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Abstract

American leaf spot disease, known in Latin America as ojo de gallo, is a coffee
fungal disease caused by the fungal agent Mycena citricolor. Recent increase in the disease
and its ability to cause severe yield losses in coffee raised questions about our understanding
of the disease dynamics in coffee farms, and our ability to predict and prepare for possible
outbreaks and avoid the economic losses similar to those caused by recent outbreaks of the
coffee leaf rust across Latin America. In this thesis, | investigate some of the factors that
might impact patterns of American leaf spot disease in an organic shaded coffee farm in
Chiapas, Mexico.

In chapter 1, | assess the co-occurrence pattern of American leaf spot (ALS) disease
with the coffee leaf rust, another fungal disease caused by Hemileia vastatrix, which caused
severe outbreaks in Latin America since 2012/2013. Based on seven months of sampling of
ALS and coffee leaf rust incidence and intensity in an organic coffee farm in Chiapas,
Mexico, results from chi-squared analyses of contingency tables of disease presence suggest
that the incidences of the two diseases are not independent. Significantly fewer coffee plants
are infected with both diseases than expected at random, while significantly higher number
of coffee plants are infected with only one disease than expected at random. The patterns
show evidence that there may be trade-offs between the control of the two pathogens.
Specifically, the planting of coffee leaf rust resistant varieties may be more susceptible to
American leaf spot disease and may lead to an outbreak of this fungal disease.

In chapter 2, | explore the possible effects of shade trees and a dominant ant on ALS.
As nitrogen fixing trees can usually add nutrients to the soil and possibly improve plant
health, | proposed that coffee plants under nitrogen fixing shade trees will have a lower
incidence and intensity of ALS. In addition, due to the complex ecological interactions that
the dominant ant, Azteca sericeasur, can have with many organisms in the system and

maintaining stability through biocontrol, I hypothesized that trees with A. sericeasur nests
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will have a negative impact on ALS disease. Using data of American leaf spot incidence and
intensity collected in Finca Irlanda, Chiapas, Mexico, along with shade tree types and Azteca
ant nest presence, | ran chi-squared analyses, Kruskal-Wallis rank sum test, and t-tests to
understand the disease patterns with respect to three shade tree types (Inga spp [a n-fixing
genus in the family Fabacea], Alchornea latifolia [the second most common species after
Inga], and all other trees). | found that shade tree types do not significantly impact American
leaf spot incidence and intensity in the same way. Coffee plants around Inga spp., the
nitrogen fixing trees in the coffee farm, have significantly higher disease intensities than
other shade trees but are not different from Alchornea. The presence of Azteca nests in shade
trees nearby coffee bushes did not have a significant effect on the incidence of ALS. The
results suggest that shade trees have complex impact on American leaf spot disease, and
multiple factors, including nutrients, shade level and microclimate, and possible ecological
interactions can have a combined effect. Future research focusing on independent factors
associated to shade trees can further improve our understanding of American leaf spot

disease patterns.
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Chapter 1: Early signs of a secondary outbreak of Mycena citricolor in an organic farm

in Southern Mexico

Chenyang Su?, Zachary Hajian-Forooshani®, Kevin Li?, John Vandermeer® and Ivette

Perfecto?

School for Environment and Sustainability, University of Michigan, Ann Arbor, MI 48109, USA
Department of Ecology and Evolutionary Biology, University of Michigan, Ann Arbor, Ml 48109,
United States

1.1 Abstract

Coffee leaf rust caused by Hemileia vastatrix and American leaf spot disease by
Mycena citricolor are important coffee fungal diseases that can cause severe yield losses.
While coffee leaf rust received much attention from the recent regional outbreak in Latin
America, here we report on an associated pattern of American leaf spot with the presence of
coffee leaf rust in a coffee farm in southern Mexico. Based on seven months of sampling for
disease incidence and severity of both coffee leaf rust and American leaf spot, we show that
the incidences of the two diseases are not independent. Chi-square analyses of contingency
tables of coffee leaf rust and American leaf spot presences show significantly fewer coffee
plants infected with both diseases and more plants infected with only one of the diseases than
expected at random. The resulting patterns of infection are consistent with the hypothesis that
there may be trade-offs in controlling these pathogens, where the resistant varieties to the
coffee leaf rust that were planted in response to the recent outbreak may be more susceptible
to American leaf spot. These results suggest that management strategies for the control of the
coffee rust should not rely on planting homogenous resistant varieties and must take into

consideration the community of pathogens that infect coffee.



