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1 Bioagresseurs, Université de Montpellier, CIRAD, Montpellier, France
2 CIRAD, UPR Bioagresseurs, 30501 Turrialba, Costa Rica
3 INIAP, Estación experimental Joya de los Sachas 220350, Orellana, Ecuador
4 CATIE, 7170, Cartago, Turrialba, 30501, Costa Rica
5 Universidad de Costa Rica, sede del Atlántico, Turrialba, Costa Rica
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ABSTRACT

Crop health management systems can be designed according to practices
that help to reduce crop losses by restricting pathogen development and
promoting host plant growth. A good understanding of pathogen and host
dynamics, which are interdependent, is therefore needed. In this article, we
used a holistic approach to explain the behavior of coffee leaf rust (CLR),
a major coffee disease. We monitored coffee plant and CLR dynamics
simultaneously in plots under different disease management and agrofor-
estry systems. Diseased leaves were also collected to characterize inoculum
stock and rust life stages (latent rust area, area with uredospores, necrosis
due to rust) through picture analysis. We used structural equation modeling
to obtain an overview of CLR pathosystem functioning on a plant scale.

This overview integrates processes such as disease dilution by host leaf
renewal, direct and indirect effects of fruit load on CLR development,
antagonistic effects of shading depending on rust life stages, the tonic
effect of copper-based fungicides on leaf retention, and effects on rust life
stages depending on fungicide types. From our results, we also deduced
that the inoculum stock could be calculated in unsprayed plots from the
rust area with uredospores, with uredospores at 58 × 103 cm

_2, on
average.

Keywords: agroforestry, coffee phenology, ecology and epidemiology,
Hemileia vastatrix, rust life stages, structural equation modeling

Plant epidemics are driven by plant growth and pathogen
development in interaction with their environment and cropping
practices, as illustrated in the disease tetrahedron (Zadoks and
Schein 1979). Optimizing disease control in crops requires a
good understanding of interactions and their temporal dynamics.
Overall balances may indicate no general effect of a specific
factor because of antagonistic effects via different pathways,
whose identification could nevertheless help to improve disease
control (Calonnec et al. 2013). Theway a disease is measured can
also lead to similar issues. In epidemiological studies of leaf
diseases, researchers often use incidence or severity (i.e., relative
number of leaves or leaf area affected by disease). However,
these indicators can be difficult to interpret, because they can
differ due to variations of plant foliage density or pathogen
growth (Ferrandino 2008; Waller 1982). Disease development
can be described more precisely by characterizing the evolution
of symptoms and signs, independently of variations in host

foliage density. This approach is also useful for identifying
disease drivers depending on pathogen development stages.
Understanding the relationships between the host plant, the

pathogen, and management practices is even more important for
tropical and perennial crops because, unlike temperate climates,
tropical climates do not benefit from strong weather variations that
contribute to natural disease regulation. In the case of perennial
crops, certain effective practices such as crop rotations used with
annual crops to control diseases cannot be implemented. However,
other practices such as pruning can be applied as part of a control
strategy. Agroforestry, which is common in perennial tropical crops
such as coffee, is an additional option for influencing pathways that
can help to regulate pests and diseases (Avelino et al. 2011;
Poeydebat et al. 2018).
In Central America, despite the reduction in shade-grown coffee

areas observed over the last two decades (Jha et al. 2014; Perfecto
et al. 1996), coffee growing in agroforestry systems is still common.
Shade trees are also often recommended for coping with the
expected temperature increases in the near future (Lasco et al.
2014). However, the effects of shade trees on the development
of coffee diseases are not yet fully understood. In particular,
contradictory results have been obtained about how shade
influences coffee leaf rust (CLR), a polycyclic disease caused by
the fungus Hemileia vastatrix (Berk. & Broome) (Avelino et al.
2006; Roberts and Paul 2006; Salgado et al. 2007; Soto-Pinto et al.
2002; Staver et al. 2001). Shade effects on CLR result from direct
effects on the pathogen, indirect effects via coffee phenology and
natural enemies, along with delayed effects via disease impacts on
coffee phenology. For instance, shade trees indirectly influence
CLR incidence via coffee leaf growth, leaf lifespan, and fruit load,
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and by increasing the abundance of the mycoparasite fungus
Lecanicillium lecanii (Zimm.) Zare & W. Gams (Avelino et al.
2006; Bock 1962; Campanha et al. 2004; Charbonnier et al. 2013;
Costa et al. 2006; Cournede et al. 2007; De Carvalho et al. 2001;
Kushalappa 1981; Kushalappa and Ludwig 1982; Kushalappa et al.
1983; López-Bravo et al. 2012; Vandermeer et al. 2009).
Similarly, fungicides can affect diseases through direct effects on

the pathogen and indirect effects via natural enemies and the host
plant. Fungicide direct effects on CLR depend on the properties of
the molecules, which can be protectant, curative, or eradicant.
Fungicides also influence CLR by reducing the abundance of its
mycoparasite, the fungus, L. lecanii (Castellanos et al. 2012;
Jackson et al. 2012; Vandermeer et al. 2009). Moreover, fungicides
can affect coffee phenology, and therefore CLR, through a “tonic”
effect on leaf retention (Bock 1962; Brinate et al. 2015; Cannell
1985; da Cunha et al. 2004; Mulinge and Griffiths 1974; Van der
Vossen and Browning 1978).
Several reviews have reported many relationships existing

between the coffee plant and H. vastatrix, or the environment and
this pathogen, with some including management practices to
control the disease (Avelino et al. 2004, 2018; Hindorf and Omondi
2011; McCook and Vandermeer 2015; Talhinhas et al. 2017;
Zambolim 2016). However, these relationships are often balances
of effects and do not provide a fine understanding of the functioning
of the pathosystem. In our study, we set out to integrate in a holistic
analysis the relationships that exist between cropping practices,
coffee phenology, and the different CLR development stages,
highlighting pathways and dynamics within that system. To that
end, we used a structural equation modeling (SEM) approach,
which had proved to be useful in a previous study to identify the
main factors explaining coffee production losses caused by pests
and diseases (Cerda et al. 2017).

