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Abstract
Intensification of agricultural systems is a major threat to the associated biodiversity and could also affect the dynamics
of pests and pathogens. One such system that is currently under an intensification trajectory is the production of Arabica
coffee. In this thesis, I studied the relationships between fungal diseases and their natural enemies, the genetic variation in
coffee, coffee yield and associated biodiversity along a coffee management gradient in southwestern Ethiopia.

The specific goals of this thesis were to investigate variation in fungal diseases on coffee and their natural enemies
along a gradient of management (I, II), how genetic variation in coffee among sites relate to variation in incidence of
the fungal diseases (III), and to investigate the trade-offs in biodiversity-yield relationships along the gradient of coffee
management (IV). To answer these questions, I selected 60 sites along a gradient of management that ranged from coffee
naturally growing in only little disturbed forests to intensively managed plantations. I used both observational studies and
molecular approaches.

In paper I, I examined if the severity of the four major fungal diseases on coffee varied along the gradient and assessed
the main drivers of variation in disease severity. I found that two of the fungal diseases were more severe in the intensively
managed coffee sites, while the other two were more severe in the less intensively managed sites. Altitude was the main
driver for the diseases, but related in a different way to the different diseases. In paper II, I examined the temporal dynamics
in coffee leaf rust-hyperparasite interaction, the biocontrol potential of the hyperparasite and environmental drivers for the
two species for three consecutive years during the dry and wet seasons. I found that the rust was more common during the
dry season and in managed sites while the hyperparasite was common during the wet season and in sites that were less
managed. My results also revealed that higher hyperparasite incidence during the wet season resulted in a lower growth
rate of the rust during the subsequent dry season. In paper III, I investigated if genetic composition and diversity of coffee
sites relate to the incidence of the fungal diseases assessed. I found that genetic composition of the coffee stands was linked
to the incidence of the four fungal diseases, but genetic diversity among the coffee sites did not relate to the incidence of
the diseases. In paper IV, I examined biodiversity-yield trade-offs and shape of the relationships between biodiversity and
yield along the gradient of management. I found a steep, concave shape initial decline in biodiversity values as coffee yield
increased to a certain level, after which a further increase in yield did not have much effect on biodiversity values.

In conclusion, I found different drivers for the different diseases and for the parasite-hyperparasite interaction. It is
difficult to achieve a single management approach that can suit the different pathogen species investigated. High genetic
diversity among coffee sites did not reduce disease pressure. While the more complex, less managed sites provide high
biodiversity values, and could potentially serve as habitats for natural pest control and in situ conservation for coffee genetic
diversity, the yield gap compared to more intensively managed sites was very high. To optimize coffee management and
conservation of biodiversity in these landscapes, there is a need to develop strategies whereby the smallholder farmers
who depend on coffee and the forest as the main source of livelihood can benefit through for example coffee certification
schemes that can pay premium prices for biodiversity-friendly coffee management.
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coffee leaf rust, coffee wilt disease, coffee yield, genetic composition, genetic diversity, hyperparasite, management
intensity gradient, southwestern Ethiopia.
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Abstract 
 
Intensification of agricultural systems is a major threat to the associated bio-
diversity and could also affect the dynamics of pests and pathogens. One such 
system that is currently under an intensification trajectory is the production of 
Arabica coffee. In this thesis, I studied the relationships between fungal dis-
eases and their natural enemies, the genetic variation in coffee, coffee yield 
and associated biodiversity along a coffee management gradient in southwest-
ern Ethiopia. 

The specific goals of this thesis were to investigate variation in fungal dis-
eases on coffee and their natural enemies along a gradient of management (I, 
II), how genetic variation in coffee among sites relate to variation in incidence 
of the fungal diseases (III), and to investigate the trade-offs in biodiversity-
yield relationships along the gradient of coffee management (IV). To answer 
these questions, I selected 60 sites along a gradient of management that ranged 
from coffee naturally growing in only little disturbed forests to intensively 
managed plantations. I used both observational studies and molecular ap-
proaches.  

In paper I, I examined if the severity of the four major fungal diseases on 
coffee varied along the gradient and assessed the main drivers of variation in 
disease severity. I found that two of the fungal diseases were more severe in 
the intensively managed coffee sites, while the other two were more severe in 
the less intensively managed sites. Altitude was the main driver for the dis-
eases, but related in a different way to the different diseases. In paper II, I 
examined the temporal dynamics in coffee leaf rust-hyperparasite interaction, 
the biocontrol potential of the hyperparasite and environmental drivers for the 
two species for three consecutive years during the dry and wet seasons. I found 
that the rust was more common during the dry season and in managed sites 
while the hyperparasite was common during the wet season and in sites that 
were less managed. My results also revealed that higher hyperparasite inci-
dence during the wet season resulted in a lower growth rate of the rust during 
the subsequent dry season. In paper III, I investigated if genetic composition 
and diversity of coffee sites relate to the incidence of the fungal diseases as-
sessed. I found that genetic composition of the coffee stands was linked to the 
incidence of the four fungal diseases, but genetic diversity among the coffee 
sites did not relate to the incidence of the diseases. In paper IV, I examined 
biodiversity-yield trade-offs and shape of the relationships between biodiver-
sity and yield along the gradient of management. I found a steep, concave 
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shape initial decline in biodiversity values as coffee yield increased to a certain 
level, after which a further increase in yield did not have much effect on bio-
diversity values.  

In conclusion, I found different drivers for the different diseases and for 
the parasite-hyperparasite interaction. It is difficult to achieve a single man-
agement approach that can suit the different pathogen species investigated. 
High genetic diversity among coffee sites did not reduce disease pressure. 
While the more complex, less managed sites provide high biodiversity values, 
and could potentially serve as habitats for natural pest control and in situ con-
servation for coffee genetic diversity, the yield gap compared to more inten-
sively managed sites was very high. To optimize coffee management and con-
servation of biodiversity in these landscapes, there is a need to develop strat-
egies whereby the smallholder farmers who depend on coffee and the forest 
as the main source of livelihood can benefit through for example coffee certi-
fication schemes that can pay premium prices for biodiversity-friendly coffee 
management.  
 
Keywords: Armillaria root rot, biodiversity, biodiversity-yield trade-offs, 
coffee, Coffea arabica, coffee berry disease, coffee leaf rust, coffee wilt dis-
ease, coffee yield, genetic composition, genetic diversity, hyperparasite, man-
agement intensity gradient, southwestern Ethiopia 
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Introduction 

General background  
 
Tropical forests are characterized by structural complexity and floristic diver-
sity that serves as a habitat for large proportion of the world’s biodiversity 
(Gardner et al., 2010; Mittermeier et al., 1998; Myers et al., 2000). While gen-
erally there is a biodiversity loss globally, the major threats to biodiversity 
occur in these areas due to anthropogenic influences through deforestation, 
forest degradation and intensification of agriculture to meet the food require-
ments of the growing population (Bradshaw et al., 2009; Ellis et al., 2010; 
Tilman et al., 2002). Forest simplification for agriculture could increase pro-
duction but involves negative consequences on the maintenance of ecosystem 
services and functions in the long term (Foley et al., 2011) which again affects 
the society (Cardinale et al., 2012). Ecosystem services associated with di-
verse systems include crop pollination by insects (Berecha et al., 2015, 2014; 
Samnegård et al., 2014), natural pest control (Power, 2010) or soil nutrient 
improvement (Perfecto and Vandermeer, 2015). The complexity in forest sys-
tems could also be at a disadvantage to people when for example forests serve 
as habitats for crop raiding animals (Ango et al., 2014; Lemessa et al., 2013), 
herbivores (Zhang et al., 2007) or plant diseases (Avelino et al., 2018). In most 
parts of the tropics the livelihoods of inhabitants close to natural forests de-
pends on what they obtain from these forests. Nevertheless, productivity in 
natural forests is generally low (Perfecto et al., 2005; Schmitt et al., 2010), 
pushing them to somehow manage these habitats to improve their livelihood. 
Since more than 90% of the tropical biodiversity occurs in human modified 
landscapes (Chazdon et al., 2009), management approaches that can reconcile 
biodiversity conservation and enhance livelihood of the community are ur-
gently needed for effective management of human impacts on forests (Gard-
ner et al., 2009; Harvey et al., 2008; Perfecto and Vandermeer, 2008).  