1.2 Introduction

In 2012/2013 the coffee leaf rust (CLR) (Hemileia vastatrix) suddenly burst onto the
coffee landscape from southern Mexico to Peru (McCook and Vandermeer 2015), causing
significant economic damage throughout the region. This infamous “big rust” (McCook
2020) ushered in a period of intense search for adequate responses, both cultural and
chemical (Talhinhas et al. 2017). One important class of response was the planting of newly
developed resistant varieties of coffee, mainly based on Catimor genetic material. It has been
reported that varieties resistant to CLR are themselves susceptible to American leaf spot
disease (Mycena citricolor) (Julca-Otiniano et al. 2018), known in Latin America as “ojo de
gallo” or “gotera del cafeto”. American leaf spot (ALS) is a coffee disease found in Latin
America that can infect not only leaves, but also branches and fruits of coffee, leading to
defoliation, branch deaths, and fruit fall (Avelino et al. 2018). Complicating matters, M.
citricolor has a broad range of hosts on coffee farms, including shade trees and weeds, which
makes it difficult to contain and can cause severe yield losses (Avelino et al. 2018).
Relatively little is currently known about how these two diseases interact in the field or how
these new varieties resistant to CLR may impact the dynamics of ALS.

Although it is appreciated that the selection for resistance to a single pathogen can
potentially result in higher susceptibility to another, resulting in a trade-off between the two
diseases (Sopel et al. 2007), it is unknown if such a trade-off exists between CLR and ALS
for these new resistant coffee varieties. If the resistance to CLR comes at the cost of
vulnerability to ALS, then the widespread implementation of these varieties as the main
strategy for the control of the CLR in Mexico and Central America may contribute to an
outbreak of the American leaf spot disease, which may be more difficult to control due to its
diversity of hosts. Furthermore, the benefit of controlling CLR via these resistant varieties
may be relatively short-lived, as it has been reported that resistance to the CLR is beginning
to break down in some areas (Jibat 2020). For example, in 2017, the World Coffee Research
Organization reported that the CLR resistant variety Lampira (a cross between Timor hybrid
832/1 and Caturra), which was widely planted in Honduras and other Central American
countries after the 2012/2013 CLR outbreak, was no longer resistant to the CLR (Kraft
2017).



In this study, we report on the relationship between CLR incidence and the incidence
of ALS in Mexico after the CLR outbreak led to an extensive planting of CLR resistant
varieties to better understand how these two diseases are related to each other in the field.
Based on systematic sampling of groups of coffee bushes in a contiguous area of 45 hectares
(128 50 x 50 m plots), we report on the recent increase in the incidence and intensity of M.

citricolor for seven months, along with H. vastatrix.

1.3 Methods

Surveys of CLR and ALS were conducted at Finca Irlanda, a ~300 ha shaded organic
coffee farm in the Soconusco region of Chiapas, Mexico (15° 20" N, 90° 20" W). Finca
Irlanda is located at elevations ranging from 900 to 1,200 meters above sea level and receives
an annual rainfall of 4,500 mm (Philpott and Bichier 2012). The farm has diverse shade trees
as canopy cover, with Inga being the dominant shade tree (Philpott and Bichier 2012). Many
coffee cultivars are planted on the farm, including recently planted rust-resistant varieties.

Sampling was conducted each month from March to November in 2020, with the
exception of April and May (due to the COVID-19 pandemic lockdown). Each of the 45
hectares within this plot was subdivided into four 50 x 50 m subplots, for a total of 128
subplots. A central shade tree was identified as a point location for each subplot. The five
coffee plants nearest the central shade tree were sampled, and the presence of CLR and ALS
were visually inspected and recorded. The intensity of ALS was estimated as a percentage
infected for each plant and the intensity of CLR was estimated by counting the number of
leaves infected with the fungus and dividing by the estimated total number of leaves per
plant. In total, 640 coffee plants were examined each month. We conducted a Pearson’s Chi-
Square test on a contingency table of presence and absence of the two diseases followed by
post hoc analyses to confirm the direction of deviation from expected incidences for each
month. We visualized the co-occurring intensity of the diseases over all observations through

the seven months by plotting their relative intensities scaled with the z-score method (z = (x-
/o).



1.4 Results

Incidence of ALS on coffee bushes was relatively constant over the sampling period.
The number of infected bushes decreased from 128 in March to 105 in June and increased
slightly from June to November to 127 infected plants, around 19.8% of total coffee bushes
sampled (Table 1.1). The number of bushes with CLR decreased from 366 in March to 245
in September, and increased again to 334 in November, around 52.2% of total coffee bushes
sampled (Table 1.1). More coffee bushes were infected with CLR than ALS across all
months sampled (Table 1.1). Chi-squared results for independence show significant
deviation from expected at random for incidences of the two diseases in all months examined
(p < 0.01 for June, and p < 0.001 for all other months, Table 1.1). Each month, the observed
numbers of plants with both diseases were significantly lower than expected from a random
distribution (post hoc analysis, p < 0. 01 for June and p < 0.001 for all other months).
Observations of plants without either disease were significantly lower than expected at
random, while observations of plants with only one disease were significantly higher than
expected at random, especially for coffee plants with only ALS (Fig. 1.1). In addition, the
relative intensities of the two diseases were negatively associated, especially at high disease
intensities. Plants with high intensity of ALS had a low intensity of CLR and vice versa (Fig.
1.2).