MATERIALS AND METHODS

Study site. The experimentwas carried out fromAugust 2013 to
December 2014 in the long-term coffee-based agroforestry systems
trial, covering an area of 9.2 ha, located at Centro Agronómico
Tropical de Investigación y Enseñanza (CATIE) in Turrialba, Costa
Rica (9�53’440 latitude north, 83�40’70 longitude west). This trial
was set up at an altitude of 600m above sea level, under a Caribbean
influence (i.e., with no well-marked dry season). The 2004 to 2014
annual average rainfall, relative humidity, and temperature were
2,779 mm, 90.8%, and 22.2�C, respectively (CATIE campus
weather station). In 2013, rainfall only reached 1,945 mm. One dry
season was identified, with daily rainfall below 10 mm, between 21
January 2014 and 8April 2014 (Boudrot et al. 2016). The small trial
area prevented macroclimate differences between plots.

Experimental design. The CATIE agroforestry systems trial
located in Turrialba was set up in 2000. Arabica coffee plants of the
Caturra dwarf variety, susceptible tomost rust races, were planted at
a 2-by-1-m planting density (5,000 coffee plants ha_1). Among the
20 treatments replicated randomly over three blocks available in
this trial (Haggar et al. 2011), 4 of them, where organic and
moderate chemical controls were applied, were selected for our
study. Two additional treatments that were conventionallymanaged
but with no chemical or organic control throughout the year were
established using available coffee areas. From these 6 initial
treatments, we built and studied 12 (Table 1), resulting from the
combination of shade (three levels, see following section) and
fungicide nature applied in the last 40 days (four levels, see
following section and section on description of variables).
The 18 study plots (six treatments from the agroforestry system

trial × three replicates) measured from 300 to 450 m2 and differed
in terms of shade cover and management strategy (Table 1). Three
shade cover levels were studied, including full sun; Erythrina
poeppigiana, the Poró tree, alone (278 trees ha_1); and E.
poeppigiana (164 trees ha_1) combined with Chloroleucon
eurycyclum, the Cashá tree (78 trees ha_1). E. poeppigiana is a
legume tree pruned twice a year: drastic pruning to a height of 2 m
in January and regulation pruning to a height of 4.5 m in June.
C. eurycyclum is a free-growth legume tree, reaching 22 to 24 m
high in the trial. In the E. poeppigiana plots, shade cover ranged
from 15 to 36%, depending on the period and pruning activities. In
the E. poeppigiana +C. eurycyclum plots, shade cover ranged from
30 to 60%. In plots under conventional management, chemical
fertilizer applications were carried out using 18:5:15 N-P-K at
500 kg ha_1 and 33.5:0:0 N-P-K (urea) at 180 kg ha_1. Disease
control over the study period was achieved with three applications
of a commercial copper-based fungicide (50% Cu) at 1 kg ha_1 in
March and April 2013 and March 2014, combined with three
applications of a systemic fungicide (cyproconazole 10% WG) at
0.4 liter ha_1 in June 2013 and January and June 2014. In organically
managed plots, nutrition was based on applying chicken manure
(10 t ha_1) and K-MAG, a potassium, magnesium, and sulfur
fertilizer (100 kg ha_1). In these plots, disease control was achieved
by applying Bordeaux mixture (20% copper and 10% calcium) at
1.5 kg ha_1 on seven dates in February, April, and June 2013 and
January, April, March, and June 2014.

Field monitoring of coffee phenology and rust development.
Six coffee plants were selected in each plot in August 2013 and
monitored every 21 days until December 2013. Due to severe damage
caused by the 2013 epidemic, particularly in untreated plots, all of the
plants were discarded and six new plants were selected in January
2014 for the 2014 measurements. On each coffee plant, three
branches in the upper, middle, and lower strata of the plant were

TABLE 1. Studied combinations of three shade levels and four levels of fungicide applied during the last 40 days and their associated fertilization management

Shade cover level (trees ha
_1) Application during the last 40 days (dose) Fertilization (dose)

Full sun exposure No fungicide 18:5:15 N-P-K (500 kg ha
_1)

Copper-based fungicide (1 kg ha
_1) 33.5:0:0 N-P-K (180 kg ha

_1)
Cyproconazole (0.4 liter ha

_1)

Full sun exposure No fungicide 18:5:15 N-P-K (500 kg ha
_1)

33.5:0:0 N-P-K (180 kg ha
_1)

Erythrina poeppigiana (278) No fungicide Chicken manure (10 t ha
_1)

Bordeaux mixture (1.5 kg ha
_1) K-MAG (100 kg ha

_1)

E. poeppigiana (278) No fungicide 18:5:15 N-P-K (500 kg ha
_1)

33.5:0:0 N-P-K (180 kg ha
_1)

E. poeppigiana (164) and Chloroleucon eurycyclum (78) No fungicide 18:5:15 N-P-K (500 kg ha
_1)

Copper-based fungicide (1 kg ha
_1) 33.5:0:0 N-P-K (180 kg ha

_1)
Cyproconazole (0.4 liter ha

_1)