One such strategy is different types of agroforestry practices that is increas-
ingly recognized as a promising approach for combining goals of enhancing 
the livelihoods for resource poor farmers and conservation of biodiversity 
(Bhagwat et al., 2008; Schroth et al., 2004). Agroforestry involves intentional 
management of crops with diverse shade trees (Schroth et al., 2004). Coffee 
and cocoa are the main agroforestry crops while vanilla, rubber tree and oil 
palm among others are also grown under shade of trees (Schroth et al., 2004). 
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While mostly agroforestry systems involve a land use change from a previ-
ously forested land through thinning and selective felling of trees and keeping 
the preferred ones, it could also involve a potential reforestation of an open 
land (e.g., Martin et al., 2020). Agroforestry systems are important in that 
larger proportion of the biodiversity is conserved compared to under more 
drastic land transformations (Bhagwat et al., 2008; De Beenhouwer et al., 
2013; Harvey and González Villalobos, 2007; Hylander et al., 2013), while it 
should also be noted that most of forest specialist species could be lost in ag-
roforests (Harvey and González Villalobos, 2007; Senbeta and Denich, 2006). 
Agroforestry systems could also serve as corridors or a conductive matrix for 
dispersal of fauna and flora across landscapes (Bhagwat et al., 2008; Perfecto 
and Vandermeer, 2008). Agroforestry systems are expected to vary in terms 
of their floristic complexity, for example based on management intensity 
(Geeraert et al., 2019; Hundera et al., 2013; Jose, 2012). Thus there could also 
be a trade-off between yield and biodiversity values (Aerts et al., 2011; Per-
fecto et al., 2005). Yet, shade adapted crops such as coffee need some level of 
shade for optimum production (Soto-Pinto et al., 2000; Vaast et al., 2006) as 
they suffer from over-bearing and dieback if subjected to the open sun (Beer 
et al., 1998; DaMatta et al., 2008). Moreover, coffee and cocoa benefit from 
the shade as it balances the microclimate (De Beenhouwer et al., 2016; Lin, 
2007), which is essential for moisture control (Zhang et al., 2007). Therefore, 
we need to manage agroforestry systems in ways that could optimize both bi-
odiversity and long-term benefits for smallholder farmers without endanger-
ing natural habitats.  

Due to the homogeneity of production in intensified systems and lack of 
natural pest control, pests and disease damages could be expected to be higher 
in more simplified systems than in agroforestry and natural agroecosystems 
(Bianchi et al., 2006). In intensive agriculture, pests and diseases can be con-
trolled by different practices like crop rotation with non-host crops, fallow 
periods, tillage and burning practices and pesticide application (Avelino et al., 
2011; Schroth et al., 2000). On the other hand, this could be a problem in 
agroforestry systems, where perennial crops dominate. In simplified agroeco-
systems, crops might be vulnerable to pests and diseases due to the loss of 
some beneficial biodiversity as compared to natural ecosystems. In natural 
ecosystems, plants and diseases infecting them could co-evolve together over 
a longer period of time (Avelino et al., 2011), and this process could result in 
lower disease risks (Bianchi et al., 2006; Cheatham et al., 2009; Tilman et al., 
2002). Natural ecosystems are also habitats for several beneficial organisms 
for pest and disease control, but the interaction of the different organisms with 
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the environment and with each other is less clearly understood (Avelino et al., 
2011; Cheatham et al., 2009).  

Moreover, a management that can help to reduce one disease can have a 
negative effect on the other (Avelino et al., 2018, 2011; Staver et al., 2001). 
For example, shade is suggested to reduce coffee berry disease intensity in 
Cameroon through decreasing splash dispersal (Bedimo et al., 2008). On the 
other hand, shade buffers the temperature and provides humid microclimate 
close to the coffee shrubs; a condition that some disease causal organisms like 
Hemileia vastatrix require for successful germination and infection processes 
(Avelino et al., 2006, 2004; Staver et al., 2001). However, there is a contro-
versy over the effect of shade management on coffee leaf rust development. 
Some authors reported higher incidence of coffee leaf rust in shaded coffee 
systems (Staver et al., 2001), while others showed a decline in coffee leaf rust 
incidence with shade complexity (Chala et al., 2010; Soto-Pinto et al., 2002). 
There could be several mechanisms in which shade could reduce coffee leaf 
rust. Shade creates moist microclimate conducive for potential biocontrol 
organisms (Staver et al., 2001); shade decreases yield and reduces stress on 
coffee leaves which reduces rust infection (Avelino et al., 2004) and shade 
trees might reduce wind speed and probably block different wind-borne path-
ogens such as coffee leaf rust (Beer et al., 1998; Schroth et al., 2000; Staver 
et al., 2001).  

While most plants are attacked by several pests and diseases at the same 
time or simultaneously, the majority of studies on pests and diseases focus on 
the dynamics of a single disease at a time (but see Avelino et al., 2018) and 
decisions for management of the diseases based on studies on a single disease 
could be misleading. In a landscape where the host occurs as a native plant in 
the wild and in managed agricultural areas, it is important to study the dynam-
ics of several co-occurring diseases on a host to understand their combined 
effects. Such landscapes are also important to understand the interaction be-
tween diseases and their natural enemies, how genetic variation in the host 
plant relates to the disease pressures, and to design ecological approaches for 
disease management. Moreover, smallholder farmers want to get enough rev-
enues from their small plots of land to improve their livelihood. Studies on the 
trade-offs between biodiversity and yield are important to address the yield 
reductions associated with biodiversity-friendly production systems. Such 
studies are necessary to make appropriate conservation decisions that can en-
hance both the livelihood of the community and biodiversity.   
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Coffee production and biodiversity conservation  
 
Across the world, coffee grows in diverse settings that range from complex 
semi-natural forests or rustic coffee to ‘sun coffee’ where coffee grows with 
no overhead shade (Moguel and Toledo, 1999; Perfecto et al., 2005). Natu-
rally, coffee is a shade adapted crop that needs some level of shade for opti-
mum performance, long-term productivity and resilience to climatic effects 
such as extreme temperatures (DaMatta et al., 2008; Lin, 2007). Traditional 
coffee production has been highlighted to have a positive value for biodiver-
sity as the crop grows under a diverse shade tree canopy (Perfecto et al., 2005, 
2003, 1996; Philpott et al., 2008; Philpott and Dietsch, 2003). Coffee is one 
of the major cash crops for the tropical world and it is mainly cultivated by 
smallholder farmers. Arabica coffee, Coffee arabica is native to the understo-
rey of the Afromontane forests of southwestern Ethiopia (Anthony et al., 
2002; Tesfaye et al., 2014). In Ethiopia, coffee is exclusively shade grown but 
the level of shade varies under the different management types. The shade 
requirement of coffee has a strong positive impact on the biodiversity conser-
vation in the forest patches as it actually limits further deforestation and con-
version to annual crop agriculture (Gove et al., 2008; Hylander et al., 2013). 
In my study area, coffee grows across a gradient of management that ranges 
from natural forests, where only ripe coffee berries and other spices can be 
collected by farmers, to intensively managed commercial plantations. In Ethi-
opia, the largest proportion of production of coffee is from smallholder farm-
ers, who on average grow coffee on less than 1 ha of land, each under different 
intensities of management and with various combinations of shade trees. On 
the other hand, coffee from the forest and commercial plantations each ac-
counts only for ca. 5% of the nation’s production (Labouisse et al., 2008). 
Coffee significantly contributes to the livelihoods of an estimated 15 million 
people and thus it is an integral part of Ethiopia’s economy (Petit, 2007).  

Fungal diseases on coffee  
 
Coffee production across the world is challenged by several insect pests and 
diseases (Avelino et al., 2018). The major ones include coffee leaf rust, caused 
by Hemileia vastatrix (Avelino et al., 2015; Hindorf and Omondi, 2011), cof-
fee berry borer, Hypothenemus hampei (Jaramillo et al., 2011; Vega et al., 
2015), coffee berry disease, caused by Colletotrichum kahawae Waller and 
Bridge (Waller et al., 1993), and coffee wilt disease, caused by Giberella 
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xylarioides (Fusarium xylarioides) (Girma et al., 2009, 2001). Among the fun-
gal diseases, coffee leaf rust is by far the most important coffee disease glob-
ally with a worldwide distribution (McCook, 2006), while coffee berry disease 
and coffee wilt disease are limited to the African continent (Avelino et al., 
2018). Coffee leaf rust is specific to coffee leaves and is characterized by or-
ange powdery spores on the lower side of the coffee leaves (Fig. 1a). The 
urediospores of the rust are distributed by wind and coffee workers. Heavy 
leaf defoliation due to severe infestation by the rust could lead to secondary 
yield losses (Cerda et al., 2017).  

