including copper-based preventives and systemic
products [4]. In Hawaii, the number of sprays that are needed to suppress the disease
at low levels (<5% infection threshold) has not been estimated, since field trials are in
progress with the products that are authorized by the HDOA. The only recommendation
related to frequency of sprays is based on product labels [46], which is due to the recent
detection of CLR and lack of field research in Hawaiian coffee agroecosystems. It is possible
that in the future with two effective sprays of the translaminar or other systemic and
two to four additional effective sprays of the preventive fungicides (copper or Bacillus
strains), CLR may be controlled in Hawaii making the management more economical and
environmentally feasible.

The proper use of fungicides (preventive and curative) may result in effective CLR
control. However, the selection of the fungicide, doses, timing and coverage are critical
for the efficient management of CLR infection [2,4,9,11,44]. The use of only preventive
fungicides did not control the disease when few sprays were conducted (farm 1). However,
when higher numbers of sprays were conducted the control of disease was more effective
(farm 2), but not enough to obtain an optimal control (<5%), which only was achieved
with the use of a translaminar (farm 3). Other factors (biotic and abiotic) may affect the
efficacy of those fungicides. This means that even sprays of a systemic curative fungicide
do not necessarily guarantee the control of CLR if weather conditions are not favorable
(frequent rain), the infection and severity of the disease are high (>20%) and late sprays
are conducted. According to Souza et al. [47], the efficacy of systemic-curative fungicides
is reduced if incidence of CLR is higher than 10% and high production (fruit load) is ex-
pected. The pathogen H. vastatrix needs optimum conditions to infect the coffee leaves,
reproduce and disperse, which includes frequent rain, low sun radiation and tempera-
tures of 16-28 °C [4,37,48-51]. If rainfall periods coincide with development of berries
(60-180 days old), the CLR infection increases since plant energy is directed at filling the
fruits [4]. Therefore, fungicides must be applied when CLR infection levels are low to
prevent an exponential increase in CLR [4]. In addition, the timing of fungicide applications
played a relevant role in the efficacy of products [4,9,11,31]. At coffee farms 2 and 3, the
translaminar was used in 2022, but it was more effective at farm 3, presumably because this
product was applied during the coffee berry development period (March—July) resulting in
low CLR infection at the start of the harvest season.

The sprays of preventive fungicides and even the translaminar fungicide need good
coverage on both sides of the leaf to obtain effective control. This is difficult to achieve with
the use of backpack sprayers, which are primarily used at Kona farms due to the rough
terrain [2]. The rocky and sloping terrain common at Kona coffee farms plus the height of
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typica coffee trees (8-12 feet) limit the effective application of fungicides using backpack
sprayers. This situation was seen at farm 1, in which CLR incidence reached 77%. Similar
terrain conditions are seen at farm 2, but the sprays were more effective, since CLR was
lower than 22% during both seasons. Rocky terrain, but with less inclination facilitated
sprays at farm 3, in which CLR incidence was lower than 6% during both seasons. Weather
conditions play an important role not just in the development, progress and dispersal of the
CLR infection, but also in the efficacy of fungicides applied. When copper-based fungicides
are sprayed, 50% of the particles of product attached to leaves are washed off after the first
rainfall occurs [4,52]. Therefore, additional preventive sprays and the use of surfactants are
needed during the wet season for the improvement of fungicide efficacy.

Monitoring CLR infection is important not just to know the pattern of the disease
during the coffee season, but also to determine control measures such as the spray of
fungicides with high precision. In addition, the effectiveness of fungicide application is
determined by monitoring CLR infection and examining sporulation activity on lesions,
which should appear dry if a systemic-curative fungicide was applied properly (Figure 7C).
In Colombia, the management of CLR is more effective and economically feasible when the
infection is monitored [4,53]. Similarly, in Brazil, a reduction of 75% in the use of fungicides
for the control of CLR was reached when monitoring was conducted and a threshold of 5%
infection was used for spraying systemic fungicides [43].