1.5 Discussions

From our results, it is clear that the incidences of ALS and CLR on coffee bushes
were not independent. More bushes were infected with either CLR or ALS than expected,
and fewer bushes were infected with both diseases. These patterns support the hypothesis
that increased planting of rust-resistant varieties could lead to an increase in ALS, as these
varieties may be more susceptible to ALS disease, as observed by Julca-Otiniano and
colleagues (2018). Tradeoffs between resistance to one disease and susceptibility to another
disease has also been found in other crops. For example, increased use of the powdery
mildew resistant gene mlo in barley may have caused increased susceptibility to Ramularia
leaf spot (Ramularia collo-cygni), a serious fungal disease (McGrann 2014). Currently, with

increased planting of rust-resistant varieties of coffee, possible outbreaks of ALS could take



place in association with a decrease in CLR, causing severe damages to coffee yields. Future
monitoring of coffee farms for both CLR and ALS, and their association with coffee bush
varieties, would be essential to further inform our understanding of the dynamics of the ALS,
and to prevent future outbreaks of the disease.

These results represent an early warning related to control strategies that rely
exclusively on planting resistant varieties, and in particular, a single resistant variety instead
of a mixture of different resistant varieties and non-resistant varieties. This mixed strategy
has yielded good results in reducing rust disease incidence in cereals (Finckh et al. 2000; Zhu
et al. 2000). Furthermore, a total system approach (Lewis et al. 1998) that integrates all the
factors that contribute to the incidence of the disease and the health of the plant should be
taken into consideration. Recent evidence suggests that healthy coffee plants are more
resistant to rust attack and that good plant nutrition enhances plant physiological response in
fighting both CLR (Toniutti et al. 2017) and ALS (Avelino et al. 2007); however, the
relationship between disease incidence and fertilization in coffee is complicated and still
under investigation (Vazco et al. 2018; Perez et al. 2019, 2020; Silva et al. 2019). The
amount and type of shade within farms and at the landscape level can also influence disease
incidence (Staver et al. 2001; Soto-Pinto et al. 2002; Avelino et al. 2012, 2020; L6opez-Bravo
et al. 2012) and should be incorporated in a disease management strategy. However, under
certain conditions these two diseases can show contrasting responses to shade (Monterroso
Salvatierra 1999). Finally, a number of natural enemies of the rust have been identified
(Vandermeer et al. 2009; Martins et al. 2015; Hajian-Forooshani et al. 2016, 2020) and could
prove important in delaying epidemic development (Flemming 1980). These control and
management strategies, in combination with mixtures of CLR-resistant and non-resistant
varieties, could prove to be a more sustainable strategy for the control of these two

economically important diseases of coffee.
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1.8 Tables and figures

Table 0.1 Contingency tables for American leaf spot and coffee leaf rust presence for all
months with chi-square test results

American leaf spot Pearson’s Chi-
sanared test
Absent | Present | Total
Absent 197 77 274
Coffee leaf rust X?=18.782,
Present 315 51 366
(March) p = 1.465e-05
Total 512 128 640
Coffee leaf rust ?bsentt ;;33 23 gii X2 = 8.9552
resen
(June) b = 0.002767
Total 535 105 640
Coffee leaf rust Absent 253 3 326 X?=17.514,
Present 283 31 314
(July) p = 2.853e-05
Total 536 104 640
2 =
Coffee leaf rust Absent 266 83 349 [ X¢=127.814,
Present 268 23 291 | p=1.336e-07
(August)
Total 534 106 640
Coffee leaf rust Absent 305 %0 395 X2 =24.602,
Present 227 18 245
(September) p =7.047e-07
Total 532 108 640
Absent 270 91 361
Coffee leaf rust sen X? =39.639,
Present 262 17 279
(October) p = 3.055e-10
Total 532 108 640
Coffee leaf rust Absent 220 86 306 X% =24.171,
Present 293 41 334
(November) p = 8.817e-07
Total 513 127 640




Figure 0.1 Pooled data on the incidence of CLR and ALS. Red rectangles with dashed
borders indicate lower number of plants than expected, and blue rectangles with solid borders
indicate higher number of plants than expected. Darker shades indicate more deviation from
expected.
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Figure 0.2 Relative intensities of the two diseases on each coffee plant for all samples across
the seven months. Points are transparent and jittered to show overlapping samples. Note that
when one disease is not present or at low intensities, the other disease is at a higher intensity,
suggesting that coinfection of both diseases is not common on our field site.
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Chapter 2: American leaf spot disease incidence and intensity among shade trees in