In the Ethiopian coffee landscape, where most of the farmers grow land-
races, coffee berry disease is the most important fungal disease. The causal 
pathogen can infect flower buds, fruits and maturing bark (Hindorf and 
Omondi 2011; Bedimo et al., 2008). The disease symptoms are visible when 
young developing coffee berries start to develop black, sunken lesions and 
heavy infections lead to mummified beans (Fig. 1b) and can result in a total 
loss in yield. The disease is most common in high altitude areas (Hindorf and 
Omondi, 2011) and it is aggravated by extended showers of rain (Bedimo et 
al., 2010). Conidia of C. kahawae are sticky and the spores need droplets of 
water such as rain splashes or contact to liberate and disperse them. Coffee 
wilt disease is another fungal pathogen that can do great damage to the coffee 
shrubs as the fungus kills the infected shrubs within a few weeks. It is a vas-
cular disease that blocks the xylem vessels so that the shrubs are deprived of 
water (Girma et al., 2009; Hakiza et al., 2009). Symptoms of the wilt disease 
are observable on dying or fresh dead stems as blue-black discolouration un-
der the bark of the stems (Fig. 1c). Towards the end of rainy season, the fungal 
fruiting bodies (ascospores) are also visible as clusters on the cracked stem 
(Fig. 1d, Girma et al., 2001). Another pathogen that is sporadic in occurrence 
but damaging is the root rot caused by Armillaria mellea. A coffee shrub in-
fected with Armillaria root rot shows symptoms of wilting and a big crack at 
the collar region, which extends higher up the stem and with unique black 
rhizomorph growth in the cracked stem (Fig. 1e). In the field, a shrub that died 
as a result of coffee wilt disease and Armillaria root rot are easy to differenti-
ate as coffee shrubs that died as a result of coffee wilt disease will remain firm 
in the soil when pushed while shrubs which died as a result of Armillaria root 
rot can easily be felled when pushed aside. Occasionally, the fungal fruiting 
bodies (mushrooms) of Armillaria develop in the cracked stem (Fig. 1f). Both 
coffee wilt disease and Armillaria root rot spread through contacts and man-
agement practices like hoeing and weeding, and movement of the infected 
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coffee shrubs between different sites can disperse them over wider areas. Spe-
cifically, coffee wilt disease is transmitted mainly through wounds to the stem 
and coffee shrub damage by machete during weeding and pruning of healthy 
coffee shrubs with the same scissors after infected ones can spread the disease. 

 

 
 
Fig. 1 Major fungal diseases of coffee along the gradient of management in south-
western Ethiopia. Top left (coffee leaf rust), top middle (coffee berry disease), top 
right (coffee wilt disease), bottom left (perithecia that bear the ascospores of coffee 
wilt disease), bottom middle (Armillaria root rot with black rhizomorph in the cracked 
stem), and bottom right (fruiting bodies of Armillaria root rot sprouting from the 
cracked coffee stem).  
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Aims of the study  
 
 
The main aim of this thesis was to understand the variability of ecological 
conditions in sites that differ in the intensity of human management and how 
this variability has affected the distribution of plant diseases, interactions be-
tween pathogen species and the general biodiversity patterns and relationships 
to yield in a unique landscape in southwestern Ethiopia. I focus on three main 
aims.  

First, I wanted to explore the dynamics of the four major fungal diseases 
on coffee, how the diseases respond to the different environmental and man-
agement drivers and the co-occurrence patterns of pathogen species along the 
gradient of coffee management (I). Coffee leaf rust damage is generally low 
in the native coffee forests of southwestern Ethiopia and one probable reason 
is the co-occurrence of the rust and hyperparasite. Given that coffee leaf rust 
is a polycyclic disease, I wanted to explore the temporal dynamics of the rust 
and the hyperparasite over several years during contrasting seasons, their main 
environmental drivers and the biocontrol potential of the hyperparasite on the 
rust (II). Moreover, my study landscape includes coffee managed with differ-
ent intensities and one might expect genetic variation in coffee populations 
along the gradient of management. I wanted to explore variation in genetic 
composition and genetic diversity of coffee in the different sites and whether 
that variation was related to the severity of the major fungal diseases on coffee 
or not (III).   

Second, I aimed to explore the relationship between biodiversity and coffee 
yield along the gradient of management and assessed if I could find a proxy 
for yield that could represent yield in biodiversity-yield studies (IV). My study 
sites included a wide management gradient ranging from near-natural forest 
with extreme floristic diversity where coffee was not much managed but har-
vested from a few coffee shrubs with berries to commercial plantations where 
only a few shade trees are maintained, but high yielding and coffee berry dis-
ease resistant cultivars are planted and intensively managed. Thus, a trade-off 
in biodiversity-yield relationship could be inevitable, but I wanted to know the 
shape of the relationship. Understanding the shape of biodiversity-yield rela-
tionship could enable to explore if a win-win situation could be reached where 
smallholder farmers can increase their yield without much effect on biodiver-
sity or if they need to be compensated for the decline in yield in favor of bio-
diversity.  
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Third, I aimed to derive management implications for the smallholder 
farmers for sustainable coffee production and biodiversity conservation (I-
IV). How do my studies on different diseases help in the management of the 
disease? How can we optimize the potential top-down control in the system? 
What management interventions are needed to make wise use of the genetic 
variation in coffee for the management of fungal diseases? How do my studies 
help in harmonizing livelihood and biodiversity conservation in coffee’s na-
tive range?  
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Methods  

Study area 
 
All studies included in this thesis were conducted in Gera and Gomma districts 
of Jimma zone, southwestern Ethiopia (7°37’ - 7°56’ N; 36°13’ - 36°39’ E, 
Fig. 2a and b). The altitude of the study sites ranges between 1500 and 2200 
m a.s.l. The area is characterized by a mosaic, heterogeneous landscape com-
posed of large continuous forest areas, small forest patches, open areas with 
annual agriculture and communal grazing lands, home gardens and residential 
areas (Lemessa et al., 2013). In the eastern part of the landscape, coffee culti-
vation started earlier (McCann, 1995) and the forests are much fragmented 
into small patches, while in the western part of the landscape large intact forest 
patches still exist and the inhabitants might have depended only on ripe coffee 
from the forest systems and cultivation is believed to have started more re-
cently (Fig. 2). The floristic composition and density of tree varies much 
across the landscape. The area is characterized by a unimodal rainfall pattern 
with the main rainy season between June and September and the dry season 
between November and February, with occasional showers of rain in the re-
maining months. The annual precipitation of the area varies between 1480 and 
2150 mm per year, with mean daily minimum and maximum temperatures of 
12 °C and 28 °C, respectively (Ethiopia National Meteorological Service 
Agency, unpubl. document). Coffee has both social and cultural values for the 
community. It is the major source of income for the smallholder farmers and 
their livelihood is strongly linked to the crop (Ango et al., 2014).  
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Fig. 2 Study area and plot design. a) Map of Ethiopia where the study site is indicated 
with a black rectangle. b) Aerial view of the landscape where the study sites are rep-
resented with the yellow dots and red triangles showing the 60 plots; the red triangles 
represent sites from commercial plantations; the dark green area shows little managed 
forests, the scattered green area shows forest patches and the light green areas show 
open areas for grazing, annual crop agriculture and home gardens; and the two blue 
stars show Gomma and Gera districts. c) Shows the layout of the plots at each site 
where 1-16 indicate the coffee shrubs from which I assessed coffee diseases, took leaf 
samples for genetic analysis and quantified coffee yield.  
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Coffee management systems 
 
In my study area, coffee grows across a wide gradient of management inten-
sity (Fig. 3). In the little disturbed forest areas, coffee grows wild under dense 
canopies of indigenous trees, shrubs, and lianas and these forests are also res-
ervoirs for coffee genetic diversity (Gole et al., 2008). The coffee shrubs are 
from naturally dispersed seeds, and the density of coffee can be very low and 
scattered or very high when seeds remain in the soil and germinate in bulk. 
Farmers pick ripe coffee berries and native spices like korarima, Aframomum 
corrorima, and long pepper, Piper capense. There is not much management 
in the forest systems, but on forest edges close to their residential areas farmers 
sometimes cut lianas, small shrubs and partially remove weeds to facilitate 
movement and harvesting of coffee berries. Coffee shrubs growing under in-
tense shade are much thinner and with few productive shoots, often bearing 
very few berries. The dominant shade trees in the little disturbed forest sys-
tems in this landscape include the climax vegetation of the moist Afromontane 
species such as Syzygium guineense, Schefflera abyssinica, Prunus africana, 
Pouteria adolfi-friederici, Ficus sur and Olea welwitschii (Friis et al., 2010). 

