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Abstract

The distribution of wild biodiversity in agroecosystems affect crop perfor-
mance and yield in various ways. In this thesis | have studied the impact of
wild biodiversity, in terms of trees and forest structures, on crop pests, polli-
nators and the pollination services provided in a heterogeneous landscape in
southwestern Ethiopia.

Coffee, Coffea arabica, is a forest shrub native to Ethiopia and is grown in
most wooded areas in the landscape where | conducted my studies. Wild cof-
fee is still found in remote parts of the forests in the landscape. For my first
paper, | surveyed pest damage on coffee in coffee forest sites, where some
sites were situated in continuous forest and some in isolated forest patches. |
found the variation in pest damage frequency to mainly be among coffee
plants within a site, rather than among sites, which indicates the importance
of local processes. However, some pests were clearly connected to the forest
habitat, such as the olive baboon.

In my second study, | surveyed pollinators visiting coffee flowers across a
gradient of shade-tree structures. | found the semi-wild honeybee to be the
dominating flower visitor. The abundance of the honeybee was not related to
shade-tree structures, but to amount of coffee flower resources in the site. On
the other hand, other pollinators, which included other bee species and hover-
flies, were positively affected by more shade trees in the site.

In my third study | investigated how the forest cover affected local bee
communities in the agricultural landscape. Moreover, | investigated if this re-
lationship differed between the dry and rainy season. The distribution of food
resources for bees changes between the seasons, which may affect the bees.
Most trees, fruit trees and coffee, which are patchy resources, flowers in the
dry season, whereas most herbs and annual crops, which are more evenly
spread resources, flowers during the rainy season. | found a clear turnover in
bee species composition between the dry and rainy season, with more mobile
species in the dry season. Increased forest cover in the surrounding landscape
had a positive impact on bee abundance and species richness. However, the
impact did not change between seasons.

In my fourth study | evaluated the pollination success and pollen limitation
of a common oil crop in the landscape in relation to forest cover. | found se-
vere pollen limitation across the landscape, which may be related to the ob-
served low bee abundances. The pollen limitation was not related to surround-
ing forest cover.



In conclusion, I have found the forest and wooded habitats to impact several
mobile animals and pathogens in our study landscape, which in turn affect
people. However, there is large complexity in nature and general relationships
between forest structures and all crop related organisms may be unlikely to
find. Various species are dependent on different resources, at different spatial
scales and are interacting with several other species. To develop management
strategies for increased pollination services, for reduced pest damage or for
conservation in the landscape, more species-specific knowledge is needed.

Keywords: agroforestry, Apoidea, Coffea arabica, crop pests, Ethiopia, forest
cover, landscape ecology, moist afromontane forests, pollination, species
composition, tropical agriculture
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Introduction

Background

The terrestrial biosphere has experienced major land-use changes during the
latest centuries (Ellis et al. 2010). From being about 50% “wild” or “semi-
wild” in year 1700 to domination by agricultural and settled anthropogenic
biomes in the year 2000 (Ellis et al. 2010). The destruction and fragmentation
of natural or semi-natural habitats has a major influence in determining which
species that can survive and thrive in a landscape. The occupancy of species
in habitat fragments depends on, for example, habitat size, edge effects, qual-
ity, isolation and connectivity to other patches with source populations (Ewers
et al. 2007; Hanski 1994, 1999; Prugh et al. 2008). However, the quality and
composition of the converted land, i.e. the matrix, between habitat fragments
is also important (Prugh et al. 2008; Tscharntke et al. 2012; Watling et al.
2011). The matrix may facilitate the movement of organisms between frag-
ments and some organisms may also spillover and persist in the matrix
(Tscharntke et al. 2012). Moreover, some species may utilize resources found
in areas of different land use, e.g. both fragments and the matrix, so called
“landscape complementation” (Dunning et al. 1992). For example, some bats
and bee species roost or build nests in forest trees, but forage in more open,
altered land (Ethier & Fahrig 2011; Klein et al. 2003b). The presence of high
quality habitat can therefore have a positive influence on species occurrence
and abundance found in the landscape surrounding the fragment, such as in
farmland.

In agro-ecosystems, the distribution and abundances of species are affect-
ing agricultural yields and other agro-ecosystem functions in many ways.
Therefore, the habitat composition and configuration of the landscape — which
are both most often driven by anthropogenic activity — have large impact on
local farmers. Service-providing organisms, such as pollinators and natural
enemies of crop pests, often disperse from natural and semi-natural habitats
into farmland, which may increase yields (Bianchi et al. 2006; Garibaldi et al.
2011b; Macfadyen et al. 2015; Ricketts et al. 2008). However, natural or semi-
natural habitats could also be sources of disservice-providing organisms like
weeds, pathogens and pests (Lavandero et al. 2006; Lemessa et al. 2013;
Zhang et al. 2007). Besides presence of natural and semi-natural habitats, the
agricultural management practice influences species distributions (Hendrickx
et al. 2007; RundIof et al. 2008). The large-scale intensification of farmland,



which started in the middle of the 20th century, with for example larger field
sizes, removal of non-cropped areas and high agrochemical input, has caused
major decline in farmland biodiversity (Benton et al. 2003; Tilman et al. 2001;
Tscharntke et al. 2005). The decline in biodiversity affects humanity in many
ways (Cardinale et al. 2012). For example, the decline in service providing
organism, such as pollinators, has raised concern about food security and sta-
bility of the food production, since many crops are pollinator-dependent
(Klein et al. 2007; Kremen et al. 2002; Potts et al. 2010a; Steffan-Dewenter
et al. 2005).

In the developed, temperate parts of the world, accumulating studies on
species distributions, landscape ecology and ecosystem services (see Box 1)
have increased our knowledge about the impact of management and landscape
composition on service and disservice providing organisms in agricultural
landscapes (Batéary et al. 2011; Bianchi et al. 2006; Potts et al. 2010a; Steffan-
Dewenter et al. 2002; Tscharntke et al. 2012; Veres et al. 2013; Williams et
al. 2010). There are still many knowledge gaps, but we can now roughly pre-
dict how species may respond to, for example, habitat loss and changes in the
management practice. In contrast, comparably fewer studies have been done
on similar topics in most parts of the tropics and sub-tropics. This lack of tar-
geted studies, in combination with different species compositions, climate,
and in many cases management practice, means that we know far less about
what affects the distribution of service and disservice providing organisms in
those parts of the world. The lack of research is especially pronounced in sub-
Saharan Africa (Eardley et al. 2009). To address this knowledge gap, | have
in my thesis investigated how different landscape parameters affect organisms
important for agriculture in a heterogeneous landscape in southwestern Ethi-
opia.

Box 1. Ecosystem services

Ecosystem services are the free services that ecosystems provide to humans.
Ecosystem services can be divided into different types; supporting, provision-
ing, regulating and cultural services. Supporting services involves soil for-
mation, nutrient cycling and primary production. Provisioning services com-
prise the production of renewable resources such as food, fresh water, fuel-

wood, fiber, biochemical and genetic resources. Regulating services involve
water purification, pollination and regulation of climate, diseases and water.
Cultural services includes recreation and ecotourism, spiritual and religious
values, aesthetic and cultural heritage. Key ecosystem services in agriculture
are for example nutrient cycling, pest and disease regulation and pollination
(http://www.fao.org).
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Tropical Forest and coffee production

The forested areas of the world are steadily declining and have been converted
to mainly crop or rangelands (Achard et al. 2002; Ellis et al. 2010). Tropical
and sub-tropical forests hold high species richness, and many species are de-
pendent on the forest habitat for survival (Schipper et al. 2008). There is a
large pressure on the remaining forests in the tropics, and this poses a great
threat to the remaining forest species (Schipper et al. 2008; Turner 1996). Cof-
fee plantations in tropical or sub-tropical forests are one way of preserving
and at the same time utilizing the forest instead of converting it to farmland
(Hylander et al. 2013). Shaded coffee plantation has been suggested to func-
tion as a refuge for forest dependent biodiversity (Borkhataria et al. 2012;
Perfecto et al. 2003; Perfecto et al. 1996). However, there are debates regard-
ing their conservation values since the forests also get disturbed and degraded
(Aerts et al. 2011; Hundera et al. 2013).