4.4. Cost of Spraying Fungicides

At all three coffee farms, the cost to control CLR was similar (9-11%) based on coffee
production during the 2021 season. At farms 2 and 3, a slight reduction in costs to control
the disease (8-9%) was observed in 2022. However, at farm 1 the situation was totally
different. Since coffee production was reduced during the 2022 season in comparison
with 2021 due to high defoliation caused by CLR, a 45% loss in coffee yield was reported.
Moreover, a loss in profit was observed since coffee production was low and the cost
to control CLR increased to 17%. For the first coffee season with CLR at commercial
coffee farms in Hawaii (2021), the cost to control the disease ranged 2-11%, estimated as
percentage of total profit per acre spent to control CLR [2]. Coffee farms that used tractors
for spraying fungicides spent 2-3%, while farms that used backpack sprayers spent 4-11%
of profit per acre [2]. In Colombia the economic viability of chemical control against CLR
was estimated as the equilibrium point of volume production [4]. The equilibrium point
determines the number of arrobas (1 arroba = 25 Ib) of parchment coffee (processed dried
coffee) needed to cover the cost to control CLR, and it is estimated based on control cost
per hectare, production and price for selling parchment coffee [4]. The equilibrium point
ranged between 5.2 arrobas (130 1b) and 13.1 arrobas (327.5 Ib) of parchment coffee when
different backpack sprayers were used to apply fungicides. Assuming a production average
of 145 arrobas (3625 Ib) of parchment coffee per ha (annual coffee production in Colombia),
the cost to control CLR based on the equilibrium point would represent between 4% and
9%. However, if coffee production is high (200-400 arrobas of parchment coffee per ha
or 5000-10,000 1b), which is common in the central coffee region of Colombia, the cost to
control CLR would be lower.

The use of tractors for spraying fungicides is highly limited at coffee farms located in
the Kona district due to the rocky steep terrain. Therefore, backpack sprayers are mostly
used to apply fungicides, which not only increase the cost to control CLR, but also the
effectiveness of fungicides is reduced due to the difficulty of walking on rocky sloping
terrain. In addition to the cost to control CLR, coffee farmers spend about 11% of their net
profit controlling the coffee berry borer, which is an invasive pest reported in Hawaii in
2010 [35,36]. The mixture of compatible fungicides, insecticides and foliar fertilizers may
reduce the cost of labor, since a smaller number of sprays are needed to target CLR and CBB
and supply foliar nutrition (microelements) simultaneously. Before spraying fungicides, it
is important to consider weather conditions (rainfall) to prevent the repetition of a spray
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that is washed off by the rain. The use of surfactants is recommended when fungicides
are applied.

4.5. Achievements and Challenges in Controlling CLR in Hawaii

Although CLR was detected recently in Hawaii (2020) [1], progress has been made
by farmers and technicians in treating the disease. The entire coffee industry in Hawaii
is working in conjunction with federal and state agencies to address the CLR issue and
support coffee growers. Basic and applied research conducted by USDA-ARS PBARC,
the University of Hawaii and the Synergistic Hawaii Agriculture Council is in progress in
laboratories and commercial coffee farms. Ongoing studies include evaluation of fungicide
efficacy, a rotation program with fungicides, the impact of agronomic practices and the
introduction of resistant CLR varieties. A standardized sample plan for early detection and
monitoring of CLR incidence was proposed and it is currently used to collect information
across coffee farms on Hawaii Island [2,19]. Evaluations of CLR incidence at more than
30 coffee farms has provided insight into patterns of CLR in Hawaii, which is relevant to
establish an IPM adapted to Hawaiian coffee agroecosystems. Passive and active samplers
were installed across Hawaii Island to capture CLR spores and determine months with high
dispersal, which is important to link with coffee plant phenology, weather conditions and
management of CLR. The race of CLR was identified as race XXIV, which previously was
reported in Brazil and Central America and it is considered highly aggressive [27,28,54].
This information is relevant to select potential coffee plants that are resistant to H. vastatrix
race XXIV.