E. poeppigiana (164) and C. eurycyclum (78) No fungicide Chicken manure (10 t ha
_1)

Bordeaux mixture (1.5 kg ha
_1) K-MAG (100 kg ha

_1)
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labeled (one per coffee plant stratum). Leaf growth and defoliation
(leaf area), and rust development on those branches, were assessed
using the methodology established by Kushalappa (1981). That
method enabled nondestructive and leaf-by-leaf monitoring. In
each node of the labeled branches, the presence or absence of leaves
was registered. Their area was assessed with an accuracy of 10 cm2,
using patterns of different sizes. The total rust lesion area was
assessed with a diagrammatical scale representing eight damaged
areas ranging from0.1 to 10 cm2. The annualmean coffee plant fruit
load was estimated per plot by counting and averaging the number
of fruiting nodes on the six selected coffee plants. Because thiswas a
nondestructivemethod, fieldmonitoringmade it possible to observe
the temporal dynamics of coffee phenology and rust area; however,
it was not possible to characterize in detail different rust develop-
ment stages such as latency and sporulation.

Laboratory measurements of rust areas, presence of rust
area parasitized with L. lecanii, and presence of necrosis due to
rust and rust inoculum stock. Field monitoring was combined
with laboratory measurements to assess the area with uredospores,
recognizable by their intense orange color and powdery aspect; the
rust latent area, exhibiting chlorosiswith no uredospores; the area of
necrosis due to rust, a brown surface generally located in the center
of old rust lesions; and the area of rust lesions parasitized with the
fungus L. lecanii (or similar fungi such as Simplicillium spp.),
visually identifiable on some rust lesions by its white color and
powdery aspect. In addition, the rust inoculum stock was assessed.
Every 3 weeks, all of the diseased leaves from six randomly

chosen branches (two branches × three strata) and six coffee plants
(one branch per coffee plant), different from those chosen for field
monitoring, were collected in each plot. Photographs of leaveswere
taken and identified by the coffee plant and stratum fromwhich they
originated. A graduated ruler was included in the photograph to
show its scale. The abovementioned areas were measured using
Image Tool version 3.0 software, developed byWilcox et al. (2002)
and Texas University. The amount of rust inoculum on the collected
leaves was quantified by harvesting the uredospores, rasping the
areas showing signs, and placing them inEppendorf tubes containing
1 ml of a 2.5% Tween aqueous solution to prevent uredospore
aggregation. Each sample was homogenized for 5 min at 30�C in an
ultrasonifier Steri-Cleaner (Strudi Industrial Co). Rust uredospores
were counted with a Neubauer counting chamber, containing 7 µl of
the suspension, with the×10 power objective lens. Because thiswas a
destructivemethod, the leaf collection experiment did not allow us to

appreciate temporal dynamics; however, we were able to describe
several rust life cycle stages separately, along with one of its natural
enemy, L. lecanii.

Description of variables and reference modalities in
statistical analysis. In both experiments, based on nondestructive
field monitoring and laboratory measurements, the two factors
Shade and Fungicides were used to describe the agronomical
management of both the coffee plant and CLR systems (Table 2).
The Shade factor described the type of agroforestry system. Its
effect was compared with the full sun exposure treatment,
considered as the reference modality. Shade is responsible for
microclimate variations between plots, which are all under the same
macroclimate. Shade affects coffee phenology and rust develop-
ment via this main pathway. The Fungicides factor described
chemical rust control (i.e., the fungicide type [copper-based or
triazole] combined with a dosage, applied in the last 40 days, to
consider fungicide effective life) (Santos et al. 2002). For this factor,
the reference modality was the absence of fungicide applied in the
last 40 days.
In the nondestructive field monitoring experiment, all of the

quantitative variables except the mean coffee plant fruit load were
expressed per branch and averaged per coffee stratum. Seven
variables were studied: five variables to characterize coffee plant
phenology and two variables to characterize CLR development
(Table 2). Coffee plant phenology was characterized by the coffee
branch stratum (Leaf Stratum: Top, Middle, and Bottom of the
coffee tree), mean number of fruiting nodes per coffee plant (Fruit
Load), total leaf area per branch at the previous evaluation
(i.e., 21 days before) (Leaf Aread-21), leaf growth (growth in area
from existing leaves and new leaves) since the previous evaluation
(Leaf Growth), and lost leaf area due to leaf fall since the previous
evaluation (Leaf Fall). We chose the Top stratum as the reference
modality for the Leaf Stratum variable because that stratum is the
most exposed to sunlight like the reference modality of the Shade
factor. CLR development was characterized by the rust area per
branch at the previous evaluation (Rust Aread-21) and current rust
area per branch (Current Rust Area).
In the leaf collection experiment, all of the quantitative variables

except the mean coffee plant fruit load were expressed per branch.
Seven variables were studied: two variables to characterize coffee
plant phenology, four variables to characterize CLR development,
and one for the natural enemyL. lecanii (Table 2). The coffee branch
stratum (Leaf Stratum) and the mean number of fruiting nodes per

TABLE 2. Description of the coffee plant, the coffee leaf rust, and the cropping practice variables used in the field monitoring and laboratory measurements

System, variablea Description Classes Range Accuracy

Factor
Coffee plant
Leaf stratum (FL) Coffee plant leaf stratum Top, Middle, Bottom … …