coffee agroforestry systems

2.1 Abstract

American leaf spot disease caused by Mycena citricolor is a rising coffee fungal
disease in South America. Native in the area, American leaf spot can infect not only coffee,
but also weeds and shade trees, making it hard to control and can cause severe yield losses in
coffee. Relatively little is known about factors that impact the disease incidence and intensity
in coffee farms, including the effect of various shade trees. In this study, | report on patterns
of American leaf spot disease incidence and intensity with respect to three shade tree types
and the presence of a dominant ant in an organic coffee farm in Mexico. Specifically, disease
incidence and intensity were compared among Inga spp., nitrogen fixing shade trees
commonly found in coffee farms, Alchornea latifolia, a second common shade tree in the
study site, and other shade trees including fruit trees. Additionally, | examine the potential
impact of the presence of Azteca instabilis, a dominant ant species that nest in shade trees
and forage and tent hemipterans in coffee bushes. Chi-squared test and Kruskal-Wallis rank
sum test show no significant difference in disease incidence by month for different tree types.
T-test on American leaf spot intensity show significant differences by tree types when
compared in pairs, with significantly higher intensities under Inga spp. trees than other shade
trees, possibly due to the favorable microclimate conditions under Inga trees in the farm. No
statistically significant results for Alchornea tree and presence of Azteca ants were found in
the analyses. The results suggest a possible trade-off between nutrient addition by Inga spp.
trees and shade levels for nitrogen fixing shade trees, and further studies examining
independent factors associated with shade trees including nutrient addition and complex

ecological webs can inform management in coffee farms for fungal disease control.
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2.2 Introduction

Diseases and pests are important factors that can impact agricultural production,
reducing yield and leading to ecological and social impacts. Coffee, as one of the most
commercially important crops and a major traded commodity in the developing world, have
suffered from various disease and pest outbreaks (Avelino et al. 2018). Originated from
Africa, coffee has been introduced to the rest of the world including Southeast Asia and Latin
America. Approximately 125 million people worldwide depend on coffee to support and
maintain their livelihoods, from farmers to retailers (Krishnan 2017). According to the
International coffee organization, production in 2018/2019 reached 170.22 million bags, with
Latin America currently being the largest producing region of coffee in the world,
representing about 48.3% of the world total (International Coffee Organization 2020).
However, Latin America has seen severe damages from pests and pathogens. For example,
the “Big Rust” — coffee leaf rust outbreak moving from Mexico to Peru since 2012, caused
significant economic loss and hardship for coffee growers, and raised much interest in
understanding fungal disease ecology and possible responses in coffee systems (McCook and
Vandermeer 2015).

As coffee growing zones coincide with hotspots of biodiversity, and producers live in
culturally and biologically diverse regions, coffee growers adopt a large range of
management practices (Bravo-Monroy et al. 2016, Bacon 2005). On one end of the spectrum,
intensified coffee farms grow monocultural coffee with full sun exposure, using synthetic
fertilizers and pesticides (Bravo-Monroy et al. 2016). On the other end of the spectrum,
coffee is traditionally grown under diverse and dense shade canopy, composing
environments similar to natural forests (Toledo and Moguel 2012). In the middle of the
spectrum, management practices such as monocultural shade coffee and commercial
polycultures are also common. Across various intensities of coffee agriculture, shade trees
regularly play an essential role, as shade coffee is desirable as a commodity and shade trees
can offer many additional ecosystem services (Muschler 2001, Hernandez-Aguilera et al.
2019). Due to the high incorporation of shade trees in coffee systems, impact of shade cover
on coffee have been extensively examined. Shade trees provide many benefits to coffee
farms. Studies show that shade trees can improve the quality of coffee, but such effect can

vary based on altitude (Muschler 2001, Bosselmann et al. 2009). Shade trees can increase the
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survival of coffee plants in varying environmental conditions (Beer 1987). They can also
suppress weed growth through reduced sunlight reaching the forest floor and competition
(Soto-Pinto et al. 2002). Physiologically, some shade trees, such as nitrogen fixing trees, can
add nutrients to the soil and increase soil fertility and subsequently support coffee growth
(Cerdéa et al. 2012). Shade trees can also have negative impacts on coffee plants, such as
damaging the plants from branch fall and heavy shading (Beer 1987).

Interactions between shade cover and coffee diseases and pests are complicated.
Shade trees that add nutrients to the soil, especially nitrogen fixing trees that are commonly
found in coffee systems, have been shown to promote activity of beneficial soil
microorganisms and increase soil fertility (Sauvadet et al. 2018). These beneficial soil
characteristics then contribute to the health of coffee plants by enhancing growth and
increasing resistance to diseases (Ratnadass 2012, Durand-Bessart et al. 2020). Meanwhile,
shade trees could also increase disease incidence through the creation of favorable
microclimate of high moisture and low light, promoting fungal disease germination and
growth (Avelino et al. 2018).