The introduction of varieties resistant to CLR is in the early stages. Coffee seeds from
several resistant varieties have been obtained and established in quarantine facilities to later
be planted and used to conduct studies related to adaptation, production, resistance and
coffee quality. Field evaluations of preventive and curative fungicides are in progress with
authorized products and potential products expected to be registered soon. Information
and recommendations related to CLR control have been delivered to coffee farmers through
different media, documents, conferences, webinars, etc. Economic resources to reduce the
cost of fungicides were approved by Hawaii congress to subsidize (50%) this cost.

From this study, the most relevant observation is related to the sprays of fungicides
used to control CLR. The number of fungicide sprays, products applied (preventive and
curative), timing of application and spray efficacy (coverage of foliage) were key aspects
that resulted in effective control of CLR as observed at farm 3. The use of the translaminar
fungicide (Priaxor® Xemiun®) in combination with preventive fungicides applied during
the early coffee season (February-July) are critical to start the harvest season with a low CLR
incidence (<3%). Implementation of timely agronomic practices (weed control, fertilization,
pruning) and the addition of micronutrients with foliar fertilizers will improve plant health
and the plant defense system against a CLR attack.

According to Koutouleas et al. [55], CLR is still a serious plant pathogen affecting
global coffee production despite efforts to control the disease in many other countries for
more than 50 years. Moreover, the CLR situation in Hawsaii is highly relevant due to its
recent detection, the lack of studies in the islands and the lack of experience controlling
this disease. Many aspects remain challenging for coffee farmers in Hawaii facing the CLR
epidemic. The limited number of field workers and high cost of labor are two major aspects
that affect normal agronomic activities at commercial farms from Hawaii including the
control of insect pests and diseases and harvesting practices. Coffee varieties susceptible to
CLR (99%) planted in Hawaii and old coffee trees (20-100 years old, about 50% of what
is currently planted on Hawaii Island) are two other aspects that favor the development
of CLR. The lack of knowledge and experience managing coffee leaf rust are challenges
not just to coffee growers, but to technicians working in Hawaiian coffee agroecosystems.
However, the last three years have been important for learning about CLR biology and
its relationship with coffee plant phenology, weather conditions and the use of different
alternatives of control. Several aspects of control (appropriate and efficient use of fungicides,
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establishment of resistant CLR varieties, cultural practices, etc.) still need to be adjusted to
develop an economically feasible integrated pest management plan for CLR that is adapted
to Hawaii coffee agroecosystems.

5. Conclusions

CLR continues to be a major challenge for coffee growers in Hawaii. The initial impact
of the CLR epidemic observed in Hawaii during the 2021 and 2022 seasons is still being
felt by many coffee growers that have seen significant reductions in coffee yields. In the
present study, three coffee farms serving as case studies from the South Kona district relied
on improvement of agronomic practices and the use of fungicides to control CLR during
the 2021 and 2022 seasons. CLR incidence levels were highly variable among these farms
and these differences were attributed to multiple biotic and abiotic factors. Appropriate
and efficient use of the translaminar-systemic (two sprays of Priaxor® Xemiun®) during
the early season (February—July) in combination with preventive fungicides (five sprays)
resulted in low CLR incidence (<3% on average). The results observed at coffee farm 3
during the 2022 season suggest that it is possible to keep CLR under control if agronomic
practices are conducted properly and sprays of fungicides are appropriately timed. This
suggests that it will be possible to reduce fungicide applications to 3—6 sprays in the future,
if the right fungicide is used at the right moment (early coffee season) and good coverage is
achieved. Finally, fewer sprays to control CLR will reduce the costs and minimize risks
for field workers and the environment. However, additional field studies are needed
to develop an economical and environmentally feasible management plan for CLR in
Hawaiian coffee agroecosystems.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agrochemicals3020011/s1, Supplementary data S1: Coffee leaf rust
incidence (%) at three coffee farms from South Kona district of Hawaii Island. Data correspond to
coffee seasons 2021 and 2022; Supplementary data S2: Average number of leaves per branch at three
coffee farms from the South Kona district of Hawaii Island. Data correspond to coffee seasons 2021
and 2022.