Practices
Shade (FL) Shading level Full sun, Poró, Poró + Cashá … …
Fungicides (FL) Fungicide type applied in the last 40 days Absence, Copper, Bordeaux

mix, Cyproconazole
… …

Quantitative variable
Coffee plant
Fruit load (FL) Average number of fruiting nodes per coffee plant and plot … 1–949 1
Leaf growth (F) New leaf area in square centimeters (since the previous evaluation) … 0–200 10
Leaf fall (F) Fallen leaf area in square centimeters (since the previous evaluation) … 0–300 10
Leaf aread-21 (F) Past leaf area in square centimeters (at the previous field evaluation) … 0–780 10

Coffee rust
Current rust area (F) Current rust area in square centimeters … 0–74 0.1
Rust aread-21 (F) Past rust area in square centimeters (at the previous evaluation) … 0–74 0.1
Latent area (L) Latent rust area in square centimeters (infected area without uredospores) … 0–49 0.01
Sporulation area (L) Rust area in square centimeters with uredospores … 0–38 0.01
Inoculum (L) Inoculum stock … 0–2 × 106 …
Necrosis (L) Presence or absence of necrosis due to rust … 0 or 1 0.01
Lecanii (L) Presence or absence of rust area parasitized by Lecanicillium

lecanii in square centimeters
… 0 or 1 0.01

a F = variables from field experiment and L = variables from laboratory measurements.
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coffee plant (Fruit Load) characterized coffee plant phenology.
CLR on the collected leaves was described by the latent rust area
(Latent Area), the area with uredospores (Sporulation Area),
inoculum stock (Inoculum), and presence of necrosis due to rust
(Necrosis). The presence of rust area parasitized by L. lecanii
(Lecanii) was also considered.
All of the variables were rounded off considering measurement

accuracy, and the Leaf Aread-21, Leaf Growth, Leaf Fall, Fruit Load,
and Inoculum variables were rescaled by dividing by a constant in
order to respond to rescaling needs for SEM analysis.

Statistical analysis. We formulated two global path models
(Table 3), one for each experiment, which we tested using SEM.
This method can be used to “examine simultaneous influences and
responses”, stringing together a series of submodels “to model
multivariate relationships” (Grace 2006). In other words, SEM is a
pathway analysis that focuses on the chain of causality between
variables, in order to take into account cascading effects. For the
field monitoring experiment, the global model contained three
hypothetical submodels describing coffee tree phenology and rust
temporal dynamics as functions of past coffee phenology, past rust
area, and variables describing management practices (Table 2). For
the leaf collection experiment, the submodels were designed to
explain the relationships between several rust life cycle stages, one
of its natural enemy, coffee fruit load, agroforestry practices, and
disease control management, without temporal dynamics (Table 2).
We used the piecewiseSEM R-package version 1.2.1. (Lefcheck
2016) to build and to fit these two sets of generalized linear mixed
models (GLMMs) (Bolker et al. 2009) constituting our structural
equation models (SEM).
The two variables describing presence or absence of necrosis

due to rust and L. lecanii were fitted to a binomial distribution.
Other response variables were semicontinuous (nonnegative
data) discretized variables that we fitted to a Poisson distribu-
tion. In all of the GLMMs, we included the following variables as
crossed random intercept effects (Zuur et al. 2009) to consider
the spatial and temporal nonindependence of sampling: the
block, the entity monitored (concatenation of the block, Shade ×
management, and Leaf Stratum), and the day of monitoring or
leaf collection. In the SEM approach, the Shipley test was used
to analyze the missing paths (Shipley 2009). This test is a
confirmatory path analysis that evaluates the hypothetical causal
relationships not considered in the SEM but present in the
diagram acyclic graphs (feedback relationships excluded). The
global path model is valid if the c2 test of adequacy between data
and the model provides a P value > 0.05. All of the statistical

analyses were performed with R 3.5.1 (R Development Core
Team 2018) and with an a level of 0.05.

RESULTS

Field monitoring of coffee phenology and rust development.
For the field monitoring experiment, the validated SEM (Fig. 1),
which fitted the data best (Fisher’s test, P = 0.969), brought out 15
significant relationships between variables, including 14 of the 18
tested relationships from the formulated SEM and 1 provided by
the Shipley test for missing paths.
In this SEM (Fig. 1), the random factor Block was discarded

because its effect was not significant in any submodel. Branch leaf
area growth was mainly explained by the location of the branch in
the bottom and middle coffee plant strata (P < 0.0001 for both), a
higher past leaf area per branch (Leaf Aread-21) (P < 0.0001), and a
lower fruit load (P < 0.0001). The negative effect of the past rust
area (Rust Aread-21) on branch leaf area growth was less (P =
0.0082). Branch leaf fall was the result of major negative effects
(reduced leaf fall) of all copper-based fungicides, with a greater
effect of Bordeauxmixture, while cyproconazole had no effect (P =
0.0706). The past leaf area (P < 0.0001) and past rust area (P <
0.0001) had major positive effects on branch leaf fall, while the
positive effect of fruit load (P < 0.0001) was less. The current rust
area was mainly negatively affected by fungicide applications (P <
0.0001 for all fungicides) and increased by the past rust area (P <
0.0001) and past leaf area (P < 0.0001). On a second level, variables
such as the fruit load of the coffee plant (P< 0.0001) and bottom and
middle coffee leaf strata (P < 0.0001 and P = 0.0013, respectively)
were positively related to the current rust area. Compared with full
sun exposure, shade provided by the combination of Poró andCashá
(P= 0.0059) affected the current rust area positively,while the Poró-
based agroforestry system did not show any effect (P = 0.3708).
Branch leaf fall (P < 0.0001) had a minor negative effect on the
increase in rust area.