Interactions of shade trees with the agroforestry communities can also impact coffee
diseases through potential indirect effect of biological control. Studied on a dominant ant
species Azteca instabilis, commonly found in coffee systems in Mexico and Puerto Rico,
show variations in ant nest frequencies and ant activities by tree species, which further
impact the complex ecological systems involving insects, birds and fungi (Philpott et al.
2005; Livingston et al. 2008). Azteca ants as a key stone species in a complex ecological web
can serve as a potential biological control impacting fungal disease incidence, where such
relationships between Azteca sp. and coffee leaf rust were found in Mexico and Puerto Rico
(Vandermeer et al. 2009; Jackson et al. 2012; Hajian-Forooshani et al. 2016). On the other
hand, Azteca could also be spreading the spores of the ALS disease.

Recently, a fungal disease, American leaf spot (ALS), has become more common in
Latin America, and signs of increasing ALS were found in Mexico (Avelino et al. 2018).
American leaf spot disease, caused by the fungal agent Mycena citricolor, is a native fungal
agent in Latin America. It can infect coffee leaves, branches, and fruits, causing significant
damage to coffee plant through defoliation, branch deaths and fruit fall. M. citricolor has a

broad range of hosts in coffee farms including weeds and shade trees, making it difficult to
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control (Avelino et al. 2018). A study by Avelino et al. in 2007 showed that forest and fruit
trees favor the development of ALS providing propitious conditions for growth, while
fertilization was unfavorable for the disease. In this study, | aim to further understand the
impact of shade tree types on ALS disease incidence and severity from the mixed impact of
various shade trees. | hypothesize that different shade tree types will have different effects on
ALS disease, with nitrogen fixing trees having a negative relationship with ALS incidence
and severity, due to the increased nitrogen input in the soil and improved coffee health and
disease resistance. In addition, shade trees with Azeteca ant nest will have a lower incidence
and severity of ALS through indirect biological control, resulting in lower ALS in Alchornea

trees because of the possible high occurrence of Azteca ants.

2.3 Method

Study site

To test the hypothesis, surveys of ALS were conducted at Finca Irlanda, Chiapas,
Mexico (15°10'6N", 92°20' 29"W). Finca Irlanda is a 280-ha certified organic farm with a
high density and diversity of shade trees (for more details on the farm vegetation see Philpott
and Bichier 2012). It is located at elevations ranging from 900 meters to 1200 meters above
sea level and receives an annual rainfall of 4500 mm. The farm adopts a coffee agroforestry
system with diverse shade trees as canopy cover, including dominant shade trees in the genus
Inga, which are nitrogen fixing plants in the family Fabaceae, allowing for exploration of the
impacts of shade tree types on ALS diseases.
Sampling and data collection

Sampling was conducted each month from March to November in 2020, with the
exception of April and May on a contiguous 45 hectares study plot. All shade trees bigger
than 10 cm in circumference in the plot have been identified and georeferenced for another
study (Vandermeer et al. 2008; Jackson et al. 2009; Li et al. 2016). Each of the 45 hectares
within this plot was subdivided into four 50 x 50 m subplots, for a total of 128 subplots (all
border hectares were excluded from the study). A central shade tree was identified as a point
location for each subplot and the presence or absence of Azteca ant nest was recorded. The

five coffee plants nearest the central shade tree were sampled, and the presence and severity
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of ALS were visually inspected and recorded. The intensity of ALS was estimated by
percentage of infection for each coffee plant. In total, 640 coffee plants around 128 shade
trees were examined every month.

Central shade trees in the 128 subplots were identified and categorized into three
categories, Inga spp., Alchornea latifolia, and others, to compare more generally the effects
of the shade trees on ALS. With the categorization of the shade trees, ALS presence and
intensities were compared for each month. Contingency tables for ALS presence and tree
types were constructed and chi-square analysis were run to understand the deviation of
disease presence near each type of central shade tree from expected at random. Due to the
non-normal distribution of the data for disease intensity, a Kruskal-Wallis rank sum test was
used to compare the severity of ALS with respect to tree types for each month. Additional t-
tests comparing means for each pair of tree types were conducted to confirm the direction
and level of significance.

In addition, similar analyses were run on pooled data of all coffee plants through the
entire sampling period, averaged data per subplot each month and with a subset of infected
coffee plants. Graphs of ALS incidence and severity were drawn to visually show the disease
distribution across tree types.

To understand ALS incidence with respect to Azteca ants and the relationship of
Azteca ant nest presence with tree species, | run chi-squared analysis on nest presence and
tree types to confirm any pattern in ant nest distribution, and Kruskal-Wallis rank sum test to

compare the severity of ALS with respect to ant nest presence.

2.4 Results

From the 128 subplots in the study site, twenty-two different species of shade trees
were found, and eighteen were identified to genus (Table 2.1). Among the eighteen species
of shade trees identified, four belong to the genus Inga. Inga micheliana, a common nitrogen
fixing shade tree in the family Fabaceae has the highest number of occurrences, 68 times, in
the 128 subplots. Four Inga trees were grouped accounting for 85 subplots with Inga as a

central shade tree. The second most common tree in the site is Alchornea latifolia, with a
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total occurrence of 14 times. The rest 29 subplots with various tree species were grouped
together in a category of “Other” for subsequent analysis (Table 2.1).