Funding: This research was funded by the National Institute of Food and Agriculture (NIFA),
program: Speacialty Crop Research Initiative (SCRI), through the Synergistic Hawaii Agriculture
Council (SHAC). Grant No. 2021-51181-35900.

Data Availability Statement: The original contributions presented in the study are included in the
article and Supplementary Material, further inquiries can be directed to the corresponding author.

Acknowledgments: Special thanks to all coffee growers for their valuable collaboration and contri-
bution with this case study. I thank Suzanne Shriner as the administrator of SHAC for economical
support. I thank Melissa Johnson and her technicians at USDA-ARS PBARC for technical support and
field collaboration. I am grateful to the Department of Plant and Environmental Protection Sciences,
University of Hawaii at Manoa for the support with additional financial funds.

Conflicts of Interest: The author declares no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

1.  Keith, LM.,; Sugiyama, L.S.; Brill, E.; Adams, B.L.; Fukada, M.; Hoffman, KM.; Ocenar, ]J.; Kawabata, A.; Kong, A.T,;
McKemy, ].M.; et al. First report of coffee leaf rust caused by Hemileia vastatrix on coffee (Coffea arabica) in Hawaii. Plant
Dis. 2022, 106, 761. [CrossRef] [PubMed]

2. Aristizabal, L.F,; Johnson, M.A. Monitoring Coffee Leaf Rust (Hemileia vastatrix) on Commercial Coffee Farms in Hawaii: Early
Insights from the First Year of Disease Incursion. Agronomy 2022, 12, 1134. [CrossRef]

@

Rodrigues-Junior, C.]. Coffee rust: History, taxonomy, morphology, distribution and host resistance. Fitopatol. Bras. 1990, 5, 5-9.

4. Rivillas-Osorio, C.A.; Serna-Giraldo, C.A.; Cristancho-Ardila, M.A.; Gaitan-Bustamante, A.L. La Roya del Cafeto en Colombia
Impacto, Manejo y Costos del Control; Cenicafé: Chinchina, Colombia, 2011; p. 51.


https://www.mdpi.com/article/10.3390/agrochemicals3020011/s1
https://www.mdpi.com/article/10.3390/agrochemicals3020011/s1
https://doi.org/10.1094/PDIS-05-21-1072-PDN
https://www.ncbi.nlm.nih.gov/pubmed/34433320
https://doi.org/10.3390/agronomy12051134

Agrochemicals 2024, 3 162

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Avelino, J.; Cristancho, M.; Georgion, S.; Imbach, P.; Aguilar, L.; Bornemann, G.; Laderach, P.; Anzueto, F.; Hruska, A.].; Morales, C.
The coffee rust crises in Colombia and Central America: Impacts, plausible causes and proposed solutions. Food Sec. 2015, 7,
303-321. [CrossRef]

Talhinhas, P.; Batista, D.; Diniz, I.; Vieira, A.; Silva, D.N.; Loureiro, A.; Tavares, S.; Pereira, A.P; Azinheira, H.G.;
Guerra-Guimaraes, L.; etal. The coffee leaf rust pathogen Hemileia vastatrix: One and a half centuries around the trop-
ics. Mol. Plant Pathol. 2017, 18, 1039. [CrossRef] [PubMed]

Alvarado, G.; Posada, H.E.; Cortina, H.A. Castillo: Nueva Variedad de Café con Resistencia a la Roya; Avances Técnicos Cenicafé No.
337; Centro Nacional de Investigaciones de Café: Chinchina, Colombia, 2005; pp. 1-8.