The smallholder farmers coffee plots are in the intermediate level of man-
agement. Since coffee management has a long history in this region, farmers 
cultivate their own landraces, which might have originated from the closest 
forest. Farmers regularly manage canopy of trees through selective thinning 
of the shrub and liana layer to open space to plant seedlings and allow light to 
build a strong stem with large number of fruiting shoots (Aerts et al., 2011; 
Schmitt et al., 2010; Senbeta and Denich, 2006). Dead coffee shrubs are reg-
ularly replaced either by self regenerating seedlings or cultivars in few cases. 
Slashing of the herbal vegetation is common to avoid competition and usually 
practiced at least once to facilitate berry harvesting. In the small coffee forest 
patches, the regular management of shade trees has caused a shift in dominant 
shade tree species from those dominating in the forest trees, to other species, 
that still are native in the landscape, but have more preferred shade properties 
such as Albizia spp., Acacia abyssinica, Millettia ferruginea, Cordia africana 
or fast growing early successional species such as Croton macrostachyus 
(Aerts et al., 2011; Hundera et al., 2013). At the smallholder level, coffee pro-
duction in the area is de facto organic, since herbicides, pesticides and ferti-
lizers are not commonly used.  
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Fig. 3 Coffee management intensity gradient. Left to right shows management inten-
sity gradient from little managed (left), intermediate management (middle) and highly 
managed (right). The top row shows canopy cover photos and the middle row shows 
coffee shrubs structure photos taken from sites along the gradient of management; the 
bottom row shows schematic diagram of management gradient of coffee. 

 
The most intensively managed sites, i.e., plantation coffee systems and few 

of the smallholder sites are characterized by low diversity and density of shade 
trees. In the plantation coffee systems, only shade trees with some desirable 
shade attributes such as wide spreading branching habit, less defoliation dur-
ing the dry season, fixing nitrogen etc. are maintained or planted with pre-
ferred spacing. Coffee cultivars that are resistant to coffee berry disease and 
high yielding are exclusively grown in the plantation systems. Management 
practices like fertilization, pruning, weeding or herbicide application and thin-
ning of the canopy are practiced at regular basis while pesticides are not com-
monly applied for control of pests and diseases (Labouisse et al., 2008).  

Most often, a terminology in which coffee production in southwestern 
Ethiopia is categorized based on management intensity is used in the literature, 
i.e. forest coffee, semi-forest coffee, semi-plantation coffee, garden coffee and 
plantation coffee. Nevertheless, there are no clear boundaries for this classifi-
cation. Our plots are selected from a landscape with a clear continuous gradi-
ent in attributes such as coffee structure and tree layer composition, and we 
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therefore chose to regard management intensity as a continuous gradient. I 
developed a continuous variable, coffee structure index, that can capture the 
management intensity gradient of the sites (see the details below). 

Study sites and surveying  
 
The data for papers I, II and IV are entirely based on field assessments while 
data for paper III includes field assessments and laboratory analysis of coffee 
leaves for genetic composition and diversity using genotyping-by-sequencing 
(GBS) approach. For the field surveys and samplings, I selected 60 sites that 
varied in terms of their shade tree density, diversity and canopy layers and 
intensity of management across the landscape (Fig. 2b). At each site, I made 
a plot of 50 × 50 m and further divided it into 10 × 10 m grids. At the inter-
sections of each grid cell, I selected and marked 16 coffee shrubs from the 
central 30 × 30 m area (Fig. 2c). I recorded the GPS readings at the center and 
four corners of each plot and revisited the sites several times for all the studies. 
The field samplings were conducted between March 2017 and August 2019.     

Environment and management variables  
 
To understand drivers of the different fungal diseases, I measured several en-
vironmental and management related variables in each site. These include: i) 
altitude, ii) slope, iii) canopy cover, iv) number of large shade trees (>20 cm 
in diameter at breast height, DBH), v) coffee density as a count of coffee 
shrubs >1.5 m height, vi) proportion of non-coffee shrubs to coffee, vii) coffee 
dominance as a proportion of coffee to other woody shrubs, and viii) coffee 
structure index.  

Coffee structure index was created from several measurements on the 16 
coffee shrubs at each site to reflect the characteristic growth pattern of coffee 
shrubs subjected to the different intensity of management. First, from each of 
the 16 coffee shrubs per site, I measured i) the number of primary and second-
ary orthotropic (vegetative or vertical leading shoots) and plagiotropic (hori-
zontal fruiting shoots), ii) stem diameter at knee height, iii) average of two 
perpendicular diameters of the ground projection of canopy of coffee shrub, 
iv) proportion of the coffee height with plagiotropic branches, and v) height 
of the coffee shrub. Then, I ran a cluster analysis with K-means clustering 
algorithm with three groups. Cluster 1 contained coffee shrubs with narrow 
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canopy diameter, low number of bearing branches usually towards the tip of 
main stem which is typical characteristic for coffee in the least managed part 
of the gradient; cluster 2 contained coffee shrubs with many coarse primary 
stems due to the free growth as a result of a more open canopy which is a 
typical characteristic of coffee that has been under intermediate level manage-
ment for a long period of time; and the typical coffee shrub in cluster 3 was 
characterized by many fruiting shoots often occurring more proportionally 
across the height of the shrub, which is common in intensively managed coffee 
plantations. Finally, for each site I calculated an index value to reflect the 
management intensity gradient by i) multiplying the number of shrubs in: clus-
ter 1 by 1, cluster 2 by 2, and cluster 3 by 3; and ii) summing these values and 
dividing it by the total number of shrubs in a plot (n = 16, with a few excep-
tions). I hereafter refer to this site level index as ‘Coffee Structure Index’ in 
which the smaller values indicate the only little managed forest sites and 
higher values denote sites with more intensive management (Fig. 4).   

 

 
 

Fig. 4 Schematic diagram showing coffee shrub structure along gradient of manage-
ment. Typical coffee shrub structure in the only little managed forest (a), with inter-
mediate management (b) and intensively managed coffee systems (c).   
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Major fungal diseases on coffee along the gradient of management 
(Paper I) 
 
Fungal diseases are the major problem in coffee production in Ethiopia. To 
investigate the severity of the fungal diseases along the gradient of manage-
ment, I assessed the four major fungal diseases of coffee (coffee leaf rust, cof-
fee berry disease, coffee wilt disease and Armillaria root rot) at each of the 60 
sites. Coffee leaf rust was surveyed during the dry season when the disease 
was most severe while the other three diseases were surveyed during the wet 
season. Coffee berry disease infection is peak during the rainy season when 
the berries are at developmental stages before maturity. Coffee wilt disease 
and Armillaria root rot produce clear disease symptoms during the rainy sea-
son facilitating an easy diagnosis of these diseases in the field. For coffee leaf 
rust, I counted the total number of leaves and leaves infected with the rust on 
three branches from the bottom, middle and upper parts of the shrubs on the 
16 coffee shrubs per site. For coffee berry disease, I selected three representa-
tive fruiting branches per shrub and counted the total number of berries and 
berries showing coffee berry disease symptoms. I also counted the total num-
ber of fruit bearing branches showing coffee berry disease infection on each 
of the 16 coffee shrubs per site. I counted the total number of coffee shrubs 
and the number of coffee shrubs showing coffee wilt disease and Armillaria 
root rot symptoms within the 50 × 50 m plot. I used incidence and/or severity 
of the four fungal diseases as response variables and environmental and man-
agement variables (altitude, canopy cover, number of larger shade trees, cof-
fee density, proportion of non-coffee shrubs to coffee, slope, and coffee struc-
ture index) as explanatory variables to evaluate if the variation in severity of 
the fungal diseases differed along the gradient of management and to identify 
the major drivers for the variation in the disease severity.  