Laboratory measurements of rust areas, presence of rust
area parasitized with L. lecanii, presence of necrosis due to
rust, and rust inoculum stock. For the laboratory measure-
ments, the validated SEM, which fitted the data best (Fisher’s test,
P = 0.351), brought out 15 significant relationships between
variables, including 12 of the 24 tested relationships from the
formulated SEM and 3 provided by the Shipley test for missing
paths.
In the SEM obtained (Table 4), bottom and middle strata had

positive effects on the latent rust area (P < 0.0001 for both strata),

TABLE 3. Description of the structural equation modeling (SEM) submodels from the field monitoring experiment and from the leaf collection experiment

SEM, response variables Explanatory variablesa

Field monitoring
Leaf growth Shade1 + leaf stratum + fruit load2 + leaf aread-213

Leaf fall Shade4 + leaf stratum5 + fungicides6 + fruit load7 + leaf aread-213 + rust aread-218

Current rust area Shade9 + leaf stratum10 + fungicides11 + fruit load12 + leaf aread-2113 + rust aread-2114 + leaf fall15 + leaf growth15

Leaf collection
Latent area Shade9 + leaf stratum10 + fungicides11 + fruit load12

Sporulation area Shade16 + leaf stratum + fungicides17 + latent area
Inoculum Shade18 + leaf stratum + fungicides + latent area + sporulation area
Necrosis Shade16 + leaf stratum + fungicides19 + fruit load + latent area + sporulation area
Lecanii Shade20 + leaf stratum + fungicides21 + latent area22 + sporulation area22

a Superscript numbers indicate references supporting some of the relationships present in the submodels, as follows. 1 = (Campanha et al. 2004; Charbonnier et al.
2013; Jaramillo-Botero et al. 2010; López-Bravo et al. 2012), 2 = (Bote and Jan 2016; Cannell 1985; Vaast et al. 2005), 3 = (Cournede et al. 2007), 4 =
(Campanha et al. 2004; López-Bravo et al. 2012; Staver et al. 2001), 5 = (Avelino et al. 1991), 6 = (Bock 1962; Brinate et al. 2015; Cannell 1985; da Cunha et al.
2004; Mulinge and Griffiths 1974; Van der Vossen and Browning 1978), 7 = (Bote and Jan 2016; Vaast et al. 2005), 8 = (Brown et al. 1995; Kushalappa and
Lagesse 1981), 9 = (Allinne et al. 2016; Avelino et al. 2006; Roberts and Paul 2006; Salgado et al. 2007; Soto-Pinto et al. 2002; Staver et al. 2001), 10 = (Avelino
et al. 1991; Bock 1962; Martins et al. 2015; Villegas Garcı́a and Baeza-Aragón 1990), 11 = (Capucho et al. 2013; Chalfoun and Carvalho 1999; da Cunha et al.
2004; De Carvalho et al. 2012; de Souza et al. 2011; Mulinge and Griffiths 1974; Rayner 1962; Santos et al. 2002; Waller 1982), 12 = (Avelino et al. 2006; Costa
et al. 2006; De Carvalho et al. 2001; López-Bravo et al. 2012), 13 = (Avelino et al. 2006; Bock 1962; Kushalappa 1981; Kushalappa et al. 1983), 14 =
(Kushalappa 1981), 15 = (Bock 1962; Kushalappa 1981), 16 = (Eskes 1982), 17 = (Coutinho et al. 1995; Rozo-Peña and Cristancho-Ardila 2010), 18 = (Toniutti
et al. 2017), 19 = (Rozo-Peña and Cristancho-Ardila 2010), 20 = (Vandermeer et al. 2009), 21 = (Castellanos et al. 2012), and 22 = (Martins et al. 2015).
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with a greater effect of the bottom stratum. The only effect of fruit
load on the inoculum stock was positive (P = 0.0001). In terms of
management strategy, fungicide applications negatively affected
rust development (i.e., the latent rust area) (P < 0.001 for all
fungicides), the area with uredospores (P = 0.0033 for Bordeaux
mixture and P < 0.0001 for the commercial copper-based fungicide
and cyproconazole applications), and the rust inoculum stock (P <
0.001 for all fungicides), while the fungus L. lecanii was not
affected. For all the rust development stages, the commercial
copper-based fungicide application was more efficient than the
cyproconazole application, and the application of Bordeaux
mixture was the least efficient in controlling the disease. The two
different agroforestry systems (Poró alone and its combination with
Cashá) had different behaviors. Indeed, in comparison with full sun
exposure, the combined system, providing less canopy openness,
was associated with a larger latent rust area (P < 0.0001) but had no

effect on the rust area with uredospores (P = 0.4030), whereas the
Poró-based system had no effect on the latent rust area (P = 0.8479)
but negatively affected the rust area with uredospores (P = 0.0015).
Their common point was their positive effect on parasitism by
L. lecanii (P < 0.0001 for the Poró based system and P = 0.0013 for
the combined system). Within the rust system, the presence of
necrosis due to rust was positively explained by the latent rust area
(P = 0.0027) and the presence of rust area parasitized with L. lecanii
(P = 0.0026). The presence of the rust area parasitized by L. lecanii
was also positively dependent on the area with uredospores (P =
0.0001), the latent rust area (P = 0.0021), and, to a lesser extent, the
inoculum stock (P = 0.0041). The inoculum stock was mostly
negatively dependent on fungicide treatments (P < 0.0001) and
positively on the rust area with uredospores (P < 0.0001). The
intensity of sporulation in untreated plots was approximately 58 ×
103 uredospores cm_2 (Fig. 2A) whereas, in sprayed plots, the

Fig. 1. Validated structural equation model of relationships between coffee phenology, rust development, and plot management for the field monitoring experiment.
Darker and lighter solid arrows represent significant (P < 0.001) positive and negative paths, respectively. Dotted arrows represent less significant relationships
(0.001 < P < 0.05). Response variables appear in ellipsoids. Effects of the factor modalities were compared with a reference modality for each factor, indicated in
parentheses. The thickness of the paths was scaled according to the magnitude of the scale-standardized estimates.