Cristancho, M.A.; Rozo, Y.; Escobar, C.; Rivillas, C.A.; Gaitan, A.L. Outbreak of coffee leaf rust (Hemileia vastatrix) in Colombia.
New Dis. Rep. 2012, 25, 19. [CrossRef]

Sera, G.H.; de Carvalho, C.H.S.; de Rezende Abrahao, ].C.; Pozza, E.A.; Matiello, ].B.; de Almeida, S.R.; Bartelega, L.; dos Santos
Botelho, D.M. Coffee Leaf Rust in Brazil: Historical Events, Current Situation, and Control Measures. Agronomy 2022, 12, 496.
[CrossRef]

Alvarado, G.; Posada, H.E.; Cortina, H.A. Las variedades Castillo regionales: Variedades de café Coffea arabica L. con alta
productividad elevada resistencia a enfermedades y adaptacion especifica. Fitotec. Colomb. 2008, 8, 22-38.

Zambolim, L. Current status and management of coffee leaf rust in Brazil. Trop. Plant Pathol. 2016, 41, 1-8. [CrossRef]
Gaitan-Bustamante, A.; Arias-Suarez, ].C.; Flores-Ramos, C.P. Advance in Arabica coffee breeding: Developing and selecting the
right varieties. In Climate-Smart Production of Coffee Improvement Social and Environmental Sustainability; Catie, M.R., Rica, C., Eds;
Burleigh Dodds Science Publishing Limited: Cambridge, UK, 2022; pp. 127-168.

Londorio, B.G.; Leguizamén, C.J.E.; Montoya, R.E.C. Evaluacion del fungicida sistémico cyproconazol para el control de la roya
del cafeto. Cenicafé 1995, 46, 56—62.

Sierra, S.C.A.; Montoya, R.E.C.; Vélez, R.C. Nivel de dafio y umbral econémico para la roya del cafeto. Fitopatol. Colomb. 1995, 19,
43-48.

Avelino, J.; Willocquet, L.; Savary, S. Effect of crop management patterns on coffee rust epidemics. Plant Pathol. 2004, 53, 541-547.
[CrossRef]

Virginio, EM.E,; Astroga, C.D. Prevention and Control of Coffee Leaf Rust: Handbook of Best Practices for Extension Agents and
Facilitators, 1st ed.; Technical series, Technical manual/CATIE No. 131; CATIE: Turrialba, Costa Rica, 2019; 96p.

Bittenbender, H.C.; Smith, V.E. Growing Coffee in Hawaii, rev. ed.; College of Tropical Agriculture and Human Resources, University
of Hawaii at Manoa: Honolulu, HI, USA, 2008; p. 10.

USDA National Agricultural Statistics Service. Coffee. 2022. Available online: https:/ /www.nass.usda.gov/Statisticsby_State/
Hawaii/Publications/Fruits_and_Nuts/Coffee%20Data%20Release%202022.pdf (accessed on 18 December 2023).

Aristizébal, L.E,; Johnson, M.A. Survey of Coffee Leaf Rust in Kona, West Hawaii Island; CBB Notes 11; Kailua-Kona, HI, USA, 2021.
Silva-Acufia, R.; Maffia, L.A.; Zambolim, L.; Berger, R.D. Incidence-severity relationships in the pathosystem Coffea arabica-
Hemileia vastatrix. Plant Dis. 1999, 83, 186-188. [CrossRef] [PubMed]

Jefuka, C.; Fininsa, C.; Adugna, G.; Hindorf, H. Coffee leaf rust (Hemileia vastatrix) in montane coffee (Coffea arabica L.) forests in
Southwestern Ethiopia. East Afr. ]. Sci. 2010, 4, 86-95.

Bigirimana, J.; Njoroge, K.; Gahakwa, D.; Phiri, N.A. Incidence and severity of coffee leaf rust and other coffee pests and diseases
in Rwanda. Afr. |. Agricul. Res. 2012, 7, 3847-3852. [CrossRef]

Matovu, R].; Kangire, A.; Phiri, N.A.; Hakiza, G.J.; Kagezi, G.H.; Musoli, P.C. Ecological factors influencing incidence and severity
of coffee leaf rust and coffee berry disease in major Arabica coffee growing districts of Uganda. Uganda J. Agricul. Sci. 2013, 14,
87-100.

R Core Team. R. A Language and Environment for Statistical Computing; R Foundation for Statitical Computing: Vienna, Austria,
2018; Available online: https:/ /www.r-project.org/ (accessed on 18 March 2024).