Coffea arabica, commonly called high-land coffee, is the most widely used
and also the most valuable cultivated Coffea species (Figure 1). It has its origin
in the understory of moist Afromontane forests in Ethiopia and is thus a shade-
tolerant species (Anthony et al. 2001; Anthony et al. 2002). Today, improved
varieties of C. arabica are grown in most tropical countries, and coffee is
grown under many different management systems, ranging from cultivation
of sun-coffee, without any shade, to rustic or semi-forest coffee systems where
coffee is grown in forest habitats (Hundera et al. 2013; Moguel & Toledo
1999). In many regions, coffee is grown by small-holder farmers that get their
main income from their coffee production. In Ethiopia alone, more than 15
million people are dependent on coffee production, directly or indirectly, for
income generation (Labouisse et al. 2008). Coffee yield therefore affects the
livelihood of many people. Among the many parameters that affect coffee
yields, the pest levels and the pollination success are important contributors.
Coffee is attacked by various pests, and since coffee contains a lot of toxins,
like caffeine, pests of coffee are generally specialists that can cope with the
toxins (Frischknecht et al. 1986). The main pests differ between regions, but
for example the coffee berry borer (Hypothenemus hampei), coffee rust (Hem-
ileia vastatrix) and blotch miners (Leucoptera spp.) are present in most coffee
growing regions (Vandermeer et al. 2010). The levels of pest and pathogen
damage vary not only with region, but also with management, landscape con-
texts and interacting species (Avelino et al. 2012; Soto-Pinto et al. 2002;
Teodoro et al. 2009a; Teodoro et al. 2009b; VVandermeer et al. 2010).

In southwestern Ethiopia coffee is grown in different landscape settings.
Coffee is found in isolated forest patches surrounded by open agricultural
land, in homegardens (see more information regarding homegardens in the
method section) and in the edge of continuous forest, which is the more natural
habitat for C. arabica. Since coffee has its longest evolutionary history in con-
tinuous Afromontane forests, | expected coffee to be included in many inter-
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Figure 1. Coffee plants in bloom (top) and ripening coffee berries (bottom).
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actions with other organisms in this habitat. | also expected the pest damage
levels to be lowest in the continuous forest since most natural enemies of the
pests would be present in the original habitat of coffee. In the first chapter of
this thesis (paper 1), | investigated if and how the levels of pest damage change
when coffee is grown isolated from its original habitat. Furthermore, | inves-
tigated edge, area and isolation effects on pest damage levels.

C. arabica is self-compatible, and the degree of pollinator-dependence ap-
pears to vary among different varieties and regions. However, coffee yield
generally increases with animal pollination (Klein et al. 2003a, b; Roubik
2002; Veddeler et al. 2008). Social bees, especially honeybees but also sting-
less bees, are reported to be the most common visitors of coffee flowers in
areas where coffee has been introduced (Figure 2) (Badano & Vergara 2011,
Boreux et al. 2013; Klein et al. 2003b; Ricketts 2004; Roubik 2002; Vergara
& Badano 2009). However, the effectiveness of honeybees as coffee pollina-
tors is under debate, and other species may be more efficient pollinators of
coffee (Badano & Vergara 2011; Klein et al. 2003b). Fruit set of coffee in-
creases with higher species richness of flower visitors, probably since species
complement each other or increase the pollination effectiveness through spe-
cies interactions (Albrecht et al. 2012; Brittain et al. 2013). High species rich-
ness of flower visitors are associated with low-impact management systems
(Vergara & Badano 2009), proximity to natural forests (social bees) and high
light intensity (solitary bees) (Klein et al. 2002; Klein et al. 2003b; Ricketts
2004). In Ethiopia, not only C. arabica is native but also the honeybee, Apis
mellifera. The region is interesting for investigating the main pollinators of C.
arabica in its native setting. Moreover, my study region allows for surveys of
pollinators under different management intensities. The shade-tree structures
in the coffee areas ranges from forests with nearly intact canopy structure, to
coffee shaded by only one or two species of shade trees. In the second chapter
of this thesis (paper II), I surveyed coffee flower visitors on coffee grown
under different shade-tree structures in southwestern Ethiopia.

Bees and crop pollination

Globally, the area of pollinator-dependent crops has increased disproportion-
ately compared to other crops and the trend is more pronounced in the devel-
oping compared to the developed world (Aizen et al. 2008, 2009). Simultane-
ously, there are reports of declining bee populations, among both domesticated
honeybees and wild bees (Burkle et al. 2013; Potts et al. 2010a; Potts et al.
2010b). Bees, as a taxonomic group, are considered to be the most effective
pollinators of most crops, and consequently, concerns have arisen about a
global pollinator crisis that may affect food security and stability of food pro-
duction (Potts et al. 2010a; Steffan-Dewenter et al. 2005). Indeed, there are
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indications for pollen limitation to lower the expected yield growth and to de-
crease the stability of the yield from pollinator-dependent crops (Garibaldi et
al. 2011a). However, the warning of a global pollinator crisis has been ques-
tioned, partly because the available data on bee abundances and declines is
heavily skewed towards certain taxonomic groups and geographical areas
(Ghazoul 2005). Even though pollinator and pollination studies conducted in
the developing world are accumulating, there are still large knowledge gaps
in many regions, among them sub-Saharan Africa, where we know very little
about the status and trends of most pollinators (Eardley et al. 2009).

In many agricultural landscapes, proximity to florally diverse natural or
semi-natural habitats has a positive influence on richness of wild pollinators
and visitation rate and fruit set of pollinator-dependent crops (Garibaldi et al.
2011b; Kremen 2008; Williams et al. 2010). Pollination services are also more
stable close to natural or semi-natural habitats compared to more isolated areas
(Garibaldi et al. 2011b). In addition to the amount of — and proximity to —
natural or semi-natural habitat, the resources in the landscape, in terms of
flower abundance, pollen abundance, nectar diversity and nesting sites, have
a positive impact on the pollinators, and especially the bee community present
(Grundel et al. 2010; Hagen & Kraemer 2010; Potts et al. 2004). Which hab-
itats are important for the local pollinator community depends on the region
and the species that occur there, as well as on the history of the landscape. For
example in Europe, in which large parts of the land has been under cultivation
for a long time, many species are adapted to the heterogeneous, low intensity
managed farmland common before World War I1. The historical conversion
of forest into flower rich, low intensity managed grazing land may actually
have been beneficial for many bees in temperate Europe where trees are
mainly wind-pollinated (Michener 2007). Even though not fully “natural” in
the traditional sense, the presence of semi-natural habitats, like semi-natural
and calcareous grasslands, hedgerows, field margins and road verges, do have
a positive effect on flora, invertebrates and birds in Europe (Benton et al.
2003; Steffan-Dewenter & Tscharntke 1999; Svensson et al. 2000; Ockinger
& Smith 2007).

In the tropics, on the other hand, isolation from the forest habitat often has
a negative effect on bee and bee diversity (Blanche et al. 2006; Hagen &
Kraemer 2010; Klein 2009; Ricketts 2004), and higher fruit set has been found
in crops closer to the forest (Blanche et al. 2006; Klein et al. 2003c). However,
in some tropical areas, heterogeneous, flower rich agricultural landscapes may
hold higher abundances of bees than natural forest habitats (Hagen & Kraemer
2010; Klein et al. 2003b). Bee species vary in their sensitivity to different
anthropogenic disturbances, and their sensitivity is linked to various traits, like
food preferences (generalists, specialists), size (foraging rang), nesting sub-
strate (above ground or soil nesters), sociality etc. (Williams et al. 2010). Wild
bees (females) may be more sensitive to their surroundings than other pollina-
tors such as hoverflies are, since they are central place foragers and need to
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return to their nests. Additionally, since bees vary in size, which is correlated
with mobility, they perceive the landscape at different spatial scales
(Greenleaf et al. 2007; Tscharntke et al. 2012). Small bees are affected by the
landscape on smaller scales than large bees are, and each species must get its
resources needs satisfied on its own specific scale (Steffan-Dewenter et al.
2002). In contrast to many wild pollinators, the honeybee, which is a very

Figure 2. Pollinators in Ethiopia. A honeybee, Apis mellifera, visiting a coffee flower
(top left). A colonized traditional bee hive (top right). A stingless bee, Meliponula sp.,
visiting rapeseed (middle left). Lasioglossum sp. visiting rapeseed (middle right). Xy-
locopa sp. visiting Caesalpina decapetala (bottom left). Resting Xylocopa sp. male
(bottom right).
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mobile species, is less affected by distance to natural or semi-natural habitats,
and can be abundant in disturbed habitats (Aizen & Feinsinger 1994; Brosi et
al. 2008; Garibaldi et al. 2011b). Even though homogeneous, simplified land-
scapes hold few species, the species existing may reach high numbers
(Ghazoul 2005; Kleijn et al. 2015). Hence, abundance and species richness
are not always correlated.