TABLE 4. Significant relationships found through laboratory experiment structural equation modeling analysisa

Variables Latent area Sporulation area Inoculum Lecanii Necrosis

Fruit load … … 0.14*** … …
Bottom stratum 0.76*** … … … …
Middle stratum 0.49*** … … … …
Poró shade … _0.67** … 0.83*** …
Poró + Cashá shade 0.54*** … … 0.69** …
Cyproconazole _0.57*** _1.76*** _1.18*** … …
Copper _0.84*** _1.95*** _1.32*** … …
Bordeaux mix _0.38*** _0.45** _0.30*** … …
Latent area … 0.07*** … 0.11** 0.087**
Sporulation area … … 0.12*** 0.40*** …
Inoculum … … … 0.06** …
Lecanii … … … … 0.57**

a Explanatory variables are in columns and response variables in rows. Coefficients are the scale-standardized estimates in order to compare variable effects.
Coefficients for factor modalities describe the effect of the modality compared with the reference modality of the factor. Asterisks: *, **, and *** indicate P <
0.05, 0.01, and 0.0001, respectively.
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intensitywas only 49× 103 uredospores cm_2 (Fig. 2B) for rust areas
with uredospores ranging from 0 to 5 cm2 per branch in (95% of the
recorded area).

DISCUSSION

The integrated pathway analysis developed in the SEM method
allowed us to unravel rust behavior considering host dynamics and
some common management patterns for Coffea arabica crops in
Central America. The multiplicity of interactions between coffee
plants, rust and the management patterns found with both field
(Fig. 1) and laboratory data (Table 4) is another illustration of the
complexity of the pathways involved in the full expression of a plant
disease such as CLR.

Rust regulation by coffee phenology dynamics. To gain a
better understanding of the interactions existing between rust area
and coffee phenology dynamics, we proposed two subschemes,

deduced from the main scheme of the field data SEM (Fig. 1),
focusing on how coffee vegetative (Fig. 3) and reproductive (Fig. 4)
growth affects rust development.
From the pathway analysis, we identified effects where host

and pathogen developments interact (Fig. 3). Within a coffee
system, foliage density was a source of future leaf growth, in
accordance with the source-sink theory (Cournede et al. 2007).
Leaf renewal had an immediate rust dilution effect (Calonnec
et al. 2013; Ferrandino 2008) by incorporating healthy leaves
into the system but foliage density also amounted to a surface
available for future infection by CLR (Avelino et al. 2006; Bock
1962; Kushalappa 1981; Kushalappa et al. 1983). Future leaf
removal was necessarily dependent on available leaves. In
addition, the presence of rust on leaves was responsible for
premature leaf fall (Kushalappa and Lagesse 1981) which, in
turn, helped to regulate the expansion of this biotrophic pathogen
(Kushalappa 1981).

Fig. 2. Relationship between rust area with uredospores (in square centimeters) and number of uredospores (in thousands of spores) in A, untreated plots (P <
0.001, R2 = 0.6904) and B, plots that received fungicide applications (P < 0.001, R2 = 0.7098). Inoc = number of uredospores and SporulArea = area with
uredospores. Regressions were forced through the origin because, by definition, without visible sporulation, no uredospores were collected.

Fig. 3. Interpretation scheme for the main interactions between coffee vege-
tative growth and rust development and explanation of the dilution theory
(Ferrandino 2008). Darker and lighter solid arrows represent significant (P <
0.001) positive and negative paths, respectively. Dotted arrows represent less
significant relationships (0.001 < P < 0.05). Empty arrows represent hypo-
thetical effects. The thickness of the paths was scaled according to the mag-
nitude of the scale-standardized estimates.

Fig. 4. Interpretation of the main interactions between coffee reproductive
growth and rust development. Darker and lighter arrows represent significant
(P < 0.001) positive and negative paths, respectively. The thickness of the paths
was scaled according to the magnitude of the scale-standardized estimates.
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The reproductive growth of the coffee plants also affected rust
development, as was already observed in many studies (Avelino
et al. 2006; Costa et al. 2006; De Carvalho et al. 2001; López-Bravo
et al. 2012). Our study showed that this global effect was mainly
driven by the incorporation of fruit as a sink, competing with leaf
growth and enhancing leaf fall (Fig. 4) which, in turn, affected rust
development (Cannell 1985; Cournede et al. 2007). The analysis of
the laboratory data suggested that fruit load affected the rust
sporulation stage and had no effect on tissue colonization (Table 4).
This seems contradictory to what we deduced from the field data,
where fruit load increased rust area. We put forward the hypothesis
that this apparent contradiction was due to the lack of temporal
dimension in the laboratory data, where destructive sampling was
carried out: the higher inoculum stock observed with high fruit
loads will, with time, necessarily increase the number of rust
infections and lead to larger rust areas, as found in the field
experiment SEM analysis.
Considering this strong interdependence of disease and host plant

development,Waller (1982), Ferrandino (2008), andCalonnec et al.
(2013) emphasized the importance of measuring indicators that do
not depend on both entities. Indeed, the incidence and the severity of
a disease represent rates of diseased leaves and infested leaf area
which, therefore, can vary as a function of the vegetative status of
the coffee plant. Another way to fight rust might be to enhance
coffee leaf renewal. Studying the effects of different nutrition
strategies and pruning to increase rust dilution would be of great
interest. When the objective of an experiment is to study the
dynamics of an epidemic, both the host plant and disease
development should be monitored to compute an apparent growth
rate of the disease corrected for host growth (Kushalappa and
Ludwig 1982). If the objective is to understand the effect of
management practices on the disease itself, it might be of interest to
observe the disease on the scale of the lesions, describing their
different symptoms and signs.
To our knowledge, there are very few studies under controlled

conditions showing differences in leaf physiological resistance
depending on the branch or plant fruit load (Eskes and de Souza
1981). Our results tended to show that the positive relationship
between fruit load and coffee rust incidence or severity was also
(mainly) due to reduced growth of the coffee branch, and not only
lower physiological resistance.