Martinez, ].A. ; Palazzo, D.A.; Karazawa, M.; Monteiro, M.V.M.; Reu, N.R. Presenca de esporos de Hemileia vastatrix Berk. & Br.,
agente causal da ferrugem do cafeeiro, em diferentes altitudes, nas principais dreas, cafeeiras dos Estados de Sao Paulo e Parana
(Brasil). Bioldgico 1975, 41, 77-88.

Brown, ].S.; Whan, ]. H.; Kenny, M.K.; Merriman, P.R. The effect of coffee leaf rust on foliation and yield of coffee in Papua New
Guinea. Crop Prot. 1995, 14, 589-592. [CrossRef]

Keith, L.; Matsumoto, T.; Sugiyama, L.; Fukada, M.; Nagai, C.; Pereira, A.; Céu Silva, M.; Varzea, V. First Report of the
Physiological Race (XXIV) of Hemileia vastatrix (Coffee Leaf Rust) in Hawaii. Plant Dis. 2022, 106, 761. [CrossRef]

Cabral, PG.C.; Zambolim, E.M.; Zambulim, L.; Lelis, T.P.; Capucho, A.S.; Caixeta, E.T. Identification of a new race of Hemileia
vastatrix in Brazil. Australas. Plant Dis. 2009, 4, 129-130. [CrossRef]

Ehrenbergerova, L.; Kucera, A.; Cienciala, E.; Trochta, J. Identifying key factors affecting coffee leaf rust incidence in agroforestry
plantations in Peru. Agroforest Syst. 2018, 92, 1551-1565. [CrossRef]

Kushalappa, A.; Akutsu, M.; Ludwig, A. Application of survival ratio for monocyclic process of Hemileia vastatrix in predicting
coffee rust infection rates. Phytopathology 1983, 73, 96-103. [CrossRef]

Belan, L.L.; de Jesus Junior, W.C.; de Souza, A.F.; Zambolim, L.; Tomaz, M.A.; Alves, ER.; Ferrao, M.A.G.; do Amaral, J.ET.
Monitoring of leaf rust in conilon coffee clones to improve fungicide use. Australas. Plant Pathol. 2014, 44, 5-12. [CrossRef]


https://doi.org/10.1007/s12571-015-0446-9
https://doi.org/10.1111/mpp.12512
https://www.ncbi.nlm.nih.gov/pubmed/27885775
https://doi.org/10.5197/j.2044-0588.2012.025.019
https://doi.org/10.3390/agronomy12020496
https://doi.org/10.1007/s40858-016-0065-9
https://doi.org/10.1111/j.1365-3059.2004.01067.x
https://www.nass.usda.gov/Statisticsby_State/Hawaii/Publications/Fruits_and_Nuts/Coffee%20Data%20Release%202022.pdf
https://www.nass.usda.gov/Statisticsby_State/Hawaii/Publications/Fruits_and_Nuts/Coffee%20Data%20Release%202022.pdf
https://doi.org/10.1094/PDIS.1999.83.2.186
https://www.ncbi.nlm.nih.gov/pubmed/30849804
https://doi.org/10.5897/AJAR11.955
https://www.r-project.org/
https://doi.org/10.1016/0261-2194(95)00040-2
https://doi.org/10.1094/PDIS-05-21-1072-PDN
https://doi.org/10.1071/DN09052
https://doi.org/10.1007/s10457-017-0101-x
https://doi.org/10.1094/Phyto-73-96
https://doi.org/10.1007/s13313-014-0310-y

Agrochemicals 2024, 3 163

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Daba, G.; Helsen, K.; Berecha, G.; Lievens, B.; Debela, A.; Honnay, O. Seasonal and altitudinal differences in coffee leaf rust
epidemics on coffee berry disease-resistant varieties in Southwest Ethiopia. Trop. Plant Pathol. 2019, 44, 244-250. [CrossRef]
Lopez-Bravo, D.E; de Virginio-Filho, E.M.; Avelino, ]. Shade is conducive to coffee leaf rust as compared to full sun exposure
under standardized fruit load conditions. Crop Prot. 2012, 38, 21-29. [CrossRef]

Chaves Arias, V.M. Relacion de la carga frutifera y la nutricion en la susceptibilidad del café al ataque de la roya. Rev. Inf. Icafé
2013, I, 7-10.