Many solitary bees are connected to specific floral resources and are only
active for a short time frame (Cane et al. 2006; Michener 2007). The species
richness and abundance of bees may therefore not only vary spatially with the
landscape structure and management, but also temporally with changes in the
vegetation and food resources (Tylianakis et al. 2005). The amount and type
of resources a habitat offers may change over a year; consequently the im-
portance of that habitat for local bee abundance and diversity may also change.
In southwestern Ethiopia, as in many other parts of the tropics, the changes in
precipitation over the year have marked effects on the landscape, as well as
on the distribution of floral resources (Figure 3). Most forest trees, fruit trees
and many shrubs have their main flowering time during the dry season,
whereas most annual crops and herbs have their main flowering time towards
the end of the rainy season (Fichtl & Adi 1994). Consequently, the distribution
of floral resources changes from patchy resources (flowering trees) to more
evenly spread resources (herbs and crops). Many studies from the tropics have
indicated the importance of nearby forest for bee diversity (Klein 2009; Rick-
etts 2004). However, few studies have addressed the possible temporal change
of its impact. In the third chapter of this thesis (paper I111) I surveyed the bee
species community and bee traits in contrasting seasons to assess if the impact
of forest cover on bee abundance, richness and composition changes between
seasons. To further investigate if the forest cover may in turn affect local pol-
lination success, | also conducted a manipulative pollination experiment on a
common oil crop in the same sites as for the bee species community (paper
V).
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Aim of the thesis

The main aim of this thesis was to study the impact of wild biodiversity, in
terms of trees and forest structures, on crop pests, pollinators and the pollina-
tion services provided in a heterogeneous landscape in southwestern Ethiopia.
Since coffee is a very important and valuable crop in the studied landscape |
dedicated the first two chapters of my thesis (paper I and 11) to studies of this
perennial crop. | investigated how the level of pest damage on coffee was re-
lated to the specific setting the coffee plants was grown in, like the contrast
edge vs interior habitat, the size of the forest habitat and the isolation from
larger continuous forest, which is the natural habitat for coffee (paper I). Fur-
thermore, | surveyed the pollinator community visiting coffee under different
shade-tree structures, ranging from very simplified forests dominated by one
shade-tree species, to multi-strata forests with a high diversity of shade-tree
species (paper 11). In the second part of the thesis | investigated the distribu-
tion of bees (paper I11) and pollination services (paper 1V) across the more
open agricultural landscape. In two contrasting seasons, | surveyed the bee
community in sites with varying amount of forest in the surroundings. | ana-
lyzed the relationships between the bee community, abundance and species
richness and the spatial variation in forest cover. Finally, | investigated the
possible temporal changes of these relationships (paper I11). In a subset of the
same sites, | experimentally evaluated the pollen limitation and pollination
success of a common oil crop, in relation to both forest cover in the surround-
ing landscape and the local bee abundance and richness (paper 1V).

17



Methods

Study area

All studies included in this thesis were conducted in Gera and Gomma
Woreda, Jimma zone, in southwestern Ethiopia (7°40° - 7°56” N; 36°13’ -
36°38’ E, Figure 4) on altitudes between 1500 and 2100 m.asl. The landscape
is heterogeneous and composed of a mixture of moist Afromontane forests,
agricultural land, homegardens, grasslands, woodlots and wetlands. In the
western part of the landscape, there are still some larger remnants of continu-
ous forest, whereas the forests in the eastern part of the landscape are highly
fragmented (Figure 4). The density of trees varies across the landscape and
can sometimes be high even outside the larger forest remnants, for example in
woodlots of Eucalyptus, shaded coffee stands, live fences (composed of dif-
ferent shrub and tree species) and homegardens (Ango et al. 2014). The annual
precipitation varies between 1480 and 2150 mm per year (Ethiopian National
Meteorological Service Agency, unpubl. document). Most rainfall is between
June and September (rainy season) and the driest time is between December
and February (dry season) (Figure 3). During and following the rainy season,
the landscape is green and flourishing, with plenty of flowering herbs and a
lot of food for the livestock. Most annual crops flower during and following
the rainy season. In contrast, at the end of the dry season, the landscape is
dusty, few herbs are flowering, and skinny cows are seen on the sometimes
overgrazed grasslands. At this time, many trees and perennial crops, like cof-
fee, have their main flowering time.

Coffee in Ethiopia

My study area is located in one of the main coffee-growing regions in Ethio-
pia. C. arabica has its origin in Ethiopian moist Afromontane forests and wild
coffee plants are still found in the remote parts of the region’s larger forests.
The common coffee management in the region, as well as in other parts of
Ethiopia, is to grow coffee under shade from trees. The most common coffee
production systems in the study area are recognized as semi-forest or semi-
plantation coffee, which one is depending on the forest management intensity
and plant diversity (Hundera et al. 2013). Planted coffee is found in most
wooded habitats; it is grown at the edges of continuous forest, in isolated
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Figure 3. The appearance of the landscape changes a lot between the dry (top) and
the rainy season (bottom).
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Figure 4. The landscape in southwestern Ethiopia where | conducted the field work
for this thesis. The gray parts are wooded areas and the white parts are open land
such as farmland, wetland and grasslands. The red dots are the position of the sites
where | surveyed coffee pests (paper 1), the black triangles indicate the sites where |
surveyed coffee flower visitors (paper 1), and the blue squares are the position of the
homegardens where | surveyed bees with pan and vane traps (paper Il1) and grew
rapeseed for evaluation of pollination services and pollen limitation (paper V).

woodlots and in homegardens. C. arabica is the only Coffea species that oc-
curs in this region and many varieties are bred from the wild ancestors found
in the remote forests. The management of coffee is often organic without any
chemical fertilizers or pesticides. Understory vegetation is repeatedly re-
moved, mainly by hand, to reduce competition for the coffee plants and to
facilitate picking of berries from the ground (Schmitt et al. 2010). Additional
management such as irrigation and pruning of shade trees and coffee plants is
uncommon. Instead, larger trees are removed and old or sick coffee plants are
occasionally replaced with coffee seedlings. The coffee blooms after the first
heavy rains in the mid of the dry season.

Homegardens and crops

In the study area, subsistence farming is the main land use outside the wooded
habitats. Crops are grown either in homegardens or in open fields.
Homegardens are the compounds of individual households where the family
often rears livestock and grows vegetables, root crops, spices, fruit trees, cof-
fee and other stimulant plants (Lemessa et al. 2013) (Figure 5). The
homegardens as well as connected crop fields are often enclosed by live
fences. Among the most common crops and fruits grown in homegardens are
cabbage, coffee, avocado, enset (false banana), jackfruit, rapeseed, sugarcane,

20



taro and banana (Lemessa et al. 2013). Khat, which is another stimulant plant,
is also commonly grown (Lemessa et al. 2013). In the larger fields, which are
separated from the homegardens, the most common crops are teff, which is an
indigenous cereal species, maize and wheat (Lemessa et al. 2013). The overall
use of agro-chemicals is low.

e

Figure 5. The compounds of individual households are called homegardens. Within
the homegarden area the family often grow vegetables, root crops, spices, fruit trees,
coffee and other stimulant plants and has livestock rearing.
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Field sampling

The data for paper I, 11 and I11 are based on inventory data whereas the data
for paper 1V are mainly from an experiment. All data was collected between
September 2010 and November 2012.

Coffee pest damage across the landscape (Paper 1)

To evaluate the effect of different forest habitat on coffee pest damage | se-
lected 31 coffee sites, of which 10 were in continuous forest and 21 were in
forest patches embedded within the agricultural landscape (Figure 4). Within
each site | established an edge plot, 10 x 20 m, bordering the edge of the forest
or forest patch. In sites with a diameter larger than 100 m, a second plot, was
established 50 m towards the interior of the site. In each plot I surveyed pest
damage on 90 leaves, divided among five plants. In addition | picked 40 ripe
coffee berries that were checked for pests. | also asked the coffee owners if
they had experienced any problems with mammal pests such as baboons. The
forest patch areas and the distances between continuous forest and the forest
patches were measured in Google Earth. With this setup, | could analyze if
pest damage levels differed 1) between edge and interior habitats, 2) between
continuous forest and forest patches and 3) depending on site area and isola-
tion from its natural habitat, i.e. continuous forest.