Temporal variation and biocontrol potential of a parasite–
hyperparasite interaction on coffee (Paper II) 
 
To investigate the temporal dynamics in the rust-hyperparasite interaction, and 
potential hyperparasitism, I assessed coffee leaf rust and its hyperparasite (Fig. 
5) for three consecutive years, twice a year (during the dry and wet seasons), 
following the same procedures as for paper I. I counted the total number of 
leaves on three selected braches per shrub, number of leaves infected with 
coffee leaf rust, and number of rusted leaves infected with the hyperparasite 
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on the 16 coffee shrubs per site. I also estimated the proportion of leaf area 
covered by the rust and proportion of the rusted part of the leaves covered by 
the hyperparasite. To evaluate the temporal variation in the incidence of coffee 
leaf rust, I modeled incidence of coffee leaf rust as a function of year, season 
and their interaction. Similarly, to evaluate the temporal variation in the hy-
perparasite incidence, I modeled incidence of the hyperparasite as a function 
of year, season and their interaction. To understand the drivers for the rust 
incidence, I modeled the incidence of the rust as a function of environmental 
and management variables (altitude, canopy cover, number of larger shade 
trees, coffee density and coffee structure index), in separate model for each 
season during the three years. To understand the effect of the hyperparasite on 
the rust, I included hyperparasite incidence or index to the reduced model and 
re-run the model. Similarly, to identify drivers for the hyperparasite incidence, 
I modeled incidence of the hyperparasite as a function of the five environmen-
tal and management variables. To understand if the hyperparasite is affected 
by the incidence of the rust, I included the rust incidence in the model. Fur-
thermore, to evaluate the biocontrol potential of the hyperparasite on the rust, 
I modeled the rust growth rate (calculated as rust incidence during season t+1 
divided by rust incidence during the preceding season (t)) as a function of 
hyperparasite incidence during season t. I included the preceding season’s rust 
incidence as a covariate.  

 

Fig. 5 Coffee leaf rust caused by Hemileia vastatrix (yellow spores) and the hyper-
parasite Lecanicillium lecanii (white spores). 



19 

The relationship between genetic variation and the incidence of 
major fungal diseases on coffee (Paper III)  
 
To explore how the genetic composition and diversity of coffee relate to the 
incidence of fungal disease, I used the same data on fungal diseases but with 
one additional year data on coffee leaf rust and coffee berry disease. From the 
same coffee shrubs that I used for assessing the fungal diseases, I collected 
leaf samples for DNA extraction. A piece of silica gel dried leaf material from 
each of the 16 coffee shrubs per site was pooled together to form a population 
(coffee stand). The molecular analysis involved many steps, but in short DNA 
was extracted from the ground pooled leaf samples using an optimized 
cetyltrimethylammonium bromide (CTAB) for GBS libraries preparation. 
GBS library replicates were constructed for each pool and equimolar quanti-
ties of each GBS libraries were pooled, bead-purified and sent for sequencing. 
Then, GBS read data were evaluated and further processed. Next, reads were 
mapped onto the reference genome sequence of Coffea canephora Pierre ex 
A.Froehner. C. canephora is one of the two parents of the allotetraploid spe-
cies C. arabica (2n = 4x = 44), the other parent being C. eugenoides (Tesfaye 
et al., 2014). Afterwards, single nucleotide polymorphic variants were called 
from the reads. Genetic differentiation between pools was quantified as FST 

following (Nei and Chesser, 1983) and the expected heterozygosity on each 
variant position was calculated as HE = 2*RAF*(1-RAF), where HE refers to 
the expected heterozygosity and RAF refers to reference allele frequency. 
Mean expected heterozygosity was calculated for the coffee stands as a robust 
measure of genetic diversity. The full methods for the molecular work are de-
tailed in the methods section in paper III.  

To explore if the genetic composition of coffee stands varied across the 
landscape, I performed an indirect ordination with principal component anal-
ysis (PCA) on the site-by-allele frequency matrix of the Hellinger transformed 
RAF values. To determine which environmental variables were related to the 
genetic composition of the coffee stands, I fitted a direct ordination using re-
dundancy analysis (RDA) on the RAF values with the five environmental var-
iables (listed above) as constraining variables. To explore if there was a spatial 
contribution to the genetic composition of coffee stands, I created Moran’s 
Eigenvector Maps (MEMs). I used mean expected heterozygosity as a re-
sponse variable and environmental variables as predictors to investigate if ge-
netic diversity of coffee varied along the management gradient. To assess the 
relationship between genetic composition of the coffee stands and the inci-
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dence of the major fungal diseases, I used incidence of the diseases as a re-
sponse variable and the first three PCA axis scores of the genetic composition 
as explanatory variables along with other environmental variables to fit a gen-
eralised linear mixed effects model. Similarly, to explore if the incidence of 
the fungal diseases was related to the genetic diversity of coffee among the 
sites, I fitted a linear model with incidence of the diseases as a response vari-
able and the first three PCA axis scores of the genetic composition as explan-
atory variables along with other environmental variables. I assessed coffee 
leaf rust and berry disease at coffee shrub level and I was motivated to explore 
if the among shrub variation in the incidence of the two diseases (standard 
deviation of the incidence of the diseases) was related to the genetic diversity 
among coffee sites. For this, I fitted a linear model with standard deviation of 
the incidence of the two diseases as response variable and the mean expected 
heterozygosity as explanatory variable.  

Trade-offs in biodiversity-yield relationships (Paper IV)  
 
To explore the trade-offs in biodiversity and yield as well as the shape of the 
relationship, I assessed several biodiversity components and estimated clean 
coffee yield. For the biodiversity components I assessed woody plants (trees, 
shrubs, lianas), non-woody vascular plants (herbaceous vegetation and epi-
phytic plants) and non-vascular plants (bryophytes i.e., mosses and liverworts) 
at each of the 60 coffee sites. I also measured the yield of coffee for three 
successive years in the same sites. I also quantified coffee density, coffee dom-
inance and coffee structure index in these sites to explore if they could be used 
as a good proxy for coffee yield. To evaluate the relationship between yield 
and biodiversity, I used biodiversity values (species richness of woody plants, 
non-woody vascular plants, bryophytes and the total) as response variables 
and average coffee yield as explanatory variable. I fitted generalized additive 
model (GAM) to explore the shape of the relationship. I did the same for the 
species composition of the different biodiversity values, but with a slightly 
different approach. First, I ran canonical redundancy analysis (RDA) on the 
species composition of woody plants, non-woody plants, bryophytes and the 
total species list) with average coffee yield as a constraining variable. Second, 
I used the RDA axis scores for each of the four ordination of species compo-
sition groups as response variable and average coffee yield as explanatory var-
iable to fit GAM models. To explore if the biodiversity-yield relationship was 
consistent during the different years, I fitted a similar species richness and 
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composition model for each year separately. Finally, to explore a proxy for 
yield that can capture the biodiversity-yield relationships, I chose three coffee 
management related variables (coffee structure index, coffee density and cof-
fee dominance) and performed Pearson’s product-moment correlation test be-
tween these variables and average coffee yield. I chose the variable that had 
higher correlation coefficient with average yield as a proxy for yield. I fitted 
the same model for the species richness and composition as above, but with 
the yield proxy (coffee structure index) as explanatory variable instead of the 
average coffee yield. This yield proxy could be used in place of average coffee 
yield to establish biodiversity-yield relationships when yield data from several 
years is lacking. 
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Results and discussion  

Fungal disease dynamics, drivers of the diseases, temporal 
variation, and biocontrol potential of the rust hyperparasite  
 
The severity of the four fungal diseases varied across the landscape, with dif-
ferent drivers for the different diseases. Coffee leaf rust and Armillaria root 
rot were severe in the intensively managed part of the gradient while coffee 
berry disease and coffee wilt disease were severe in the least managed part of 
the gradient (I). Altitude, as a proxy for climate (e.g. temperature and relative 
humidity) was the main driver for the variation in the severity of the fungal 
diseases (I, II, III), but the diseases responded differently (Fig. 6). For exam-
ple, coffee leaf rust was severe towards the low altitude sites, while the other 
three diseases and the rust-hyperparasite were more common at the other end 
of the altitudinal gradient (I, II, III). At higher altitudes, low night tempera-
tures are suggested to increase the latent period of the rust and thereby limiting 
its epidemic development (Chala et al., 2010; Waller, 1982). On the other 
hand, the relatively higher rainfall conditions at higher altitudes modify the 
microclimate in favor of coffee berry disease, since the morning rise and the 
afternoon fall in temperature are less abrupt compared to at lower altitudes 
providing sufficiently long time for invasion (Nutman, 1970).  