Chi-square analysis and Kruskal-Wallis rank sum test for each month found no
significant differences on ALS presence and intensity based on central shade tree types
except for June, where statistically significant differences of ALS intensities by tree type
were found (Kruskal-Wallis chi-squared = 6.7106, df = 2, p-value = 0.0349) (Table 2.2). T-
test for ALS intensity comparing Inga, Alchornea and other trees in pairs show different
results (Table 2.3). T-test comparing ALS intensities for coffee plants under Inga trees and
other trees show statistically significant difference (p<0.05) across all months except for
March (p = 0.09063). When comparing ALS intensities for coffee plants under Alchornea
and other, or Inga and other trees, no statistical significance was found except for in June,
when coffee plants under Inga plants have significantly higher intensity of ALS than coffee
plants surrounding Alchornea trees do. To visualize the data, ALS intensities were plotted by
month (Fig. 2.1).

Chi-squared analysis for pooled data across all months show significant deviation of
ALS occurrence from expected at random (X-squared = 30.329, df = 2, p-value = 2.595e-07)
(Fig. 2.2), and posthoc analysis using Bonferroni method for chi-squared analysis suggests
that higher than expected number of coffee plants around Inga trees are infected with ALS,
while lower than expected coffee plants around other shade trees are infected with ALS.
Kruskal-Wallis rank sum test for all samples across the months suggests that ALS intensities
are different by tree types (Kruskal-Wallis chi-squared = 32.729, df = 2, p-value = 7.817e-
08) and t-test for each pair of shade tree groups show that Inga is associated with higher level
of ALS intensities compared to other trees (t = 6.398, df = 2472.5, p-value = 1.877¢e-10).
Similar to data by month, no statistical significance was found between ALS intensities in
Inga and Alchornea (t = 0.70968, df = 669.62, p-value = 0.4782), but lower ALS intensities
under other shade trees than Alchornea were found (t = -3.0488, df = 746.21, p-value =
0.002379).

No statistically significant differences were found in the three tree types in the
aggregated data by quadrat where ALS intensities among five coffee plants were averaged
(Fig. 2.3), though coffee plants with higher ALS intensities in general are found under Inga
plants. A subset of coffee plants that are infected with ALS were compared and plotted (Fig.
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2.4), and no significant difference in ALS intensities were found in comparisons by tree
groups.

Chi-squared analysis of Azteca ant nest presence and tree types show no statistically
significant results throughout all months, though a pattern of higher Azteca ant nest on
Alchornea shade trees were found in all months, similar to the pattern presented for March,
due to the low variability of ant nests within a year (Fig. 2.5). No statistically significant
results for Kruskal-Wallis rank sum test were found for Azteca ant nest presence and ALS

intensities across all months examined (Fig. 2.6).

2.5 Discussions

This study focuses on disease patterns in an organic agroforestry coffee system, and
shows that ALS disease presence and intensity are not significantly impacted by all coffee
shade trees in the same way. Results show that coffee plants around shade tree Inga, although
not significantly different from under Alchornea, have higher intensities of ALS than under
other shade trees, including many fruit trees, rejecting the hypothesis that coffee plants
around Inga trees would have lower disease incidence and intensity due to their nitrogen
fixations (Ratnadass et al. 2012). Presence and intensity of ALS with pooled data amplified
the effect due to the multi-month sampling and showed significant differences between Inga
and other shade trees as well. Azteca ant nest occurrences were not significantly higher on
Alchornea trees than Inga or other shade trees in the coffee farm, and ALS intensities were
not significantly lower under shade trees with ant nest.

Although the effects are complicated, the results suggest that Inga shade trees can
have a negative effect on coffee plants by increasing the infection of ALS on coffee plants.
The results disagree with previous hypothesis that Inga trees will benefit coffee fitness and
reduce disease incidence, indicating a more complexed effect. One possible explanation is
that nitrogen fixation might not be the same in all Inga trees, as a study by Grossman et al.
(2006) suggests that nodulation in some Inga trees could be relatively slow, and that the Inga
shade trees might not fix much nitrogen, especially in young trees. Direct quantification on
nitrogen fixation in Inga and disease incidence should be futher explored. Besides, contrary

to the common idea where nitrogen fixation can reduce disease incidence by benefitting plant
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health (Ratnadass et al. 2012), recent studies focusing on soil nutrients and fungal diseases in
coffee show complicated responses to disease from various soil nutrients, where higher
nutrient levels of common nutrients might not necessarily have a direct positive impact on
disease resistance and reduction (Vazco et al. 2018; Perez et al. 2019; Silva et al. 2019).