Coffee flower visitors on coffee grown under different shade-tree
structures (Paper I1)

Before the onset of the coffee bloom in 2011, coffee sites that varied in shade
tree structure were located. The location of very simplified coffee plantations,
with mainly one or two shade tree species and relatively low shade provision-
ing were identified, as well as forest coffee sites with high and intermediate
species richness of shade trees. | could not & priori determine which sites to
visit since coffee is in bloom for a very short period (1-2 days) and | had a
large area to cover and keep track of. Instead, | went to the sites that were
flowering each day with the aim to visit as many sites as possible and to cover
the full gradient of shade tree species diversity. In sites with flowering coffee,
| established a 40 x 40 m plot where | counted number of trees and number of
tree species and estimated the canopy cover, coffee flower abundance and
other floral resources. Within the plot, three surveyors sampled all insects
landing on coffee flowers in three 15-min trials. The sampling ended with 15
min catching of pollinators visiting other flowering plants. One site was vis-
ited before noon and one after noon. Altogether, 1 managed to visit 19 sites
during the two events of coffee flowering (Figure 4). The different forest var-
iables were correlated, and | therefore chose the variable with the longest gra-
dient, which was the number of trees, to be included in my analyses. | also
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developed a forest index, which included the measured and estimated forest
variables, to ensure that | captured the shade-tree structural complexity. My
three response variables; abundance of honeybees, other pollinators and sur-
rounding pollinators (not on coffee), were analyzed separately in relation to
the number of trees or forest index, coffee flower resources, other flower re-
sources, time of the day and presence of beehives.

Bee community and pollination success in relation to surrounding
forest cover (Paper 111 and 1V)

To survey the bee community over seasons (paper 111) and to evaluate polli-
nation success and pollen limitation of a crop (paper 1V), | established more
permanent, protected sites. | cooperated with 28 homegarden owners, who let
me rent land and place traps on their property. The homegardens were selected
to cover a gradient with homegardens surrounded by low to high forest cover
(Figure 4). In a hectare surrounding the central house of the homegarden |
mapped the land-uses, identified and counted the trees and conducted flower
surveys twice per season.

For the bee survey (paper I11), | placed three pan traps, yellow, white and
blue respectively, a couple of cm above the ground in protected fields and |
hung two yellow vane traps in trees or on fences. The traps were continuously
active for 67+6 days at the end of the dry season and for 86+1 days at the end
of the rainy season. The traps were emptied three times per week, with the
exception of the first month in the rainy season when the traps were emptied
twice per week. All bees were identified to species or morphospecies (Eardley
et al. 2010). | analyzed differences in bee composition, richness, abundance
and traits between seasons and in relation to forest cover.

To evaluate pollination services and pollen limitation in the same
homegardens as | surveyed bees, | planted rapeseed, Brassica napus, and ap-
plied three treatments to the plants; control, pollinator exclusion and pollen
addition (paper 1V). The rapeseed flowered at the end of the rainy season.
Each treatment was applied to five plants per homegarden. The pollinator ex-
clusion plants were covered with a mesh bag (tulle, mesh size: 1 x 1 mm) prior
to flowering, and the bags stayed on the plant until harvest time. The pollen
addition plants received extra pollen by hand two times per week, from when
the first flowers opened, until all flowers had wilted. The control plants were
left untouched. When all fruit capsules, also called siliques, on a plant were
ripe, the plant was harvested. All fruit capsules were counted and ten randomly
selected fruit capsules were individually harvested for separate length meas-
ure, seed count and seed weight. Due to crop failure and grazing, | could only
harvest rapeseed in 23 of the 28 sites. The three treatments enabled us to ana-
lyze the pollination services (control compared to pollinator exclusion plants),
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and the pollen limitation (pollinator exclusion compared to control plants) in
the landscape and in relation to local and landscape variables.

Landscape classification

To investigate the impact of the surrounding land use on bee composition and
pollination success for paper 111 and 1V, | first classified a satellite image into
three main classes: open area, forest and other wooded habitats (Figure 6). |
chose to classify an area with a radius of 700 m around each homegarden,
since this area covers the appropriate scale on which most bees perceive and
interact with their environment (Steffan-Dewenter et al. 2002). The satellite
image was a pan-sharpened high resolution [0.5m] big world view2 image
taken in October-November 2011, projected in UTM WGS 84. | used the pro-
gram ChorosLandCover 0.9.0.2 (Izolde and Choros Cognition Company
2012) to execute an unsupervised classification of the image. The advantage
of this program is that it in addition to evaluating each pixel’s own value, it
also considers the values of surrounding pixels to recognize combinations of
pixels. This facilitates the recognition of specific land-uses. However, when |
compared the classified picture with the satellite image | found that the area
of forest was underestimated. Therefore | designed a more generous forest
variable, designated “wooded habitats”, which included both forest and other
wooded habitats (Figure 6). Since the land use in the nearest surroundings
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Figure 6. An example of a satellite image that | classified using the program Choros-
LandCover 0.9.0.2. Around each homegarden an area with a radius of 700 m was
classified into three main classes: forest, open area and other wooded habitats. Since
the variable “forest” was found to underestimate the real amount of forest, “other
wooded habitats” and ‘‘forest” were merged into the more generous forest variable
“wooded habitats”. The square in the center of the image is the location of the
homegarden.

24



probably has the largest impact on insects, | included weights together with
the land-use variable. In this way | could give the land-uses in the nearest
surroundings of the homegarden a larger impact in the analyses compared to

land uses further away.
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Results and Discussion

Overall results

The results from the studies included in this thesis suggest that several mobile
animals and pathogens are affected by the amount, composition and configu-
ration of forest and wooded habitats in our study area. However, | found no
uniform response to forest, and the impact of forest structure and cover on
surveyed organisms was generally weak. In the coffee pest study (paper 1), |
found each surveyed species to have specific responses to variation in local
attributes. The only general result found, for the majority of the surveyed pest
species, was that the variation in damage level was larger on the very local
scale (within the plots) than on the regional scale (among plots). When it
comes to coffee flower visitors (paper 11), it was clear that “other pollinators”,
which included hoverflies and bees except for honeybees, were positively af-
fected by more complex shade-tree structures (i.e. less management). On the
other hand, the honeybee, which was the main coffee flower visitor, was not
affected by the shade-tree structures. Bee abundance and richness in
homegardens were positively affected, although weakly, by higher forest
cover in the surroundings (circle with 700 m radius) (paper 111). The positive
impact of forest cover on bee abundance and richness did not result in higher
pollination success of rapeseed in the more forested areas (paper 1V). Instead,
I found pollen limitation throughout the landscape.

Paper | — Coffee pests

The main insect coffee pests in my study landscape were a leaf skeletonizer
(Leucoplema dohertyi), a blotch miner (Leucoptera caffeine / L. Meyricki), a
serpentine miner (Cryphiomystis aletreuta) and fruit flies (Diptera: Tephri-
tidae). Coffee leaf rust (H. vastatrix) was a wide-spread fungal pathogen. The
pathogens coffee berry disease (Colletotrichum kahawae) and coffee wilt dis-
ease (Fusarium xylarioides) were also present, but due to unreliable identifi-
cation their distributions in the landscape were not analyzed. The coffee grow-
ers also reported that olive baboons (Papio anubis) raid the coffee plantations
when the berries are ripe. The main insect pests and the coffee leaf rust were
found in the majority of the surveyed sites, i.e. in continuous forest as well as
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in larger and smaller forest patches. | hypothesized that the level of pest dam-
age on coffee would be lower in the continuous forest, which is the natural
habitat of C. arabica. The long evolutionary history of coffee may also have
resulted in more links in the food web including more natural enemies that
protect the coffee. However, | found no such general pattern. Each surveyed
species showed species-specific responses to environmental conditions and
the variation in damage levels for the four leaf pests/pathogens was larger on
the local scale (within the plots) than on the regional scale (among plots). The
high within plot variation indicated the importance of local processes on pest
damage. The aggregation of pest damage could be due to different mecha-
nisms depending on species. For example, the spores from the coffee rust dis-
perse with wind or water splashing, therefore, the risk of receiving spores is
highest for leaves adjacent to already infected leaves (Rayner 1961; Waller
1982). Similarly, the leaf skeletonizer larvae feed externally on the leaves and
can probably move between leaves and feed on several nearby leaves before
pupation. Variation in local pest damage levels could also be affected by the
distributions of the species that the pests interact with. In Latin America, ants
have been found to protect the coffee plants on which they rear scale insects,
which results in low pest damage from other pests (Philpott et al. 2008;
Vandermeer et al. 2010). The impact of ants in coffee forests in Ethiopia is
less studied. | conducted the pest damage survey during the rainy season. At
that time, ant activity was low and | hardly saw any ants on the coffee plants.
However, a survey conducted in the same landscape in the dry season, rec-
orded lower pest damage on coffee growing less than 3 m away from trees
with an ant nest compared to coffee plants 5 m away (Rudolphi et al. un-
published), indicating that ants may affect coffee pest damage also in Ethiopia.
Since the lifespan of a coffee leaf may cover several seasons, the conditions
during other parts of the year may impact the surveyed pest damage levels
(Kushalappa & Eskes 1989).