Coffee wilt disease was previously reported to be a major problem in in-
tensively managed plantations at lower altitudes and in garden coffee systems 
(Girma et al., 2001). However, with active forest management and movement 
of planting materials and farm tools between different coffee farms, there is a 
high chance for the wide and fast spread of the disease to more natural systems 
(Getachew et al., 2013, 2012). Armillaria root rot severity at higher altitudes 
could be related to the preference of the causal agent for relatively cool soil 
conditions (Gezahgne et al., 2004; Otieno et al., 2003), which is expected at 
higher altitude sites. At site level, the severity of the four diseases did not co-
vary even though three of the diseases were severe at higher altitudes. The 
diseases might have specific niche requirements besides altitude. However, at 
coffee shrub level (within sites), shrubs with high level of coffee berry disease 
also had a higher rust severity and vise versa (I). This could suggest that weak-
ened host defenses could predispose it for infection with another pathogen 
(Singer, 2010). Coffee leaf rust was reported to be severe on stressed plants 
for example due to high fruit load (Avelino et al., 2004; Eskes, 1983) and 
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infection by diseases such as the American leaf spot caused by Mycena citri-
color (Allinne et al., 2016; Avelino et al., 2018).    
 

 

Fig. 6 Relationship between a) coffee leaf rust, b) coffee berry disease, c) coffee wilt 
disease and d) Armillaria root rot and altitude. Each dot represents mean severity of 
the diseases at each of the 60 sites.   

 

The incidence of coffee leaf rust strongly varied between years, while the 
hyperparasite showed less clear variation between years (II). This could be 
due to the variation in environmental drivers of the rust during the different 
seasons. The hyperparasite might be even more strict in its environmental re-
quirements as it also depends on the rust prevalence as the only energy source 
in this system. The two interacting species also had higher incidences during 
contrasting seasons. The rust was more common during the dry season while 
the hyperparasite was common during the wet season (II). The rust develop-
ment starts with the showers of rain at the start of rainy season, germination 
and infection processes continue during the wet season without much visible 
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disease symptoms unless the infection process started very early. Thus, to-
wards the start of the dry season the leaves could show severe rust attack 
(Chala et al., 2010; Daba et al., 2019; Garedew et al., 2019). Heavily infected 
leaves drop-off the coffee shrub, subsequently reducing disease inoculum car-
ryover to the next wet season. Lack of moisture during the dry season also 
prevents further germination and infection process and result in lower rust 
during the next wet season (Avelino et al., 2004; Garedew et al., 2019; Waller, 
1982). However, this could slightly be different towards shade tree rich, higher 
altitude sites where infection is often less during the dry season and infected 
leaves could remain attached. This rust spores may continue infection due to 
availability of moist conditions at higher altitudes to result in slightly higher 
rust incidence during the wet season. The hyperparasite prefers moist condi-
tions (Eskes et al., 1991; Staver et al., 2001), and the lower infection level at 
higher altitudes that does not lead to leaf drop could be at an advantage for the 
hyperparasite to coexist. On the other hand, due to shortage of moisture the 
hyperparasite might fail to establish on the rust spores at the lower altitudes 
during the dry season when the rust is more severe.  

Hyperparasite incidence during the wet season was negatively related to 
the rust growth rate during the subsequent dry season implying a top-down 
control of the rust by the hyperparasite (II, Fig. 7). This time lag could be 
related to the hyperparasite development as coffee leaf rust is the only resource 
for the hyperparasite in this landscape and it develops on the rust that has al-
ready well established. As the dry season starts, the rust might need only little 
moisture such as morning dew to continue infection (Hindorf and Omondi, 
2011), while moisture could perhaps be limiting for the hyperparasite (Eskes 
et al., 1991). Unlike my study system, in the coffee systems in Mexico, the 
hyperparasite has another primary host, the green coffee scale Coccus viridis 
on which it can build a high population as an inoculum source to infect coffee 
leaf rust (Vandermeer et al., 2009). Interestingly, Vandermeer et al. (2009) 
found a minor effect of the hyperparasite on the rust in the same year but Jack-
son et al. (2012) found a one-year time lag for a strong top-down control by 
the hyperparasite where the hyperparasite has to develop a population that can 
effectively control on the rust during the next season before the rust develops 
a local epidemics.   

Apart from the environmental and management variables (I, II), variation 
in the incidence of the fungal diseases was also related to the genetic compo-
sition of the coffee stands, but the relationships were unique for the different 
diseases (III). Specifically, the relationship between the severity of coffee 
berry disease and genetic composition of coffee was stronger. This could be 
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attributed to the known variation in resistance of coffee shrubs to coffee berry 
disease across the landscape (Labouisse et al., 2008). However, the genetic 
diversity among the coffee sites did not relate to the severity of the fungal 
diseases across the landscape. I found a higher among shrub variation in coffee 
leaf rust severity compared to among sites (I), but this among coffee shrub 
variation did not relate to the genetic diversity of coffee shrubs (III). In a re-
cent study, Daba et al. (2019) showed that cultivars resistant to coffee berry 
disease did not show resistance to coffee leaf rust. Thus, the among shrub var-
iation in coffee leaf rust could mainly be driven by environmental or manage-
ment related variations at coffee shrub level. For example, coffee shrubs that 
are not under direct overhead shade could get more direct rain and spores are 
washed resulting in less rust compared to shrubs under shade where the shade 
can break the heavy droplets of rain and spores not get washed away.  

 

Fig. 7 The relationship between coffee leaf rust growth rate and hyperparasite index 
during the preceding season. Black dots represent the log-transformed growth rates of 
coffee leaf rust for each of the 60 sites. Red solid line is the fitted regression line and 
the grey shaded region shows the 95% confidence interval around the fitted line. The 
blue broken line indicates zero growth.  
 

On the other hand, I found a higher variation in coffee berry disease sever-
ity among sites compared to within sites (I), which could be attributed to var-
iation in coffee shrubs to coffee berry disease due to some farmers and plan-
tation coffee growing coffee berry disease resistant cultivars (Benti et al., 
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2020; Labouisse et al., 2008). Alternatively, coffee berry disease spores are 
splash-borne and do not disperse over wider distances unless other vectors like 
humans are involved (Bedimo et al., 2008; Hindorf and Omondi, 2011), unlike 
the coffee leaf rust spores which are air-borne and could disperse over a rela-
tively wider area. Among coffee shrub variation in coffee berry disease was 
related to the genetic diversity of coffee (III) which could apparently be re-
lated to the fact that most smallholder farmers grow susceptible and resistant 
cultivars in combination resulting in higher among shrub variation in coffee 
berry disease incidence. 

Biodiversity yield trade-offs  
 

In the 60 sites across the landscape, I found 407 plant species belonging to 
woody plants (71), non-woody plants (243) and bryophytes (93). Woody plant 
species richness decreased with an increase in coffee yield with a concave 
non-linear relationship until ca. 750 kg ha-1 where it leveled off (Fig. 8). The 
species richness of non-woody plants, bryophytes and the total did not have a 
relationship with average coffee yield. However, the species composition of 
all the species groups changed across the yield gradient, with a similar pattern 
to the species richness of woody plants. The trade-off in biodiversity-yield 
relationship was less clear when related to the coffee yield from the three years 
separately, compared to the average yield of the three years. My finding indi-
cates that we need to be cautious when establishing biodiversity-yield rela-
tionships using yield data from a single year. This is even more important in 
crops like coffee that show biennial nature in yield. In such instances, re-
searchers often search for simple proxies for yield that can be used to establish 
reliable biodiversity-yield relationships in place of yield. I found Coffee Struc-
ture Index to be the best proxy for coffee yield as the relationship between 
biodiversity and this variable was similar to what I found when the average 
coffee yield was used.  

I found a strong trade-off between woody species richness and coffee yield. 
Naturally, coffee and cocoa are shade adapted crops that have optimum per-
formance under shade (Beer et al., 1998; DaMatta et al., 2008). Nevertheless, 
when shade is very dense, often corresponding to sites with high biodiversity, 
yields are very low. Such strong biodiversity and yield trade-offs have been 
reported for coffee (Jha et al., 2014; Perfecto et al., 2005; Soto-Pinto et al., 
2000) and cocoa (Beer et al., 1998; Somarriba et al., 2013; Steffan-Dewenter 



27 

et al., 2007). On the other hand, when shade levels are low, many forest de-
pendent species do not thrive. Some studies, however, show that it is possible 
to get good yield without much effect on biodiversity (Clough et al., 2011; 
Jezeer et al., 2017). The strength of the biodiversity-yield trade-off perhaps 
depends on how wide a gradient in complexity has been under investigation. 
In this regard, my study included near-natural forest where the floristic diver-
sity is very high while coffee is harvested from a few coffee shrubs with ber-
ries to intensively managed commercial plantation coffee where cultivars with 
high yield are grown, resulting in the steep decline of biodiversity with in-
creasing yield. Therefore, it is unlikely to get a win-win situation for biodiver-
sity and yield in this landscape.   
 