The results suggest that additional factors associated with coffee shade trees aside
from nutrient addition can interact to have a combined effect on disease incidence and
intensity (Durand-Bessart et al. 2020). An important characteristic of shade trees is the
capacity to alter microclimate for coffee plants underneath. Reduced airflow, increased shade
and moisture can contribute positively to fungal disease development due to the suitable
environment for spore germination. In fact, Avelino et al. (2018) found that high shade levels
increase ALS intensities, similar to the results from Durand-Bessart (2020) where an
antagonistic effect was shown of shade cover on coffee foliar diseases. In the coffee farm
where the study was conducted, Inga and Alchornea trees are regularly pruned, resulting in
lower heights of tree canopies compared to other shade trees in the farm. Pruning of shade
trees could have led to higher shade level and lower air flow, maintaining higher moisture for
coffee plants, but also providing better opportunities for the germination and growth of
Mycena citricolor. This hypothesis could also explain the insignificant difference on
intensity and incidence of the disease for coffee plants under Inga and Alchornea, due to the
possible similarities for microclimate conditions under the similarly pruned shade trees.
Furthermore, both of these types of trees produce a fairly dense shade due to their broad
leaves. The trade-off between the positive effect from nitrogen fixation and negative effect
from microclimate alteration under Inga trees could explain the results of the study, and the
independent and opposite effect of nitrogen fixing shade trees should be further examined.

Although we did not see any significant effect of Alchornea trees compared to the
other shade trees, average ALS disease intensities between Inga and other trees is present
across months. With similar microclimates created to pruned Inga trees, Alchornea can
promote growth of ALS as well. Although no significant effect from Azteca ant nest presence
were found, possible biological interactions within the system should be further explored by
research focusing on possible natural predators of ALS in coffee systems and their
distributions with respect to shade trees. Other shade trees in our study only consist of a

small proportion of all shade trees in the plots, and the possibly similar tree architecture and
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microclimate conditions under less dense shade due to higher tree canopies can be less
favorable for ALS development.

Spatial and temporal differences of ALS disease were not explicitly removed from
the study and could have an impact on the comparison of disease incidence and severity
reflected in coffee plants under the same shade trees for each month. As five coffee plants
were sampled around each central shade tree, the spatial proximity of the coffee plants could
have impacted ALS severity and persistence. When any number of coffee plants were
infected under a central shade tree, the other plants surrounding the same shade tree could
have a higher probability of getting infected, and further develop the disease. Coffee plants
that are already infected in a month might be more likely to stay infected, resulting in
persistent infection under the same shade trees. These effects should be further examined to
understand the independent impact of different shade trees species.

ALS as a coffee fungal disease rising in Latin America can raise problems on coffee
production, especially under the current management of coffee leaf rust by planting resistant
varieties, which are more susceptible to ALS disease (Staver et al. 2001, Allinie et al. 2016;
Su et al., in review). Management of coffee farm landscapes with focus on shade tree species,
architecture and ecological interactions between the fungus Mycena citricolor and other
biological links in the ecosystem is essential, and better understanding of the mixed effect of

shade trees on ALS incidence and intensity will be beneficial to guide management.
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2.7 Tables and figures

Table 0.1 Central shade tree species and count in the 128 subplots.

Shade tree species | Count | Shade tree species Count | Shade tree species Coun
t
Inga Others Critonia morifolium 1
Inga micheliana 68 Yucca elephantoides 7 Ficus sp. 1
Inga vera 8 Conostegia xalapensis | 3 Ficus sp.-2 1
Inga sapindoides | 8 Cordia sp. 3 Hibiscus sp. 1
Inga punctata 1 Aspidosperma 2 Micropholis 1
cruentum (crotoniodes)
Citrus sinensis 2 miritz sin pelos 1
Alchornea Albizia sp. 1 Ocotea sp. 1
Alchornea latifolia | 14 Codiaeum variegatum |1 Persea americana 1
Eriobotrya japonica 1 Trema micrantha 1

23




Table 0.2 Chi-squared test and Kruskal-Wallis rank sum test results by month of ALS
presence and intensity by tree types. Significant results are in bold and marked by * (p<0.05).

=0.1494

Months 2 test (Tree Type and ALS Kruskal-Wallis rank sum test (Tree
Presence) type by ALS Intensity)
March X-squared = 2.7308, df = 2, p-value | Kruskal-Wallis chi-squared =
=0.2553 3.5141, df = 2, p-value = 0.1726
June X-squared = 6.3218, df = 2, p-value | Kruskal-Wallis chi-squared =
= 0.04239* 6.7106, df = 2, p-value = 0.0349*
July X-squared =5.1111, df = 2, p-value | Kruskal-Wallis chi-squared =
=0.07765 5.785, df = 2, p-value = 0.05544
August X-squared = 4.5049, df = 2, p-value | Kruskal-Wallis chi-squared =
=0.1051 5.0972, df = 2, p-value = 0.07819
September | X-squared = 4.68, df = 2, p-value = | Kruskal-Wallis chi-squared =
0.09633 4.6364, df = 2, p-value = 0.09845
October X-squared = 4.6752, df = 2, p-value | Kruskal-Wallis chi-squared =
= 0.09656 4.9493, df = 2, p-value = 0.08419
November | X-squared = 3.8017, df = 2, p-value | Kruskal-Wallis chi-squared =

4.317, df = 2, p-value = 0.1155
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Table 0.3 T-test results by month of ALS intensity on coffee plants with comparisons
between each pair of shade trees - Inga, Alchornea and other. Significant results are in bold
and marked by *(p<0.05) and **(p<0.01).