Hollingsworth, R.G.; Aristizébal, L.F.; Shriner, S.; Mascarin, G.M.; Moral, R.A.; Arthurs, S.P. Incorporating Beauveria bassiana into
an integrated pest management plan for coffee berry borer in Hawaii. Front. Sustain. Food Syst. 2020, 4, 22. [CrossRef]
Aristizabal, L.F,; Johnson, M.A.; Shriner, S.; Wall, M. Frequent and efficient harvesting as an economically viable strategy to
regulate coffee berry borer on commercial farms in Hawaii. J. Econ. Entomol. 2023, 116, 513-519. [CrossRef]

Kushalappa, A.C. Biology and epidemiology. In Coffee Rust: Epidemiology, Resistance, and Management, 1st ed.; Kushalappa, A.C.,
Eskes, A.B., Eds.; CRC Press: Boca Raton, FL, USA, 1989; pp. 16-76.

Merle, I; Tixier, P.; de Melo Virginio Filho, E.; Cilas, C.; Avelino, J. Forecast models of coffee leaf rust symptoms and signs
based on identified microclimatic combinations in coffee-based agroforestry systems in Costa Rica. Crop Prot. 2020, 130, 105046.
[CrossRef]

Avelino, J.; Zelaya, H.; Merlo, A.; Pineda, A.; Ordonez, M.; Savary, S. The intensity of a coffee rust epidemic is dependent on
production situations. Ecol. Model. 2006, 197, 431-447. [CrossRef]

Costa, M.; Zambolim, L.; Rodrigues, E. Efeito de niveis de desbaste de frutos do cafeeiro na incidencia da ferrugem, no teor de
nutrientes, carbohidratos e azucares reductores. Fitopatol. Bras. 2006, 31, 564-571. [CrossRef]

Jong, EJ.; Eskes, A.B.; Hoogstraten, ].G.J.; Zadoks, J.C. Temperature requirements for germination, germ tube growth and
appressorium formation of urediospores of Hemileia vastatrix. Neth. ]. Plant Pathol. 1987, 93, 61-71. [CrossRef]

Silva-Acufa, R.; Zambolim, L.; Vale, EX.R.; Chaves, G.M.; Pereira, A.A. Epoca da primeira aplicacao de fungicida baseado no
nivel inicial da incidéncia para o controle da ferrugem do cafeeiro. Fitopatol. Bras. 1992, 17, 36—41.

Belan, L.L.; de Jesus Junior, W.C.; de Souza, A.F.; Zambolim, L.; Barbosa, D.H.S.G.; Moraes, W.B. Management of coffee leaf rust
in Coffea canephora based on disease monitoring reduces fungicide use and management cost. Eur. J. Plant Pathol. 2020, 156,
683-694. [CrossRef]

Rozo, P.Y.I; Cristancho, A.M.A. Evaluacion de la susceptibilidad de Hemileia vastatrix Berk & Br. A fungicidas del grupo de los
triazoles. Cenicafé 2010, 61, 297-314.

Rivillas, O.C.A.; Hoyos, G.A.M.; Ramirez, P1.C. Manejo de la Roya, nuevo Fungicida para su Control en Colombia; Avances Técnicos
Cenicafé No. 480; Centro Nacional de Investigaciones de Café: Chinchina, Colombia, 2017; pp. 1-4.

Kawabata, A.M.; Nakamoto, S.T. Spraying to Suppress Coffee Leaf Rust (Hemileia vastatrix) in Hawaii; Plant Diseases; Colleage of
Tropical Agriculture and Human Resources, University of Hawaii at Manoa: Honolulu, HI, USA, 2021; PD-118.