Despite the high within plot variation, | did uncover certain regional pat-
terns for the coffee pests. The frequency of coffee blotch miner on coffee
leaves decreased with larger patch size and the occurrence of fruit flies in ripe
coffee berries increased in sites closer to continuous forest. The baboons were
clearly connected to the continuous forest habitat, as baboon visits were re-
ported in all sites in the forest and in the vicinity of the forest, while sites >
400 m away from the forest edge rarely had any baboon visits. That is, some
coffee pests, like the baboon and the fruit flies where more problematic on
coffee in or closer to more “natural” conditions, whereas other pests, like the
blotch miner had lower damage levels in larger patches (compared to smaller
patches), which are similar to natural conditions.
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Paper 11 — Coffee pollinators

The contradictory reports from areas where coffee has been introduced, about
the effectiveness of honeybees as coffee pollinators, together with the obser-
vations of other bee species being more effective pollinators, raised my ques-
tion whether the honeybee is the main pollinator of C. arabica also in its native
range (Badano & Vergara 2011; Klein et al. 2003b; Roubik 2002; Vergara &
Badano 2009). | can now confirm that the honeybee, A. mellifera, is the main
day-time pollinator of C. arabica in its native range. The honeybee was the
most common visitor in all surveyed sites, independent of shade-tree struc-
tures. The honeybee alone accounted for 96% of my collected specimens,
which is an even higher proportion of the pollinator community than in sur-
veys from the introduced range of coffee (Klein et al. 2003b; Ricketts 2004).
My result seems robust since Berecha et al. (2015) found similar proportions
of honeybees visiting coffee in the same study region. Additional to honey-
bees, | found six hoverfly species and 16 bee species that visited coffee flow-
ers. The abundances of these other pollinators were low, but increased in sites
with more complex shade-tree structures. However, honeybees were present
even in the most complex sites. Even though | did not evaluate pollination
effectiveness, the very low abundance of other pollinators suggest that they
have low impact on the pollination of coffee.

The number of honeybees increased with the amount of coffee-flowering
resources in the sites. Honeybees have the ability to recruit workers from their
colony and are therefore very efficient users of mass-flowering crops like cof-
fee (Jha & Vandermeer 2009; Krishnan et al. 2012; Veddeler et al. 2006).
Since the honeybee is a very mobile species it can utilize resources several
kilometers away from the nest and is not as dependent on nearby resources as
many other tropical social bee species (Beekman & Ratnieks 2000; Brosi et
al. 2007; Brosi et al. 2008). In the studied landscape the honeybees are pro-
vided with artificial nests in the form of traditional beehives, which are made
from split logs where the core has been carved out (Figure 2; top right picture)
(Ango et al. 2014). These traditional beehives are tied to branches in the can-
opy of larger trees and are colonized by semi-wild honeybees. Traditional bee-
hives are normally established in the coffee areas before the coffee bloom.
The reason for establishment at this specific time is not yet understood, but is
probably due to that the beekeepers want to take advantage of the available
nectar from either coffee or flowering forest trees like Syzygium guineense and
Schefflera abyssinica. Either way, these beehives may facilitate the occur-
rence of honeybees on coffee flowers. However, in 2013, the coffee-bloom
started unusually early, and there were very few traditional beehives in the
coffee areas (personal observation). | observed surprisingly few insects visit-
ing coffee, and the flowers stayed open for a much longer period than in the
two years before. Such delayed flower senescence may indicate inadequate
pollination (Oneill 1997). This observation supports my suggestion that other
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pollinators have low impact on the pollination of coffee, but also raises ques-
tion regarding where the honeybees are. Traditional beehives are not found in
the landscape throughout the year, meaning that honeybees are, at some peri-
o0ds, dependent on the existence of “natural” nest sites. The forests in south-
western Ethiopia are continuously changing, with deforestation and simplifi-
cation of coffee forests (Hundera et al. 2013; Hylander et al. 2013). Besides
that other pollinators benefit from more complex forest structures, also semi-
wild honeybees may be dependent on nesting sites and food resources from
trees in the forests.

Paper 111 — Bee species composition and functional trait
distributions

In the third chapter of this thesis (paper I11), I investigated if the impact of
forest cover on bee composition, abundance and richness changes between dry
and rainy season. | hypothesized that if food resource availability is the main
limiting factor for the bee abundance and richness, the impact of forest should
be strongest in the dry season when most forest trees are flowering. In the
rainy season flowering herbs are abundant, and more evenly spread across the
landscape than food resources from trees. On the other hand, if the availability
of above-ground nests is the main limiting resource, forests may be more im-
portant in the rainy season when the soils are wet. My collection of bees with
pan and vane traps revealed a clear turnover in bee species composition be-
tween the dry and rainy seasons. The turnover in bee species composition be-
tween seasons was related to bee traits such as size and nesting preferences.
The species richness of small bees was higher in the rainy season whereas big
bee species had a tendency to be more abundant in the dry season (rarefaction
of individual based species accumulation curves, EstimateS, Colwell (2013)).
More bees were also trapped at tree height in the dry compared to the rainy
season. Even though these findings indicate that the bee fauna may be adapted
to scattered tree resources in the dry season (larger, mobile bees foraging at
tree height), 1 did not find the bee species composition to be related to forest
cover in any of the seasons. On the other hand, increased forest cover had a
general, positive impact on bee abundance and richness, which is in accord-
ance with some previous studies (Garibaldi et al. 2011b; Klein 2009), even
though there are studies where no effect was found (Brosi et al. 2007). How-
ever, | found no interaction effect with season, which indicates that the impact
of forest does not change over the year. Contrary to our hypothesis, | found
more below compared to above ground nesters in the rainy season (rarefaction
of individual-based accumulation curves). In the dry season the numbers of
below- and above-ground nesters were similar. Thus, nest construction in soils
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with high moisture may not be problematic for the bee species that occur in
the area.

With this study | could not disentangle why forests are important to bees or
what type of limiting resources they provide. Beyond food and nesting places,
trees could provide other important resources, such as resins and wood, for
nest construction in the soil (Michener 2007), which may be valuable in both
dry and rainy seasons. The forest may also offer a more stable habitat, with
less trampling and human disturbance (Williams et al. 2010). I did not find
support for the hypothesis that the forest habitat varies in its importance for
bees between seasons. However, my finding of a clear shift in species compo-
sition highlights that such a temporal variation might occur. Different species
have different resource needs, and since both the bee species composition and
flower resources in a habitat changes over the year, the importance of that
habitat may also change (Persson & Smith 2013; Tylianakis et al. 2005). Pol-
lination services to crops and wild plants are needed for an extended period of
time, longer than the individual flight time for most solitary bee species.
Therefore, not only spatial but also temporal variation in the pollinator com-
munity should be considered.

In general the catch rates in the traps were low, 0.084 and 0.035 bees per
day and trap when honeybees were excluded (with honeybees included: 0.10
and 0.05) in the dry and rainy season respectively. This raised my concern
about pollination services in the landscape, which | examined in paper IV.

Paper 1V — Pollen limitation and low bee abundance

In correspondence to the findings from paper 111, with higher bee abundance
and richness in sites with high forest cover in the surrounding, | hypothesized
in paper 1V that also the pollination success and thereby relative yield would
be higher in sites located in more forested surroundings. However, when eval-
uating my pollination experiment with rapeseed, | found severe pollen limita-
tion across the whole landscape. Extra pollinated plants developed one more
seed per fruit capsule and 88% more fruit capsules compared to control plants.
In total, the seed set increased with 91% for the plants where the flowers had
been hand-pollinated, compared to the control plants that were not hand-pol-
linated. In other words, the farmers could get a 91% vyield increase if the pol-
lination services were optimal. The plants where pollinators had been ex-
cluded developed similar number of seeds per fruit capsule and marginally
more fruit capsules compared to the control plants. No interaction was found
between treatment and the measured local and landscape variables, such as
forest cover, flower abundance, area of annual crops or altitude. Thus pollen
limitation, which is the difference in seed production between extra hand-pol-
linated plants and control plants, was not connected to any of these variables.
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No significant relationship was found between pollen limitation and local bee
abundance or richness.

The appearance of the landscape, with mixed land-uses, low management
intensity and low input of agro-chemicals, indicates generally good bee habi-
tats where pollination services could be expected to be high. This then raises
the question of why pollination services are, in fact, lacking. There may be
several explanations for this, for example, there could be a general lack of
pollinators in the landscape, or the rapeseed plants are not attractive to the
present pollinators. | found a weak negative relationship between local floral
abundance and the seed set for rapeseed, which may suggest local competition
between rapeseed and other co-flowering plants, or dilution of pollinators
(Holzschuh et al. 2011; Veddeler et al. 2006). Other studies have found higher
blossom cover and flowering plant diversity to instead increase pollinator spe-
cies richness and frequency and stability of flower visits (Ebeling et al. 2008).
However, the identity and the attractiveness of the co-flowering plants may
affect the outcome (Ghazoul 2006). If the rapeseed flowers are not as reward-
ing as other co-flowering plants they may not attract enough pollinators.