Effects of shade trees and coffee leaf strata on rust
development stages. Shade trees and coffee leaf strata can be
considered as different levels of light interception by coffee leaves.
These factors cause microclimate variations that directly affect
coffee phenology and rust development (López-Bravo et al. 2012).

Our laboratory data revealed that both factors had multiple paths
of action and opposite effects on rust development (Fig. 5), which
might explain the controversial results of previous shade studies.
We highlighted antagonistic effects of shade conditions on tissue

colonization and sporulation. Low radiation in low coffee strata, or
in the combined agroforestry system, was associated with better
development of latent rust areas (Eskes 1982), whereas the Poró-
based agroforestry system limited the areas with uredospores
(Toniutti et al. 2017). The negative effect of light on the latent rust
area could be explained by the role of light in activating certain plant
protection compounds such as reactive oxygen species (Bechtold,
et al. 2005; Roberts and Paul 2006). Another hypothesis is that
larger latent areas are the result of a larger number of successful
infections that could be favored by the shade conditions (López-
Bravo et al. 2012). As regards the middle stratum effect, the higher
latent rust areamight also be due to the branch fruit load. As already
indicated, it is known, and shown in our study, that the fruit load
increases rust intensity at plot and plant levels; however, this
relationship also exists at branch level (Eskes and de Souza 1981),
and the most productive branches are those of the middle stratum
of the coffee plant. This effect was not found in our study, because
fruit load was not disaggregated as a function of the branch stratum
when counting the fruiting nodes. Radiation and nutrition might
explain shade effects on areas with uredospores. Toniutti et al.
(2017) hypothesized that leaves fully exposed to sunlight (full sun
management, in our case) have a hotter temperature regime
conducive to sporulation. However, the negative effect of the
Poró-based agroforestry system on infected areas was not observed
with the low coffee leaf strata or the combined agroforestry system,
which had denser shade cover. Another pathway is probably
involved, related to nitrogen (N) recycling, which is known to be
higher under the Poró system compared with the Poró-Cashá
combined shade system (+40 to 94%, depending on pruning
intensity) (Haggar et al. 2011). This higher N provision is less
conducive to rust sporulation according to Toniutti et al. (2017).Our
study also revealed that shade promoted rust parasitism by
L. lecanii, as shown by Vandermeer et al. (2009). Finally, the fact
that the area with uredospores was similar under dense shade to that
with full sun exposure could only be explained by the presence of
larger latent rust areas under the shade conditions.
In terms of a rust control strategy, the Poró-based agroforestry

system seemed to be better than the combined agroforestry system.
Indeed, compared with a system with full sun exposure, the

Fig. 5.Main effects of shade agroforestry systems and coffee leaf strata on rust
development found through the structural equation modeling analysis on
laboratory data. Darker and lighter arrows represent significant (P < 0.001)
positive and negative paths, respectively. Sporul. Area = sporulation area.
Effects of the factor modalities were compared with a reference modality for
each factor, indicated in parentheses. The thickness of the paths was scaled
according to the magnitude of the scale-standardized estimates.

Fig. 6. Hypothetical effects of shade agroforestry systems and coffee leaf
strata on fruit load and observed effects of fruit load on coffee phenology and
rust development found through the structural equation modeling (SEM)
analysis on field data. Darker and lighter arrows represent significant (P <
0.001) positive and negative paths, respectively. Empty arrows represent hy-
pothetical effects. Effects of the factor modalities were compared with a ref-
erence modality for each factor, indicated in parentheses. The thickness of the
SEM paths was scaled according to the magnitude of the scale-standardized
estimates.
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Poró-based agroforestry system limited rust sporulation and did not
increase latent rust areas, whereas the combined agroforestry
systemwas responsible for larger latent rust areas and did not affect
rust areas with uredospores. In addition, the natural enemy of rust,
L. lecanii,was also more abundant under the Poró-based shade than
under the combined shade.

Shade trees and coffee leaf stratum effects on coffee
phenology. In comparison with full sun exposure, no effect of
either agroforestry systems was observed on coffee leaf phenology
(Fig. 1), in contradiction to previous results reporting that a higher
level of shading is unfavorable for leaf growth (Campanha et al.
2004; Jaramillo-Botero et al. 2010; López-Bravo et al. 2012).
However, we found a negative effect on leaf growth for lower coffee
leaf strata in comparison with upper strata. This result might be
explained by the lower interception of light, which reduces
photosynthesis under such conditions (Charbonnier et al. 2013),
and leaf area growth considering the source-sink theory (Cannell
1985; Cournede et al. 2007). Although some studies found a
positive effect of low leaf strata and shade trees on leaf retention
(Avelino et al. 1991; Campanha et al. 2004; López-Bravo et al.
2012; Staver et al. 2001), our analysis showed no direct effect.
However, it is known that coffee yields are lower under shade
because of light interception, which reduces flower initiation
(DaMatta and Rena 2002). In our study, we did not create a
submodel explaining fruit load, because of the poor measurement
accuracy of fruit load and differences in terms of time steps that
were difficult to integrate in the SEM analysis. However, we found
that the plant fruit loadwas significantly lower (P= 0.018) under the
Poró-based system (mean fruit load = 384) and the combined
system (mean fruit load= 205) in comparisonwith full sun exposure
(mean fruit load = 452). In our analysis, the shade effect on leaf
retention was probably integrated into the fruit load effect (Fig. 6).
Finally, the absence of direct branch stratum effects on leaf
retention suggested that this effect was possibly negligible.
Differences in leaf retention are expected due to rust intensity,
which is greater on lower branches.