Months Inga vs. Other Inga vs. Alchornea Other vs. Alchornea
March t=1.6976, df = 300.09, |t=-0.46673, df = t=-1.3868, df =
p-value = 0.09063 87.974, p-value = 105.96, p-value =
0.6418 0.1684
June t=2.4071,df =377.04, |t=2.3896, df = t=-0.23729, df =
p-value = 0.01656* 256.74, p-value = 205.99, p-value =
0.01759* 0.8127
July t=3.1058, df =428.71, |t=0.021468, df = t=-1.6612, df =
p-value = 0.002024** 94.257, p-value = 93.539, p-value = 0.1
0.9829
August t =3.2205, df =419.21, |t=0.40001, df = t=-1.3996, df =
p-value = 0.001379** 95.695, p-value = 0.69 | 96.079, p-value =
0.1649
September | t=2.0093, df = 325.53, |t=-0.091085, df = t=-1.198, df =
p-value = 0.04533* 89.436, p-value = 102.94, p-value =
0.9276 0.2337
October t=2.7749, df =365.1, p- | t=0.13592, df = t=-1.4135, df =
value = 0.005806** 92.416, p-value = 100.17, p-value =
0.8922 0.1606
November | t=2.4102, df = 325.05, |t=0.80466, df = t=-0.72399, df = 114,
p-value = 0.0165* 96.465, p-value = p-value = 0.4706
0.423
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Figure 0.1 ALS intensity distribution of coffee plants by month. Color represents central
shade tree types for each coffee plant.
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Figure 0.2 Pooled data on the incidence of ALS by tree types. Red rectangles with dashed
borders indicate lower number of plants than expected, and blue rectangles with solid borders
indicate higher number of plants than expected.
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Figure 0.3 Box plot of pooled data aggregated by quadrat for average ALS intensity
distributions with respect to tree types.
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Figure 0.4 Box plot of ALS intensities for only infected plants by month and central shade
tree types.
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Figure 0.6 Scatter plot of ALS intensities by month and Azteca ant presence on central shade
trees.
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Conclusions

Understanding fungal disease patterns in agricultural settings is essential for better
prediction and planning for future outbreaks. This thesis focuses on the American leaf spot
diseases in coffee agroforestry systems and builds on our knowledge on fungal diseases in
coffee. Using a variety of methods, | investigated the patterns of American leaf spot disease
with respect to coffee leaf rust presence and types of shade trees. | found clear indication that
American leaf spot disease presence is not independent from coffee leaf rust. Plants without
coffee leaf rust have a higher probability of being infected with the American leaf spot
disease than expected at random. Shade trees on disease incidence and intensity of American
lead spot is complex. Inga spp. as nitrogen fixing plants in the coffee farm are associated
with higher American leaf spot disease incidence and intensity than other tree types aside
from Alchornea including many fruit trees, possibly due to the variability in the nodulation
and actual nitrogen fixed for Inga plants, and the favorable microclimate conditions to fungal
development due to the pruning practices in the farm. Alchornea latifolia trees in the farm
are associated with higher incidence of Azteca ant nest, though the relationship is not
significant. However, coffee plants around Alchornea trees have American leaf spot disease
incidence and intensity between Inga trees and other shade trees, with mean American leaf
spot intensity closer to Inga, and cannot support the hypothesis of lower disease due to more
active ecological interactions around Azteca ants. In addition, the evidence points to the
possibility that microclimate conditions may be a more important factor in shade trees
impacting fungal disease than the factors explored including nutrients and natural predators,
as Inga and Alchornea are similarly pruned with lower canopy heights than other shade trees,
which could result in higher moisture and lower light, beneficial for American leaf spot
germination and growth.

The negative relationship between the coffee leaf rust and the American leaf spot

diseases suggest that rust resistant varieties are more susceptible to American leaf spot than
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plants that are not resistant. This has important implications for disease management given
the massive plantings of rust resistant varieties after the 2012 outbreak of the coffee leaf rust
in Northern Latin America. The mixed effect of shade trees on coffee suggests that
management for fungal diseases can be very complicated, and considerations for interactions
of factors that may have opposing effects are essential. Future research exploring possible
competition of the American leaf spot disease with coffee leaf rust aside from the indirect
effect from resistant varieties can add to our understanding of disease management. In
addition, research on independent factors impacting fungal diseases associated with coffee

shade trees can inform management strategies in coffee farms.
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