While | cannot exclude that the pollen limitation in rapeseed occurs be-
cause it is unattractive to the local pollinators, my other data indicate low bee
abundance in the landscape. Beyond high pollen limitation of rapeseed, the
catch rate in my traps (paper 111) was very low compared to other regions (eg.
Kimoto et al. 2012; Kovacs-Hostyanszki et al. 2011; Westphal et al. 2008).
Additionally, when | observed pollinators on coffee, the abundance of wild
pollinators was very low, although the abundance of honeybees was some-
times high (paper I1). Moreover, in a year with very few traditional beehives
in the coffee forests at the time for coffee flowering, | observed extremely few
individuals of both the wild and semi-wild pollinators on the coffee. Bees are
present, and | have found quite high species richness, but the overall impres-
sion is that the abundance of bees is low. | do not know if bee abundance has
decreased, similar to other areas, since there is a lack of long term monitoring
of bees in my study landscape, as well as in other parts of sub-Saharan Africa
(Eardley et al. 2009). A study conducted on Mount Kilimanjaro in northern
Tanzania, found similar bee abundance levels on comparable altitudes which
suggest that the elevation may affect bee abundance (Classen et al. 2015).
Other possible negative factors could be presence of various predators and
different types of anthropogenic disturbances. However, high pollen limita-
tion seems not to be general in sub-Saharan Africa (Otieno et al. 2015; Otieno
et al. 2011).
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Conclusion and final remarks

The main objective for my thesis was to study the impact of wild biodiversity,
in terms of trees and forest structures, on crop pests, pollinators and the polli-
nation services provided in a heterogeneous landscape in southwestern Ethio-
pia. | found the amount, composition and configuration of the forest and
wooded habitats to affect several mobile animals and pathogens in my study
area. Many organisms are directly or indirectly important for the livelihood of
local people, both in positive and negative ways, as for example pests on crops
(direct negative effect), pest suppressors of crop pests (indirect positive effect)
or pollinators of crops (direct positive effect). Since humans constantly affect
the land-uses, humans also have a large impact on the distributions of mobile
animals and pathogens. However, the results of this thesis demonstrate the
complexity of the natural world and that straightforward relationships are rare.
Habitats that are beneficial for some species may be unfavorable for others
(paper ). And specific habitats could support populations of animals that pro-
vide services to humans but also support animals that provide disservices (pa-
per I and I11). To develop management strategies for increased pollination
services, for reduced pest damage or for conservation of specific species in
the landscape, more species-specific knowledge is needed. A search on “Web
of Science” for the species causing the most widely found coffee leaf damage
in the study area: the “coffee leaf skeletonizer” or its scientific name “Leuco-
plema dohertyi”, showed zero records. If the basic ecology of the species is
poorly understood, actions to successfully suppress or enhance a species will
be impossible. Moreover, out of the 1206 bees collected in the homegardens
for paper 111, 1112 could not be given species identities, whereof 39 could not
even be determined to genera by a taxonomic expert. The lack of species
knowledge is problematic. When species identification is not possible, speci-
mens are given a morphospecies name. Morphospecies are morphologically
distinct species without a proper species identity e.g. “Lasioglossum A”.
These morphospecies are not comparable between studies, which results in
the impossibility to evaluate trends and distributions of these species from the
literature.

The studies included in this thesis are to a large extent basic research, in-
vestigating patterns of species distributions, which have provided a platform
for new and better targeted questions. | have many more questions now than |
had when | started my PhD-studies. There are two issues that stand out as
especially puzzling. The first issue regards the semi-wild honeybees. They are
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provided with traditional beehives during parts of the year, and these beehives
seem to be colonized quite successfully. However, there are not always tradi-
tional bee-hives available in the landscape, and | have not observed more than
a few “homeless” honeybee colonies. Where do they retreat? How important
is the forest habitat for these semi-wild bees during periods when beehives are
not available? My second question is broader and more troublesome. | have
found strong indications for low bee abundances in parallel with low pollina-
tion success of rapeseed in the landscape | worked in. Why is it so? Is it com-
mon with low pollination successes for other pollinator-dependent crops, and
in other parts of the year? Does the bee abundance vary between years and
would I get the same low abundance if I used other surveillance methods? The
areas of pollinator-dependent crops are expanding globally, and especially in
the developing world (Aizen et al. 2008, 2009). Pollen limitation in these pol-
linator-dependent crops hinders yield growth and leads to global yield insta-
bility (Garibaldi et al. 2011a). To compensate for lower and fluctuating yields,
more land is being converted to agricultural land (Garibaldi et al. 2011a). If
the abundance of bees and other pollinators are low in many Afro-tropical
landscapes, these landscapes may not be suitable for expansion of pollinator
dependent-crops since high pollen limitation is then expected.

May it be possible to increase pollinator abundances in the study land-
scape? The main purpose of the traditional beehives, according to local bee-
keepers, is to collect honey, but would it be possible to use them in a way to
increase pollination services in the landscape? Kleijn et al. (2015) recently
reported that the majority of pollination services in agricultural landscapes are
provided by a small subset of the pollinator species available. The dominant
crop-visiting species are often common and relatively easy to enhance with
simple conservation measures (Kleijn et al. 2015). The conservation measures
evaluated in their study to enhance the dominant crop-visiting species; organic
farming, planting of wild flowers and establishing grass margin strips, may
not be as helpful in my focal landscape since most elements are already pre-
sent. However, the identification of the dominant crop-visiting species and
investigations of their ecologies may be the first step towards finding manage-
ment strategies to increase pollination services in the landscape.

The forests contribute with many other services, and possible disservices,
to local people than the ones | have addressed in this thesis. To address the
whole impact of forest on local people all ecosystem services must be identi-
fied and evaluated (including supporting, provisioning, regulating and cultural
services, Box 1). Identified key ecosystem services may be an argument for
conserving the remaining forests. However, even without identified ecosys-
tem services, the intrinsic value of primary forest should be a conservation
argument on its own. The forest cover in southwestern Ethiopia has continu-
ously been reduced and simplified during the last 40 year (Hylander et al.
2013). With an increasing human population in the area, the need to increase
agricultural yields is obvious. An increases in production requires either more
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land, i.e. further forest conversion, or higher yield per land unit. There is an
urgent need for studies on how production can be increased without degrading
the environment in Afro-tropical landscapes. In this thesis | have optimistic
results which suggest that increased yields per land unit for pollinator-depend-
ent crops is possible through increased pollination services. If applicable, this
is an ecological intensification of crop production, which may increase yields
without bringing negative environmental impacts (Bommarco et al. 2013).
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Popularvetenskaplig sammanfattning

De senaste tre hundra ren har var natur férandrats markant. Ar 1700 var mer
an halva jordens isfria mark vild eller nastintill vild. | dag domineras den av
jordbruksmark, betesmarker och stdder. De stora omstallningarna i
markanvandning har paverkat véaxt- och djurlivet. Medan en del arter har
anpassat sig till de nya markanvandningarna, sa finns andra endast kvar i
kvarlevor av tidigare livsmiljoer. Aven hur vi brukar marken och vad vi odlar
har inverkan pa véxer och djurs forekomst. Intensiteten i jordbruket har 6kat
avsevart sedan 1950-talet. Storre félt, monokulturer (falt med endast en
vaxtart), konstgddsel, insekts- och véxtgifter samt minskning och borttagande
av icke-odlade omraden (diken, vagrenar, stenmurar, alléer och akerholmar)
har lett till en tydlig minskning av véxter och djur i dagens jordbruk. Studier
har visat att mangfalden av olika djurgrupper paverkas av en kombinerad
effekt av brukningssatt och méngden hogkvalitativa livsmiljoer i
jordbruksmark. Hogkvalitativa livsmiljoer ar kvarlevor av vild eller nastintill
vild natur, eller andra livsmiljéer som innehaller mycket fodoresurser och
boplatser. Om det finns gott om hdgkvalitativa livsmiljoer i ett omrade kan
arterna i detta omrade spridas till intilliggande miljcer, sdsom jordbruksmark,
och 6ka mangfalden — trots intensivt jordbruk. Dar det saknas eller finns fa
hogkvalitativa livsmiljéer &r brukningssattet desto viktigare. Lagintensivt
jordbruk, som vid ekologisk odling, har till exempel storre positiv inverkan pa
lokal mangfald av véaxter och djur dar det finns liten mangd hogkvalitativa
livsmiljoer. Hur Iangt fran hogkvalitativa livsmiljoer djur kan sprida sig beror
pa art och spridningsforméaga. En del arter drar dven fordelar av narheten till
olika typer av livsmiljoer. Exempelvis behover vissa fladdermdssarter
traddungar att vila och sova i men stker garna foda i 6ppna jordbruksmiljder.
Aven vissa bi-arter behdver trad att bygga bo i medan de besoker éppna
blomrika omraden for att hitta mat i form av nektar och pollen.