 
Fig. 8 The relationship between woody species richness and average coffee yield. 
Each dot represents an average of three years coffee yield (kg ha-1) for each of the 60 
sites. Regression slopes with 95% confidence interval from a GAM-model are shown 
with solid lines (p < 0.001, R2 = 0.30).  
 

The trade-off between biodiversity and yield was stronger for woody spe-
cies richness than for non-woody plants and bryophytes. The low yield of cof-
fee in the relatively less-disturbed forests is the major driver for the small-
holder farmers to slightly reduce the canopy of trees, specifically the small 
trees, shrubs and lianas (Aerts et al., 2011; Schmitt et al., 2010; Senbeta and 
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Denich, 2006). Such practices help to direct more light to the coffee shrubs so 
that they develop more strong branches that can support better yield (Aerts et 
al., 2011). Reduction of trees and shrubs which are in the same height with 
coffee might reduce competition for space and light but results in structural 
simplification of the forest (Aerts et al., 2011; Hundera et al., 2013b; Tadesse 
et al., 2014). Due to the open canopies, sun adapted lower canopy herbaceous 
vegetation and bryophytes which for example prefer coffee as their host could 
still flourish (Hylander and Nemomissa, 2009, 2008). This could be the reason 
why we did not get a negative relationship between species richness of non-
woody plants and bryophytes along the yield gradient. However, the species 
composition of these groups also changed fast along the yield gradient and 
often the species composition is more important for biodiversity conservation 
than species richness per se (Aggemyr et al., 2018) as species richness only 
provides taxonomic diversity.  

Implications for management  
 
Smallholder coffee farmers are often challenged by crop yield losses due to 
different pests and diseases. Nevertheless, most studies focus on the dynamics 
of a certain disease at a time but such single species studies are not enough to 
make good management decisions. In this thesis, I studied the dynamics of 
multiple diseases on a single host and their environmental drivers (I), parasite-
hyperparasite interaction and potential biological control (II), the relationship 
between genetic variation in coffee and disease incidences (III), and the trade-
offs in biodiversity-yield relationships (IV) along a gradient of coffee man-
agement in southwestern Ethiopia. Even though it is impossible to get a single 
management strategy that can fit the different goals (disease management, bi-
odiversity, productivity), based on my findings in the different papers, I pro-
vide some insights on management which are specific to the different diseases.  

Coffee leaf rust was more severe in the managed sites at lower altitudes (I, 
II). This could be attributed to the better distributions of the rust spores by 
coffee workers and suitability of microclimate such as temperature at lower 
altitudes. Coffee leaf rust also decreased with canopy cover (I). This indicates 
that coffee shrubs in the lower altitude areas could benefit from a slight in-
crease in shade tree density. Shade might buffer the microclimate thereby re-
ducing the temperature, which could increase the latent period of the coffee 
leaf rust pathogen and result in lower rust severity. Increased shade cover 
might also result in a moist microclimate that is conducive for the potential 
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top-down control of coffee leaf rust by the hyperparasite (II). In intensively 
managed coffee systems, stress on coffee shrubs due to fruit load is suggested 
to predispose the shrubs for coffee leaf rust infection (Avelino et al., 2006, 
2004). Increased shade results in lower coffee yield, and subsequently reduc-
ing stress on coffee shrubs for the rust infection. However, shade is suggested 
to increase coffee leaf rust (Avelino et al., 2004; Staver et al., 2001), probably 
because other studies compare the effect of shaded and unshaded systems (e.g. 
López-Bravo et al., 2012). Whereas, in my study system, coffee is exclusively 
grown under shade and moisture levels under the low shade areas might be 
optimum for the rust to thrive even at the lower altitudes. Thus, improvement 
of shade at the lower altitude areas does not seem to have a positive effect on 
the rust development in this landscape. I also found that variation in coffee 
leaf rust incidence had a relationship with genetic composition of coffee (III). 
This might be helpful for further investigation of valuable genes that might be 
useful for breeding of the crop for disease resistance. 

I found a higher incidence of coffee berry disease in sites with less inten-
sive management (I). Association of coffee berry disease with little managed 
sites might rather be due to the genotype of coffee grown besides altitude ef-
fect than the management per se (III). Yet, management can aggravate the 
problem if the disease prevails in the sites due to the nature of the disease 
inoculums. Coffee berry disease spores are sticky, and need moisture to liber-
ate the spores for dispersal (Bedimo et al., 2008, 2010; Hindorf and Omondi, 
2011). In the presence of other vectors like coffee workers or animals, the 
disease can be dispersed easily within the field. Farmers living close to Gera 
forest said coffee shrubs which are far away in the forest that are less fre-
quently visited by humans and grazing domestic animals are not much af-
fected by the coffee berry disease. Similarly, some farmers perceive that slash-
ing of weeds during the berry development season can result in high berry 
disease infection (Zewdie, personal communication). Both conditions are 
more related to the dispersal of the disease inoculum due to contacts with dif-
ferent coffee shrubs, and thus it is advisable to reduce management during the 
peak times of dispersal of the disease, not least in the natural forest systems. 
Coffee berry disease is the major challenge for the community as it sometimes 
causes total yield loss (I). The coffee populations in this landscape show var-
iation in susceptibility to the disease (III), perhaps due to the known variation 
in the resistance of coffee shrubs to coffee berry disease (Labouisse et al., 
2008). Thus, highly susceptible landraces could be replaced by resistant coffee 
cultivars so that farmers obtain some revenues from their small plots of land. 
However, gradual replacement of the smallholders landraces will reduce the 
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genetic diversity of the crop. As a complementary to the genetic diversity in 
the forest systems, ex situ conservation of the genetic material of all the land-
races across the landscape is very important.  

Coffee wilt disease and Armillaria root rot showed lower incidences gen-
erally (I) but these two diseases completely kill infected coffee shrubs and 
could cause considerable yield losses. I found that coffee wilt disease was 
more common in the little managed forest sites while Armillaria root rot was 
more common in the more intensively managed sites (I). At its early stage of 
outbreak, coffee wilt disease was considered as a less important disease in the 
little management forest and semi-forest coffee systems of Ethiopia (Pieters 
and van der Graaff, 1980). However, with the current increasing trend of forest 
management, the disease could be a major cause of death for coffee shrubs in 
the forest systems and a potential threat to the genetic diversity of coffee in 
the forest systems. Thus, to save coffee genetic diversity it would be advisable 
to discourage coffee management in the more natural forest systems. The in-
cidence of both coffee wilt disease and Armillaria root rot was related to the 
genetic composition of coffee stands (III). This highlights the need to look for 
coffee genotypes that have potential resistance to the these diseases. Coffee 
wilt disease and Armillaria root rot are distributed by cultural practices like 
weeding, hoeing and movement of infected coffee shrubs between sites. This 
indicates that smallholder farmers might need training on the disease symp-
toms, dissemination mechanisms and management techniques that can reduce 
the damage from these diseases. It is also believed that the forest coffee sys-
tems have a lot of microorganisms that act as natural pest control organisms 
in the rhizosphere (Mulaw et al., 2010; Muleta et al., 2007), of which Tricho-
derma spp. interact with both coffee wilt disease and Armillaria root rot (Mu-
law et al., 2010; Waller et al., 2007). Thus, in the absence of management that 
can aggravate dissemination of the diseases, there could be a natural balance 
through potential top-down control in the system.   