Souza, A.F.; Zambolim, L.; Cecon, P.R. Chemical approaches to manage coffee leaf rust in drip irrigated trees. Austral Plant Pathol.
2011, 40, 293-300. [CrossRef]

Leguizamén, CJ.E.; Orozco, G.L.; Gémez, G.L. Periodos de incubacién (PI) y de latencia (PL) de la roya del cafeto
(Hemileia vastatrix Berk. y Br.) en Colombia. Cenicafé 1998, 49, 325-339.

Jaramillo, R.A.; Arcila, PJ. Variabilidad Climdtica en la zona Cafetera Colombiana Asociada al Evento de la nifia y su efecto en la Caficultura;
Avances Técnicos Cenicafé No. 389; Centro Nacional de Investigaciones de Café: Chinchina, Colombia, 2009; pp. 1-8.
Capucho, A.S.; Zambolim, L.; Cabral, P.G.C.; Maciel-Zambolim, E.; Caixeta, E.T. Climate favourability to leaf rust in conilon
coffee. Australas. Plant Pathol. 2013, 42, 511-514. [CrossRef]

Merle, I; Pico, J.; Granados, E.; Boudrot, A.; Tixier, P; Virginio Filho, E.D.M,; Cilas, C.; Avelino, J. Unraveling the complexity
of coffee leaf rust behavior and development in different Coffea arabica agroecosystems. Phytopathology 2020, 110, 418-427.
[CrossRef]

Gil, V.L.E; Rivillas, O.C.A. Persistencia de depdsitos de dos fungicidas ctpricos en condiciones de campo. In Centro Nacional
de Investigaciones de Café; Informe de labores de la Disciplina de Fitopatologia en el periodo 1985-1987; Cenicafé: Chinchina,
Colombia, 1987.

Sierra, S.C.A.; Montoya, R.E.C. Control de la roya del cafeto con base en niveles de infeccién y su efecto en la produccion. Cenicafé
1995, 46, 69-80.

Ramirez-Camejo, L.A.; Keith, L.M.; Matsumoto, T.; Sugiyama, L.; Fukada, M.; Brann, M.; Moffitt, A.; Liu, J.; Aime, M.C. Coffee
Leaf Rust (Hemileia vastatrix) from the Recent Invasion into Hawaii Shares a Genotypic Relationship with Latin American
Populations. . Fungi 2022, 8, 189. [CrossRef] [PubMed]

Koutouleas, A.; Collinge, D.B.; Boa, E. The coffee leaf rust pandemic: An ever-present danger to coffee production. Plant Pathol.
2023, 73, 522-534. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s40858-018-0271-8
https://doi.org/10.1016/j.cropro.2012.03.011
https://doi.org/10.3389/fsufs.2020.00022
https://doi.org/10.1093/jee/toad041
https://doi.org/10.1016/j.cropro.2019.105046
https://doi.org/10.1016/j.ecolmodel.2006.03.013
https://doi.org/10.1590/S0100-41582006000600005
https://doi.org/10.1007/BF01998091
https://doi.org/10.1007/s10658-019-01917-6
https://doi.org/10.1007/s13313-011-0046-x
https://doi.org/10.1007/s13313-012-0187-6
https://doi.org/10.1094/PHYTO-03-19-0094-R
https://doi.org/10.3390/jof8020189
https://www.ncbi.nlm.nih.gov/pubmed/35205944
https://doi.org/10.1111/ppa.13846

	Introduction 
	Materials and Methods 
	Location 
	Monitoring CLR Incidence 
	CLR Management 
	Cost to Control CLR with Fungicides 
	Data Analysis 

	Results 
	CLR Incidence 
	Number of Coffee Leaves per Branch 
	Cost for Control CLR 

	Discussion 
	Initial Situation Facing by Coffee Growers in Hawaii 
	CLR Incidence and Defoliation 
	Spraying Preventive and Curative Fungicides 
	Cost of Spraying Fungicides 
	Achievements and Challenges in Controlling CLR in Hawaii 

	Conclusions 
	References