Arters utbredningar paverkar manniskan pa olika satt; bland annat paverkar
de var matproduktion. I jordbruket finns djurarter som bidrar till 6kade skordar
och djurarter som bidrar till minskade skordar. Grodor kan exempelvis
angripas av skadedjur, vilket kan leda till minskade skordar. Skadedjuren kan
i sin tur bli angripna av andra djur. De djur som angriper skadedjur kallas
naturliga fiender och kan vara faglar, fladdermdss, insekter och spindlar eller
parasitoider (insekter som lagger dgg i andra djur). De naturliga fienderna &r
nyttodjur som haller nere skadeangrepp pa grodor. Andra viktiga nyttodjur i
jordbruket &r pollinatérer. Pollinatérer &r djur, till exempel bin och
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blomflugor, som sprider pollen mellan blomindivider och darmed bidrar till
att vaxtens gener sprids. Spridningen av pollen bidrar dven till hogre
fruktséttning hos pollinationskrdvande grédor som tomat, gurka, apple,
hallon, kiwi, kakao, mandel och manga fler. Studier har visat att en hogre
mangfald av pollinatorer leder till battre pollination, eftersom olika arter da
kompletterar varandra. Pollinatorer kan &ven stéra varandra sa de oftare byter
blomma, vilket leder till effektivare pollinering. Dalig pollination leder inte
bara till lagre skordar utan kan aven leda till samre kvalité pa frukten eller
froerna. Det ar alltsa viktigt att det finns tillrackligt med pollinatérer da grodor
blommar.

Bade pollinatérer och naturliga fiender ar nyttodjur som ofta gynnas av
lagintensiv brukning och hogkvalitativa livsmiljoer i jordbrukslandskapet.
Intensifieringen av jordbruket har lett till utarmning av nyttodjuren pa manga
hall i varlden. Minskningen av pollinatorer har lett till oro Gver minskade och
instabila skordar av pollinationskravande grodor. Eftersom det &r vi
méanniskor som brukar och paverkar markanvandningen har vi stor mojlighet
att paverka vilka nytto- och skadedjur som finns — bara vi ar medvetna om
vilka faktorer som paverkar deras utbredning. VVad som paverkar utbredningen
av en art beror delvis pa vilken art den tillhor, hur landskapet sett ut tidigare
och var i varlden vi befinner oss. Hogkvalitativa livsmiljoer i Europa
forknippas ofta med naturbetesmarker medan hdgkvalitativa livsmiljoer i
tropikerna ofta férknippas med skog. | den tempererade delen av varlden,
sarskilt i Vasteuropa och Nordamerika, har manga utforliga studier lett till att
vi i dag vet en hel del om vad som paverkar utbredningen av jordbruks-
relaterade djur. | tropikerna daremot, och sarskilt i tropiska Afrika, vet vi
betydligt mindre. | den har avhandlingen har jag undersokt hur skog och andra
landskapselement paverkar utbredningen av skadedjur och pollinatorer pa
kaffe (kapitel 1 och I1) och utbredningen av bin (kapitel 1l11) samt
pollinatorstjanster (kapitel 1V) i ett jordbrukslandskap i Etiopien.

Kaffe, Coffea arabica, kommer ursprungligen fran Etiopien och
forekommer vilt i de storre skogarna i det landskap jag har studerat. I min
forsta studie besokte jag kaffeodlingar i sammanhangande, stdrre skogar samt
odlingar i mindre isolerade dungar. Min hypotes var att skadenivaerna
generellt skulle vara l&gre i sammanhingande skog. Eftersom skogen &r
kaffets naturliga livsmiljo bor hér finnas flest naturliga fiender som skyddar
det. Jag fann att de flesta kaffeskadedjur fanns spridda i hela landskapet och
patraffades i majoriteten av de 31 besokta kaffeodlingarna. De fanns bade i
sammanhangande skog och i skogsdungar av olika storlekar och avstand fran
sammanhangande skog. Skadedjuren verkade alltsa inte vara spridnings-
begrénsade i landskapet. Variationen i skadeangrepp var storre mellan
kaffeplantor inom en kaffeodling an mellan olika odlingar, vilket tyder pa att
lokala faktorer har storre inverkan pa skadenivaer dn landskapsfaktorer. Jag
hittade inget entydigt beldgg for min hypotes. Istéllet fann jag att de olika
skadedjursarterna paverkades av olika faktorer. Det gick inte att hitta en
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generell forklarande variabel som forklarade skadenivaerna pa kaffe for alla
skadedjur. Vissa skadedjur, sasom babianer och fruktflugor, var i motsats till
min hypotes knutna till sammanhangande skog. Medan svampen kafferost
visade indikation pa lagre nivaer inne i sammanhéngande skog.

Kaffe odlas i olika system som skiljer sig at i brukning. Kaffeplantorna
odlas under skuggtréd och i en del system &r det endast en tradart som skuggar
kaffet, medan i andra system &r det lika stor mangfald av trad som i vild skog.
Maéngden skuggtrad och antalet arter av trad indikerar hur intensivt kaffet &r
brukat. Férre trad tyder pa en mer intensiv odling. I min andra studie
undersokte jag hur pollinatorssamhallet, bestdende av bin och blomflugor,
paverkades av odlingsintensitet, det vill séga mangden trad. Jag fann att
honungsbiet var den absolut framsta pollinatéren av kaffe och att den var
opaverkad av skuggtraden. Mangden honungshin paverkades daremot av
méangden kaffeblommor i odlingen. Tvéartemot honungsbiet sa paverkades de
ovriga pollinatdrerna, det vill sdga blomflugor och alla bin férutom
honungsbin, av skuggtraden och okade i antal med fler trad. Lagintensiva
system med manga skuggtrad leder alltsd till en hogre mangfald av
pollinatorer pa kaffe men inte nddvandigtvis till ett 6kat antal pollinatorer.

I min tredje och fjarde studie undersokte jag utbredningen av bin och
pollinationstjanster i jordbrukslandskapet i forhallande till omgivande mangd
skog eller tradtdckta ytor. Bin &r kanda for att vara valdigt effektiva
pollinatdrer av vilda vaxter och grdodor och ar darfor en intressant och viktig
grupp att studera. | tropiska studier har ofta nérhet till skog positiv inverkan
pa mangden och mangfalden av bin. Tropisk skog erbjuder foda, boplatser och
bomaterial. Floran i landskapet paverkas tydligt av nederborden. Under
torrperioden ar landskapet dammigt och dverbetat medan det under och efter
regnperioden ar gronskande och lummigt. Under torrperioden blommar
manga skogstrad och aven frukttrad och kaffe, medan ettariga grédor och
manga Orter blommar under och efter regnperioden. Blommande trad har
véldigt mycket blomresurser for bin men &r spridda i landskapet, medan
blommande 6rter har mindre resurser per vaxt men ar mer jamnt férdelade
Over landskapet. Jag ville understka dels hur méngden tradtickta ytor i
omgivningen paverkade binas antal och mangfald samt underséka om denna
paverkan forandrades mellan sasonger i och med att fodoresurserna forandras.