Relationships between different rust life cycle stages and
rust parasitism by L. lecanii. Over the same time step,we found
mostly logical relationships between the different rust life cycle
stages. Indeed, for larger latent rust areas, larger areas with
uredospores and with necrosis due to rust were observed (Fig. 7).
Moreover, the inoculum stock was mainly explained by the
fungicide treatment, the area with uredospores, and the fruit load
(Table 4). This result shows that fungicide applications directly act
upon sporulation intensity, in addition to indirectly acting by
limiting the area with uredospores. Considering now the relation-
ships between the rust system and a natural enemy, L. lecanii, over
the same time step, we logically found more L. lecanii where rust
was more abundant (Fig. 7). Given L. lecanii hyperparasitism, the
rust lesions developed necrosis. Our results also shed some
additional light on the findings published on L. lecanii influence
on rust (Jackson et al. 2012; Vandermeer et al. 2009). The statistical

1-year time lag relationship between outbreaks of L. lecanii and low
rust intensities reported by Jackson et al. (2012), suggesting delayed
natural rust regulation, might be explained alternatively by four
effects: (i) the well-known biennial coffee yield behavior (DaMatta
2004), (ii) the positive relationship between fruit load and rust
intensity, which (iii) exacerbates biennality because of yield losses
due to rust (Cerda et al. 2017), and (iv) increases L. lecanii
parasitism.

Effect of fungicide type on coffee phenology, rust
development, and rust parasitism by L. lecanii. All of the
fungicides applied in our study were able to control rust at all of its
stages except the necrosis of lesions. This is surprising, given their
main properties. Copper-based fungicides, including Bordeaux
mixture, mainly protect (da Cunha et al. 2004) the plant from new
infections and, therefore, should mainly reduce the latent rust
area, whereas systemic fungicides mainly prevent postinfectious
processes such as colonization and sporulation (Chalfoun and
Carvalho 1999; Santos et al. 2002). Our results provide evidence of
additional effects of copper-based fungicides on sporulation and of
systemic fungicides on preventing infections. However, these
fungicides had different efficiency levels (Table 4). For any rust
development stage, the commercial copper-based fungicide was
found to bemore effective than cyproconazole, itself more effective
than Bordeauxmixture (Fig. 8). In 1974,Mulinge and Griffiths also
observed a higher efficacy of a commercial copper-based fungicide
than a systemic one against rust but did not provide any hypothesis
(Mulinge and Griffiths 1974). Our result may have been related to
differences in doses, application times, or rust levels when
fungicides were applied. H. vastatrix resistance to cyproconazole
cannot be excluded, even if there is still no evidence of such a
possibility (Rozo-Peña and Cristancho-Ardila 2010). For instance,
Bordeauxmixturewas associated with organicmanagement, where
rust levels were higher, which surely contributed to reducing its
effects (Zambolim 2016). Furthermore, our study highlighted
additional, direct fungicide effects on the coffee plants. The tonic
effect on coffee plant foliage resulting from copper-based fungicide
sprays wasmentioned in previous studies (Bock 1962; Brinate et al.
2015; Cannell 1985; da Cunha et al. 2004; Mulinge and Griffiths
1974; Van der Vossen and Browning 1978). The surprising absence
of fungicide effects on rust parasitism by the fungusL. lecaniimight
be explained by the late emergence of this parasite during and after
harvesting periods, when fungicides were no longer applied.

Methodological features. Many methodological choices
were important in our study to achieve the goals we set. First,
SEM analysis allowed us to reveal multiple pathways existing
between several submodels. We then selected variables that did

Fig. 7. Main relationships between different rust life cycle stages and rust
parasitism by Lecanicillium lecanii found through the structural equation
modeling analysis on laboratory data. Arrows represent significant (P < 0.001)
paths; Sporul. Area = sporulation area. The thickness of the paths was scaled
according to the magnitude of the scale-standardized estimates.

Fig. 8. Main relationships between different types of fungicides, coffee phe-
nology, and rust found through the structural equation modeling analysis on
field data (on the left) and laboratory data (on the right). Solid arrows represent
significant (P < 0.001) paths; Sporul. Area = sporulation area. Dotted arrows
represent less significant relationships (0.001 < P < 0.05). Effects of the factor
modalities were compared with a reference modality, indicated in parentheses.
The thickness of the paths was scaled according to the magnitude of the scale-
standardized estimates.
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not depend at the same time on coffee and rust systems, which led
us to exclude incidence and severity indicators (Waller 1982). We
decided to consider time in this analysis, in order to highlight
delayed effects. By considering different rust stages in the
analysis, we were able to show antagonistic effects of shading
and of the coffee leaf stratum depending on the stage, which are
impossible to distinguish otherwise. This approach also led us to
elaborate a way of estimating the inoculum stock in unsprayed
plots, based on image analysis (Fig. 2), which is less time-
consuming than counting methods.
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