Another big problem with this landscape is the low yield of coffee in areas 
with lower management (IV). Since the little managed forest sites have higher 
biodiversity values of both the plant species (IV) and coffee genetic diversity, 
it would be valuable to avoid coffee management in these areas. This could be 
possible through planning for different goals in different parts of the land-
scape, whereby the near-natural forest sites can be saved for biodiversity con-
servation (of both plants species and coffee genetic diversity) and the other 
parts of the landscape can be more intensified for a better yield (Phalan et al., 
2011). However, coffee production in this landscape is often traditional, inputs 
like fertilizers and pesticides are not used to improve yield and yield of coffee 
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is generally low even in the smallholder farmers sites with intermediate man-
agement. Therefore, coffee certification programs that pay premium prices for 
the biodiversity-friendly coffee production approaches might help to improve 
the livelihood of smallholder farmers who depend on sites with low yield in 
the less intensified coffee sites.  
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Concluding remarks and future perspectives  
 

 
The main aim of my study was to assess the dynamics of fungal diseases, their 
drivers and natural enemies, the relationship between genetic variation in cof-
fee and disease intensity and biodiversity-yield relationships along the gradi-
ent of coffee management in southwestern Ethiopia. I found out that diseases 
could be driven by the same environmental conditions but might have specific 
niches. Since crop plants are often affected by several pests and diseases sim-
ultaneous, studies involving multiple diseases on a host are valuable in that 
they will give more insights to make better decision on pests and disease man-
agement. It is interesting to note that the rust and the hyperparasite had a dif-
ferent specific environmental requirements to optimize the environment for 
the rust and the hyperparasite co-occurrence. Prevalence of a conducive envi-
ronment for the hyperparasite is essential for a potential top-down control of 
the rust by the hyperparasite. The finding that the different fungal diseases 
responded differently to the genetic composition of coffee is very important 
in light of the future improvement of the corp. This study will pave the way 
for further research that could potentially disentangle which specific genes are 
responsible for the variation in the diseases and potential use of those genes 
in coffee breeding. It is often known that biodiversity could trade-off with 
yield but it was not studied in detail for the coffee systems in Ethiopia. It is 
interesting to note that there is a strong trade-off between biodiversity and 
coffee yield in this landscape and that a win-win situation is unlikely. This is 
very important for smallholder farmers who depend on the forest for their live-
lihoods, and coffee certification and conservation organizations to wisely 
manage the conflict between biodiversity conservation and livelihood en-
hancement.   

I believe I have shed some light on the main aims of my study with the 
findings of the four papers included in this thesis. However, I am also left with 
a lot of questions that are not answered. I will list one main question for the 
first three paper that I think are novel and could be developed to a new project 
or are already in progress.  

In the first paper of my study, I aimed to understand the environmental and 
management drivers for the different fungal diseases. I found that altitude, as 
a proxy for the climate, was the main driver for the fungal diseases. I was 
eager to understand how specific microclimate variables like temperature and 
relative humidity relate to the development of the different fungal diseases. 
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For this, I set out data loggers to measure the soil and canopy temperatures 
and relative humidity of the air under the coffee canopy on several coffee 
shrubs at each of the sixty sites. This new experiment involved several seasons 
of data on the microclimate variables and the fungal disease assessments. Cur-
rently, a new PhD student Biruk Ayalew is involved as the main investigator 
of this project. 

In the second paper of my study, I investigated the interaction between 
coffee leaf rust and its hyperparasite and environmental drivers for the two 
species for three years during the dry and wet seasons. I found that the two 
species have specific environmental requirements and that the hyperparasite 
has the potential to control the rust growth rate. My study involved several 
seasons of the rust and hyperparasite assessment, but it is a one-time assess-
ment each dry and wet season. However, I think that it could be much useful 
to closely follow up on the development of the two interacting species with 
both manipulative greenhouse and field experiments to understand more about 
the potential top-down control and specific environmental requirements of the 
two species. This idea could be developed into a new project in the future. 

In the third paper of my study, I investigated the genetic variation in coffee 
populations from the 60 sites and how that relates to the incidence of fungal 
diseases assessed from the same sites. I found that the incidence of fungal 
diseases of coffee is related to the genetic composition of coffee stands. How-
ever, in this project, we characterized the neutral genetic variation and did not 
target any region of the genome related to disease resistance. This finding in-
itiated a new project to characterize the genetic variation at the region of the 
genome that was related to disease resistance characteristics in Arabica coffee 
in other studies. For this project, we collaborate with researchers from KU 
Leuven and ILVO in Belgium. We aim to understand: 

i. Which sequence variation is present in genomic regions of 
Arabica coffee related to disease resistance characteristics? 
and  

ii. How is this variation structured along the gradient of coffee 
management?  

In paper IV, I explored the relationship between biodiversity and coffee 
yield along the gradient of management. I found a strong conflict between 
biodiversity and coffee yield, and it is unlikely that a win-win solution could 
be achieved, especially in the little managed forest sites. Future research could 
be related to policy or economic analysis of the feasibility of different coffee 
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certification programs to understand the possibilities of harmonizing liveli-
hood and biodiversity conservation in Arabica coffee’s native region.  
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Svensk sammanfattning 
 

 
Intensifiering av jordbrukssystem är ett stort hot mot dess biologiska mångfald 
och kan också påverka dynamiken hos skadedjur och patogener. Ett sådant 
system som för närvarande blir mer och mer intensifierat är produktion av 
Arabica-kaffe. I denna avhandling studerade jag sambandet mellan 
svampsjukdomar och deras naturliga fiender, den genetiska variationen av 
kaffe, variationen i kaffeskörd och associerad biologisk mångfald längs en 
gradient i kaffeodlingsintensitet i sydvästra Etiopien. 

De specifika målen för denna avhandling var att undersöka variationen i 
svampsjukdomar på kaffe och deras naturliga fiender längs en gradient av 
kaffeodlinglingsintensitet (I, II), hur genetisk variation hos kaffe mellan 
platser relaterar till variation i förekomst av svampsjukdomarna (III), och att 
undersöka avvägningarna i förhållandet mellan biologisk mångfald och 
avkastning längs en gradient av kaffeodlingsintensitet (IV). För att svara på 
dessa frågor valde jag 60 platser längs en gradient av odlingssystem som 
sträckte sig från kaffe som naturligt växte i bara lite störda skogar till intensivt 
skötta plantager. Jag använde både observationsstudier och molekylära 
metoder. 

I kapitel I undersökte jag om skadenivån från de fyra viktigaste 
svampsjukdomarna på kaffe varierade längs gradienten och vilka som var de 
viktigaste drivkrafterna för denna variation. Jag fann att två av 
svampsjukdomarna var allvarligare på de intensivt skötta odlingarna, medan 
de andra två var mer problematiska på de mindre intensivt skötta platserna. 
Altitud var den främsta förklarande variablen för variationen hos 
sjukdomarna, men relationen mellan altitud och skadenivå var olika för de 
olika sjukdomarna. I kapitel II undersökte jag den tidsmässiga dynamiken för 
interaktionen mellan sjukdomen kafferost och dess hyperparasit, potentialen 
för hyperparasiten att kontrollera rostsvampen samt vilka miljövariabler som 
påverkar de två arterna. Jag gjorde det under tre år i rad både på torrtiden och 
rengtiden. Jag fann att kafferost var vanligare under torrtiden och på mer 
intensivt skötta platser medan hyperparasiten var vanligare under regntiden 
och på mer skogsliknande kaffeodlingar. Mina resultat avslöjade också att mer 
hyperparasitangrepp under regntiden resulterade i en lägre tillväxttakt för 
kafferost fram till den efterföljande torrtiden. I kapitel III undersökte jag om 
den genetiska sammansättningen och mångfalden hos kaffebuskarna på olika 
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platser relaterar till variation i förekomst av svampsjukdomarna. Jag fann att 
den genetiska sammansättning hos kaffebuskarna på olika platser var kopplad 
till förekomsten av de fyra svampsjukdomarna, medan variationen av den 
genetiska mångfalden inte påverkade förekomsten av sjukdomarna. I kapitel 
IV undersökte jag avvägningar mellan bevarandet av biologisk mångfald och 
storleken på kaffeavkastningen. Jag fann att den biologisk mångfalden 
minskade kraftigt i början av kurvan av ökande skördar, varefter en ytterligare 
ökning av avkastningen inte hade så mycket effekt på den biologiska 
mångfalden. 

Sammanfattningsvis hittade jag olika drivkrafter för olika sjukdomar och 
för parasit-hyperparasit-interaktionen. Därför är det svårt att föreslå ett enda 
odlingssystem som skulle minimera problemen från alla arterna. Hög genetisk 
mångfald minskade inte sjukdomstrycket. De mer komplexa, lite skötta 
platserna har höga biologiska mångfaldsvärden och kan potentiellt fungera 
som livsmiljöer för naturlig skadedjursbekämpning och för bevarande av 
kaffets genetiska mångfald. Dock var avkastningsklyftan jämfört med de mer 
intensivt skötta platserna mycket hög. För att optimera kaffeodling och 
bevarande av biologisk mångfald i dessa landskap, finns det ett behov av att 
utveckla strategier där småbönder som är beroende av kaffe och skogen som 
den främsta försörjningskällan kan dra nytta av till exempel 
certifieringssystem som kan betala högre priser för en mer biodiversitetsvänlig 
kaffeodling. 
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