Jag fann att sammansattningen av biarter var olika under torr- och
regnperioden. Fler sma biarter var aktiva under regnperioden medan fler stora
biarter var aktiva under torrperioden. D4 stora bin ar mer rérliga an sma tyder
detta pa att fler langflygande arter var aktiva under torrperioden. En storre
andel av de aktiva bina under regnperioden var marklevande i jamforelse med
de aktiva bina under torrperioden. Bin, bade till antal och mangfald,
paverkades positivt av mer tradtackta ytor i omgivningen under bade torr- och
regnperioden. Séledes forandrades inte bins paverkan av tradtacket mellan
sasonger. Daremot tyder resultaten pa att biarterna under torrperioden var
rorligare (storre) och darfor ocksa mer anpassade till spridda resurser.
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Né&r det kommer till pollinationstjanster kunde jag konstatera att de var
otillrackliga i landskapet. Jag odlade rapsplantor som utsattes for olika
pollinationsbehandlingar, dar nagra plantor fick extra pollen pa sina blommor,
vissa blev tackta med nat for att utesluta pollinatérer och andra lamnades som
kontroller. Plantor som fatt extra pollen representerar plantor med optimal
pollination. De visar hur mycket frukt optimalt pollinerade plantor producerar.
Plantor tackta med né&t visar hur mycket frukt en planta som ej blivit pollinerad
producerar medan kontrollplantor visar hur mycket frukt en planta normalt
producerar (under radande omstandigheter). Jag ville se om pollinations-
tjansterna, i form av fro- och fruktsattningen, var relaterad till méngden bin
och tradtackta ytor i omgivningen. Jag sag generellt ingen skillnad i skorden
mellan plantor dar jag uteslutit pollinatérer och kontrollerna, vilket tyder pa
att pollinatrerna inte namnvart paverkarde skorden. Daremot dubblerades
nastan skdrden om jag hade tillsatt extra pollen for hand. Detta visar att
skorden gar att oka om mer pollen nar blommorna, det vill saga om det finns
fler insekter som pollinerar. Pollinationstjansterna paverkades, till skillnad
fran binas antal och artrikedom, inte av omkringliggande méangd tradtackta
ytor. Jag fann att mangden bin i landskapet var generellt Iag vilket kan forklara
de otillrackliga pollinationstjansterna. Detta var nagot forvanande da
landskapet verkar vara rikt pa hogkvalitativa livsmiljoer med mycket
fodoresurser och boplatser for bin. I landskapet anvands inte heller gifter som
dodar insekter i nagon storre utstrackning och jordbruket ar bade lagintensivt
och smaskaligt. Daremot ar det maojligt att det finns manga djur som ater bin
och pa sa satt haller nere binas antal. Bonderna och deras familjer skulle dra
stora fordelar av 6kade skordar, bade halsomassigt och ekonomiskt, darfor ar
det viktigt att vi fortsatter att undersdka hur pollinationen i landskapet kan
forbattras.

Sammantaget i denna avhandling har jag funnit att mangden,
sammanséttningen och den rumsliga fordelningen av skog eller tradtéckta ytor
har paverkan pa manga jordbruksrelaterade organismer. Paverkan skiljer sig
dock for olika arter och sambanden &r inte alltid sa starka. Naturen ar komplex
och komplexiteten &r speciellt hdg i tropikerna och darmed &r tydliga, enkla
samband séllsynta. Manga arter paverkar varandra bade direkt och indirekt via
flertalet 1ankar. For att i framtiden kunna utveckla strategier och brukningssatt
for att minska skadeangrepp och dka pollinationen av grodor, maste vi lara oss
mer om enskilda arters ekologi och forhallande till andra arter.
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Tack! Thank you! Galatooma! Aa®A919AU-!

Nér jag fick denna doktorandtjanst var det som att mina drémmar besannats.
Jag skulle inte bara fa betalda resor ned till tropiska Afrika, jag skulle
dessutom fa jobba med kaffe och bin — vilket ju &r en oslagbar kombination!
Nér jag nu kommit till slutet av min doktorandresa och tittar tillbaka sa ser jag
en turbulent resa med mycket upplevelser, gladje och skratt men ocksa mycket
blod, svett och tarar. Men med lite tidsdistans kan aven smartsamma bett fran
vandringsmyror, lervélling upp till kndna och livsfarliga resor med kat-
paverkade chaufforer i bajajer (tuktuk) kannas lite roligt. Eller nyfikna
colobusapor som kissar pa oss fran tradtopparna... Jag ar otroligt tacksam 6ver
alla erfarenheter jag fatt, over all natur jag fatt se och éver alla manniskor jag
fatt traffa. Jag har lart mig sa otroligt mycket om ekologi, Etiopien och mig
sjalv. Men inget av detta skulle ha varit mojligt om inte s3 manga manniskor
hjélpt mig under resans gang. Det &r nagra som har hjélpt och inspirerat mig
extra mycket, till vilka jag vill framféra ett extra stort tack.

Forst vill jag tacka min handledare Kristoffer. Tack for att du trodde pa
mig och for att jag fick maojlighet att gora sa mycket roligt under min
doktorandtid! Tack for att du varit en empatisk, uppmuntrande, tillganglig och
forstandig handledare. Tack for snabb respons pa manus och diverse filer.
Tack for att du ryckte ut i falt 2011 nar allt var pest! Och jag &r otroligt tacksam
for att du utan invandningar lat mig avsluta min avhandling pa distans, det har
varit guld vart.

Tack till min bitrddande handledare Peter H. for uppmuntran och hjalp
med allt fran analystank till strukturering av manus! Tack dven for sallskap
och diskussioner i falt och for mojlighet till fortsatt forskning pa apple!

Thank you prof. Sileshi for being a good co-supervisor and for all your
help during my PhD-studies! Thank you for finding assistants, for all plant-
knowledge, for planning and preparation of field trips and valuable comments
on manuscripts!

Konjit, Galatoom hiriyyaa kiyyaa! You are not only a good field assistant
but also a great friend. Thank you for showing me everything from how to
make traditional coffee to where you find the best hairdresser in town. My
time in Ethiopia would not have been so fun without you.

WoldeYohannes Enkosa thank you for helping out in difficult times!
Galatooma, A@®A15 AU, thank you, Wondwosen, Mihiretab, Eliyas,

Raya, Hawi, Mesfin, Jihad, Legesse, Tsigereda and all other who helped
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me in the field. You have been great field assistants! And thank you Aman-
uel and Habtamu for lab assistant and Maria and Matias for insect sorting
and pinning!

I would also like to thank all other people that have been involved in the
Mismatch project: Debissa, Jorgen, Tola, Feyera, Lowe, Peter K., Julia,
Dries. | have enjoyed being in field together with you and also the interesting
Mismatch seminars! A Special thanks to Debissa for all your help and support
in the field and in the office. It has been nice to share this PhD experience with
you.

Connal Eardley thank you for your and Pam’s very generous hospitality.
I will forever remember the Krtger trip! And thank you for all the help with
the bees, | have learned so much from you. From now on | always blow-dry
my bees!

Gerard Pennards thank you for identifying my collected Dipteral

Thanks to the leaders and participants of THE BEE COURSE 2011. It
was an extremely inspiring course that increased my bee-knowledge enor-
mously and helped me a lot during later bee sorting.

Thanks to the leaders and participants of the TBA (Tropical Biology Asso-
ciation) course in ecology and conservation in Amani, Tanzania 2010. Beside
being fun, the course also gave me the first insight into tropical bees and re-
search.

Thanks to other students and foreigners | have met in Ethiopia — especially
Inez and Katie — for giving me a needed break from work!

Tack Eva-Lina, Emil, Ola, Magnus samt Tenna och David for trevligt
reseséllskap inom Etiopien! Och Kristoffer for den roliga och bra
organiserade doktorandresan i Etiopien!

Tack Ali and Pernilla for feedback och sprakgranskning av manus och
kappa. Tack Lin for sprakgranskning och redigering av min svenska
sammanfattning. Tack dven pappa och Anki for kommentarer pa den svenska
sammanfattningen.

Thanks to all PhD-students, postdocs, professors, assistants, students
and other researchers that | have met at the former Botany department, and
now the department of Ecology, Environment and Plant Sciences, for making
the office to such a nice place! Tack for alla fikastunder! Tack Johan
Dahlgren och Victor for hjélp med R och diskussioner om analysmetoder.
Tack Bryndis och Gundula for allt stdd och alla pratstunder down the hall!
Tack all administrativ personal som hjélpt mig genom blankettrésket och
datorproblem. Tack Ahmed for fina samtal och ditt bidrag till att gora
avdelningen till ett sadant trevlig stalle!

Jag vill dven tacka sléakt och vanner for stod, pahejningar och genuint
intresse dver vad jag haller pa med! Tack for somrar och jular i Gislovs lage
— det laddade batterierna nar det behdvdes som mest! Tack mamma — jag vet
att du skulle varit stolt. Tack Katti for att du ar den du ar, det var trevligt att
bo i samma stad som min syster ett tag!
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Sist men inte minst vill jag tacka min &lskade lilla familj. Simon utan dig
skulle det inte blivit ndgon avhandling. Tack for all ohammad st6ttning, for
hjélp med inmatning av protokoll, korrekturlésning, bi-etikettering, for att du
statt ut med allt mitt resande, for att du tagit i princip alla VAB-dagar, for allt
lyssnande, for allt — TACK, du &r underbar! Och Tack Edvin, for all karlek,
energi och inspiration, jag ar sa glad att du finns ®!

Tack allihop!!
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